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ABSTRACT 

 

Objective: The goal of enhanced nutrition in critically ill patients is to improve outcome by reducing lean 

tissue wasting. However, such effect has not been proven. This study aimed to assess the effect of early 

administration of parenteral nutrition (PN) on muscle volume and composition by repeated quantitative 

computer tomography (qCT). 

Design: A pre-planned substudy of a randomized-controlled-trial (EPaNIC) which compared early initiation 

of PN when enteral nutrition was insufficient [early PN] with tolerating a pronounced nutritional deficit for 

one week in ICU [late PN]. Late PN prevented infections and accelerated recovery.  

Patients: 15 EPaNIC-study neurosurgical patients requiring pre-scheduled repeated follow-up CT-scans and 6 

healthy volunteers matched for age, gender and BMI. 

Intervention: Repeated abdominal and femoral qCT images were obtained in a standardized manner on 

median ICU day 2 (IQR 2-3) and day 9 (8-10). Intramuscular, subcutaneous and visceral fat compartments 

were delineated manually. Muscle and adipose tissue volume and composition were quantified using standard 

Hounsfield Unit (HU) ranges.  

Measurements and main results: Critical illness evoked substantial loss of femoral muscle volume in one 

week’s time, irrespective of the nutritional regimen. Early PN reduced the quality of the muscle tissue, as 

reflected by the attenuation, revealing increased intramuscular water/lipid content. Early PN also increased the 

volume of adipose tissue islets within the femoral muscle compartment. These changes in skeletal muscle 

quality correlated with caloric intake. In the abdominal muscle compartments, changes were similar, albeit 

smaller. Femoral and abdominal subcutaneous adipose tissue compartments were unaffected by disease and 

nutritional strategy. 

Conclusions: Early PN did not prevent the pronounced wasting of skeletal muscle observed over the first 

week of critical illness. Moreover, early PN increased the amount of adipose tissue within the muscle 

compartments. 
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INTRODUCTION 

Critical illness induces a hypercatabolic response with severe wasting of lean body mass (1-3). The 

loss of muscle mass is associated with muscle weakness, prolonged mechanical ventilatory support, fatigue 

and delayed recovery (4;5). The administration of artificial nutrition has been advocated to attenuate muscle 

loss, the success of which remains to be demonstrated (6-9). A few small observational studies showed that a 

high amount of parenteral nutrition during critical illness, could not prevent muscle wasting while total body 

fat mass was increased (7-9). 

 

The EPaNIC study was the first adequately powered randomized controlled trial in critically ill adults 

assessing the outcome effect of early supplementation of parenteral nutrition (PN), when enteral nutrition is 

insufficient [early PN], compared with tolerating a pronounced nutritional deficit for up to seven days by 

withholding PN for one week [late PN] (10). Strikingly, withholding PN for one week enhanced organ 

function recovery, reduced the acquisition of new infections and shortened duration of ICU stay. Despite a 

pronounced nutritional deficit, patients in this late PN group had a comparable functional outcome at hospital 

discharge, while hospital discharge occurred earlier, compared with patients in the early PN group (10).  

 

To estimate changes in muscle and adipose tissue volume over time, we pre-planned a small substudy 

during the EPaNIC trial (10). This substudy aimed to document the impact of early PN versus late PN on 

muscle and adipose tissue volume and composition, as quantified by repetitive quantitative computer 

tomography (qCT) during the first week in the ICU. qCT scanning allows the direct quantification of muscle 

and adipose tissue volume based on their specific X-ray attenuation. The X-ray attenuation of every scanned 

smallest volume unit (voxel) is determined by the proportion of hydrogen compared to carbon, nitrogen and 

oxygen in the voxel. Techniques such as bioelectrical impedance analysis or dual X-ray, in contrast, measure 

derived values for ‘fat free mass’ or ‘body cell mass’ (11;12). Furthermore, qCT allows to separate ‘fat free 

mass’ into muscle, bone, visceral and solid visceral organ mass and to distinguish subcutaneous, intramuscular 

and visceral components within adipose tissue mass (12). In addition, repetitive qCT allows to detect 

alterations in the lipid/water content of the muscle compartments, which reflect changes in muscle quality 

and/or integrity (13). Quantitative CT indeed proved reliable in detecting clinically relevant changes in muscle 
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volume and fatty infiltration of muscle in patients suffering chronic neurological diseases, type II diabetes or 

obesity and in geriatric patients (14-17).  

 

This small substudy of the EPaNIC trial investigated the impact of early PN, as compared with late 

PN, on the changes over time in muscle and fat volume and in the intramuscular lipid/water content at the 

femoral and the abdominal level. To this end, repeated qCT scans were performed, one soon after admission 

to ICU and another one week later, in 15 critically ill patients who took part in the EPaNIC trial. Since no data 

on the changes to be expected over one week were available in patients receiving different nutritional 

regimens, no power calculation was performed. In addition, 6 matched healthy subjects were repeatedly 

scanned with one week interval and served as controls.  

 

 

METHODOLOGY 

Patients 

This study was a pre-planned substudy of a large (n=4640) prospective, randomized controlled study 

in which we compared early initiation of parenteral nutrition to supplement insufficient enteral nutrition (early 

PN) with withholding parenteral nutrition for one week in ICU (late PN) in adults in the intensive care unit 

(10). The detailed protocol of the study was previously published (10). In the early PN group, PN was 

initiated within 48 hours after ICU admission whereas in the late PN group, PN was not started before day 8. 

Written informed consent was obtained from all patients or their designated representatives. The study 

protocol and consent forms were approved by the Institutional Review Board of the KU Leuven, University 

Hospitals (approval number ML4190). For this substudy, an amendment (EPaNIC protocol version 1-1-8 Dec. 

2008) to the original EPaNIC protocol was approved by the Institutional Review Board (February 5, 2009). 

The Institutional Review Board waived requirement for additional informed consent, since permission for 

non-invasive muscle assessments were included in the initial EPaNIC informed consent form and patients 

were only included in this substudy if repeated CT scanning was clinically indicated and planned upon ICU 

admission. The substudy operational procedures were finalized by May 01, 2009. From May 2009 until 

November 2010, all patients who were included in the EPaNIC trial and who were admitted to the Leuven 
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ICU with an isolated brain trauma, subarachnoid hemorrhage or intracerebral bleeding and were scheduled for 

repeated follow-up CT scan of the brain within 48 hours after admission and after one week were included in 

this EPaNIC sub-study. From 6 demographically matched healthy volunteers, [study collaborators and 

(para)medical staff] repeated CT scans were collected with an interval of seven days. Healthy volunteers were 

not immobilized nor fasted. 

 

Quantitative Computed Tomography Protocol 

On the day of the CT, patients were weighed with a Maxi Move Combi (ArjoHuntleigh Eslöv, 

Sweden) weighing lift according to standard operating procedures. Values were corrected for the weight of 

sheaths and materials connected to the patients, such as intravenous infusion pumps. Immediately after the 

scanning of the brain for clinical purposes (without intravenous contrast medium) patients were positioned in 

a standardized manner in the CT tube (Siemens Somatom Sensation 64; Siemens, Erlangen, Germany). All 

foreign bodies (ECG cables, respiratory tubing, perfusion tubing) were removed from the CT tube in order to 

avoid attenuation artifacts. The exact position for procurement of the midfemoral and abdominal qCT images 

was determined in a reproducible manner based on the CT topogram. For the femur, the distance exactly 

halfway the cranial edge of the trochanter major and the lateral border of the lateral femoral condyle was 

determined on the topogram. For the abdominal image, the anterior upper edge of lumbar vertebra 5 was 

determined on the topogram. At both levels a 10 mm thick volume was scanned trough 5 slices (2.5 mm 

interspace). As such, the CT image was composed of 1 three-dimensional map of 2.386 mm³ voxels 

(0.977mm*0.977mm*2.500mm). Images were stored and processed with a S30 filter. Repositioning of the 

patient, identification of the standardized measurement sites on the topogram and procuring the CT images 

required on average 25 additional minutes CT facility time. The additional radiation burden was estimated to 

be 0.8 millisievert.  

 

Image computer analysis 

Primary study endpoints were the quantification of muscle volume, adipose tissue volume, and muscle 

composition over time. CT images were processed with an in house developed algorithm in MeVisLab 

(Figure 1A) (MeVis Medical Solutions AG, Bremen, Germany). Muscle and fat tissue were segmented using 
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standard Hounsfield Unit (HU) ranges for skeletal muscle (0 – 100 HU) and adipose tissue (-190 – 0 HU) 

(18). Bone (HU > 176) and bone marrow were excluded automatically. Manual delineation of the muscle 

compartment allowed separation of the femoral fat compartment into interspersed intramuscular fat 

compartment, further referred to as “intramuscular adipose tissue” (IMAT), and subcutaneous fat 

compartment, as well as separation of the abdominal fat compartments into subcutaneous, intramuscular and 

visceral fat compartments (Figure 1B). The delineation was performed blinded and independent by two 

investigators (MPC and LL) and validated by an expert radiologist (DVB). The volume of the different 

compartments was calculated as the sum of all voxels in the designated HU range (Figure 1C-E). 103 voxels 

corresponds to a volume of 2.4 cm3. Muscle composition was calculated by the median attenuation and the 

proportion ‘low density muscle’(18). For each compartment, attenuation was calculated as the median HU 

value of the voxels in the designated HU range (Figure 1C). Low density muscle was calculated as the ratio of 

the sum of the voxels in the range 0-30 HU over the sum of the voxels in the range of 0-100 HU reflecting 

total muscle volume (Figure 1C).  

All measurements were aggregated in Matlab® (The MathWorks, Natick, MA, USA) and further 

analyzed in Statview® (SAS Institute Inc., Cary, NC, USA). The average of the results obtained by the two 

investigators (MPC, LL) was used for statistical analysis. For continuous baseline and outcome variables 

parametrical Student’s t-tests and non-parametrical Mann-Whitney U tests were used to analyze differences 

between the study groups, as appropriate for normally (presented as mean±SD) and non-normally (presented 

as median [IQR]) distributed data, respectively. Fisher exact t-test was used for the analysis of nominal 

variables. Changes in volumes and attenuation over time were analyzed by paired t-tests. Comparisons 

between groups for the changes over time were performed on the changes between CT1 and CT2 with 

Student’s t-tests or Mann-Whitney U tests where appropriate. Correlations were calculated with simple 

regression analysis. Two-sided p-values ≤0.05 were considered significant. Accuracy of the methodology was 

estimated by calculation of the coefficients of variation and the intra-class correlation coefficients between the 

two observers.  
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RESULTS 

 

Patient characteristics and the impact of early PN versus late PN on clinical outcome 

Repeated qCT images were obtained for 15 patients of whom 10 had been allocated to the early PN 

treatment group and 5 to the late PN group. Main reasons for non-inclusion in the EPaNIC CT-substudy were: 

admission to ICU just after the first postoperative CT scan, no follow up CT required and patients admitted 

with another neurosurgical diagnosis. (Figure 2) One early PN patient had no second abdominal CT images 

due to urgent abdominal surgery for bleeding. In addition, repeated qCT images of 6 demographically 

matched healthy volunteers were collected (48±13 (mean±SD) years, 23 [21-26] (median [IQR]) kg/m2, 50% 

male). CT scans in patients were performed on median ICU day 2 [IQR 2 – 3] (further referred to as CT1) and 

on median ICU day 9 [IQR 8 – 10] (further referred to as CT2). Timing of the CT was not different for early 

PN and late PN patients (Table 3). Baseline characteristics and severity of illness were comparable for early 

PN and late PN patients (Table 1).  

According to the study protocol, total caloric intake was markedly different between the early PN and 

late PN group. The late PN group accumulated an important nutritional deficit and received much less 

nitrogen over the first week in ICU (Figure 3). During the study period (from admission until the time of the 

second CT scan) mean morning blood glucose values (p=0.6), mean daily insulin doses (p=0.09) and mean 

daily fluid balances (p=0.7) were not significantly different for early PN and late PN patients (Table 1). Late 

and early PN patients also received a comparable amount of muscle relaxants, corticosteroids, norepinephrine 

and aminoglycosides during the study period (Table 1). The reduction in median ICU stay and decreased 

incidence of new infections observed with late PN in the original EPaNIC study (10) did not reach statistical 

difference in this small subset of EPaNIC patients (Table 1). Mortality at 90 days was not different between 

early PN and late PN patients.  

 

Between rater variability 

The inter-observer coefficients of variation (CV) and intra-class correlation coefficients (ICC) were calculated 

based on the volume data obtained by two independent investigators (Table 2).  
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The muscle compartment 

Femoral muscle volume, as assessed by the number of voxels in the 0 to 100 HU range, decreased 

substantially over one week of critical illness both in patients allocated to late PN (p=0.02) and in patients 

receiving early PN (p=0.03) (Figure 4A). The mean±SE femoral muscle loss over 7 days was 6.9±1.7% of the 

initial volume, while inter-observer CV was 0%. The percentage muscle loss was not different between early 

and late PN patients (p=0.6). There was no statistical evidence of a change in muscle volume in the abdominal 

area over the studied time period  (early PN p=0.6 and late PN p=0.3, percentage loss early vs. late PN p=0.3) 

(Figure 4B).  

In early PN patients the femoral intramuscular lipid/water content significantly increased, assessed 

both with the median attenuation and with the proportion ‘low density muscle’. The median attenuation 

shifted towards 0 HU in the early PN patients (p=0.02) (Figure 4C). In addition, the proportion low density 

muscle, being the proportion of muscle tissue containing more water or fat, significantly increased with 1/4 in 

the early PN patients (p=0.02) (Figure 4E). In the late PN patients, muscle attenuation (p=0.07) and 

proportion low density muscle (p=0.1) did not statistically change over time. The percentage change in 

attenuation (p=0.2), nor the percentage change in proportion low density muscle (p=0.3) reached statistical 

difference between early and late PN patients. Comparable but much smaller trends were present in the 

abdominal muscle composition (attenuation p=0.07 for early PN and p=0.4 for late PN and p=0.8 for 

percentage change between treatment groups, proportion low density muscle p=0.04 for early PN and p=0.5 

for late PN and p=0.4 for percentage change between treatment groups (Figure 4D, F). 

In healthy controls, minor changes were observed for the femoral muscle volume (mean±SE 

0.7±0.3% increase, p=0.04) and for X-ray attenuation (mean±SE 1.3±0.4% increase, p=0.03), but not for the 

percentage of low density muscle (p=0.9), or for the changes in the abdominal compartments (p=0.5 for 

volume, p=0.6 for attenuation and p=0.1 for proportion low density muscle). 

 

The adipose tissue compartments 

At the femoral location, the volume of interspersed intramuscular adipose tissue statistically increased 

in early PN patients (mean±SE 9.9±4.4%, p=0.03), but not in late PN patients (p=0.9) (Figure 5A). This 

increase in the intramuscular adipose tissue amount was also present in the abdominal compartment of early 
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PN (mean±SE 7.6±2.4%, p=0.006) but not of late PN (p=0.3) patients (Figure 5B). The percentage increase in 

adipose tissue volume was statistically different between early and late PN patients in the femoral location 

(p=0.02), but not in the abdominal location (p=0.8).  

In contrast with the intramuscular adipose tissue depots, the volume of the femoral and the abdominal 

subcutaneous adipose tissue depots remained constant over the studied 7 days period (p>0.5 for all) (Figure 5 

C-D). Interestingly, at CT1 (median ICU day 2) intramuscular interspersed adipose tissue volumes in late PN 

patients were unaffected and comparable to controls. In contrast, early PN patients’ intramuscular interspersed 

adipose tissue volumes tended to be already increased compared to late PN (p=0.08) and controls (p=0.12) 

(Figure 5A).  

The attenuation of the intramuscular and subcutaneous adipose tissue compartments was unaltered 

between CT1 and CT2 in both the femoral and abdominal location (data not shown). In none of the adipose 

tissue depots did the volume or attenuation change over the studied 7 days period in the healthy controls 

(p>0.6 for intramuscular depots and p=0.1 for subcutaneous depots) (Figure 5A-D). The visceral fat volume 

measurements were highly variable over time in the healthy volunteers, likely due to variations in bowel 

content and bowel location (19). Data of this compartment were therefore excluded from further analyses.  

 

Correlations between changes in total body weight, muscle volume, muscle composition and caloric intake 

Paired body weight measurements on both CT days were obtained for 9 early PN patients and 2 late 

PN patients. Patients lost on average 1.8±1.7 kg over the 7 days period. In these patients, the loss of total body 

weight correlated positively with the loss of femoral muscle volume (R=0.703, p=0.02, Figure 6A). Changes 

in abdominal muscle volume did not correlate with the change in body weight (R=0.343, p=0.3).  

An increased femoral volume of intramuscular adipose tissue correlated with a decreased femoral 

muscle attenuation (R=-0.758, p=0.001, Figure 6B) and increased low density muscle volume (R=0.832, 

p=0.003, Figure 6C), both reflecting loss of muscle integrity. In the abdominal muscle, only the change in low 

density muscle volume correlated with the change in volume of intramuscular adipose tissue (R=0.587, 

p=0.03). Together this indicates that the larger the change in muscle composition towards more fat or water 

infiltration, the larger the increase in intramuscular adipose tissue volume.  
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Mean daily total caloric intake did not correlate with changes in femoral muscle volume (R=0.210, 

p=0.5) or total body weight (R=0.138, p=0.7), but it did correlate with changes in intramuscular adipose tissue 

volume (R=0.535, p=0.04) and femoral muscle composition. Mean daily total caloric intake correlated 

negatively with the change in muscle attenuation (R=-0.552, p=0.03, Figure 6D) and positively with the 

change in low density muscle volume (R=0.527, p=0.04). The correlations of changes in muscle composition 

and in volume of intramuscular adipose tissue with mean daily caloric intake appeared mostly attributable to 

the mean daily intake in PN (R=-0.491, p=0.06 for muscle attenuation, R=0.466, p=0.08 for intramuscular 

adipose tissue volume), and not enteral nutrition (R=-0.012, p>0.9 for muscle attenuation, R= 0.027, p>0.9 for 

intramuscular adipose tissue volume). 

 

 

DISCUSSION 

 

This small sub-study of the EPaNIC trial demonstrated important femoral but not abdominal muscle 

loss during the first week of critical illness, independent of nutrition strategy. This regional muscle loss 

correlated positively with loss of total body weight. Early administration of parenteral nutrition induced a shift 

in muscle tissue composition towards increased intramuscular lipid or water content. Simultaneously, femoral 

interspersed intramuscular adipose tissue increased. This change in adipose tissue volume was statistically 

different in early PN as compared to late PN patients, while the change in attenuation was not. These changes 

in muscle lipid/water content and the volume of adipose tissue, interspersed within the muscle compartment, 

correlated with caloric intake. In contrast, subcutaneous adipose tissue compartments were unaffected by 

disease and nutrition strategy. In the abdominal muscle compartments, similar changes were observed, albeit 

smaller than in the femoral muscle compartments.  

 

Repeated direct measurements of muscle and fat volume and composition early during the course of 

critical illness by qCT have, to our knowledge, not been performed before. Our methodology proved feasible 

and reproducible in ICU patients requiring a repeated CT scan for clinical follow-up. Quantitative CT analysis 

allows a direct and very accurate measurement of muscle and adipose tissue volume and attenuation (11-13). 
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Indirect measurements of muscle and fat mass volume such as total body weight and anthropometric 

measurements (skinfold thickness and limb circumference) are distorted by water retention and edema, often 

present in critically ill patients, resulting in an overestimation of the fat mass and muscle volume. Techniques 

such as bioelectrical impedance analysis (BIA) or dual energy X-ray absorptiometry measurements (DEXA) 

use derived values for total fat free mass and total body fat (11;12). BIA measurements rely on algorithms that 

require validation in the specific population under investigation. Studies validating BIA against gold standards 

in critically ill patients are scarce and reveal important inaccuracy of BIA (20;21). DEXA estimations of lean 

body mass and fat mass are significantly altered by the presence of vital support material such as endotracheal 

tubing (11). Moreover, DEXA measurements require additional transportation to a specialized facility which 

might be a safety and logistic burden (12). MRI analysis of muscle and fat compartments yields superior 

resolution (distinguishing contractile from non-contractile muscle tissue) but requires longer scan times (22). 

Moreover, the management of a critically ill patient in the strong magnetic field of MRI is a logistic and 

medical challenge. Ultrasonographic (US) assessment of muscle –mostly quadriceps muscles’ vastus 

medialis- diameter or its thickness is a non-invasive bedside procedure avoiding exposure to radiation. Its’ 

reproducibility is however more operator dependent, in particular the angulation of the probe and avoidance of 

tissue distortion need to be well controlled in order to yield reproducible results. Finally, ultrasound measures 

a muscle transection rather than muscle volume (23). 

We now demonstrated with repetitive qCT that critical illness evoked a substantial loss in femoral 

muscle volume during the first week in ICU, independent of the nutrition strategy. Furthermore, the loss in 

femoral muscle volume strongly correlated with the loss of body weight, suggesting that the changes observed 

with qCT indeed accurately reflect changes in total (lean) body mass. This first direct measurement of muscle 

volume early in critical illness confirms earlier findings that aggressive nutritional support could not prevent 

severe protein loss in critically ill patients (7-9). It thus appears that in contrast with what can be seen in 

healthy individuals, administration of sufficient nutrition does not counteract the ongoing proteolysis and 

downregulated protein synthesis observed in hypercatabolic critically ill patients (2;24;25). Whether 

additional therapies such as anabolic steroids, beta blocking agents or active muscle exercise can counteract 

hypercatabolism remains to be investigated. 
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Changes in muscle volume quantified by CT have been shown to correlate with changes in muscle 

force also in elderly subjects and in patients suffering chronic neurological diseases (16;17). In this study the 

presence of severe central neurological damage precluded accurate peripheral strength measurement for 

correlation with structural changes. In contrast with femoral muscle volume, abdominal muscle volume was 

not affected by one week of critical illness. Perhaps this reflects some abdominal muscle sparing due to 

breathing efforts in these patients who were largely immobilized due to acute neurological impairment.  

 

Early PN reduced the muscle quality/integrity over time, as more water or fat was present within the 

myofibers. Although the percentage change over time reached no statistical difference from the percentage 

change in the late PN patients, it did correlate with the amount of daily caloric intake. The change in muscle 

composition was quantified by decreased muscle attenuation and increased proportion of low density muscle. 

It has been shown in healthy volunteers that loss of muscle attenuation on qCT indeed reflects increased 

muscular fat content, confirmed by histochemical analysis of muscle biopsies (9). Attenuation, however, is 

determined by the proportion of hydrogen compared to carbon, nitrogen and oxygen per measured volume 

unit (voxel) and can thus be indicative for both increased lipid and water content within the muscle tissue (18). 

The attenuation of adipose tissue compartments, however, was not altered over time, pleading against a 

generalized edema of the tissues.  

Furthermore, the administration of early PN increased the amount and volume of adipose tissue 

interspersed in the femoral and abdominal muscle compartment. Already on the day of the first CT scan, 

intramuscular adipose tissue volumes appeared increased in the early PN group, while unaffected in the late 

PN patients. The initial difference in intramuscular fat volume, although not reaching statistical significance, 

might reflect an early effect of late PN preventing critical illness related fat accretion, although a baseline 

difference between early PN and late PN patients cannot be excluded. However, admission BMI and weight 

were comparable. The further increase in the intramuscular adipose tissue depot from the median day 2 to day 

9 in ICU correlated strongly with the increase in lipid/water content of the muscle, suggestive of a common 

pathophysiological trigger. Earlier findings in critically ill rabbits suggested that early PN evokes loss of 

muscle integrity due to suppressed autophagy, resulting in inadequate clearing of damaged organelles and 

intracellular toxic protein aggregates (26). The observed increased intramuscular adipose tissue and decreased 
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attenuation point to an accumulation of lipids in the muscular compartment. Whether this is caused by an 

increase in adipogenesis, and/or increased lipid storage in the myofibers needs to be further investigated. We 

previously reported increased adipogenesis and increased storage capacity for glucose and lipids in 

subcutaneous and visceral adipose tissue biopsies of critically ill patients, but whether comparable changes are 

present in the intramuscular adipose tissue depot is not known (27).  

In earlier qCT studies, obesity was associated with reduced mean muscle attenuation, whereas weight 

loss increased muscle attenuation and decreased the proportion low density muscle (15;18). In our study 

population, reduced muscle attenuation and increased intramuscular adipose tissue volume correlated strongly 

with mean daily caloric intake. Also previous observational studies in critically ill patients linked aggressive 

nutritional support with an increased total body fat mass (7-9). Metabolically, reduced muscle attenuation was 

strongly related to insulin-resistant glucose metabolism, reduced oxidative capacity, and a low maximal 

aerobic capacity (28-30). Whether this was also the case in early PN patients cannot be concluded from this 

study, since caloric intake was higher in these patients as was the amount of insulin needed to achieve 

normoglycemia (10). In patients suffering from chronic neurological diseases, reduced muscle attenuation was 

found to be indicative of excess muscle lipid and related to diminished muscular strength (16;17;31;32). 

Unfortunately, as explained above, no muscle strength testing could be performed in this subset of severally 

brain-injured patients.  

 

In contrast with the substantial femoral muscle loss in both early PN and late PN critically ill patients, 

subcutaneous adipose tissue volume was not changed by critical illness. Only the intramuscular adipose tissue 

compartment was increased by early PN. Why only the intramuscular adipose tissue depot was affected by 

early PN is not clear. Possibly, more subtle changes in the subcutaneous adipose tissue volume relative to its 

much larger size were too small to be quantified. Indeed, the subcutaneous compartment was on average 7 

times the volume of the intramuscular compartment. Remarkably, having a moderately elevated BMI upon 

ICU admission has been shown to be protective, suggesting a potential beneficial role for some excess adipose 

tissue during critical illness (33).  
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Our study has some important limitations that should be addressed. First, the number of patients 

studied was small. However, despite the patient group being small, this fully blinded analysis with repeated 

measurements in 15 patients, allowing paired analyses over time, showed a clear signal which provided 

important novel insight. Second, the patient population was limited to brain-injured post-neurosurgery patients 

requiring repeated cerebral computer tomography, whether our findings are applicable to other ICU patient 

populations cannot be concluded from this study. The neurosurgical subgroup was chosen for pragmatic 

reasons as prospectively planned repeated CTs are scheduled to guide medical and surgical therapy in these 

patients. The brain injury of these patients and their treatment resulted in poor spontaneous movements. 

Possibly, this lack of spontaneous movements caused a more pronounced muscle loss. Additionally, the nature 

of the pathology precluded adequate muscle force measurements. On the other hand, the lack of movement 

prevented bias by patient differences in activity level. One might postulate that the observed loss in femoral 

muscle mass is only due to immobilization and not to other critical illness related metabolic changes. 

However, in immobilized healthy volunteers muscle atrophy can be attenuated by nutritional support, and is 

much less pronounced then the muscle loss observed during critical illness (34). Third, Resting Energy 

Expenditure (REE) was not measured. Hence, possible bias due to REE differences among patients cannot be 

excluded. However, a recent study showed that accuracy of available tools to measure REE in ventilated 

critically ill patients is rather poor, indicating limitations of this methodology (35). 

Previous large cross-sectional studies demonstrated lower fat-free mass and higher fat mass quantified 

with BIA in both acute and chronically ill patients already upon admission to the ICU (36-38). In our study, 

muscle and adipose tissue volumes of critically ill patients were not different from controls at the timepoint of 

the first CT, except for a trend for already increased intramuscular interspersed adipose tissue volume in early 

PN patients, which was higher than in controls and in late PN patients. This might again be explained by the 

selection of neurosurgical patients only, which is typically a very acutely ill population without any chronic 

pre-ICU illness. This is different from the cross-sectional study by Kyle et al, which included patients with an 

onset of illness of 1 to 7 days before hospital admission.  
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In conclusion, direct quantification of muscle and adipose tissue volume in critically ill patients 

showed important muscle wasting early during the course of illness, which occurred irrespective of the 

nutritional management. Early PN did not prevent this muscle wasting, and instead increased muscular 

lipid/water content and intramuscular adipose tissue volume. In contrast, in the late PN and the control group, 

significant changes in lipid/water content or intramuscular adipose tissue volume were absent. 
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FIGURE LEGENDS  

 

Figure 1: Representative repeated femoral qCT images and corresponding histograms.  

 

[A] Repeated unprocessed qCT images of patient x (blinded for allocation) at CT1 (median ICU day 2) and 

CT2 (median ICU day 9). The anatomical differences in attenuation (measured in Hounsfield Units, HU) of 
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muscle tissue (light gray), adipose tissue (dark gray) and bone (white) compartments is visible. [B] Processed 

images after manual delineation. Left leg is now stained blue, right leg is stained orange/red. Based on the 

attenuation (HU), the light blue (left leg) or orange (right leg) muscle tissue (HU range 0-100) and the dark 

blue (left leg) or red-brown (right leg) adipose tissue (HU range -190 – 0) can be distinguished. The bone 

compartment is automatically excluded. The manual delineation around the muscle (yellow line) divides the 

adipose tissue compartment in an intramuscular part and a subcutaneous part. [C] Muscle histograms plotting 

the number of voxels per HU. Muscle volume is calculated by the sum of the voxels in the 0-100 HU range 

(corresponding to the area under the curve of the histogram). Muscle composition is calculated by the median 

attenuation and the proportion ‘low density muscle’. Lower attenuation indicates general infiltration of water 

or lipids in the muscle tissue. The proportion low density muscle indicates the affected volume in the muscle 

which suffers from increased water or lipid infiltration and is calculated as the sum of voxels in 0-30 HU 

range divided by the sum of voxels in 0-100 HU range. [D] Intramuscular adipose tissue (A.T.) histogram 

plotting the number of voxels per HU from the adipose tissue inside the manual delineation. Intramuscular 

adipose tissue volume is calculated by the sum of the voxels in the -190 - 0 HU range of the area. [E] 

Subcutaneous adipose tissue (A.T.) histogram plotting number of voxels per HU outside the manual 

delineation. Subcutaneous adipose tissue volume is calculated by the sum of the voxels in the -190 - 0 HU 

range. 
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Figure 2: Consort diagram of enrollment to the study.  

 

CCT denotes craniocerebral trauma, ICB intracerebral bleeding and SAB subarachnoidal bleeding. *1 patient 

had no repeat abdominal CT, due to abdominal bleeding 
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Figure 3: Energy intake during the study period.  

 

[A] Total (glucose, lipids and proteins) caloric intake in the intensive care unit from admission until day 9 

(median second CT day). [B] Mean daily energy intake during the CT study period by the enteral route, the 

parenteral route or both. Data is presented as mean with SE. The black bars represent patients allocated to 

early PN, whereas open bars are presenting patients allocated to late PN. P-values were calculated with 

unpaired t-tests. 

23 
 



 

Figure 4: Effect of early and late PN on volume and composition of femoral and abdominal muscle in a 

7 days period.  

 

[A-B: Muscle volume] calculated as the sum of voxels in the 0-100 HU range. 103 voxels corresponds with a 

volume of 2.4 cm3. [C-F: Muscle composition] calculated as (C-D) Muscle attenuation (median HU), with 

lower attenuation corresponding to more water/lipid infiltration in the muscle tissue and (E-F) Proportion low 

density muscle, which is the proportion (%) of the total muscle volume with very low attenuation (0-30 HU), 

corresponding to fibers with more water/lipid content. CT 1 represents the images of the first CT obtained on 

median ICU day 2 [IQR 2-3], CT 2 represents the images of the second CT, obtained on median ICU day 9 

[IQR 8-10]. Data is presented as mean ± SE. Gray circles represent healthy controls (n=6), open circles 

represent late PN patients (n=5), black circles represent early PN patients (n=10 for femoral, n=9 for 

abdominal location). * is p<0.05, ns is not significant. P-values per group were obtained by paired t-tests.  
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Figure 5: Effect of early and late PN on volume of femoral and abdominal adipose tissue compartments 

in a 7 days period.  

[A-B: intramuscular 

adipose tissue volume] and [C-D: subcutaneous adipose tissue volume]. Volumes are calculated as the sum of 

voxels in the -190 -0 HU range. 103 voxels corresponds with a volume of 2.4 cm3. CT 1 represents the images 

of the first CT obtained on median ICU day 2 [IQR 2-3], CT 2 represents the images of the second CT, 

obtained on median ICU day 9 [IQR 8-10]. Data are presented as mean ± SE. Gray circles represent healthy 

controls (n=6), open circles represent late PN patients (n=5), black circles represent early PN patients (n=10 

for femoral, n=9 for abdominal location). * is p<0.05, ns is not significant. P-values were obtained by paired t-

tests. 

 

25 
 



 

Figure 6: Correlations between changes in total body weight, muscle volume, muscle composition and 

caloric intake in early PN and late PN patients.  

 

Panel A: early PN n=8, late PN n=2. Panel B-D: early PN n=10, late PN n=5. Δ indicates the difference 

between the value obtained on CT2 and the value obtained on CT1. R-and p-values were obtained by simple 

regression analysis. 
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TABLES 

 

Table 1: Baseline and outcome variables of early PN (n=10) and late PN (n=5) patients 

 Early PN 
patients 
N=10 

Late PN 
patients 

N=5 

P-value 
 

Early/Late 

ICU CT day 1a 2 [2-3] 2 [2-2] 0.5 
ICU CT day 2 a 9 [9-10] 9 [7-9] 0.3 

Demographic data    
Male sex - no. (%) 4 (40) 2 (40) >0.99 
Age – yr b 44±14 50±16 0.5 
Weight – kg a 70 [65-75] 70 [68-80] 0.8 
BMI – kg/m2 a 24 [22-27] 25 [23-26] 0.8 

Comorbidity parameters    
Malignancy - no. (%) 1 (10) 0 (0) 0.5 
Diabetes - no. (%) 1 (10) 0 (0) 0.5 
NRS score a 3 [3-3] 3 [3-3] >0.99 
Adm APACHE II score a 28 [26-32] 30 [24-30] 0.8 
GSC score a 7 [5-13] 4 [4-7] 0.2 
Highest ICP first 24 H a 20 [12-31] 19 [17-21] 0.8 
Reason for admission 
CCT - no. (%) 
ICB - no. (%) 
SAB - no. (%) 

 
5 (50) 
2 (20) 
3 (30) 

 
1 (20) 
2 (40) 
2 (40) 

0.5 

Clinical parameters    
Mean morning blood glucose (mg/dl) a 111 [100-117] 104 [98-116] 0.6 
Mean daily insulin dose (IU) a 80 [55-129] 40 [30-52] 0.1 
Mean daily fluid balance (ml) a 
Number of ICU days receiving a 

    NMBA 
    glucocorticoids 
    norepinephrine 
    aminoglycosides 

277 [96-524] 
 

1 [0-2] 
0 [0-1] 
5 [2-7] 
0 [0-0] 

254 [-386-471] 
 

0 [0-0] 
0 [0-0] 
7 [3-9] 
0 [0-0] 

0.7 
 

0.1 
0.4 
0.3 

>0.99 

Outcome variables    
New infection - no. (%) 7 (70) 3 (60) 0.7 
Duration of ICU stay a 12 [7-19] 9 [5-16] 0.6 
Non-survivors at 90 days - no. (%) 2 (20) 0 (0) 0.3 

None of the patients had sepsis diagnosed on admission. Scores on nutritional risk screening (NRS) range 
from 0 to 7, with higher scores indicating a higher risk of malnutrition (39). An NRS score of 3 or higher 
reflects a risk of developing malnutrition. The Acute Physiology and Chronic Health Evaluation II (APACHE 
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II) score reflects severity of illness, with higher values indicating more severe illness (40). CCT denotes 
Craniocerebral trauma, ICB intracerebral bleeding and SAB subarachnoidal bleeding, GCS Glascow Coma 
Scale, ICP intracranial pressure, NMBA neuromuscular blocking agents. * One patient had no ICP 
monitoring. a Non-normally distributed data presented as median [interquartile range], b normally distributed 

data presented as mean ± standard deviation. 
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Table 2: Median inter-observer coefficients of variations and intra-class correlation coefficients of the 

muscular and adipose tissue volumes 

 Inter-observer CV ICC 

Femoral muscle volume 0.0% 0.998 

Abdominal muscle volume 0.5% 0.998 

Femoral intramuscular adipose tissue  2.5% 0.989 

Abdominal intramuscular adipose tissue 4.0% 0.984 

Femoral subcutaneous adipose tissue 0.8% 0.997 

Abdominal subcutaneous adipose tissue 0.3% 0.999 

Abdominal visceral adipose tissue 0.9% 0.999 

CV (coefficient of variation) and ICC (intra-class correlation coefficient) were calculated between the two 
observers (MPC, LL) for each subject (n=21) and each time point.  

29 
 


	Key words: critical illness, parenteral feeding, qCT, muscle wasting, adipose tissue, imaging

