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ABSTRACT 

 

Background. Critically ill patients develop ‘intensive care unit-acquired weakness’, which 

delays rehabilitation. Reduced muscle mass and/or quality could play a role. The EPaNIC-trial 

showed that tolerating macronutrient deficit for one week in ICU (late-PN) accelerated 

recovery compared with early parenteral nutrition (early-PN) to prevent such deficit. The role 

of weakness herein was unclear. We hypothesised that late-PN may allow better autophagic 

quality control in myofibers whereby less weakness could occur. 

Methods. In this prospectively planned subanalysis of the EPaNIC-RCT, weakness was 

assessed in 600 awake, cooperative patients. Skeletal muscle biopsies harvested from 122 

patients 8 days after randomisation and from 20 matched healthy controls were studied for 

atrophy and autophagy. 

Findings. With late-PN, 105 (34%) patients had weakness on first evaluation (median day 9 

post-randomisation) compared with 127 (43%) early-PN patients (absolute difference -9 (-16 

to -1 95% CI)%, p=0·030). Weakness recovered faster with late-PN than with early-PN 

(p=0·021). Myofiber size and density were lower in patients than controls, similarly with 

early-PN and late-PN. Messenger-RNA encoding contractile myofibrillary proteins were 

lower and E3-ligases higher in muscle from patients than controls (p<0·0010), again 

unaffected by nutrition. In contrast, the LC3-II/LC3-I ratio, reflecting autophagosome 

formation, was higher in late-PN than in early-PN patients (p=0·026), reaching values almost 

double those of controls (p=0·0016), and coinciding with less ubiquitin staining (p=0·019). A 

higher LC3-II/LC3-I ratio was independently associated with less weakness (0·047).  

Interpretation. Tolerating a substantial macronutrient deficit early during critical illness did 

not affect muscle wasting, but allowed more efficient activation of autophagic quality control 

of myofibers and reduced weakness. 
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INTRODUCTION 

 

Critically ill patients frequently develop muscle weakness, labeled ‘intensive care unit-

acquired weakness’ (further referred to as weakness).1 Such weakness prolongs mechanical 

ventilation and rehabilitation, compromises functionality and quality-of-life long after ICU 

discharge and has been associated with increased mortality.2—5 Muscle atrophy, evoked by 

illness-induced hypercatabolism, has been regarded as a major cause of weakness, although 

this causality has never been addressed in a randomised controlled trial.6 Immobilisation, 

inflammation and reduced nutrient intake may all contribute to the hypercatabolism during 

critical illness.7,8 Nutritional deficit, accumulating rapidly early in critical illness, has been 

shown to be strongly associated with, among others, prolonged ventilation.9 The importance 

of myofiber integrity versus muscle mass in determining muscle strength has only recently 

been elucidated.10—13  

Myofiber integrity is to a large extent determined by autophagy, a cellular housekeeping 

system required for elimination of damaged organelles and large protein aggregates.10 When 

cell damage occurs and with fasting, autophagy is upregulated.14 Nutrients, most specifically 

amino acids, and growth factors are powerful suppressors of autophagy.14—16 Signs of 

insufficiently activated autophagy have been reported in skeletal muscle biopsies from 

prolonged critically ill fed patients.11,12 In an animal model of critical illness, such signs of 

insufficiently activated autophagy in skeletal muscle were evoked by early provision of 

macronutrients.13   

A large randomised controlled trial (RCT) with the acronym EPaNIC compared the impact on 

outcome of tolerating macronutrient deficit in critically ill patients by delaying any parenteral 

nutrition to beyond the first week in ICU (late-PN) with early parenteral nutrition to prevent 

such deficit (early-PN).17 The primary analysis of this trial revealed that tolerating a 
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substantial macronutrient deficit was associated with earlier live discharge from ICU and 

hospital.   

To investigate whether late-PN and early-PN differentially affect muscle strength, the 

published protocol of the trial18 comprised a systematic, prospective assessment of weakness, 

both clinically and mechanistically. The incidence of weakness was determined clinically by 

the Medical Research Council (MRC) sum score19 in 600 awake, cooperative patients. In 

addition, underlying mechanisms were studied in skeletal muscle biopsies harvested from 122 

patients.  

We hypothesised that late-PN, despite aggravating muscle atrophy as compared with early-

PN, may allow more efficient activation of autophagy and could reduce weakness.  
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 METHODS 

 

Patients, randomisation and masking 

The multicenter EPaNIC-RCT compared early (within 48h) with late (not before ICU day 8) 

parenteral supplementation of insufficient enteral nutrition in 4640 ICU patients. The protocol 

(see Supplementary Appendix for more details) and primary outcomes have been 

published.17,18 Both groups received early parenteral trace elements, minerals and vitamins, 

and targeted blood glucose levels of 4·4-6·1 mmol/l. The KU Leuven Institutional Review 

Board approved the protocol (ML4190). Written informed consent was obtained from the 

patients or next-of-kin, and from healthy volunteers. 

From December 2008 onwards, consecutive patients who were still in ICU on day 8 (±1 for 

feasibility purposes) in five of the seven participating ICUs were prospectively and 

systematically evaluated for awakening and cooperation using five standard commands.4,19,20 

In all fully cooperative patients (adequate response to all 5 commands), muscle strength was 

quantified with the MRC sum score (Supplementary Appendix).4,19,20 This evaluation was 

repeated three times weekly until ICU discharge or death. To correct for possible bias by any 

impact of the randomised intervention on ICU stay, from October 2010 onward also a random 

sample of patients discharged from ICU was evaluated in the regular hospital ward on post-

randomisation day 8±1. The random sample of ward patients was computer-generated and 

selected one out of ten eligible patients, proportionally stratified according to diagnostic 

categories on admission. Exclusion criteria were never awake, medical instability, pre-existing 

neuromuscular disease, language not understood by assessor, assessor unavailable, and 

declined participation. In total, 600 patients were tested, of whom 415 were evaluated in ICU 

(69%, 213 early-PN and 202 late-PN patients) and 185 on the ward (31%, 82 early-PN and 

103 late-PN patients) (Figure 1). Baseline characteristics were comparable for both groups 
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(Table 1). Macronutrient intake for these patients is shown in Supplementary Appendix 

Figure 1. All assessments were performed blinded for treatment allocation. In ICU, patients 

received physiotherapy and passive or active bedcycling according to a standardised 

protocol.21,22 Management after ICU discharge was at the discretion of the treating physicians 

on the general ward, who were blinded for treatment allocation. 

From September 2008 onwards, after additional informed consent, in-vivo skeletal muscle 

needle biopsies were prospectively and systematically harvested (blinded for treatment 

allocation) from musculus vastus-lateralis of the quadriceps femoris of 188 consecutive 

patients fulfilling inclusion criteria, on post-randomisation day 8±1 in ICU (Figure 1). From 

these, 122 patients matched for baseline characteristics were selected, 61 per group (Figure 1, 

Table 1). Macronutrient intake for these patients is shown in Supplementary Appendix Figure 

2. As healthy reference, vastus-lateralis biopsies were taken from 20 healthy volunteers or 

otherwise healthy individuals undergoing surgery for inguinal herniation or minor urologic 

interventions, further referred to as “controls”, with comparable gender distribution [14 men 

(70%), p=0.66], age [median 58 years interquartile range (IQR) (52-67), p=0·29], and BMI 

[24·4 (22·7-29·5) kg/m2, p=0·45] as the ICU patients. 

 

Weakness and associated outcomes  

The MRC sum score was determined as described (Supplementary Appendix),19 by two 

physiotherapists, blinded for treatment allocation. Physiotherapists were extensively trained 

prior to study initiation with good inter-observer reliability as previously reported.19 Clinically 

relevant weakness was diagnosed when the MRC sum score was lower than 48.4,20,23 Relevant 

clinical outcomes potentially associated with weakness comprised ICU and hospital mortality, 

ICU and hospital stay, and need for prolonged (14 days or more24) mechanical ventilation.  
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Skeletal muscle biopsy analyses to quantify markers of autophagy and atrophy  

Biopsies were harvested with a 5 mm Bergström biopsy needle, immediately snap-frozen in 

liquid nitrogen and stored at –80°C for further molecular analysis (Supplementary Appendix 

Methods). For histology, samples were fixed for 24 hours in 4% paraformaldehyde in 

phosphate-buffered-saline and embedded in paraffin. All analyses were performed blinded for 

treatment allocation. 

Protein levels of actin, unlipidated and lipidated (active) microtubule-associated protein light 

chain-3 (LC3-I and LC3-II, respectively), and p62 were quantified by Western blotting 

(Supplementary Appendix Methods). Immunohistochemical staining for ubiquitin was 

performed with an anti-ubiquitin antibody from Abcam. Area and intensity of ubiquitin 

immunostaining were analysed with Matlab®.25 Myofiber density was quantified as total 

myofiber area per muscle area on 5-µm hematoxylin-eosin-stained paraffin sections 

(Matlab®, The MathWorks, Natick, MA). Immunohistochemical staining for myofiber typing 

used antibodies from Sigma (Supplementary Appendix Methods).26 The cross-sectional area 

of each type I- and type II-stained myofiber was computed as µm2. Additional details 

regarding staining procedures and automated image processing are provided in the 

Supplementary Appendix Methods. Levels of mRNA encoding myosin-heavy-chain-I 

(MyHC-I), MyHC-IIa, actin, muscle-ring-finger-1 (MuRF-1), and atrogin-1 were quantified 

by real-time polymerase chain reaction (Supplementary Appendix Methods and Table 1). 

  

Statistical analyses 

Weakness results were analysed with IBM SPSS-19 (SPSS Inc) and biopsy results with 

JMP10.0.0 (SAS Institute Inc). Data are presented as number with percentages or medians 

with interquartile ranges (IQR). Significance of differences was determined with Mann-

Whitney U, Median, Kruskal-Wallis or chi-square (exact) tests, as appropriate. Differences 
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were considered significant when two-sided p-values were ≤0·05. No corrections were 

performed for multiple comparisons. 

 

The primary endpoint of the clinical study was incidence of weakness at first evaluation, 

assessed with univariable chi-square analysis followed by multivariable logistic regression 

analysis correcting for baseline risk factors (Supplementary Appendix). To further exclude 

selection bias, the primary endpoint was also analysed in a subset of patients fully matched for 

baseline characteristics using propensity scores (one-to-one nearest neighbor matching 

without replacement using caliper of 0·2, Supplementary Appendix). Time to recovery from 

weakness (MRC of 48 or higher) was visualised in Kaplan-Meier curves and differences 

analysed with log-rank Mantel-Cox test. Patients who never recovered from weakness were 

censored at the time of last measurement.  

 

The primary endpoint of the biopsy study was the marker of autophagosome formation (LC3-

II/LC3-I ratio), based on previous observations.12 In the subset of patients for whom a biopsy 

and MRC score were available, the relationship between both was analysed. In a multivariable 

logistic regression analysis with weakness as outcome variable, biopsy features affected by 

illness and associated with weakness in univariable analysis with p-value ≤0·10 were 

included, followed by interaction testing for the LC3-II/LC3-I ratio with each variable 

(considered relevant up to p=0.10). 

 

The EPaNIC study was powered for detecting a one-day between-group difference in ICU 

stay and 3% difference in mortality. With the subset of 600 patients, a two-sided statistical 

power of >70% (>80% one-sided) was present to detect, with 95% certainty, an absolute 10% 
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difference between early-PN and late-PN in incidence of weakness (Supplementary 

Appendix). 

 

Role of the funding source 

The funding bodies were not involved in the study design; in the collection, analysis, and 

interpretation of the data; in the writing of the report, or in the decision to submit the paper for 

publication. 

The corresponding author had full access to all data in the study and had final responsibility 

for the decision to submit for publication. 
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RESULTS 

 

Weakness and associated outcomes 

Upon the first MRC evaluation [performed on post-randomisation day 9(8-13)], the 

cumulative caloric deficit was 10,823(7,123-14,826) kcal in late-PN patients versus 

3,785(1,529-7,024) kcal in early-PN patients (p<0·0001). Similar numbers of patients in both 

groups were treated with corticosteroids [126 late-PN (41%) and 122 early-PN (41%) 

patients, p=0.99] or any neuromuscular blocking agents [94 late-PN (31%) and 103 early-PN 

(35%) patients, p=0.28, inclusive single use for intubation] prior to first evaluation. The 

number of patients with new infections prior to first evaluation was not significantly different 

[127 (42%) with late-PN and 139 (47%) with early-PN, p=0·17].  

In the late-PN group, 105 patients (34%) had weakness on first evaluation as compared with 

127 (43%) in the early-PN group [absolute difference -9% (95% CI of -16% to -1%), 

p=0·030]. The effect of late-PN was confirmed in multivariable analyses [OR of 0·68 (0·47-

0·99), p=0·047] (Supplementary Appendix Table 2) and in the propensity score-matched 

subset (p=0·044) (Supplementary Appendix Table 3). Analysis of the worst MRC at any time 

revealed 113 patients with weakness in the late-PN (37%) versus 137 in the early-PN group 

(46%, p=0·019). Weakness recovered faster in late-PN patients than in early-PN patients 

(p=0·021) (Figure 2), confirmed after propensity score-matching (p=0·039) (Supplementary 

Appendix Figure 3). At last evaluation, incidence of weakness was not significantly different 

[78 late-PN patients (26%), 91 early-PN patients (31%), p=0·15]. Raw MRC sum scores for 

patients with and without weakness are shown in Supplementary Appendix Table 4. 

Late-PN patients were discharged from ICU earlier [after 11(4-20)days versus 13(5-24)days; 

p=0·036] with a trend for an earlier discharge from the hospital [after 27(15-50)days, 32(17-

56)days, p=0·060] and for less prolonged mechanical ventilation [60 (20%) versus 75 (25%), 
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p=0·091]. Duration of mechanical ventilation was 6(2-13)days with late-PN and 7(2-15)days 

with early-PN (p=0.12). ICU mortality [13 late-PN (4%) and 10 early-PN (3%) patients, 

p=0·57] and hospital mortality [34 late-PN (11%) and 27 early PN (9%) patients, p=0·41] 

were similar with late-PN and early-PN.  

 

Markers of autophagy and atrophy in skeletal muscle 

Upon biopsy [post-randomisation day 8(8-9)], the cumulative caloric deficit was 

11,986(8,840-14,023) kcal in late-PN patients versus 2,978(1,493-4,537) kcal in early-PN 

patients (p<0·0001). Similar numbers of patients in both groups had received corticosteroids 

(29 patients in both groups, 48%) or any neuromuscular blocking agents [24 late-PN (39%) 

patients and 22 early-PN (36%), p=0.70, inclusive single use for intubation] prior to biopsy. 

The number of patients with new infections prior to biopsy was not significantly different [23 

(38%) with late-PN versus 25 (41%) with early-PN, p=0·71]. 

The LC3-II/LC3-I ratio, a marker of autophagosome formation27 for which we previously 

showed an inverse correlation with the amount of infused amino acids during critical illness,12 

was higher in late-PN than in early-PN patients [p=0·026, absolute mean difference of 0.458 

(95% CI 0.028 to 0.888)], with almost a doubling of the control value in late-PN patients 

(p=0·0016) and only a 13% increase in early-PN patients (p=0·051) (Figure 3A). When 

autophagy is insufficiently activated, ubiquitinated proteins and -aggregates and p62 protein 

typically accumulate.10,28 Ubiquitin staining covered a higher percentage of the muscle area 

and was more intense in patients than controls (Figure 3A). Ubiquitin staining intensity was 

attenuated with late-PN versus early-PN (p=0.019). p62 strongly accumulated in muscle of 

critically ill patients, without an effect of the randomised intervention (Figure 3A). 

Myofiber density was lower and myofiber cross-sectional area was reduced in biopsies from 

critically ill patients than in those from controls, without a significant difference between 
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early-PN and late-PN groups (Figure 3B-C). The shift to smaller myofibers was greater for 

“slow” type-I (endurance) than for “fast” type-II (strength) myofibers. As compared with 

controls [57(48-73)%], the proportion of type-I myofibers was smaller in patients, whether 

randomised to late-PN [45(31-60)%, p=0·018] or to early-PN [46(35-59)%, p=0·022]. 

The levels of mRNA encoding the contractile myofibrillary proteins MyHC-I, MyHC-IIa, and 

actin were lower in muscle from patients than controls (Figure 3D). MyHC mRNA expression 

was comparable for late-PN and early-PN. Actin mRNA expression was further reduced by 

late-PN, though not accompanied by altered protein expression [control: 1·00(0·75-1·38), 

early-PN: 1·11(0·82-1·40); late-PN: 0·99(0·80-1·25), p=0·38].  

The mRNA levels of MuRF-1 and atrogin-1, E3 ligases of the ubiquitin-proteasome pathway, 

were increased by critical illness, similarly in late-PN and early-PN groups (Figure 3E).  

 

Relationship between muscle biopsy findings and weakness 

In the subset of 58 patients from whom a biopsy and an MRC result were available, weakness 

developed less frequently with late-PN (14 of 33 patients, 42%) than with early-PN (17 of 25 

patients, 68%, p=0·051).  

Patients with weakness had significantly lower MyHC-I mRNA and a lower LC3-II/LC3-I 

ratio than patients without weakness (Supplementary Appendix Table 5). Multivariable 

analysis revealed that a lower LC3-II/LC3-I ratio, which was increased with late-PN, was 

independently associated with weakness (p=0·047) (Supplementary Appendix Figure 4, all p-

values for interaction with the other variables >0.30). The LC3-II/LC3-I ratio was similar in 

patients with or without an MRC assessment (p=0·81).  
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DISCUSSION  

 

As compared with early parenteral nutrition targeted to avoid accumulating macronutrient 

deficit over the first week in intensive care, tolerating such deficit substantially reduced the 

incidence of weakness and allowed faster recovery. All markers of atrophy studied in muscle 

biopsy samples, such as myofiber size and density, and expression of contractile myofibrillary 

proteins and E3-ligases, were unaffected at the end of the randomised nutritional intervention. 

In contrast, the LC3-II/LC3-I ratio, a marker of autophagosome formation, was effectively up-

regulated only in patients not receiving the parenteral nutrition, which coincided with less 

accumulation of ubiquitinated proteins in myofibers than in patients receiving parenteral 

nutrition. The up-regulation of this autophagy marker was independently associated with less 

weakness.  

In healthy subjects, reducing feeding for one week to a deficit of more than 10,000 kcal 

expectedly induces lean tissue wasting.29,30 It is therefore generally assumed that preventing 

such pronounced caloric deficit in critically ill patients is essential to prevent muscle wasting 

and hereby prevent weakness.6,9 Hence, our observation that tolerating the macronutrient 

deficit substantially reduced rather than increased the incidence of weakness and allowed 

weakness to recover faster as compared with preventing the deficit with early-PN was 

striking. This may have contributed to the faster recovery of patients. Indeed, time to recovery 

of weakness was shorter with late-PN and patients were discharged from ICU earlier in a 

comparable physical condition quantified by MRC score as compared with early-PN. In two 

subsequent RCTs, adding parenteral nutrition early also did not shorten length of stay or 

improve physical function, despite less muscle wasting assessed subjectively in one of the 

studies.31,32 
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The effect on weakness in our study was not explained by differences in post-randomisation 

factors, including use of steroids, neuromuscular blocking agents, or differences in infections 

occurring prior to the assessment of muscle function, suggesting a direct effect on the muscle 

compartment. The analyses of the biopsies therefore allowed to address the potential 

underlying mechanisms.   

More signs of atrophy were observed in patients than in healthy subjects, but unaffected by 

the nutritional strategy. Earlier non-randomised studies investigating nutrition suggested that 

aggressive nutritional support is not effective to prevent substantial body protein loss during 

severe catabolic illness.33 The absence of any effect at all of nutrition on early atrophy during 

critical illness as observed in our study was remarkable as the early-PN strategy almost 

completely prevented the macronutrient deficit that accumulated over the first week in late-

PN patients. Thus, administering more nutrition than the small amount that is tolerated 

enterally by these patients clearly was unable to suppress tissue markers of muscle wasting 

during critical illness. This corroborates a previous observation that 63% of the administered 

nitrogen with early-PN was eliminated via the urine.34    

The macronutrients administered with early-PN did however suppress the second catabolic 

pathway, autophagy. Autophagy is the catabolic housekeeping system essential for quality 

control.14 It hereby provides metabolic substrates by recycling. As muscle atrophy markers 

were unaffected but autophagy was suppressed with early-PN, the net result of early feeding 

could be impaired myofiber integrity and inferentially function. This inference was 

corroborated by the results of the MRC analysis in the subgroup of awake, cooperative 

patients from whom also a biopsy was available. The more the marker of autophagy was 

suppressed, the higher the risk of weakness. In a previous observational study, insufficient 

activation of autophagy (low LC3-II/LC3-I ratio) in skeletal muscle of ICU patients correlated 

with the amount of amino acids infused.12 In addition, it was shown recently that in fasting 
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conditions, glucose can activate rather than suppress autophagy, via other pathways than those 

via which amino acids suppress autophagy.16 It remains unclear from the presented data, 

however, whether there is a substrate-specific effect. Also, our data do not provide evidence 

against early enteral nutrition as most patients received some enteral nutrition. 

The major strength of this study is that it provides new insights in the development of 

weakness, both clinically and via biopsy analysis, by investigating a very large critically ill 

patient population in the context of an RCT in which the assessors were fully blinded to 

treatment allocation. The study also has some limitations. First, it is unclear whether these 

observations in mostly long-stay EPaNIC patients can be generalised to the total EPaNIC 

population or specific subgroups such as cardiac surgery patients. Second, screening for MRC 

sum score testing on three days per week only may have reduced the sensitivity of this 

analysis. Also, weakness inevitably could only be assessed in awake and cooperative patients, 

so the functional status of the muscle in the more severely ill comatose or sedated patients 

remains unknown. However, as autophagy markers were similar in biopsied patients with and 

without an MRC evaluation, it seems likely that changes also apply to the sicker patients. 

Clinically relevant muscle weakness in our study comprised different degrees from more mild 

to severe muscle weakness. We cannot draw any separate conclusions regarding impact of 

nutrition and autophagy on (recovery from) specific subtypes of ICU-aquired weakness or of 

the most severe degree of weakness in particular. Third, muscle biopsies were only harvested 

from patients still in ICU on day 8. As late-PN reduced time in ICU, this may have introduced 

bias by collecting biopsies from sicker patients in the late-PN group. We matched the selected 

biopsies for baseline risk factors in an attempt to avoid such bias. Even if this may have been 

only partially successful, the bias expectedly reduced rather than inflated the differences 

observed. Fourth, autophagy is a dynamic process but was investigated in steady-state as 

autophagic flux cannot be dynamically investigated in human patients.35 Fifth, systematic 
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quantitative imaging of lean body mass was not performed. However, repeated quantitative 

computer tomography of a small selection of post-neurosurgery patients in the EPaNIC trial 

supported the inability of early-PN to prevent pronounced loss of muscle mass.36 Finally, a 

role of other mechanisms such as inflammatory cytokines shown to directly impair muscle 

function cannot be excluded.37 However, as late-PN was shown to increase rather than 

decrease inflammation,17 such an effect is unlikely to have played a major role. 

In conclusion, as compared with early parenteral nutrition targeted to avoid accumulating 

macronutrient deficit over the first week in intensive care, tolerating such deficit did not affect 

muscle wasting, but allowed more efficient activation of autophagic quality control of 

myofibers and substantially reduced weakness. The role of autophagy activation in the 

prevention of muscle weakness during critical illness needs to be determined in future 

efficacy trials. 
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RESEARCH IN CONTEXT 

 

Systematic review  

We searched PubMed with (“randomised clinical trial” OR “randomised clinical study”) AND 

(“parenteral nutrition” OR “intravenous nutrition” OR “nutrient infusion” OR 

“macronutrient”) AND (“weakness” OR “muscle strength” OR “muscle force” OR 

“myopathy” OR “neuropathy” OR “ICUAW” OR “MRC”) AND (“critical care” OR 

“intensive care” OR “sepsis” OR “burn” OR “trauma” OR “critical illness” OR “critically ill” 

OR “surgery” OR “injury”). This search retrieved 10 articles of which none addressed the 

impact of a nutritional intervention on muscle function or muscle biology in critically ill 

patients. 

 

Interpretation 

Although avoiding a pronounced caloric deficit in critically ill patients is generally assumed 

to be essential for preventing muscle wasting and weakness, aggressive nutritional support 

appeared unable to protect against substantial protein loss in earlier non-randomised studies. 

Moreover, our present findings obtained in a unique randomised setting show that early 

supplementation of failing enteral nutrition with parenteral nutrition has no effect at all on 

markers of atrophy, but suppressed cellular autophagic quality control and increased muscle 

weakness, as compared with tolerating an important macronutrient deficit up to one week in 

ICU. Interestingly, muscle weakness after one week of critical illness appeared partially 

explained by impaired autophagy, implying loss of muscle integrity, rather than by muscle 

atrophy. This opens perspectives for pharmacological autophagy activation during critical 

illness for preserving muscle integrity and function. 
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Table 1: Baseline characteristics 

  
 Patients evaluated with MRC sum score  Matched biopsy sample 

 Early-PN Late-PN  Early-PN Late-PN  

 N=295 N=305  N=61 N=61  

Age, median (IQR) 62 (52-73) 65 (53-74)  63 (54-71) 62 (45-73)  

Male gender, no. (%) 181 (61·4) 172 (56·4)  44 (72·1) 47 (77·1)  

BMI (kg/m2) (median-IQR) 25·0 (22·8-28·3) 24·9 (22·4-28·9)  25·7 (22·6-30·5) 26·1 (24·2-28·7)  

NRS ≥ 5, no. (%) 89 (30·2) 88 (28·9)  18 (29·5) 20 (32·8)  

APACHE II (median-IQR) 32 (21-37) 30 (20-36)  36 (28-42) 34 (27-40)  

Diagnostic categories, no. (%)       

      Cardiac surgery 95 (32·2) 107 (35·1)  4 (6·6) 4 (6·6)  

      Cardiovascular disease 1 (0·3) 2 (0·7)  0 (0·0) 0 (0·0)  

      Complicated abdominal or pelvic surgery 42 (14·2) 37 (12·1)  6 (9·8) 8 (13·1)  

      Complicated neurosurgery 5 (1·7) 5 (1·6)  0 (0·0) 0 (0·0)  

      Complicated pulmonary or esophageal surgery 25 (8·5) 20 (6·6)  7 (11·5) 4 (6·6)  

      Complicated vascular surgery 14 (4·7) 9 (3·0)  6 (9·8) 3 (4·9)  

      Gastroenterologic or hepatic disease 17 (5·8) 13 (4·3)  7 (11·5) 12 (19·7)  

      Hematological or oncological disease 5 (1·7) 6 (2·0)  2 (3·3) 1 (1·6)  

      Metabolic disorder 0 (0·0) 2 (0·7)  0 (0·0) 0 (0·0)  

      Neurological disease 0 (0·0) 2 (0·7)  0 (0·0) 0 (0·0)  

      Neurological presentation of medical disease 3 (1·0) 0 (0·0)  0 (0·0) 0 (0·0)  

      Renal disease 4 (1·4) 5 (1·6)  1 (1·6) 0 (0·0)  

      Respiratory disease 17 (5·8) 17 (5·6)  7 (11·5) 5 (8·2)  

      Transplantation 33 (11·2) 34 (11·1)  5 (8·2) 5 (8·2)  

      Trauma, burns or reconstructive surgery 17 (5·8) 26 (8·5)  12 (19·7) 15 (24·6)  

      Other 17 (5·8) 20 (6·6)  4 (6·6) 4 (6·6)  

Diabetes, no. (%) 42 (14·2) 54 (17·7)  12 (19·7) 8 (13·1)  

Malignancy, no. (%) 87 (29·5) 76 (24·9)  17 (27·9) 14 (23·0)  

Preadmission dialysis, no. (%) 4 (1·4) 2 (0·7)  0 (0·0) 0 (0·0)  

Sepsis upon admission, no. (%) 137 (46·4) 127 (41·6)  35 (57·4) 37 (60·7)  

Footnote: MRC: Medical Research Council; BMI: body mass index; NRS: nutritional risk score; IQR: interquartile range 
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FIGURE LEGENDS 

 

Figure 1: Flow chart of evaluated patients  

Flow chart of patients who received clinical muscle strength evaluation using the MRC sum 

score and patients for whom muscle biopsy analyses were performed. In the early-PN and 

late-PN groups, similar proportions of patients were excluded from MRC sum score 

evaluation for reason of death in ICU within 8 days (p=0·80). Also the computer-generated 

random sample of patients discharged alive from ICU within 8 days (p=0·69), the sample of 

evaluated short-stay (p=0·19) and long-stay (p=0·41) patients contained similar proportions of 

patients in the early-PN and late-PN groups. Independent of randomisation, in the group of 

patients who underwent MRC sum score testing while in ICU (long-stayers) the APACHE-II 

score was higher as compared with the patients who underwent MRC sum score testing on the 

general ward (short-stayers). Also, the proportion of patients with an NRS score ≥5, of 

patients needing an emergency versus elective ICU admission, of patients admitted for a 

diagnosis other than cardiac surgery, and of patients with sepsis was higher in long-stay as 

compared with short-stay patients. # Reasons why a biopsy had not been taken in patients still 

in ICU on day 8 classified as “Other” included medical/behavioral contraindication, pre-

existing neuromuscular disorders, and technical reasons. * Obtained after exclusion of 

patients in whom insufficient muscle tissue was available and matching for baseline 

characteristics (type and severity of illness, age). 

 

Figure 2: Kaplan-Meier plot for time to recovery from intensive care unit-acquired 

weakness 

The Y-axis shows the cumulative ‘hazard’, equal to the negative logarithm of the ‘survival’ 

probability. Significance testing was performed with the log-rank Mantel-Cox test. Dots 
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reflect patients who never recovered from weakness and were censored at the time of last 

measurement. 

 

Figure 3: Muscle biopsy analyses 

Panel A summarises several markers of autophagy, including the ratio of LC3-II over LC3-I 

protein level, the relative p62 protein level, and the area and intensity of ubiquitin 

immunostaining. Illustrative Western blots for actin, p62 and LC3 as well as images for 

ubiquitin staining (scale bar: 500 µm) are shown. Panel B depicts myofiber density, which is 

expressed as the percentage of the muscle section area occupied by myofibers. Panel C shows 

the distribution of total myofiber cross-sectional area and type I and type II myofiber cross-

sectional area. Myofiber cross-sectional area was categorised in blocks of 500 µm2 for each 

patient. The graphs show smoothed curves of the percentage of myofibers in each category. In 

panel D and E, relative mRNA levels for the myofibrillary proteins MyHC-I, MyHC-IIa, and 

actin and for the atrophy markers MuRF-1 and atrogin-1 are shown, respectively.  

Data are expressed as median (bars) and interquartile range (whiskers). p-values indicate 

comparisons between controls and critically ill patients and between critically ill patients 

randomised to early-PN versus late-PN. 
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Figure 3: Muscle biopsy analyses 
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SUPPLEMENTARY METHODS 
 
Randomised intervention 
The EPaNIC protocol that randomised patients to early-PN or late-PN in the University Hospitals Leuven and 
Jessa Hospitals Hasselt (Belgium) has been published.1,2 Exclusion criteria were: age below 18 years, being 
moribund or DNR-coded, enrolment in another trial, short-bowel syndrome, home ventilation, diabetic coma, 
referred with a nutritional regimen, pregnancy or lactating, no central catheter, taking oral nutrition, readmission 
to the ICU, BMI below 17, nutritional risk score below 3, other reason, or lack of consent. 
Random assignment of the consecutive patients to early-PN or late-PN in a 1:1 ratio was based on stratification 
according to 16 diagnostic categories and usage of either sequentially numbered, sealed, opaque envelopes in 
permuted blocks of 10 per stratum or an identical digital system (after addition of the Jessa Hospitals study 
sites). The health care providers (treating physicians and nurses) did not know the block size. All participants, 
data collectors and outcome adjudicators were blinded for treatment allocation. 
Early initiation of enteral nutrition was attempted in both patient groups. When enteral nutrition did not reach the 
caloric goals, the early-PN group received a 20% glucose infusion to reach a total intake of 400 kcal on day 1 
and 800 kcal on day 2. Combined parenteral nutrition was started on day 3 to target 100% of the caloric goal 
(estimated based on gender, age, and ideal body weight) in combination with enteral nutrition. The late-PN 
group received a 5% glucose infusion in a volume equal to the volume of the PN that would be administered if 
randomised to early-PN to assure adequate hydration, taking the volume of enteral nutrition into account. If 
enteral nutrition was still insufficient after 7 days in ICU, PN was initiated on day 8 to reach the caloric goal. 
Both groups received early parenteral trace elements, minerals, vitamins, and blood glucose control (4·4-6·1 
mmol/l, normoglycaemia) with insulin infusion.  
 
Muscle function 
Muscle function was assessed with the Medical Research Council (MRC) sum score.3 This score bilaterally 
evaluates strength in three upper (upper arm abductors, elbow flexors, and wrist extensors) and three lower limb 
muscle groups (hip flexors, knee extensors, and foot dorsal flexors) attributing a score between 0 and 5 (0: no 
contraction; 1: visible/palpable contraction without limb movement; 2: limb movement only with gravity 
eliminated; 3: limb movement is possible against gravity but not against resistance; 4: subnormal contraction 
against resistance; 5: normal muscle strength) to each of them, rendering a maximal total score of 60.4 A cut-off 
of <48 has been shown to identify ‘significant weakness’.5-7  
 
Percutaneous muscle biopsy procedure 
After local anesthesia with 2% lidocaine solution (Linisol, B. Braun, Diegem, Belgium), percutaneous muscle 
biopsies were taken from the vastus lateralis of the quadriceps muscle at the level of the mid-thigh. This was 
performed using the suction-modified Bergström technique.8 The 5 mm skin incision was closed with 
SteristripsTM. 
 
Histological analyses 
Myofiber density was evaluated on 5 µm paraffin sections stained with hematoxylin and eosin and calculated as 
total myofiber area per evaluated muscle area using the Statistics and Image Processing toolboxes for Matlab® 
(The MathWorks, Natick, MA). Each RGB image was first converted to the hue saturation value (HSV) color 
space. The saturation channel histogram consisted of superimposed distributions for muscle and background 
pixels. A saturation value that best separated these distributions was automatically computed and used as a 
segmentation threshold to identify the total muscle tissue in the image. The region in the immediate vicinity of 
the individual myofibers and within the myofiber bundles was identified as “non-muscle tissue”. The surface 
area of myofibers and “non-muscle tissue” was computed as number of pixels within each region. 
Fiber typing was performed with immunohistochemical staining for slow and fast myosin.9 Slow fibers (Type I) 
were stained in gray, fast fibers (Type II) in pink. After incubation with Antigen Retrieval Solution (Dako, 
Glostrup, Denmark), quenching of endogenous peroxidase with H2O2, and blocking of non-specific binding sites 
with normal rabbit serum (Dako), sections were incubated at room temperature with the slow myosin antibody 
(Sigma M8421, 1:200, 50 min) and rabbit-anti-mouse horseradish peroxidase-conjugated antibody (Dako P0447, 
1:50, 1 hour). The reaction was developed (20 min) with the Vector SG substrate kit for peroxidase (Vector 
Laboratories SK-4700, Burlingame, CA). For fast myosin staining, endogenous alkaline phosphatase was 
quenched with Levamisole, followed by blocking with normal rabbit serum and incubation with alkaline 
phosphatase-conjugated fast myosin antibodies (Sigma A4335, 1:500, 1 hour), and development (20 min) with 
the Vector Red Alkaline Phosphatase substrate kit (Vector Laboratories SK-5100). For each patient, separate 
sections were stained for slow or fast myosin, or both. Cross-sectional area of individual myofibers was 
determined with Matlab®. For analysis of type I myofibers, each RGB image was converted to the CIE L*a*b 
color space.10 Type I-stained tissue was automatically determined by thresholding the psychometric lightness 
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channel with the value that best separated the stained tissue from other tissue and background. The selected 
tissue regions were iteratively refined according to shape, edges, and tissue lightness to identify individually 
stained myofibers. Each automatically processed image was later manually screened to eliminate artefacts and 
further refine groups of cells into their individual myofiber components. The cross-sectional area of each type I-
stained myofiber was computed as a number of pixels and equivalently as µm2. For analysis of type II myofibers, 
an identical procedure was used, except for the first stage, in which RGB images were converted to the L*a*b 
and HSV color spaces. A combination of the regions selected by automatic thresholding of the lightness, green, 
and saturation channels allowed for identification of the type II-stained tissue. 
For immunohistochemical staining of ubiquitin, 5 µm sections were first incubated with Antigen Retrieval 
Solution (Dako), followed by quenching of endogenous peroxidase with H2O2 and blocking of non-specific 
binding sites with normal goat serum (Dako). This was followed by overnight incubation at 4°C with anti-
ubiquitin antibody (1:100, Abcam ab7780, Cambridge, UK). Subsequently, the sections were incubated at room 
temperature with a goat-anti-rabbit horseradish peroxidase-conjugated secondary antibody (Dako P0448) and 
diaminobenzidine substrate (Dako). All sections were counterstained with hematoxylin and analysed with 
Matlab®. Each RGB image was converted to the CIE L*a*b color space10 of which the first channel, L, or 
psychometric lightness is of interest. Muscle tissue was automatically determined by thresholding the 
psychometric lightness channel with the value that best separated the tissue and background pixel distributions. 
To determine the ubiquitin-stained tissue, the original image was converted to the HSV color space. Pixels 
belonging to the stained region were identified as those with high saturation and red-brown hue values. The sum 
of normalised lightness (1-(mean lightness/255)) and normalised hue value (mean hue value/1.2) of the 
automatically identified ubiquitin-stained regions were used to compare across samples. 
 
mRNA expression  
For isolation and purification of total RNA we used Qiazol, the RNeasy mini RNA isolation kit and DNase 
treatment (QIAGEN, Venlo, The Netherlands). cDNA was prepared by reverse transcription of 400 ng RNA 
using random hexamers. Primers and probes were either self-designed with Primer Express 3.0 (Applied 
Biosystems, Foster City, CA) and manufactured by Eurogentec (Seraing, Belgium) or bought as Taqman kits 
from Applied Biosystems (Online-table 1). Real-time PCR was performed with the AB StepOnePlus (Applied 
Biosystems). mRNA levels are expressed relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
mRNA.  
 
Western blotting 
Antibodies were purchased from Abcam [microtubule-associated-protein-1 light-chain-3 (LC3) (ab51520), actin 
(ab3280)], Novus Biologicals, Littleton, CO [p62 (H00008878-M01], or DakoCytomation, Glostrup, Denmark 
(horseradish-conjugated goat-anti-rabbit and rabbit-anti-mouse antibodies). Actin levels were measured to 
control for equal loading. Actin protein expression was comparable among controls and critically ill patients 
[control: 1·00(0·75-1·38), early-PN: 1·11(0·82-1·40); late-PN: 0·99(0·80-1·25), p=0·38]. Protein levels were 
normalised to the median control levels. 
 
Statistical analyses 
 
Power calculation 
The EPaNIC study had been powered for detecting a one-day between-group difference in ICU stay and a 3% 
difference in mortality. With the present subset of 600 patients, a two-sided statistical power of >70% (>80% 
one-sided) was present in order to detect, with 95% certainty, an absolute 10% difference between early-PN and 
late-PN in incidence of weakness starting from a historical reference incidence. Widely diverging incidences of 
weakness have been described in the literature, ranging from 11% to 65% depending on the patient population 
that had been studied, length of stay and duration of mechanical ventilation, and the time point at which the 
assessment had been performed.5,11-17 Based on these studies, we predicted the incidence of weakness in our 
population to be 40%. 
 
Multivariable analysis for weakness on first evaluation 
Baseline characteristics in multivariable analysis for weakness on first evaluation included age and APACHE II 
as continuous variables and gender, body mass index, nutritional risk score, diabetes, malignancy, pre-admission 
dialysis, sepsis upon admission, and admission categories as categorical variables. For the purpose of 
multivariable analysis, the 16 admission categories were reduced to 4. This included cardiac surgery, emergency 
surgical, elective surgical, and medical ICU admissions. The post-randomisation factors entered in the model 
were those risk factors that have been associated with the development of weakness. These are time to first MRC 
evaluation, the use of corticosteroids, neuromuscular blocking agents, mean morning glycaemia, and the 
occurrence of new infection between admission and first MRC evaluation. 
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Propensity score matching 
As randomisation affected time to alive discharge, bias could be present in the study sample. To correct for this 
potential confounder, additionally, a computer-generated baseline characteristics propensity score-matched 
sample was created for muscle strength analyses. Propensity score matching was performed with IBM SPSS-19 
and R version R2.10.1. (R Foundation for Statistical Computing).18,19 Baseline factors included in the model 
were gender, body mass index, nutritional risk score, diagnostic group, diabetes, malignancy, pre-admission 
dialysis, and sepsis upon admission as categorical, and age and APACHE II as continuous covariates. One-to-
one nearest neighbor matching without replacement was performed using a caliper of 0·2. 
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SUPPLEMENTARY TABLES 
 
Table 1: Real-time PCR primer and probe sequences and final concentrations used  
 
Gene Sequence Concentration 

GAPDH TaqMan kit Hs99999905_m1, Applied Biosystems  

MyHC-I 
     Forward primer 
     Reverse primer 
     Probe 

 

5’-AGCTGATGACCAACTTGCGC-3’ 
5’-CCCTGGAGACTTTGTCTCATTAGG-3’ 
5’-CACCCATCCCCACTTTGTACGCTTGT-3’ 

 

900 nM 
900 nM 
300 nM 

MyHC-IIa 
     Forward primer 
     Reverse primer 
     Probe 

 

5’-GAAAGTCTGAAAGGGAACGCA-3’ 
5’-CGCCACAAAGACAGATGTTTTG-3’ 
5’-TGAGGCCCAGAATAGGCCCTTTGATG-3’ 

 

900 nM 
900 nM 
300 nM 

Actin 
     Forward primer 
     Reverse primer 
     Probe 

 

5’-AGGTCATCACCATCGGCAAT-3’ 
5’-AAGGAAGGCTGGAAGAGCGT-3’ 
5’-AGCGCTTCCGTTGCCCGGA-3’ 

 

900 nM 
900 nM 
300 nM 

MuRF-1 
     Forward primer 
     Reverse primer 
     Probe 

 

5’-CCTATCTGCCTGGAGATGTTT-3’ 
5’-ACTTCCGGCACAGGTTGTG-3’ 
5’-CCAAGCCAGTGGTCATCTTGCCG-3’ 

 

900 nM 
900 nM 
300 nM 

Atrogin-1 
     Forward primer 
     Reverse primer 
     Probe 

 

5’-CACTGCCAATAACCCAGAGA-3’ 
5’-TGCTGGGATTCAGAACTTGAAC-3’ 
5’-TCCGTTTCACTTTCACCCCAGGACTTTATC-3’ 

 

900 nM 
900 nM 
300 nM 

 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MyHC: myosin heavy chain; MuRF-1: Muscle ring 
finger-1. 
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Table 2: Multivariable logistic regression analysis for weakness at first evaluation 
 
 OR (95% CI) p value 

A. Randomisation 
  

Late-PN 0·69 (0.50-0.97) 0·030 

B. Addition of baseline risk factors 
  

Randomisation to late-PN  0.68 (0·47-0·99) 0·047 
Age (per year added) 1·02 (1·01-1·03) 0·0051 
Male gender 0·87 (0·59-1·28) 0·48 
BMI 25-40 kg/m2 0·82 (0·55-1·22) 0·32 
NRS ≥ 5 1·47 (0·96-2·24) 0·076 
APACHE II (per unit added)  1·11 (1·08-1·14) <0·0001 
Diabetes 0·72 (0·42-1·24) 0·23 
Malignancy 0·89 (0·57-1·40) 0·61 
Pre-admission dialysis   1·97 (0·33-11·86) 0·45 
Sepsis upon admission 2·18 (1·38-3·45) 0·0009 
Admission categories (as compared with medical ICU)   

Surgical ICU, emergency 0·68 (0·40-1·17) 0·16 
Surgical ICU, elective 1·98 (0·67-5·84) 0·21 
Cardiac surgery 1·95 (0·96-3·96) 0·066 

C. Addition of baseline and post-randomisation risk factors 
  

Randomisation to late PN  0·70 (0·46-1·08) 0·11 
Age (per year added) 1·03 (1·01-1·05) 0·0005 
Male gender 0·77 (0·49-1·19) 0·23 
BMI 25-40 kg/m2 0·79 (0·50-1·24) 0·30 
NRS ≥ 5 1·38 (0·86-2·24) 0·18 
APACHE II (per unit added)  1·08 (1·04-1·11) <0·0001 
Diabetes 0·88 (0·48-1·61) 0·68 
Malignancy 1·08 (0·64-1·81) 0·76 
Pre-admission dialysis 1·98 (0·27-14·33) 0·49 
Sepsis upon admission 2·20 (1·30-3·71) 0·0033 
Admission categories (as compared with medical ICU)   
             Emergency surgical ICU 0·77 (0·42-1·43) 0·40 
             Elective surgical ICU 2·61 (0·77-8·88) 0·12 
             Cardiac surgery 1·80 (0·80-4·05) 0·15 
Time to first MRC measurement (per day added) 1·05 (1·01-1·10) 0·019 
Corticosteroids* 2·70 (1·73-4·22) <0·0001 
Neuromuscular blocking agents*,** 2·72 (1·65-4·51) <0·0001 
Mean morning glycaemia (per mg/dl added)*,*** 1·00 (0·98-1·01) 0·57 
New infection* 2·75 (1·69-4·45) <0·0001 

 
A. Univariable analysis for impact of the randomisation on risk of weakness. B. Impact of the randomisation on 
risk of weakness, corrected for baseline risk factors. C. Impact of the randomisation on risk of weakness, 
corrected for baseline risk factors as well as post-randomisation factors known to be associated with the 
development of weakness, with the intention to understand whether the effect of the randomised intervention is 
direct or indirect. As the odds ratio for randomisation was not affected by adding these post-randomisation risk 
factors, the impact of the randomisation on weakness is not explained by corticosteroids, neuromuscular 
blocking agents, glycaemia, or new infection. * from randomisation to first MRC measurement, ** any use, 
inclusive single dose for intubation. *** To convert glucose to mg/dl, multiply by 0.05551. 
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Table 3: Propensity score-matched population of patients evaluated with MRC sum score: baseline 
characteristics and MRC scores 
 
 Early-PN 

N=279 
Late-PN 
N=279 

Standardised mean 
difference 

Baseline characteristics    

   Age, median (IQR) 62 (52-73) 65 (54-74) 0·03 
   Male gender, no. (%) 169 (60·6) 165 (59·1) -0·03 
   BMI 25-40 kg/m2, no. (%)  135 (48·4) 124 (44·4) 0·08 
   NRS ≥ 5, no. (%) 83 (29·7) 80 (28·7) 0·02 
   APACHE II, median (IQR) 32 (21-37) 30 (20-36) -0·06 
   Diagnostic categories, no. (%)   -0·06 
      Cardiac surgery 91 (32·6) 97 (34·8)  
      Cardiovascular disease 1 (0·4) 2 (0·7)  
      Complicated abdominal or pelvic surgery 38 (13·6) 32 (11·5)  
      Complicated neurosurgery 5 (1·8) 4 (1·4)  
      Complicated pulmonary or esophageal surgery 22 (7·9) 19 (6·8)  
      Complicated vascular surgery 14 (5·0) 9 (3·2)  
      Gastroenterologic or hepatic disease 17 (6·1) 12 (4·3)  
      Hematological or oncological disease 4 (1·4) 5 (1·8)  
      Metabolic disorder 0 (0·0) 2 (0·7)  
      Neurological disease 0 (0·0) 2 (0·7)  
      Neurological presentation of medical disease 3 (1·1) 0 (0·0)  
      Renal disease 4 (1·4) 5 (1·8)  
      Respiratory disease 16 (5·7) 17 (6·1)  
      Transplantation 32 (11·5) 33 (11·8)  
      Trauma, burns or reconstructive surgery 17 (6·1) 23 (8·2)  
      Other 15 (5·4) 17 (6·1)  
   Diabetes, no. (%) 42 (15·1) 46 (16·5) 0·04 
   Malignancy, no. (%) 77 (27·6) 68 (24·4) -0·07 
   Preadmission dialysis, no. (%) 2 (0·7) 2 (0·7) 0·00 
   Sepsis upon admission, no. (%) 125 (44·8) 119 (42·7) -0·04 

MRC sum scores   p value 
   First MRC sum score <48, no. (%) 116 (41·6) 93 (33·3) 0·044 
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Table 4: MRC sum scores for 600 patients assessed either in ICU or on the regular ward, with and 
without clinical weakness 
 
 Weakness Total group Early-PN Late-PN 

First MRC sum score No 55 (50-58) 56 (51-58) 54 (50-58) 
 Yes 42 (34-44) 41 (34-44) 42 (35-44) 
Worst MRC sum score No 55 (50-58) 56 (51-58) 54 (50-58) 
 Yes 41 (33-44) 39 (33-44) 42 (34-44) 
Last MRC sum score No 54 (50-58) 55 (50-58) 54 (50-58) 
 Yes 43 (39-46) 43 (37-46) 43 (39-46) 

 
Among the 232 patients with clinical weakness (MRC sum score <48) at first evaluation there were 127 early-
PN and 105 late-PN patients. Among the 250 patients with clinical weakness at worst evaluation there were 137 
early-PN and 113 late-PN patients. Among the 169 patients with clinical weakness at last evaluation there were 
91 early-PN and 78 late-PN patients. All p<0.0001 for weakness versus no weakness.  
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Table 5: Relation of muscle tissue analyses with muscle function  

 MRC ≥ 48 
N=27 

MRC < 48 
N=31 

p value 

Myofiber density and size 
   

     Density (% myofiber area/total muscle area) 61 (54-69) 66 (61-74) 0·10 
     Total myofibers (% smaller than 2500 µm2) 20 (12-40) 29 (16-49) 0·29 
     Type I (% smaller than 2500 µm2) 28 (20-45) 30 (21-44) 0·87 
     Type II (% smaller than 2500 µm2) 25 (8-37) 22 (9-56) 0·27 
     % Type I myofibers 37 (29-46) 47 (31-61) 0·12 
Gene expression of myofibrillary proteins    
     MyHC-I 0·22 (0·08-0·56) 0·09 (0·05-0·19) 0·022 
     MyHC-IIa 0·37 (0·12-0·88) 0·34 (0·12-0·92) 0·72 
     Actin 0·26 (0·16-0·74) 0·19 (0·10-0·33) 0·088 
Markers of atrophy    
     MuRF-1 2·60 (1·17-6·99) 2·56 (0·88-6·10) 0·63 
     Atrogin-1 4·50 (2·11-11·64) 4·53 (1·82-9·64) 0·63 
Markers of autophagy    
     LC3-II/LC3-I 1·38 (0·69-2·32) 0·75 (0·41-1·49) 0·033 
     Ubiquitin staining area (%) 35 (28-44) 34 (25-42) 0·48 
     Ubiquitin intensity 1·32 (1·29-1·36) 1·31 (1·24-1·35) 0·35 
     p62 4·25 (3·00-8·19) 4·58 (1·91-8·20) 0·85 

 
Data are shown as median and IQR. 
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SUPPLEMENTARY FIGURES 
 
Figure 1: Nutrition of the patients in the MRC sum score analysis cohort  
The amounts of carbohydrate, protein, and lipid expressed as gram/kg.day, as well as total energy intake 
expressed as kcal/kg.day administered via the enteral, parenteral, or enteral plus parenteral route are shown for 
day 1 through day 10 in ICU. Oral nutrition is included in the total energy intake, but not in the panels for the 
individual enteral macronutrient intake, as exact macronutrient composition for the hospital meals was not 
available. After ICU discharge, nutrition was at the discretion of the attending physicians on the regular wards. 
The boxes represent the interquartile ranges and the central lines the medians. If no horizontal line is present 
within the boxes, the median value touches the 25th percentile. Boxes for the early-PN group are depicted in 
dark grey, those for the late-PN group in light grey.  
  
Figure 2: Nutrition of the patients in the muscle biopsy analyses cohort  
The amounts of carbohydrate, protein, and lipid expressed as gram/kg.day, as well as total energy intake 
expressed as kcal/kg.day administered via the enteral, parenteral, or enteral plus parenteral route are shown for 
day 1 through day 10 in ICU. Oral nutrition is included in the total energy intake, but not in the panels for the 
individual enteral macronutrient intake, as exact macronutrient composition for the hospital meals was not 
available. After ICU discharge, nutrition was at the discretion of the attending physicians on the regular wards. 
The boxes represent the interquartile ranges and the central lines the medians. If no horizontal line is present 
within the boxes, the median value touches the 25th percentile. Boxes for the early-PN group are depicted in 
dark grey, those for the late-PN group in light grey.  
 
Figure 3: Kaplan-Meier plot for time to recovery from intensive care unit-acquired weakness in the 
propensity score-matched population 
The Y-axis shows the cumulative ‘hazard’, equal to the negative log of the ‘survival’ probability. Significance 
testing was performed with the log-rank Mantel-Cox test. Dots reflect patients who never recovered from 
weakness and were censored at the time of last measurement. 
 
Figure 4: Multivariable logistic regression analysis for assessing which of the muscle tissue analyses most 
explained clinical weakness  
Clinical weakness was defined as an MRC sum score below 48. Odds ratios and 95% confidence intervals are 
shown for all variables entered into the model. aROC: area under the receiver-operating-characteristic curve of 
the model. An aROC of 0·77 indicates a very good fit by the four variables entered into the model, supporting 
their relevance. 
 

  

11 
 



Online Figure 1: Nutrition of the patients in the MRC sum score analysis cohort 
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Online Figure 2: Nutrition of the patients in the muscle biopsy analyses cohort 
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Online Figure 3: Kaplan-Meier plot for time to recovery from ICU-acquired weakness 
  in the propensity score-matched population 
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Density (per % added) 
Relative MyHC-I mRNA expression (per 0.1 unit added) 
Relative Actin mRNA expression (per 0.1 unit added) 
LC3-II/LC3-I ratio (per 0.1 log unit added) 

Odds Ratio (95% CI) 
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Online Figure 4: Multivariable logistic regression analysis for assessing which of the muscle tissue analyses 
  most explained clinical weakness 

aROC=0·77 
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