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Key Points

e Muscle wasting is the most common complication seen in critical illness

e ltresultsinincreased mortality, morbidity and reduced quality of life

e The only intervention associated with reducing the chronic effects of muscle wasting is early
mobilisation

e Despite this early mobilisation is rarely performed on critical care units world wide

e The key to achieving greater mobilisation is team education, emphasizing its safety and

promoting a positive mobilisation culture on critical care units
Abstract

Muscle wasting in critically ill patients is the most common complication associated with critical

care. It has significant effects on physical and psychological health, mortality and quality of life.

It is most severe in the first few days of illness and in the most critically unwell patients, with muscle
loss estimated to occur at 2-3% per day. This muscle loss is likely a result of a reduction in protein

synthesis, relative to muscle breakdown, resulting in altered protein homeostasis

The associated weakness is associated with in an increase in both short and long term mortality and

morbidity, with these detrimental effects demonstrated up to 5 years post discharge.

This paper highlights the significant impact muscle wasting has on critically ill patients’ outcomes,

how we can reduce it, and where we may be able to look to in the future.



Introduction

In 1892 William Osler first described the “rapid loss of flesh” seen in patients suffering from severe
sepsis. To this day this same process continues to affect critical illness survivors across the world,

whilst remaining under-recognised.

Muscle wasting is the most common complication associated with critical care. It affects more than
50% of critically ill patients, significantly higher than the incidence of other commonly quoted critical
iliness related complications such as venous thrombosis (30%), ventilator associated pneumonias
(25%) and central line infections (0.058%) (De Jonghe et al., 2002; Pronovost et al., 2006; Boddi JTN

2010).

Attempts to quantify the magnitude of muscle loss seen have commonly looked at changes in size of
the rectus femoris (RF) muscle in critically ill patients. Reduced quadriceps cross-sectional area and
strength are associated with reduced exercise tolerance and poorer prognosis (Swallow et al. 2007).
Thus changes in RF cross-sectional area (CSA) may act as a surrogate indicator for muscle wasting
and aid prognostication (Seymour et al. 2009). During critical iliness an average of 12.5% decrease in

muscle CSA is seen over the first week, progressing to 17.7% at 10 days (Puthucheary et al. 2013).

This muscle loss is most severe if patients with multi organ failure (-15.7% vs -3% in single organ at
day 7), rising to 20.3% when 4 or more organs are affected (Puthucheary et al. 2013). On histological
analysis of the muscle, more than half of the samples demonstrate myofibre necrosis (Puthucheary

et al. 2013).

Multiple studies have reinforced the association between critical illness and muscle wasting. A 2015
study showed a 30% reduction in RF CSA and associated weakness in in ventilated patients at day 10
(Parry et al. 2015) and further research has demonstrated this in extra-corporeal membranous

oxygenation (a 19% reduction in RF CSA at day 10) (Hayes et al. 2018) and in tetanus(



This rapid loss of muscle is the major driver of the umbrella syndrome of Intensive Care Unit
Acquired Weakness (ICU-AW). Other components include critical illness myopathy (CIM), critical
illness polyneuropathy (CIPN), and critical illness polyneuromyopathy (CIPNM). Whilst often
referenced as separate entities, in clinical practice these are likely overlying pathologies and rarely
seen in isolation. They are all acquired pathologies associated with critical illness, and have a

reported prevalence of more than 70% in the most critically unwell patients (Linos et al. 2007).

CIM is a primary symmetrical myopathy associated with predominantly proximal muscle weakness
and associated muscle atrophy. In contrast, CIPN is a primary symmetrical neuropathy, with
predominantly distal weakness, sensory loss and limited atrophy (Shepherd et al. 2017). CIPNM has
been described as a combination of the CIM and CIPM, with both a symmetrical myopathy and
neuropathy present. Similarly to CIM, CIPM too is characterised by primarily proximal weakness,
however, as seen in CIPN, predominantly distal sensory loss is seen. In advanced stages, all three of
these of pathologies are associated with reduced deep tendon reflexes, physical weakness, and
prolonged mechanical ventilation (Stevens et al. 2009). Diagnostic testing is often challenging and
unreliable, relying on a combination of electromyograms (EMG), nerve conduction studies (NCS),

and physical scoring systems, the latter commonly significantly confounded by patient sedation.

Separating these syndromes out is not clinically useful currently, and nerve conduction testing and
EMG can be technically difficult in the critically ill patient (e.g. secondary to oedema). In the early
stages of critical illness EMG/NCS findings are universally abnormal and unrelated to subsequent
weakness (Coakley et al. 1993). CIPN is the most uncommon, but should be looked for in the setting
of persistent disability, which these patients are at risk of (Latronico and Guarneri 2008). Of note,
testing for non-excitable membrane may be the exception to this, in that in predicts the
development of ICU-AW (Weber-Carstens et al. 2009). This technique remains one primarily used in

research and the neurological components of ICU-AW will not be covered in this article.



At hospital discharge 38% of these patients still demonstrate significant muscle weakness, with
increased fat to lean muscle mass percentage seen at 12 months post discharge, associated with an
increased 5 year mortality (DInglas et al. 2017). Even relatively young patients with few co-
morbidities still suffer from physical limitation, reduced quality of life and psychological sequela 5

years on from their initial iliness (Pfoh et al. 2016).

These disabilities result in a significant financial burden. The annual health care related cost per
critical illness survivor is 3 times that of healthy working adults, and comparable to patients living
with chronic diseases (Herridge et al. 2011). With only 27% of ICU services in the UK offering follow
up service post hospital discharge (as advised by the National Institute of Health and Care
Excellence), with lack of funding the most quoted reason, the true cost within the UK remains

unknown (Connolly et al. 2014).

Pathophysiology

The over-arching pathophysiology behind muscle wasting in critically illness is altered protein
homeostasis: reduced muscle protein synthesis and increased muscle protein breakdown. Multiple
factors affecting protein homeostasis exist in the critically ill patient, both extrinsic (inflammation,
inadequate protein, sedation and immobilisation) and intrinsic (old age, chronic diseases, low muscle
mass) (Fig. 1). Understanding how this balance is affected by critical illness is important to minimise

harm from critical care interventions, as is understanding what (currently) cannot be overcome.

Altered Protein Homeostasis

In healthy humans, the interplay between muscle protein synthesis (MPS) and muscle protein
breakdown (MPB) results in balanced protein homeostasis. Muscle protein synthesis is the
facilitative, or major process altered by all stimuli in humans. Following an anabolic stimulus (such as
amino acid ingestion), a relative increase in MPS is observed, surpassing MPB and resulting in a

positive balance and net muscle gain.



If an anti-anabolic stimulus is instead applied (such as systemic inflammation or immobilisation),
there may be a significant reduction in MPS, relative to MPB, resulting in a negative total balance
and thus muscle loss. Exercise alone is a catabolic stimulus, until amino acid ingestion occurs,
resulting in a net anabolic gain (Tipton and Wolfe 2001). This is not true of smaller animals such as

rodents, where alteration in muscle protein breakdown is the major driver (Phillips et al. 2009).

The rate of muscle loss is highest in the early stages of the disease, with rates of protein synthesis on
the day of admission being comparable to fasted healthy controls (despite the establishment of
feeding), and slowly resolving over the following weeks. Muscle Protein Breakdown only increases in
prolonged critical illness by day 30, as the usual rate of de novo protein synthesis resumes (Gamrin-
Gripenberg et al. 2018), maintaining a net catabolic state. While it remains unclear as to the exact
mechanism underpinning suppressed muscle protein synthesis, current data support both metabolic
and inflammatory pathologies. Protein synthesis is highly energy dependent, and a combination of
decreased mitochondrial biogenesis (Brealey et al. 2002), dysregulated beta oxidation (Puthucheary
et al. 2018), and impaired GLUT-4 translocation (Weber-Carstens et al. 2013) leads to a bioenergetics
crisis and decreased intramuscular ATP content (Puthucheary et al. 2018). Current nutritional
therapies are unable to address this as a result of both impaired glucose uptake and down-regulated
fat oxidation. Inflammation is a well described anti anabolic stimulus (Vesali et al. 2010).
Intramuscular inflammation has been repeatedly described in the critically ill patient (Constantin et
al. 2011; Puthucheary et al. 2018). Intramuscular inflammation (and hypoxic signalling) additionally

impairs glucose metabolism by the Pasteur Effect (Fig 2.) (Puthucheary et al. 2018).

Who is at risk?



Due to the significant short and long term impact critical illness muscle wasting has on patients,
identifying those at higher risk may enable us to target these groups with aggressive management

and early mobilisation.

Critical illness specific risk factors

A broad range of studies have demonstrated a fairly consistent list of predisposing risk factors.

Uniformly it appears patients with the most severe illness are those who suffer the highest degree of
muscle loss, myopathy and neuropathy. These are typically the patients in multi-organ failure, with
those suffering 4- organ failure experiencing greater muscle wasting than those with 2-3 organ

failure.

The use of the APACHE Il score and the presence of systemic inflammatory response syndrome
(SIRS) have also demonstrated this effect, with higher scores and the presence of SIRS correlating
with increased risk of myopathy and neuropathy (De Letter et al. 2001; Hodgson and Tipping 2017).
Biochemical and physiological markers such as raised serum C-Reactive Protein, low Pa0O,/FiO; ratios

and low serum bicarbonate have found similar associations (Puthucheary et al. 2013).

Contrary to earlier reports, the use of neuromuscular blockade agents are not associated with the
development of ICU-AW (Puthucheary and Montgomery 2010; Papazian et al. 2010). These earlier
case reports were confounded by high dose corticosteroid use, and sedation and ventilation
practises not used in modern critical care. The only randomised controlled trial to test this showed
no increased incidence of ICU-AW (Papazian et al. 2010) even with corticosteroids (Puthucheary and
Montgomery 2010). NMBA use may even be beneficial, as a decrease in circulation inflammatory

markers was noted (Forel et al. 2006; Papazian et al. 2010).

Pre-existing risk factors that are non-modifiable



Sarcopenia and frailty are themselves associated with worsening critical illness outcomes, with a 3
fold increase in mortality rate, reduced chance of discharge to their own home and a worse quality
of life. (Le Maguet et al. 2014; Bagshaw et al. 2015). Older numerical age is an additional
independent risk factor for post critical illness weakness and physical decline (Pfoh et al. 2016). Due
to the complex overlap between pre-morbid muscle mass, frailty and age, it is difficult to separate
these as individual risk factors for critical illness muscle wasting. However they each likely have a
significant impact on patient recovery, and due to our inability to modify these during critical illness,

these factors need to be recognised as potentially non-addressable in terms of recovery.

How do we prevent muscle wasting?

Despite the prevalence and impact of muscle wasting in critical care and over a decade of research,

the majority of interventions have been shown to be ineffective.

Physical exercise in isolation

Many investigators hypothesised that intensive physical rehabilitation and resistance exercise may
lead to increased muscle synthesis, therefore shifting these patients from an anti-anabolic to an

anabolic state. This attitude remains prevalent among clinicians, patients and relatives.

However, multiple studies have demonstrated no improvement in physical function or health
related outcomes in critically ill patients with physical rehabilitation alone (Denehy et al. 2013;
Walsh et al. 2015; Moss et al. 2016). This is despite the Grade | evidence for physical rehabilitation in

other disease states.

This lack of improvement is likely multifactorial in origin. One factor is the reduction in muscle
protein synthetic ability in critical illness due to the associated systemic inflammatory state;
inflammation has long been associated with more severe wasting (Hodgson et al. 2015) add de
Jonghe JAMA 2002. Further, critically ill patients are unable to exercise sufficiently to stimulate an

anabolic state, demonstrating a significantly lower exercise tolerance than healthy controls



(Sommers et al. 2019). Lastly most trials assume population homogeneity, and unsurprisingly, the
presence of heterogeniety e.g. chronic disease states, frailty and age are modifiers to patients

response to exercise (Puthucheary and Denehy 2015; Sommers et al. 2019).

Importantly, in health, resistance exercise with protein intake results in an increase in muscle
protein synthesis (Moore et al. 2009) and therefore it would be logical that the same is true for our
patient population. To emphasise an earlier point, exercise without exogenous amino acids is
catabolic. However there have been no such trials of combined nutritional and exercise

interventions completed to date, and we await the results of the NEXIS trial (NCT03021902).

Increased protein and calorie intake

In health, increased protein delivery stimulates muscle protein synthetic responses and provides
amino acids that can be incorporated into new muscle (Pitkdnen et al. 2003). This is being tested
currently in the EFFORT (NCT03160547) and TARGET PROTEIN (NCT02815527) trials. However data
to date suggests that protein delivery in isolation does not result in its availability for muscle use and
does not reduce muscle wasting (Hermans et al. 2013). This is likely to be multi-factorial, as a result
of the muscle full effect (a metabolic response by which MPS is no longer stimulated once a
threshold ingestion of amino acids has been reached ) (Biolo et al. 1995; Atherton and Smith 2012),
inflammation ( a major anti-anabolic stimulus ) (Vesali et al. 2010) and a lack of energy for protein

turnover (a highly energy dependant process), (Puthucheary et al. 2018).

Studies focusing on increasing calorie delivery have not demonstrated improved outcomes. Instead,
increasing calories increases adipose tissue accumulation, with no associated muscle preservation
(Tian et al. 2015).This results in a relative decrease in lean muscle mass with no improvement in
patient outcomes and a possible increase in mortality (Tian et al. 2015; Deane et al. 2020 Jan 6). A
significant proportion of nasogastric feed calories are delivered in the form of lipid, and impaired
beta oxidation would explain this pathophysiology, akin to propofol infusion syndrome (Mirrakhimov

et al. 2015).



With both protein and calories in enteral feeds not being effective of maintenance of muscle mass,
the use of trophic feeding vs. full feed in critically unwell patients was also investigated. This
demonstrated no significant differences between groups in terms of ventilator free days, infective
complications or 60 day mortality (Rice et al. 2012). These findings remained true at 1 year follow

up, with no improved physical function or mortality seen in either group (Needham et al. 2013).

So what does work?

No individual intervention, in isolation, has demonstrated an ability to significantly reduce muscle
wasting in critically unwell patients. A more holistic and pragmatic approach, that is key to improving

outcomes is early mobilisation.

Mobilisation and physical rehabilitation are two distinct entities that are repeatedly conflated.
Physical rehabilitation is (in the main) the use of exercise/exercises to increase physical
performance; either strength or endurance, with a goal in clinical practise to increase functional
independence and health related quality of life. Mobilisation on the other hand is a holistic multi-
faced intervention involving movement- not necessarily against resistance. To mobilise a patient,
issues with pain, sedation, sleep and delirium are addressed. Changes in posture affect lung
perfusion and ventilation (Zafiropoulos et al. 2004) and mobilisation may improve gut function
(Simrén 2002). Finally to mobilise one has to work against gravity, offering a small amount of
resistance exercise. The summation of this is a minimisation of the anti-anabolic effects of critical
care therapy- immobilisation, a major driver of altered protein homeostasis. The benefits of

mobilisation can be summarised as:

e Minimising complications of bed rest — such as pressure sores and venous thromboembolism
e Addressing the sequelae of ICU-AW

e Promoting a reduction in sedation

e Possible improvement in delirium

e Promoting improved functional outcomes
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e Improved patient mood and providing a feeling of accomplishment, in a situation where

patients often feel they have little control (Denehy et al. 2017).

It therefore appears that, whilst individual intervention strategies themselves do not improve
outcomes, early patient mobilisation has a positive effect on almost all areas of patient care. It is
through this that we may be able minimise subsequent disability in critical illness survivors

(Schweickert et al. 2009; Denehy et al. 2017).

It is also important to highlight that, when done correctly, early mobilisation is a safe and feasible

intervention (Denehy et al. 2017).

In terms of functional outcomes, the benefits of mobilisation have long been established as regards
to reductions in delirium, days of mechanical ventilation, ICU length of stay and an improved patient
function at discharge (Schweickert et al. 2009; Schaller et al. 2016). Mobilisation is extremely
difficult to deliver outside a holistic bundle. As a component of the ABCDEF bundle (Ely 2017), the
effects on mortality and length of stay have been demonstrated in service improvement settings

(Marra et al. 2017; Chohan et al. 2018).

So why aren’t we mobilising patients?

Despite the consensus opinion on the importance of mobilisation, the evidence suggests we are not
doing this (Hodgson et al. 2014; Hodgson et al. 2015). Even in centres with mobilisation champions,
uptake is low, and even lower in intubated patients (Hodgson et al. 2015; Parry et al. 2018). The
reasons are multi-factorial, with the same individual factors and recurring themes holding back

progress.

The first of these themes is clinician’s expectations, beliefs and education around mobilisation.
Whilst commonly acknowledging it to be an important aspect of patient care, the broad consensus

amongst clinicians is that a greater level of formal training is required. Clinicians report that the

10
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majority of their knowledge on mobilisation is in fact learnt on the job, with little understanding of

the evidence base that underpins it. (Parry et al. 2017).

Another influential factor is the culture and environment of the unit. Mobilising critically ill patients,
especially when mechanically ventilated, is a labour intensive task. It requires extremely motivated
medical, nursing and physiotherapy input, and a belief in its effectiveness. Only when a positive and
pro-active mobilisation culture is encouraged, can we expect to see a step forward in patient care

(Parry et al. 2017; Parry et al. 2018).

Finally, despite all the above contributing factors, the most significant barrier to mobilisation is the
fear surrounding its safety. When done well with sufficiently trained teams and set protocols,
mobilising critical care patients has been proven to be safe, and the fear surrounding it unjustified
(Parry et al. 2017). In a study of 1449 critical care patients mobilised, <1% of these had minor
adverse events, with no major adverse events. Five hundred and ninety three of these patients were
mobilised with endotracheal tubes in situ with zero extubations (Hodgson et al 2014, 2015).
Numerous protocols on mobilisation have been developed, including expert consensus opinions and
the National Institute of Health and Clinical Excellence guidelines, in order to create a safe and

reproducible approach to each patient (Hodgson et al. 2014; NICE 2017).

In order to achieve more patient mobilisation, a shift needs to be made to change the culture and
remove the fear surrounding it. The emphasis being on the fact that each member of the team has a

role to play (Fig. 3).

This is not simply a “physiotherapist” problem, it is vital that doctors and nurses appreciate the
importance of early mobilisation, and work together to support all members of the team, and the

patient, in doing so.

Conclusion

11
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Muscle wasting is both a common and dangerous complication of critical illness. It results in

increase morbidity, mortality and a reduction in quality in life.

To date, no individual treatment strategy has been found to be successful in reducing its impact. The
best intervention currently to improve our patients’ outcomes is early mobilisation; however across

the world this is still not being done.

If we want to minimise the subsequent disability seen in critical illness survivors, it is the current
culture and fear surrounding early mobilisation that requires change. Mobilisation is safe feasible,

and improves patient outcomes.
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Figures

Muscle Protein Homeostasis
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Fig 1. In health a fine balance between MPS and MPB is
maintained. The presence of anabolic stimuli, such as
exercise,or amino acids, will tilt this scale towards MPS (with
insulin supressing MPB). The presence of anti-anabolic stimuli
such as inflammation, immobilisation and advanced age will

instead supress MPS.
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The Pasteur Effect
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Fig 2. The Pasteur Effect refers to the inhibition of anaerobic
metabolism with the presence of oxygen, resulting in improved
efficiency of glucose metabolism. With the production of
approximately 30 ATP molecules for every 1 glucose molecule. The
presence of hypoxia or inflammation results in inhibition of Pyruvate
Dehydrogenase Kinase, a less efficient system and the production of
only 2 ATP molecules.
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Driving the Mobilisation Engine

Education on
safety and
importance of
mobilisation

Unit specific
mobilisation
guidelines

Early mobilisation
& improved
patient outcomes

Figure 3. In order to successfully employ early mobilisation in critical care we
need to ensure adequate education of its importance, emphasis on its safety
and the distribution of protocols and guidelines.

15



16

References

Atherton PJ, Smith K. 2012. Muscle protein synthesis in response to nutrition and exercise. J Physiol.
590(5):1049-1057. doi:10.1113/jphysiol.2011.225003.

https://www.ncbi.nlm.nih.gov/pubmed/22289911.

Bagshaw SM, Stelfox HT, Johnson JA, McDermid RC, Rolfson DB, Tsuyuki RT, Ibrahim Q, Majumdar
SR. 2015. Long-Term Association Between Frailty and Health-Related Quality of Life Among Survivors
of Critical lllness: A Prospective Multicenter Cohort Study*. Crit Care Med. 43(5).
https://journals.lww.com/ccmjournal/Fulltext/2015/05000/Long_Term_Association_Between_Frailt

y_and.7.aspx.

Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. 1995. Increased rates of muscle protein
turnover and amino acid transport after resistance exercise in humans. Am J Physiol Metab.
268(3):E514—-E520. doi:10.1152/ajpendo0.1995.268.3.E514.

https://doi.org/10.1152/ajpendo.1995.268.3.E514.

Boddi M, Barbani F, Abbate R, Bonizzoli M, Batacchi S, Lucente E, Chiostri M, Gensini GF, Peris A.
2010. Reduction in deep vein thrombosis incidence in intensive care after a clinician education

program. J Thromb Haemost. doi:10.1111/j.1538-7836.2009.03664..x.

Brealey D, Brand M, Hargreaves |, Heales S, Land J, Smolenski R, Davies NA, Cooper CE, Singer M.
2002. Association between mitochondrial dysfunction and severity and outcome of septic shock.

Lancet. doi:10.1016/S0140-6736(02)09459-X.

Chohan S, Ash S, Senior L. 2018. A team approach to the introduction of safe early mobilisation in an
adult critical care unit. BMJ Open Qual. 7(4):e000339. doi:10.1136/bmjog-2018-000339.

http://bmjopenquality.bmj.com/content/7/4/e000339.abstract.

Coakley JH, Nagendran K, Honavar M, Hinds CJ. 1993. Preliminary observations on the

neuromuscular abnormalities in patients with organ failure and sepsis. Intensive Care Med.

16



17

doi:10.1007/BF01694705.

Connolly B, Douiri A, Steier J, Moxham J, Denehy L, Hart N. 2014. A UK survey of rehabilitation
following critical illness: Implementation of NICE Clinical Guidance 83 (CG83) following hospital

discharge. BMJ Open. doi:10.1136/bmjopen-2014-004963.

Constantin D, Mccullough J, Mahajan RP, Greenhaff PL. 2011. Novel events in the molecular

regulation of muscle mass in critically ill patients. J Physiol. doi:10.1113/jphysiol.2011.206193.

Deane AM, Little L, Bellomo R, Chapman MJ, Davies AR, Ferrie S, Horowitz M, Hurford S, Lange K,
Litton E, et al. 2020 Jan 6. Outcomes Six-Months After 100% or 70% of Enteral Calorie Requirements
During Critical lliness (TARGET): A Randomized Controlled Trial. Am J Respir Crit Care Med.

doi:10.1164/rccm.201909-18100C. https://doi.org/10.1164/rccm.201909-18100C.

Denehy L, Lanphere J, Needham DM. 2017. Ten reasons why ICU patients should be mobilized early.

Intensive Care Med. doi:10.1007/s00134-016-4513-2.

Denehy L, Skinner EH, Edbrooke L, Haines K, Warrillow S, Hawthorne G, Gough K, Hoorn S V., Morris
ME, Berney S. 2013. Exercise rehabilitation for patients with critical illness: A randomized controlled

trial with 12 months of follow-up. Crit Care. d0i:10.1186/cc12835.

Dinglas VD, Aronson Friedman L, Colantuoni E, Mendez-Tellez PA, Shanholtz CB, Ciesla ND,
Pronovost PJ, Needham DM. 2017. Muscle Weakness and 5-Year Survival in Acute Respiratory

Distress Syndrome Survivorsx. Crit Care Med. doi:10.1097/CCM.0000000000002208.

Ely EW. 2017. The ABCDEF Bundle: Science and Philosophy of How ICU Liberation Serves Patients
and Families. Crit Care Med. 45(2):321-330. doi:10.1097/CCM.0000000000002175.

https://www.ncbi.nlm.nih.gov/pubmed/28098628.

Forel JM, Roch A, Marin V, Michelet P, Demory D, Blache JL, Perrin G, Gainnier M, Bongrand P,
Papazian L. 2006. Neuromuscular blocking agents decrease inflammatory response in patients

presenting with acute respiratory distress syndrome. Crit Care Med.

17



18

doi:10.1097/01.CCM.0000239435.87433.0D.

Gamrin-Gripenberg L, Sundstrom-Rehal M, Olsson D, Grip J, Wernerman J, Rooyackers O. 2018. An
attenuated rate of leg muscle protein depletion and leg free amino acid efflux over time is seen in

ICU long-stayers. Crit Care. d0i:10.1186/s13054-017-1932-6.

Hayes K, Holland AE, Pellegrino VA, Mathur S, Hodgson CL. 2018. Acute skeletal muscle wasting and
relation to physical function in patients requiring extracorporeal membrane oxygenation (ECMO). J

Crit Care. d0i:10.1016/j.jcrc.2018.08.002.

Hermans G, Casaer MP, Clerckx B, Guiza F, Vanhullebusch T, Derde S, Meersseman P, Derese |,
Mesotten D, Wouters PJ, et al. 2013. Effect of tolerating macronutrient deficit on the development
of intensive-care unit acquired weakness: A subanalysis of the EPaNIC trial. Lancet Respir Med.

doi:10.1016/52213-2600(13)70183-8.

Herridge MS, Tansey CM, Matté A, Tomlinson G, Diaz-Granados N, Cooper A, Guest CB, Mazer CD,
Mehta S, Stewart TE, et al. 2011. Functional disability 5 years after acute respiratory distress

syndrome. N Engl J Med. doi:10.1056/NEJM0a1011802.

Hodgson C, Bellomo R, Berney S, Bailey M, Buhr H, Denehy L, Harrold M, Higgins A, Presneill J,
Saxena M, et al. 2015. Early mobilization and recovery in mechanically ventilated patients in the ICU:

A bi-national, multi-centre, prospective cohort study. Crit Care. doi:10.1186/s13054-015-0765-4.

Hodgson CL, Stiller K, Needham DM, Tipping CJ, Harrold M, Baldwin CE, Bradley S, Berney S, Caruana
LR, Elliott D, et al. 2014. Expert consensus and recommendations on safety criteria for active

mobilization of mechanically ventilated critically ill adults. Crit Care. d0i:10.1186/s13054-014-0658-y.

Hodgson CL, Tipping CJ. 2017. Physiotherapy management of intensive care unit-acquired weakness.

J Physiother. doi:10.1016/j.jphys.2016.10.011.

De Jonghe B, Sharshar T, Lefaucheur JP, Authier FJ, Durand-Zaleski |, Boussarsar M, Cerf C, Renaud E,

Mesrati F, Carlet J, et al. 2002. Paresis acquired in the intensive care unit: A prospective multicenter

18



19

study. ] Am Med Assoc. doi:10.1001/jama.288.22.2859.

Latronico N, Guarneri B. 2008. Critical illness myopathy and neuropathy. In: Minerva Anestesiologica.

De Letter MACIJ, Schmitz PIM, Visser LH, Verheul FAM, Schellens RLLA, Op de Coul DAW, Van der
Meché FGM. 2001. Risk factors for the development of polyneuropathy and myopathy in critically ill

patients. Crit Care Med. doi:10.1097/00003246-200112000-00008.

Linos K, Foot C, Ziegenfuss M, David Freeman W, Meng Tan K. 2007. Critical illness weakness:

Common questions. Curr Anaesth Crit Care. doi:10.1016/j.cacc.2007.10.005.

Le Maguet P, Roquilly A, Lasocki S, Asehnoune K, Carise E, Saint Martin M, Mimoz O, Le Gac G,
Somme D, Cattenoz C, et al. 2014. Prevalence and impact of frailty on mortality in elderly ICU
patients: a prospective, multicenter, observational study. Intensive Care Med. 40(5):674—682.

doi:10.1007/s00134-014-3253-4. https://doi.org/10.1007/500134-014-3253-4.

Marra A, Ely EW, Pandharipande PP, Patel MB. 2017. The ABCDEF Bundle in Critical Care. Crit Care
Clin. 33(2):225-243. d0i:10.1016/j.ccc.2016.12.005.

https://www.ncbi.nlm.nih.gov/pubmed/28284292.

Mirrakhimov AE, Voore P, Halytskyy O, Khan M, Ali AM. 2015. Propofol infusion syndrome in adults:
a clinical update. Crit Care Res Pract. 2015:260385. d0i:10.1155/2015/260385.

https://www.ncbi.nlm.nih.gov/pubmed/25954513.

Moore DR, Robinson MJ, Fry JL, Tang JE, Glover El, Wilkinson SB, Prior T, Tarnopolsky MA, Phillips
SM. 2009. Ingested protein dose response of muscle and albumin protein synthesis after resistance

exercise in young men. Am J Clin Nutr. doi:10.3945/ajcn.2008.26401.

Moss M, Nordon-Craft A, Malone D, Van Pelt D, Frankel SK, Warner ML, Kriekels W, McNulty M,
Fairclough DL, Schenkman M. 2016. A Randomized Trial of an Intensive Physical Therapy Program for
Patients with Acute Respiratory Failure. Am J Respir Crit Care Med. d0i:10.1164/rccm.201505-
10390¢C.

19



20

Needham DM, Dinglas VD, Bienvenu 0J, Colantuoni E, Wozniak AW, Rice TW, Hopkins RO. 2013. One
year outcomes in patients with acute lung injury randomised to initial trophic or full enteral feeding:

Prospective follow-up of EDEN randomised trial. BMJ. d0i:10.1136/bmj.f1532.

NICE. 2017. Overview | Rehabilitation after critical illness in adults | Quality standards | NICE. NICE

Guidel. [accessed 2020 Jan 27]. https://www.nice.org.uk/guidance/qs158.

Papazian L, Forel JM, Gacouin A, Penot-Ragon C, Perrin G, Loundou A, Jaber S, Arnal JM, Perez D,
Seghboyan JM, et al. 2010. Neuromuscular blockers in early acute respiratory distress syndrome. N

Engl J Med. doi:10.1056/NEJM0al005372.

Parry SM, El-Ansary D, Cartwright MS, Sarwal A, Berney S, Koopman R, Annoni R, Puthucheary Z,
Gordon IR, Morris PE, et al. 2015. Ultrasonography in the intensive care setting can be used to detect
changes in the quality and quantity of muscle and is related to muscle strength and function. J Crit

Care. d0i:10.1016/j.jcrc.2015.05.024.

Parry SM, Knight LD, Connolly B, Baldwin C, Puthucheary Z, Morris P, Mortimore J, Hart N, Denehy L,
Granger CL. 2017. Factors influencing physical activity and rehabilitation in survivors of critical
illness: a systematic review of quantitative and qualitative studies. Intensive Care Med.

doi:10.1007/s00134-017-4685-4.

Parry SM, Nydahl P, Needham DM. 2018. Implementing early physical rehabilitation and mobilisation
in the ICU: institutional, clinician, and patient considerations. Intensive Care Med.

doi:10.1007/s00134-017-4908-8.

Pfoh ER, Wozniak AW, Colantuoni E, Dinglas VD, Mendez-Tellez PA, Shanholtz C, Ciesla ND,
Pronovost PJ, Needham DM. 2016. Physical declines occurring after hospital discharge in ARDS

survivors: a 5-year longitudinal study. Intensive Care Med. doi:10.1007/s00134-016-4530-1.

Phillips SM, Tang JE, Moore DR. 2009. The role of milk- and soy-based protein in support of muscle

protein synthesis and muscle protein accretion in young and elderly persons. J Am Coll Nutr.

20



21

doi:10.1080/07315724.2009.10718096.

Pitkdnen HT, Nykdnen T, Knuutinen J, Lahti K, Keindnen O, Alen M, Komi P V., Mero AA. 2003. Free
amino acid pool and muscle protein balance after resistance exercise. Med Sci Sports Exerc.

doi:10.1249/01.MSS.0000064934.51751.F9.

Pronovost P, Needham D, Berenholtz S, Sinopoli D, Chu H, Cosgrove S, Sexton B, Hyzy R, Welsh R,
Roth G, et al. 2006. An intervention to decrease catheter-related bloodstream infections in the ICU.

N Engl J Med. doi:10.1056/NEJM0a061115.

Puthucheary ZA, Astin R, McPhail MJW, Saeed S, Pasha Y, Bear DE, Constantin D, Velloso C, Manning
S, Calvert L, et al. 2018. Metabolic phenotype of skeletal muscle in early critical illness. Thorax.

doi:10.1136/thoraxjnl-2017-211073.

Puthucheary ZA, Denehy L. 2015. Exercise Interventions in Critical lliness Survivors: Understanding
Inclusion and Stratification Criteria. Am J Respir Crit Care Med. 191(12):1464-1467.

doi:10.1164/rccm.201410-1907LE. https://doi.org/10.1164/rccm.201410-1907LE.

Puthucheary ZA, Montgomery HE. 2010. Neuromuscular Blockers and ARDS. N Engl J Med.

363(26):2562-2564. doi:10.1056/NEJMc1011677. https://doi.org/10.1056/NEJMc1011677.

Puthucheary ZA, Rawal J, McPhail M, Connolly B, Ratnayake G, Chan P, Hopkinson NS, Padhke R,
Dew T, Sidhu PS, et al. 2013. Acute skeletal muscle wasting in critical illness. JAMA - ] Am Med Assoc.

doi:10.1001/jama.2013.278481.

Rice TW, Wheeler AP, Thompson BT, Steingrub J, Hite RD, Moss M, Morris A, Dong N, Rock P. 2012.
Initial trophic vs full enteral feeding in patients with acute lung injury: The EDEN randomized trial.

JAMA - ) Am Med Assoc. doi:10.1001/jama.2012.137.

Schaller SJ, Anstey M, Blobner M, Edrich T, Grabitz SD, Gradwohl-Matis |, Heim M, Houle T, Kurth T,
Latronico N, et al. 2016. Early, goal-directed mobilisation in the surgical intensive care unit: a
randomised controlled trial. Lancet. doi:10.1016/50140-6736(16)31637-3.

21



22

Schweickert WD, Pohlman MC, Pohlman AS, Nigos C, Pawlik AJ, Esbrook CL, Spears L, Miller M,
Franczyk M, Deprizio D, et al. 2009a. Early physical and occupational therapy in mechanically
ventilated, critically ill patients: a randomised controlled trial. Lancet. 373(9678):1874—-1882.
doi:10.1016/5S0140-6736(09)60658-9. [accessed 2020 Jan 13].

https://linkinghub.elsevier.com/retrieve/pii/S0140673609606589.

Seymour JM, Ward K, Sidhu PS, Puthucheary Z, Steier J, Jolley CJ, Rafferty G, Polkey MI, Moxham J.
2009. Ultrasound measurement of rectus femoris cross-sectional area and the relationship with

quadriceps strength in COPD. Thorax. doi:10.1136/thx.2008.103986.

Shepherd S, Batra A, Lerner DP. 2017. Review of Critical Iliness Myopathy and Neuropathy. The

Neurohospitalist. doi:10.1177/1941874416663279.

Simrén M. 2002. Physical activity and the gastrointestinal tract. Eur J Gastroenterol Hepatol. 14(10).
https://journals.lww.com/eurojgh/Fulltext/2002/10000/Physical_activity_and_the_gastrointestinal_

tract.3.aspx.

Sommers J, Klooster E, Zoethout SB, van den Oever HLA, Nollet F, Tepaske R, Horn J, Engelbert RHH,
van der Schaaf M. 2019. Feasibility of Exercise Testing in Patients Who Are Critically Ill: A
Prospective, Observational Multicenter Study. Arch Phys Med Rehabil.

doi:10.1016/j.apmr.2018.07.430.

Stevens RD, Hart N, de Jonghe B, Sharshar T. 2009. Weakness in the ICU: A call to action. Crit Care.

doi:10.1186/cc8143.

Swallow EB, Reyes D, Hopkinson NS, Man WDC, Porcher R, Cetti EJ, Moore AJ, Moxham J, Polkey MI.
2007. Quadriceps strength predicts mortality in patients with moderate to severe chronic

obstructive pulmonary disease. Thorax. doi:10.1136/thx.2006.062026.

Tian F, Wang X, Gao X, Wan X, Wu C, Zhang L, Li N, Li J. 2015. Effect of initial calorie intake via enteral

nutrition in critical illness: A meta-analysis of randomised controlled trials. Crit Care.

22



23

doi:10.1186/s13054-015-0902-0.

Tipton KD, Wolfe RR. 2001. Exercise, protein metabolism, and muscle growth. In: International

Journal of Sport Nutrition.

Vesali RF, Cibicek N, Jakobsson T, Klaude M, Wernerman J, Rooyackers O. 2010. Protein metabolism
in leg muscle following an endotoxin injection in healthy volunteers. Clin Sci.

doi:10.1042/CS20090332.

Walsh TS, Salisbury LG, Merriweather JL, Boyd JA, Griffith DM, Huby G, Kean S, Mackenzie SJ, Krishan
A, Lewis SC, et al. 2015. Increased hospital-based physical rehabilitation and information provision
after intensive care unit discharge: The RECOVER randomized clinical trial. JAMA Intern Med.

doi:10.1001/jamainternmed.2015.0822.

Weber-Carstens S, Koch S, Spuler S, Spies CD, Bubser F, Wernecke KD, Deja M. 2009. Nonexcitable
muscle membrane predicts intensive care unit-acquired paresis in mechanically ventilated, sedated

patients. Crit Care Med. doi:10.1097/CCM.0b013e3181a92f28.

Weber-Carstens S, Schneider J, Wollersheim T, Assmann A, Bierbrauer J, Marg A, Hasani H Al, Chadt
A, Wenzel K, Koch S, et al. 2013. Critical illness myopathy and GLUT4 significance of insulin and

muscle contraction. Am J Respir Crit Care Med. d0i:10.1164/rccm.201209-16490C.

Zafiropoulos B, Alison JA, McCarren B. 2004. Physiological responses to the early mobilisation of the
intubated, ventilated abdominal surgery patient. Aust J Physiother. 50(2):95-100.
doi:https://doi.org/10.1016/50004-9514(14)60101-X.

http://www.sciencedirect.com/science/article/pii/S000495141460101X.

23



