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M USCLE weakness occurs as frequently as low arte-
rial blood pressure in the surgical intensive care unit 

(SICU).1–3 The incidence of sarcopenia (low skeletal muscle 
mass) in the intensive care unit (ICU) can be as high as 70%,4 
depending on the age, presentation, and comorbidities of 
the patient, and preexsiting sarcopenia predicts adverse dis-
charge disposition.5 Muscle mass decreases by approximately 
2% per day as a consequence of patients’ acute disease and 
their ICU treatment.6–9

The current interest in surgical ICU-acquired weakness 
(ICUAW) is because of the associated significant and poten-
tially long-term adverse outcomes for patients as well as the 
substantial costs involved in caring for this complication 
and its consequences. Associated adverse outcomes include 
joint contractures, thromboembolic disease, insulin resis-
tance, microvascular dysfunction, pressure ulcers, respiratory 

complications (atelectasis, pneumonia, weaning failure), and 
delirium, translating into increased ICU and hospital length 
of stay, impaired functional status and neuropsychologic 
impairment that can persist for up to and over a year after 
surgery, increased readmission rate, and mortality.10–20

In this article, we review the nosology, epidemiology, 
diagnosis, and prevention of ICUAW in surgical ICU 
patients. We also highlight the potential for drug targets and 
gene therapy in the prevention of ICUAW.

Nosology: Classification of Diseases 
Related to Skeletal Muscle Weakness
Muscle weakness is difficult to reliably quantify—small dif-
ferences in the clinical testing procedure lead to meaningful 
differences in results. In addition, ICU healthcare providers 
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ABSTRACT

Muscle weakness is common in the surgical intensive care unit (ICU). Low muscle mass at ICU admission is a significant 
 predictor of adverse outcomes. The consequences of ICU-acquired muscle weakness depend on the underlying mechanism. 
Temporary drug-induced weakness when properly managed may not affect outcome. Severe perioperative acquired weakness 
that is associated with adverse outcomes (prolonged mechanical ventilation, increases in ICU length of stay, and mortality) 
occurs with persistent (time frame: days) activation of protein degradation pathways, decreases in the drive to the skeletal 
muscle, and impaired muscular homeostasis. ICU-acquired muscle weakness can be prevented by early treatment of the under-
lying disease, goal-directed therapy, restrictive use of immobilizing medications, optimal nutrition, activating ventilatory modes, 
early rehabilitation, and preventive drug therapy. In this article, the authors review the nosology, epidemiology,  diagnosis, and 
prevention of ICU-acquired weakness in surgical ICU patients. (ANESTHESIOLOGY  2016; 124:207-34)
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of different professions may have different beliefs regarding 
what constitutes a “weak patient,” and based on the nosologic 
misunderstandings, their management of the weak patient can 
vary widely.21 Precise use of the terminology will help better 
synchronize efforts of scientists, physicians, nurses, and physi-
cal therapists to eliminate ICU-acquired muscle weakness.

Sarcopenia (derived from Greek word σάρξ sarx mean-
ing “flesh” and πενία penia meaning “poverty”) is the 
loss of skeletal muscle mass, which can be reliably quanti-
fied by muscle ultrasound in the ICU even in unconscious 
patients.5 Sarcopenia is a component of frailty, which is the 
status of decreased physical and cognitive reserve leading to 
an increased vulnerability to stressors. A diagnosis of frailty 
can be made by using validated instruments such as inter-
viewing the patient regarding their baseline functional status 
with questions.5 Furthermore, assessment of mobility, mus-
cle mass, nutritional status, strength, and endurance are all 
valid identifiers of clinically weak patients. Dynapenia is the 
frailty-associated loss of muscle strength that is not caused by 
neurologic or muscular diseases.

Muscle strength is defined as the amount of force that a 
muscle, or a group of muscles, can produce to overcome resis-
tance with a single maximal effort.22 Several factors impact the 
amount of force generated, such as neural drive to the skel-
etal muscles, the number and size of muscle fibers, number 
and functionality of acetylcholine receptors, muscle length 
at the time of stimulation, and frequency of stimulation.22 
The ability of a muscle to overcome resistance repetitively is 
called endurance. The main determinants of endurance are 
the maximal oxygen uptake and the rate of glycogen deple-
tion.23 Lack of endurance promotes a reduction in the exer-
cise-induced capacity to generate force over time,24 which is 
known as muscle fatigue. Muscle fatigue can be classified, 
based on the evoked response to repeated muscle stimulation, 
into two types: (1) low-frequency fatigue (relative loss of force 
at low frequencies of stimulation and a slow recovery over the 
course of hours or even days) and (2) high-frequency fatigue 
(excessive loss of force at high frequencies of stimulation and 
rapid recovery when the frequency is reduced).25 Fatigue and 
deficits in endurance impair muscle performance leading to 
lack of muscle strength or dynapenia.

The term ICUAW typically describes the bilateral and 
symmetrical neuromuscular sequelae of critical illness, 
which occurs during the ICU stay and not related to another 
specific etiology.26 ICUAW can be recognized through clini-
cal manifestations such as difficult weaning from mechanical 
ventilation, flaccid tetraparesis or tetraplegia, hyporeflexia, 
and muscular atrophy,27 which affects limb, respiratory, and 
pharyngeal muscles.28

Epidemiology of Postoperative Muscle 
Weakness
Many patients develop transient muscle weakness after sur-
gery as a consequence of residual neuromuscular blockade, 

opioid therapy, or inflammation.29,30 The surgical site, the 
type of surgical technique (e.g., open vs. laparoscopic), and 
the pharmacokinetics of anesthetics and neuromuscular-
blocking agents (NMBAs) determine the magnitude and the 
duration of postoperative muscle weakness. Open abdominal 
and thoracic surgical interventions are associated with pro-
longed impairment in respiratory function and an increased 
risk of postoperative complications.31 These complications 
can result in postoperative mechanical ventilation being 
required for longer than 24 h,32,33 which further increases 
the risk of muscle weakness and diaphragmatic atrophy.34 
Conversely, laparoscopic surgeries are associated with a faster 
recovery of grip strength and inspiratory force as early as 2 to 
3 h after emergence from anesthesia.31

Severe muscle weakness can persist for over a year after 
surgery.14,35 The incidence of persistent weakness at 1 yr has 
been found to be around 20 to 30% for localized procedures 
such as modified radical mastectomy14 and knee arthro-
plasty35 and as high as 80% in patients after liver and renal 
transplants.11 Predisposing factors to long-term ICUAW 
include surgeries requiring long periods of postoperative bed 
rest or medical conditions that result in immobilization (e.g., 
obesity, medical devices).36 Other factors associated with 
persistent muscle weakness include older age, dementia, can-
cer diagnoses, malnutrition, social isolation, and preexisting 
functional immobility.37

Table 1 summarizes incidences reported in 10 studies, 
distinguishing between medical and surgical/trauma set-
tings.1,3,6,10,38–43 Most data derived from research in medi-
cal ICUs report an estimated ICUAW incidence of 25 to 
31%. In the surgical ICU, 56 to 74% of patients acquire 
muscle weakness.3,6 The higher incidence in the surgical 
ICU compared with the medical ICU is believed to be a 
consequence of pain, surgical muscle trauma, posttrau-
matic inflammation, and the lingering effects of anesthet-
ics and NMBAs.44

Etiology and Mechanisms of Muscle 
Weakness Acquired in the Surgical 
Intensive Care Unit
ICUAW is typically a symmetric disease that can be induced 
by different mechanisms. The resulting weakness may be 
either transitory or long lasting (fig. 1). Critical illness poly-
neuropathy (CIP) is an acute axonal sensorimotor polyneu-
ropathy45 characterized by a reduction in the amplitudes 
of compound muscle action potentials and sensory nerve 
action potentials, with normal nerve conduction velocity.8,46 
Clinical signs, sensory signs in particular, are often unreli-
able in the acute stages of critical illness to clearly identify 
this condition. Therefore, electrophysiologic tests remain the 
definitive-standard tool for diagnosis of CIP.47 CIP is most 
commonly associated with severe sepsis.15 The incidence of 
CIP in patients with multiorgan failure is almost five times 
higher than in patients without multiorgan failure.48
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Table 1. Diagnostic Criteria and Incidence of ICU Muscle Weakness in Medical and Surgical ICUs

Authors Type of Population N Setting Main Outcome
Diagnosis of  

ICUAW
Reported  

Incidence of ICUAW

De Jonghe  
et al.38

Variable population 242 Not specified To summarize the prospective clinical stud-
ies of neuromuscular abnormalities in ICU 
patients

MRC 36–70% in patients 
receiving steroids 
or NMBAs; 60% in 
patients with multior-
gan failure

De Jonghe  
et al.1

All consecutive ICU patients without 
preexisting neuromuscular disease who 
underwent mechanical ventilation for ≥ 7 
d were screened daily for awakening

95 Three medical  
and two surgical 
ICUs

Incidence and duration of ICUAP, risk factors for 
ICUAP, and comparative duration of mechani-
cal ventilation between ICUAP and control 
patients

MRC < 48 25.3% (95%  
CI = 16.9–35.2%)

Ali et al.10 Adults requiring at least 5 d of mechanical 
ventilation without evidence of preexisting 
neuromuscular disease

136 Medical ICU 1. To test whether ICUAP is independently 
associated with increased mortality

Average MRC < 4 
in each muscle 
group (total MRC 
< 48) and hand-
grip dynamometry

25.7%

2. To determine whether handgrip dynamometry 
is a concise measure of global strength and is 
independently associated with mortality

Schweickert  
et al.39

Sedated adults (≥ 18 yr of age) in the ICU 
who had been on mechanical ventilation 
for < 72 h, who were expected to continue 
for at least 24 h, and who met criteria for 
baseline functional  independence

104 Medical ICU 1. Number of patients returning to independent 
functional status at hospital discharge

MRC < 48 and 
handgrip 
dynamometry

31% at discharge in 
patients with early 
rehabilitation; 49% in 
control patients

2. Duration of delirium and ventilator-free days 
during the first 28 d of hospital stay

Sharshar  
et al.40

Consecutive patients who were enrolled 
after > 7 d of mechanical ventilation.

115 Two medical, one 
surgical, and 
one medicosur-
gical ICUs

To assess whether the presence and severity 
of ICU-acquired paresis are associated with 
ICU and in-hospital mortality

MRC < 48 65% at day 1; 38.2%  
at day 7

Papazian  
et al.41

Patients presenting to 20 ICUs with an onset of 
severe ARDS within the previous 48 h

340 Not specified 90 d in-hospital mortality rate MRC < 48 31.5–35.7% by ICU 
discharge

Routsi  
et al.42

Consecutive ICU patients with an APACHE 
II score ≥ 13

140 Medical/surgical 
ICU

To assess the efficacy of electrical muscle 
stimulation in preventing CIPNM in critically 
ill patients

MRC < 48 12.5% in patients with 
electrical muscle 
stimulation, 39.3% 
in patients without 
electrical muscle 
stimulation

Kasotakis  
et al.6

Patients admitted to the surgical ICU 113 Surgical ICU To test whether the surgical ICU optimal 
 mobility score predicts mortality and ICU 
and hospital length of stay

Grip strength 56%

Connolly  
et al.3

Patients aged 18 yr and older who had been 
invasively ventilated for ≥ 48 h

20 Medical/surgical 
ICU

To determine interobserver agreement and 
clinical predictive value of the MRC-SS test 
in critically ill patients

MRC < 48 73.9%

Hermans  
et al.43

Patients still in ICU on day 8 after admission 415 21.4% in medical 
ICU and 78.6% 
in surgical ICU

To determine acute outcomes, 1-yr mortality 
and costs of ICUAW among long-stay (≥ 8 
d) ICU patients and to assess the impact of 
recovery of weakness at ICU discharge

MRC < 48 55%

A comparison of criteria and incidence of ICU muscle weakness in medical and surgical ICUs in the available literature. The incidence of muscle weakness is reported to be between 25 and 31% in medical ICUs. 
The incidence in surgical ICUs is reported to be between 56 and 74%, considerably higher than that of the medical ICUs. This higher incidence in the surgical ICU is believed to be a consequence of pain, surgical 
muscle trauma, posttraumatic inflammation, and the lingering effects of anesthetics and NMBAs.
APACHE = Acute Physiology and Chronic Health Evaluation; ARDS = acute respiratory distress syndrome; CIPNM = critical illness polyneuropathy and myopathy; ICU = intensive care unit; ICUAP = ICU–acquired 
paresis; ICUAW = ICU–acquired weakness; MRC = Medical Research Council Scale for muscle strength; MRC-SS = MRC sum score; NMBA = neuromuscular-blocking agent.
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Critical illness myopathy (CIM) is an acute primary 
myopathy not secondary to muscle denervation, with 
characteristic electrophysiologic and histologic features. 
Electrophysiologic studies typically report short duration, 
low-amplitude compound muscle action potentials with 
normal sensory nerve action potentials.8,49 The defini-
tive-standard test for CIM is muscle biopsy that further 
subclassifies this entity into cachectic myopathy, thick 
filament myopathy, and necrotizing myopathy.8 The thick 
filament myopathy with loss of myosin filament can be 
a very early event occurring in the initial stage of critical 
illness.50

CIM is generalized and involves both limb and respira-
tory muscles, causing muscle weakness and paralysis, which 
are both clinically indistinguishable from that caused by CIP. 
Moreover, CIP and CIM can coexist,51 a condition that has 
been called critical illness neuromyopathy (CINM).

Transitory Reductions in Muscle Strength
Transitory impairment of muscle strength occurs regularly 
in the perioperative period as a consequence of attempts of 
the anesthesiologist to improve surgical conditions. Anes-
thesia affects respiratory arousal through an impairment of 
diaphragmatic and upper airway muscle function along with 
an inability to protect the airway.52,53 Respiratory arousal is 
defined as the arousal from sleep and other drug-induced 
or endogenous alterations of the mental status because of 
cumulative and progressive increases in stimuli related to 
breathing.54 These stimuli are regulated by chemoreceptors 
that respond to changes in the partial pressures of oxygen 
and carbon dioxide,55 sensors in the upper airway responsive 
to negative pressure generated by the respiratory pump,56 
and neural drive through cortical stimulation.57 During the 
perioperative period, respiratory arousal is dampened by 
sedation, anesthesia, opioids, and endogenous impairment 

Fig. 1. Mechanisms of ICUAW can be subclassified into two main groups: ICUAW with electrophysiologic and histopathologic 
findings (CIP and CIM) and ICUAW with normal diagnostic studies. Muscle weakness in the ICU with normal electromyogram 
findings can be caused by many factors that produce a direct impairment of the muscle cell without necessarily affecting 
the neurogenic output. Activation of protein degradation with the ubiquitin–proteasome pathway, inflammatory mediators, and 
inactivity decrease muscle size and produce atrophy. Electrolyte and acid–base imbalances produce trophic effects and func-
tional impairment of the muscle cell. Medications and delirium affect mental status and decrease cortical arousal promot-
ing long periods of inactivity and muscle weakness. CIM = critical illness myopathy; CINM = critical illness neuromyopathy;  
CIP = critical illness polyneuropathy; CMAP = compound muscle action potential; ICU = intensive care unit; ICUAW = ICU–acquired  
weakness; IL = interleukin; IFN = interferon; NMBA = neuromuscular-blocking agent; TNF = tumor necrosis factor; SNAP = sensory  
nerve action potential.
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of consciousness. Consequently, the total level of stimula-
tion to respiratory muscles decreases, and the upper airway is 
more vulnerable to collapse and respiratory failure.54 Upper 
airway muscles are generally more affected by sleep, anes-
thetics, and sedatives than respiratory pump muscles.54

Neuromuscular-blocking Agents, Anesthetics, and Opioids
In the surgical ICU, NMBAs are given to patients with 
increased intracranial pressure58 and are also used to reduce 
stress and strain on the lung in patients with severe acute 
respiratory distress syndrome (ARDS).59 The use of NMBAs 
in the ICU is associated with higher rates of delirium (67 
to 73%),60 prolonged muscle weakness, and myopathy.29,33 
The lingering effects of NMBAs after surgery can also result 
in residual neuromuscular blockade, which delays recovery 
from both anesthesia and surgery.29,30 Postoperative residual 
paralysis prolongs the impairment in function of respiratory 
and peripheral muscles61 and transiently increases the inci-
dence and severity of symptoms of muscle weakness62 but 
does not increase the incidence of ICUAW as long as the 
NMBA is no longer given postoperatively in the ICU.

Continuous administration of NMBAs has similar effects 
on muscle physiology as denervation,63,64 which increases 
the risk of muscle atrophy (fig. 1). Mechanical ventilation 
is nearly universally accompanied by the administration of 
large doses of anesthetics65 that further increase the inci-
dence of ICU-acquired delirium and weakness, especially 
in older surgical patients.39,66 Furthermore, patients with 
sepsis are particularly vulnerable to the weakness inducing 
effects of NMBAs. Sepsis itself is an independent predictor 
of CINM.67

Prolonged use of aminosteroidal NMBAs can result in 
muscle weakness that lasts for up to 7 days after termina-
tion of administration.68 Preclinical data also indicate that 
aminosteroidal NMBAs can worsen ventilator-induced dia-
phragmatic injury.69 This may exacerbate weaning-related 
concerns in those with neurologic compromise.

Despite the negative outcomes associated with NMBA 
administration, it is important to consider that short-term 
infusion of NMBAs may facilitate protective mechanical 
ventilator treatment in patients with severe ARDS, without 
necessarily increasing the risk of ICUAW.41 Thus, short-term 
use of NMBAs may be considered as a lung-protective adju-
vant in early ARDS if sedatives and opioids do not allow 
control of the excessive respiratory drive.67

Procedural pain (e.g., extubation, chest tube insertion or 
removal, wound drain removal, and arterial or central venous 
line insertion) is common in the SICU and requires further 
analgesic interventions.35,70,71 Opioid analgesics are of par-
ticular importance to this discussion, because they are known 
to cause respiratory depression and can impair ventilation 
because of their effects on the respiratory muscles. Studies 
have shown that opioids increase pulmonary resistance via 
cholinergic effects on the smooth muscle,72 reduce chest wall 
compliance, and reduce phrenic nerve and diaphragmatic 

muscle activity.73–75 Together these effects reduce minute 
ventilation.76 This is not to say that opioids should not be 
used. Although opioids contribute to the development of 
muscle weakness, conversely, optimal pain management can 
improve pulmonary function,77 as severe postoperative pain 
results in shallow breathing, atelectasis, and delayed early 
mobilization of the patient.78 Thus, the authors advocate 
judicious use of opioid titrated to effect and regular review 
of the necessity for continued prescription in the interest of 
improving patient outcomes in the SICU.

Other Mechanisms of Transient Muscle Weakness  
in the ICU
Figure  1 shows additional factors known to contribute to 
transitory muscle weakness, including inflammatory media-
tors,79 delirium,80 electrolytes disorders (hypermagnesemia, 
hypokalemia, hypercalcemia, hypophosphatemia), and 
endocrine dysfunction.81–83 Hyperkalemia occurs frequently 
with rhabdomyolysis, propofol infusion syndrome, hyper-
thermic malignant syndromes, succinylcholine administra-
tion, and renal failure.84,85 Other electrolyte disorders such 
as hypophosphatemia with hypomagnesemia are also com-
mon with refeeding syndrome in a previously malnourished 
patient.86,87

Endocrine abnormalities such as thyrotoxic periodic paral-
ysis can cause paralysis associated with hypokalemia in absence 
of a deficit in total body potassium. The prevalence is low 
among Caucasians (0.1 to 0.2%), but 10 times greater in those 
of Asian origin.81 It is sporadic in 95% of cases and mainly 
associated not only with autoimmune thyrotoxicosis (Graves 
disease) but also with thyroid stimulating hormone–secreting 
pituitary tumors, amiodarone-induced thyrotoxicosis, lym-
phocytic thyroiditis, etc.81 In fact, any cause of thyrotoxicosis, 
including excessive thyroid hormone replacement therapy, 
can trigger paralysis in susceptible patients. Metabolic disor-
ders such as acute intermittent porphyria can cause peripheral 
neuropathy, mostly motor in nature and resembling Guillain–
Barré syndrome.88 Acute intermittent porphyria presents with 
severe abdominal pain, nausea, vomiting, constipation, and 
symptoms of ileus mimicking a surgical emergency.88 It can be 
triggered by exposure to porphyrinogenic drugs such as ket-
amine, thiopental, clonidine, propafenone, carbamazepine, 
phenytoin, clonazepam, ketorolac, quetiapine, fluconazole, 
clindamycin, and amiodarone.88

Clinically Significant Muscle Weakness Leading to 
Impaired Functional Independence
There is a grey zone between temporary and persistent 
muscle weakness: long-term exposure to evoked temporary 
muscle weakness in the ICU translates to clinically meaning-
ful ICUAW.

Mechanical Unloading
In the surgical ICU, mechanical and/or pharmacologic 
unloading refers to the reduction in physical activity of 
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the peripheral skeletal, postural, and respiratory muscles 
as a result of bed rest, joint immobilization, limb suspen-
sion, microgravity, and mechanical ventilation.89 Mechan-
ical unloading together with reduced neural activation 
result in the skeletal muscle wasting otherwise known as 
disuse.89,90 The loss of muscle mass and fiber cross-sec-
tional area is well documented in both rodent and human 
models of mechanical unloading.90 The rate and extent 
of muscle loss seem to be dependent on both the muscle 
type and the degree of inactivity. In rodent models of hind 
limb immobilization, for example, muscle loss is generally 
greater in the extensor muscles of the ankle (soleus and 
gastrocnemius).91,92 This pattern of muscle loss is also seen 
in humans with lower limb immobilization after ankle 
fracture.93 Furthermore, in humans, there is a preferential 
loss of type I muscle fibers,94,95 the muscle type most used 
in activities of daily living, a finding particularly relevant 
when considering functional independence outcomes after 
ICU stay. This pattern may be exacerbated among those 
with central neurologic injury.96 A disruption to the equi-
librium of protein synthesis and degradation underlies the 
pathophysiology of disuse atrophy resulting in a net loss 
of muscle protein.

Impairment of Protein Synthesis
Although there is evidence from human studies demonstrat-
ing that the basal rate of protein synthesis begins to decrease 
in the immediate period after disuse,97,98 the cellular mecha-
nisms responsible for this reduction in protein synthesis are 
poorly understood.90 As such, several immobilization-asso-
ciated pathways (glycogen synthase kinase-3β activity, the 
elongation factor 2 pathway, and ribosome biogenesis)90,99 
are currently being explored in the context of ICUAW with 
limited investigation.

It is important to stress that the overall contribution of 
decreased protein synthesis on muscle atrophy in mechani-
cal unloading is minimal, and reduced protein synthesis 
alone is generally considered to be an inadequate explana-
tion for the mechanism of atrophy. In an excellent review of 
this topic, Sandri100 explains that the size of a postmitotic 
cell stems from a balance between protein synthesis and 
degradation and that a reduction in protein synthesis can-
not be considered to be the sole mechanism behind muscle 
atrophy. Under conditions of protein synthesis inhibition, 
the total protein content of the cell is affected by protein 
half-life, which itself is dependent on basal protein deg-
radation rates. Thus, in circumstances of reduced protein 
synthesis, which critically ill patients commonly experi-
ence,101 muscle cell size ultimately depends on proteoly-
sis more than it does under conditions of normal protein 
synthesis.100 In early systemic inflammation, for example, 
the proinflammatory cytokines such as tumor necrosis fac-
tor (TNF)-α, interferon-γ, and interleukin (IL)-1 increase 
ubiquitin gene transcripts and thus enhance skeletal muscle 
catabolism.102

Promotion of Proteolysis
Activation of several proteolytic mechanisms occurs with 
mechanical unloading and as a consequence of critical ill-
ness as described in figure 1. Taken together, these processes 
complementarily lead to the breakdown of muscle proteins 
that leads to significant muscle atrophy in as little as 2 to 5 
days after unloading.34,89,103

The most prominent of these degenerative pathways is 
the ubiquitin–proteasome system (UPS).89,90 The changes 
in muscle activity stimulate the UPS system to remove sar-
comeric proteins. Muscle disuse increases the expression of 
key gene products that regulate this pathway. Muscle atro-
phy occurs as a result of increased conjugation of ubiqui-
tin to muscle proteins, increased proteasomal adenosine 
triphosphate–dependent activity, increased proteolysis, 
and up-regulation of transcripts encoding key components 
of the UPS pathway (e.g., ubiquitin, ubiquitin-ligases and 
proteasome subunits).100,104 MAFbx/atrogin1 and MuRF1 
are two E3 ligases that are of particular interest, because 
they are up-regulated in all conditions of muscle wasting, 
including disuse atrophy.105 An increased expression of these 
gene products has been demonstrated in the diaphragms 
of mechanically ventilated rodents and humans106–108 and 
in the limb muscles of humans after bed rest, lower limb 
suspension, or knee immobilization.103,109–112 As expected, 
up-regulation of components of the ubiquitin pathway leads 
to increased conjugation between ubiquitin and muscle pro-
teins in humans. This coupled with the finding that mechan-
ical unloading increases the proteolytic activity of the 
20S- and 26S-proteasome complexes results in an increased 
breakdown of ubiquitin-conjugated proteins.106,108,110 Fur-
thermore, muscle proteases are activated under disuse condi-
tions. In 2008, Levine et al.113 first discovered that caspase-3 
mRNA expression is increased in human diaphragm muscles 
during mechanical ventilation, a finding that has since been 
corroborated in rodent diaphragm and limb muscles.114,115 
Mechanical unloading has also been shown to induce up-
regulation of another protease, calpain, in the both dia-
phragm and limb muscles.115–117

Likewise, the autophagy–lysosomal system is emerging 
as an important pathway that is modulated by critical ill-
ness118,119 and muscle disuse.94,107,116 Autophagy is a con-
stitutively active catabolic process in the skeletal muscle, 
which is up-regulated under conditions of fasting, oxidative 
stress, and denervation, leading to muscle protein degrada-
tion.120,121 Studies have demonstrated that lysosomal deg-
radation contributes to protein breakdown in denervated 
muscle,122 and there is a significant up-regulation of lyso-
somal proteases, such as cathepsin L, under conditions of 
atrophy.123 Myofiber atrophy resulting from in vivo over-
expression of a constitutively active FoxO3 (a transcription 
factor that promotes cell death), for example, is dependent 
on autophagy, while siRNA knockdown of LC3 (a protein 
that is involved in autophagosome development) has been 
shown to partially prevent this FoxO3-mediated muscle 
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atrophy.118,124 Genetic models have also confirmed the role 
of autophagy in muscle atrophy.118 Oxidative stress induced 
by a muscle-specific mutant superoxide dismutase protein 
(SOD1G93A) has been shown to cause muscle loss as a result 
of autophagy, whereas attenuation of autophagy by knock-
down of LC3 in SOD1G93A transgenic mice results in main-
tenance of muscle mass.

Although autophagy is a catabolic process involved in 
the breakdown of cells, recent studies suggest that it may be 
important in the maintenance of muscle mass in critically ill 
patients because autophagy also plays a crucial role in cel-
lular homeostasis by ensuring the removal of damaged and 
dysfunctional intracellular proteins and organelles.125 The 
essential role autophagy in muscle homeostasis is exempli-
fied by the phenotypes of mice with muscle-specific inac-
tivation of genes encoding autophagy-related proteins.118 
Ablation of Atg7, a crucial component in autophagosome 
formation, results in disorganized sarcomeres that lead to 
myofiber degeneration.126 This manifests as muscle atrophy 
and weakness in Atg7-null mice. Moreover, fasting- and 
denervation-induced atrophy was exacerbated in Atg7-
null mice.127 This beneficial effect of autophagy has also 
been observed in humans. Autophagy is induced by both 
endurance and resistance exercise.100,128,129 Autophagy also 
mediates the metabolic beneficial effects of exercise on glu-
cose homeostasis.100,130 This activation of autophagy dur-
ing exercise is believed to be an adaptive response for the 
removal of proteins and organelles damaged by exercise or a 
mechanism to provide energy for sustained muscle contrac-
tion.100 These favorable effects of autophagy have even been 
shown to benefit critically ill patients. In a large subanalysis 
of the EPaNIC trial, Hermans et al.131 found that critically 
ill patients receiving early parenteral nutrition were more 
likely to develop muscle weakness within 9 days of random-
ization than those receiving late parenteral nutrition. In 58 
patients with muscle weakness, a significant inverse associa-
tion between autophagy and the development of ICUAW 
was identified.131,132

Sepsis
Muscle weakness may be clinically apparent on admission 
to the ICU, but because clinical assessments require patient 
arousal and collaboration, the diagnosis is often delayed in 
patients with sepsis133 as the appropriate initial management 
of sepsis is rightly prioritized.134 Patients with sepsis experi-
ence skeletal and respiratory muscle wasting and weakness 
more frequently than patients without sepsis.44,79,135–137 This 
weakness results from the effects of inflammatory markers; 
immobilization; impaired oxygen delivery; and effects of 
sedation, opioids, and neuromuscular blockade. Further-
more, septic encephalopathy often renders patients immo-
bile, thus compounding the risk of developing ICUAW.135

Proinflammatory cytokines have both direct and indi-
rect effects on signaling pathways that regulate mus-
cle mass.138,139 TNF-α, interferon-γ, and IL-1 increase 

ubiquitin gene transcripts and thus enhance the skeletal 
muscle catabolism.102 IL-6 has drawn particular interest 
because of its pleiotropic effects140 and as such has been 
dubbed the “double-edged sword” in relation to acquired 
muscle weakness. On one hand, IL-6 is a proinflammatory 
cytokine, traditionally associated with control and coordi-
nation of immune responses.141 In IL-6 deficient mice, for 
example, the inflammatory acute phase response after infec-
tion is severely blunted.142 Animal models of inflammation 
and tumor-induced cachexia provided early experimental 
evidence of the negative effects of IL-6. Inhibition of the 
increased IL-6 levels that exist in these models was shown 
to have a protective effect on weight loss and muscle wast-
ing.143,144 High doses of IL-6 or prolonged exposure have 
been shown to increase muscle catabolism.145 Moreover, 
transgenic mice overexpressing human IL-6 show severe 
muscle atrophy by the age of 10 weeks, along with an 
increased activation of myofiber lysosomal enzymes and pro-
teasomal subunit expression, suggesting that these mice have 
increased basal rates of protein degradation.146 Inhibition 
of IL-6 by neutralizing antibodies in these transgenic mice 
resulted in a complete reversal of the muscular atrophy.147 
However, other studies have found no association between 
IL-6 levels and muscle atrophy,148,149 suggesting that it is the 
combination of IL-6 with other endogenous mediators, such 
as TNF-α and IL-1,that produces this catabolic response in 
the muscles under conditions of sepsis.102

Interestingly, in contrast to the findings mentioned in 
Sepsis (paragraph 2), recent studies have identified IL-6 
as a myokine that promotes muscle growth and regen-
eration.140,150 The discovery of IL-6 as a myokine was an 
incidental finding after the observation that it increased 
exponentially and proportionally in response to exercise and 
the amount of muscle mass engaged in exercise.140,151 IL-6 
produced after an acute stimulus—without previous increase 
in TNF-α152—has a positive impact on the proliferative 
capacity of muscle progenitor cells.140 It promotes muscle 
hypertrophy by activating satellite cells and by stimulating 
myoblast differentiation and fusion.153 Confirming that IL-6 
plays a role in muscle hypertrophy, IL-6 knockout mice have 
been shown to have an impaired hypertrophic response to 
muscle overloading.150 This hypertrophic effect of IL-6 in 
response to overloading has also been confirmed in human 
muscle and electrically stimulated human myocytes.151,154 
Therefore, transient production of IL-6 after mechanical 
loading in critically ill patients may actually facilitate muscle 
regeneration and hypertrophy in contrast to the catabolic 
effects of sustained IL-6 production seen in sepsis.140

Mechanical Ventilation
Prolonged mechanical ventilation can lead to barotrauma, 
volutrauma, and atelectrauma, as well as ventilator-induced 
diaphragmatic injury.155 Diaphragmatic atrophy that can be 
apparent in as little as 48 h, as the work of breathing is assumed 
by a ventilator,34 and the magnitude of ventilator-induced 
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diaphragmatic injury is associated with the level of support 
provided by the ventilator: preclinical data show that volume 
control compared with pressure support ventilation leads to 
more severe diaphragmatic weakness. On the biochemical 
level, unloading of the respiratory muscles by mechanical 
ventilation promotes crosstalk and up-regulation of the cal-
pain, caspase-3, and UPSs that contribute to proteolysis that 
results in weakness and atrophy.89,90,156,157

Nutrition
Critically ill patients commonly have a poor nutritional sta-
tus that predicts adverse outcome. Functional compromise 
reflected by sarcopenia, frailty, and nutritional depletion 
predicts adverse postoperative outcome after colorectal can-
cer surgery.5,158 Poor nutritional status has long been asso-
ciated with greater morbidity and mortality, particularly in 
the surgical population.159 Malnutrition is associated with 
impaired immune function, reduced ventilatory drive, weak-
ened respiratory muscles, and prolonged ventilator depen-
dence.160 Critical illness induces a catabolic state in which an 
imbalance between protein synthesis and degradation leads 
to cellular death and muscle atrophy, otherwise known as 
sarcopenia, which in turn is associated with poor nutritional 
status.5,137 The consequences of poor nutritional status in 
ICU patients are more severe compared with the catabolic 
state induced by fasting in healthy persons because this calo-
rific debt is often superimposed on inflammatory and endo-
crine responses as well as immobilization.161

Although adequate nutrition in critically ill patients is 
important in the long term to negate the deleterious effects 
of a severe calorific debt, multiple studies have demonstrated 
that outcomes are also influenced by the mode of feeding and 
timing of feed initiation. Some studies indicate that early par-
enteral feeding may in fact promote greater levels of muscle 
wasting possibly because of inhibition of autophagy.101,131,162 
In a subanalysis of the EPaNIC trial, for example, the authors 
found a greater expression of markers of autophagy in the late 
parenteral nutrition group.131 This suggests that the caloric 
restriction induced by late parenteral nutrition optimizes 
autophagic recycling of proteins with removal of toxic pro-
teins and damaged cell organelles that may improve cell func-
tioning.132,163 Mitophagy induced by late parenteral nutrition 
may thus optimize cellular conditions in the muscle cells for 
effective muscle contraction and strength generation, possibly 
explaining the increased strength seen in the late parenteral 
nutrition group.132 It is important to note that the EPaNIC 
study studied mostly cardiac surgery patients, of whom 50% 
stayed in the ICU for less than 3 days. In more severely ill 
patients, optimized energy supplementation with parenteral 
nutrition can reduce nosocomial infections, antibiotic usage, 
and time on mechanical ventilation.164

Steroids
Approximately 31% of ICU patients exposed to steroids 
develop ICUAW.165 The association between steroid therapy 

and long-term functional impairment seems to be dose-
dependent.12 Large multicenter studies have identified both 
corticosteroid administration1 and mean daily corticoste-
roid dose as strong predictors of ICUAW.166 In a random-
ized controlled trial (RCT) of 180 patients with persistent 
ARDS, methylprednisolone treatment was found to improve 
cardiopulmonary parameters but also resulted in a higher 
rate of neuromuscular weakness.167

There is conflicting evidence regarding whether short-
term use of steroids increases the risk of ICUAW in critically 
ill patients. Some data suggest that even a short-term steroid 
treatment in the ICU can lead to functional impairment.166 
Stipulated mechanisms include impairment of the muscle 
membrane causing lack of excitability and promotion of 
muscle catabolism resulting in an imbalance between pro-
tein synthesis and loss.168–170

There are equivocal data on the effects of steroids in sep-
tic shock on mortality. Although low-dose steroids do not 
affect mortality,171,172 there is some evidence suggesting that 
disease entity–based subgroups of patients with septic shock 
may benefit from corticosteroids.171 A recent retrospective 
cohort study demonstrated that a short course of methyl-
prednisolone decreased treatment failure (defined as devel-
opment of shock, need for mechanical ventilation, and death 
within 120 days) in patients with severe pneumonia.171

Corticosteroid treatment in critically ill patients should 
therefore be tailored to the presentation and disease severity. 
Short-term administration in the most critically ill patients 
may improve outcomes in certain critically ill populations; 
however, long-term administration can increase the risk of 
ICUAW.

Other Mechanisms Implicated in the Development of 
Muscle Weakness
Central Melanocortin System. The central melanocor-
tin system plays a significant role in the pathogenesis of 
cachexia.173 Stimulation of the melanocortin-4 receptor, 
which is expressed mainly in the brain, results in anorexia, 
weight loss, and an increased metabolic rate,173 opening this 
pathway as a potential target in the prevention and treat-
ment of muscle weakness.
Myostatin. Myostatin, a member of the transforming growth 
factor-β family, is known to inhibit muscle cell growth and 
differentiation as well as decrease protein synthesis.174 These 
effects make myostatin an important target in the treatment 
and prevention of sarcopenia. Furthermore, myostatin gene 
mutations have been associated with increased muscle mass 
in humans.175

Vitamin D. The prevalence of low vitamin D levels is high 
among ICU patients.176 A growing body of evidence suggests 
that low 25-hydroxy vitamin D levels are associated with a 
host of negative outcomes in critically ill patients, including 
increased rates of infection and longer duration of hospital 
stay and mortality.177 Of particular relevance to our discus-
sion, low vitamin D levels are associated with sarcopenia. In 
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fact, a recent surgical ICU study found that vitamin D levels 
are inversely associated with the duration of mechanical ven-
tilation, which in itself is a marker of muscle weakness.176

Renin–Angiotensin System. The renin–angiotensin system 
(RAS) has extracardiac effects, some of which impact skeletal 
muscle. Angiotensin-converting enzyme (ACE) inhibitors are 
believed to have a beneficial effect on the skeletal muscle by limit-
ing the effects of angiotensin II on the inflammatory response and 
the growth hormone/insulin-like growth factor (IGF)-1 axis.173

Critically ill patients are often hypotensive, which activates 
RAS. The activation of the RAS results in an increase in pro-
inflammatory cytokines,178 which in turn results in muscle 
protein degradation.179 In humans, angiotensin II is known 
to induce IL-6180 and matrix metalloproteinase secretion.181 
ACE inhibitors reverse these effects in vitro and in vivo.173

The RAS also has effects on the growth hormone/IGF-1 
axis. IGF-1 is an anabolic hormone that increases protein 
synthesis in existing muscle fibers while also stimulating 
myogenesis.173,182,183 Angiotensin II has been shown to be 
decrease IGF-1 levels, which leads to skeletal muscle wasting 
and reduced lean muscle mass.183

Functional Capacity and Outcomes. The frail phenotype is 
characterized by changes in mobility, muscle mass, nutri-
tional status, strength, and endurance.184 Frail patients 
may have a lower functional capacity and decreased ability 
to mobilize at baseline. Thus, they are vulnerable against 
severe physiologic stressors, predisposing them to functional 
dependence at discharge and death.

Sarcopenia is a key element of frailty, which translates to 
higher healthcare utilization and mortality. Sarcopenia in 
critically ill trauma patients as assessed by computed tomog-
raphy (CT) is associated with mortality, ICU utilization, and 
loss of functional independence.185 In a recent observational 
study, Puthucheary and Hart185 found that muscle mass as 
assessed by abdominal CT scan was a significant predictor of 
outcome and discharge location after ICU admission. Fur-
ther studies exploring this association are needed to iden-
tify whether the measurement of muscle mass on admission 
to the ICU can lead to better patient management as well 
as a more efficient allocation of healthcare resources. Thus, 
taking steps to identify and prevent ICUAW can improve 
functional outcomes on discharge, thus reducing the risk 
of subsequent readmission and improving outcomes during 
subsequent readmissions should they occur.

Future studies will demonstrate whether patients with 
and without impaired functional capacity at admission need 
to be treated differently to avoid acute care readmissions18,20 
and loss of functional independence after discharge.

Clinical Diagnosis of Muscle Weakness in 
the Surgical ICU
Figure 2 provides decision support for the differential diag-
nosis of ICUAW. The first step is a clinical examination at 
the bedside.22 First, the patient’s ability to cooperate with 

examination should be assessed, because the most valuable 
test to assess muscle strength depend on the patient’s level of 
arousal and attention (fig. 3).186

In patients who cannot participate in volitional tests, 
drug effects (NMBAs, sedatives, opioids, and neuroleptics) 
and delirium need to be considered as possible mechanisms 
of muscle weakness. The Richmond agitation-sedation score, 
Glasgow coma score, and Confusion Assessment Method–ICU 
are useful tools to screen for cognitive impairments. A train-
of-four ratio of more than or equal to 0.9 excludes a clinically 
significant impairment of neuromuscular transmission.30,187

In patients able to reliably participate in the process of man-
ual muscle testing, a total Medical Research Council Scale for 
muscle strength (MRC) score of less than or equal to 48 sug-
gests ICUAW.3 Manual muscle testing—a subjective examina-
tion—has proven reliable in critically ill patients provided that 
strict guidelines on adequacy and standardized test procedures 
and positions are followed.188 In contrast, grip strength testing 
is inferior to manual muscle testing in predicting morbidity 
and increased healthcare utilization related to ICUAW. Global 
muscle strength but not grip strength predicts mortality and 
length of stay in a general population in a surgical ICU.189 As 
such, many experts perform manual muscle testing to identify 
patients with ICUAW in their clinical practices.190

An MRC score of less than 48 suggests the presence of 
ICUAW. Patients with altered mental status or with the evi-
dence of ICUAW should undergo further workup to identify 
and correct the underlying disorder that may include the etiolo-
gies mentioned in figure 1. If the attempts to correct such dis-
orders fail initially, imaging studies such as CT scan should be 
considered, especially in cases where focal neurologic symptoms 
are present or in persistent sepsis-associated encephalopathy.

The last resource that could be considered in cases of per-
sistent muscle weakness is electrophysiologic testing (EPS; 
compound action potentials, nerve conduction velocity, 
electromyogram). EPS alone can specify the mechanism of 
ICUAW better than clinical examinations, but muscle biop-
sies may ultimately be required to specify the nosology of an 
underlying myopathy.

EPS and histopathology reports have shown that up 
to 100% of ICU patients exhibit the signs of CIP or 
CIM.27,38,40,51,131,191–195 A systematic review reported CINM 
in 46% of patients; of these, CIP was present in 20% and 
CIM in 13%, whereas underlying pathology was unknown 
in 77.6%.194 Our group found that in the SICU, CIP, CIM, 
and CINM were the cause of muscle weakness in only 38% 
of patients with sepsis.133

Electrophysiologic testing is limited by its predictive 
value for long-term outcomes.196 The examination requires 
expert examiners, is time consuming, and can cause consid-
erable discomfort to the awake patient.190,196 However, the 
peroneal nerve test can be easily implemented in the ICU, 
and the results can almost be used interchangeably com-
pared with complete electromyographic investigation for 
making diagnosis CIP/CIM.48,197 Some data suggest that 
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identification of the underlying pathophysiology of persis-
tent ICUAW is important, because CIP is a marker of persis-
tent disability and delayed recovery, whereas CIM may lead 
to a better prognosis and a faster recovery than CIP.198,199 A 
recent study has even suggested that early electrophysiologic 
testing in critical illness can predict long-term functional 
outcomes198; however, further research is required to ascer-
tain whether this is feasible and worthwhile.

Prevention of ICU-acquired Muscle 
Weakness in SICU
Persistent muscle weakness can be prevented by using the 
multimodal approach illustrated in figure 4. The authors 

believe that to prevent an impairment of functional inde-
pendence from ICUAW, muscle function should be evalu-
ated and measured regularly as a part of the daily patient 
assessment. Recently, we proposed some strategies to 
prevent the development of acquired muscle weakness.44 
Table 2 breaks down these individual strategies and pro-
vides a summary of the strongest evidence and recommen-
dations for each one.

Treat Sepsis as Early and Aggressively as Possible
The Surviving Sepsis campaign233 popularized the concept of 
early goal-directed therapy in sepsis, including the early use 
of antibiotics and fluid resuscitation to maintain an adequate 
central venous pressure, mean arterial pressure, urine output, 

Fig. 2. Diagnosis of ICU-acquired muscles weakness. On daily clinical examination in the ICU, cognitive function needs to be as-
sessed. Glasgow coma scale (GCS) should be assessed on admission of trauma patients; sedation and agitation level should 
be evaluated, and delirium screening should be conducted. In patients able to follow commands, manual muscle testing should 
be conducted, and a normal score (of ≥ 48 using the medical research council scale, 0 to 5, six muscle groups, bilateral test-
ing) and absence of a focal motor deficit confirm the absence of ICU-acquired muscle weakness. Impaired mental status or a 
low MRC score dictate additional diagnostic workup for ICU-acquired muscle weakness that includes blood tests, point-of-care 
testing (train-of-four ratio), as well as a spontaneous awakening trial. Persistent neurologic deficit triggers advances imaging of 
the brain, and electrophysiologic testing (EMG, measurement of nerve conduction velocity) may be considered in patients with 
persistent, severe muscle weakness of unclear mechanism. CAM = Confusion Assessment Method; CT= computed tomography;  
EMG = electromyogram; ICU = intensive care unit; MRC = Medical Research Council scale; NMBA = neuromuscular-blocking agent.
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and mixed venous saturation. Studies demonstrated that this 
approach reduced mortality, days of mechanical ventilation, 
and ICU233 and hospital stay.201,203 Although the recent Pro-
tocolized Care for Early Septic Shock (ProCESS)134 and the 

Australasian Resuscitation in Sepsis Evaluation (ARISE)204 
have called into question the evidence for early goal-directed 
therapy in the management of sepsis, it is clear that early iden-
tification and appropriate treatment with antibiotics are the 
most important elements in the treatment of patients with 
sepsis.234 Early treatment of sepsis may reduce the incidence 
of muscle weakness by preventing the development of inflam-
matory-mediated direct and indirect muscle damage and 
prompting an earlier return to physical activity and ambula-
tion.134,204 Furthermore, lung-protective ventilation with rela-
tively low tidal volumes should be considered in patients with 
sepsis to reduce organ dysfunction and diminish the inflam-
matory response associated with atelectasis and ARDS.200,202

Optimize the Muscular Load
Mobilizing patients postoperatively is an important part of 
the recovery process. Point prevalence studies suggest that 
as few as 24% of mechanically ventilated patients and only 
8% of patients with an endotracheal tube in the ICU are 
mobilized out of bed as a part of routine care.235 Outcome 
studies in the medical ICU indicate that goal-directed early 
mobilization may lead to shorter duration of delirium, less 
mechanical ventilation time, fewer days in the ICU, reduced 
hospital length of stay, and better functional independence 
at hospital discharge.9,44,205 Physical therapy with ergometry 
during ICU stay, for example, has been shown to improve 
functional outcomes as assessed by the 6-min walking dis-
tance and the isometric force of the lower limbs muscles206 at 

Fig. 3. Bias to clinical assessment of muscle strength. Clinical 
assessment of muscle strength is a volition-dependent ex-
amination, which requires adequate training of the examiner 
and consideration of perioperative barriers such as drug ef-
fects, pain, and medical devices. (Modified from the study by 
Waak et al.186 Adaptations are themselves works protected by 
copyright. So in order to publish this adaptation, authorization 
must be obtained both from the owner of the copyright in the 
original work and from the owner of copyright in the transla-
tion or adaptation.) NMBA = neuromuscular-blocking agent.

Fig. 4. Prevention of ICU-acquired muscle weakness. Early and aggressive sepsis treatment requires adequate diagnostic pro-
cedures to identify its mechanism, as well as early treatment with antibiotics, fluid resuscitation, and in the surgical ICU often a 
surgical intervention to drain the focus. It is imperative to optimize the drive to the skeletal muscles; both inactivity and excessive 
drive to the skeletal muscles can lead to muscle weakness by atrophy and injury. Metabolic derangement needs to be prevented 
to provide an optimal homeostasis for the muscle to recovery during the highest acuity levels of critical illness. Future studies 
will address the effectiveness of pharmacologic pathways to prevent ICU-acquired muscle weakness.186 ACE = angiotensin-
converting enzyme; ICU = intensive care unit; NMBA = neuromuscular-blocking agent; PGC = PPAR Gamma Coactivator;  
SOMS = surgical optimal mobilization score.
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hospital discharge. Despite these encouraging findings, cur-
rently available evidence that physical therapy improves out-
comes in the surgical ICU is of low quality.190 Therefore, the 
American Thoracic Society has made strong recommenda-
tions for RCTs examining this intervention to provide strong 
evidence to guide healthcare professionals responsible for the 
care of critically ill patients who are currently underway.36

The ABCDE bundle is an evidence-based, multidisciplinary, 
multifaceted approach that seeks to reduce the risk of delirium 
and ICUAW by using a structured systematic approach that 
promotes awakening (reduce sedation), ventilator “liberation,” 
delirium monitoring, and early mobilization.236 This bundle 
promotes an interprofessional approach in the ICU that can 
reduce duration of ventilator dependence, hospital and ICU 
length of stay, incidence of ICUAW, and even mortality.19,66

Both excessive muscular contractions and inactivity can 
be associated with the morbidity of surgical ICU patients 
(fig. 5). Muscle homeostasis in critical illness requires a fine 
balance between therapeutic activity and inactivity. Muscle 
disuse promotes atrophy, impaired functional status, and 
joint contractures, as well as having extramuscular effects 
such as thromboembolic disease, impaired respiratory 
mechanics, insulin resistance, and orthostatic hypotension. 
Immobility associated with muscle disease increases the risk 
of delirium. Conversely, muscle overuse predisposes patients 
to traumatic sequelae including pneumothorax and surgi-
cal wound pain, as well as risk for malposition of attached 
drains and medical devices. Moreover, excessive oxygen 

consumption triggers the production of lactate, and lactic 
acidosis can further affect the muscle function.

Addressing Muscular Inactivation
SOMS Score. The surgical optimal mobilization score is a 
recently developed strategy for goal-directed early mobility 
after surgery that may help in conducting the needed tri-
als.36 It allows healthcare providers to set safe and appropri-
ate goals for mobilizing patients, in line with their condition 
postoperatively. The aim is to set mobilization goals appro-
priate to the patient’s condition early on in the postoperative 
period while minimizing the risk of patient harm that comes 
with muscle overuse (fig. 5). This may also decrease hospital 
costs through an efficient use of resources.21,237,238 Currently, 
there are no available data to determine whether utilization 
of this scoring algorithm improves outcomes on the SICU, 
although trials are currently underway.
Keep the Diaphragm Moving. It is estimated that approxi-
mately 40% of patients in the ICU require mechanical 
ventilation239 and that weaning procedures account for up 
to 50% of the total time spent in the ICU.240 Controlled 
mechanical ventilation assumes the work of breathing from 
the respiratory muscles leading to the rapid development of 
diaphragmatic and other respiratory muscle weakness, which 
can occur in as little as 24 h.1,113

Studies on mechanical ventilation in ARDS report that 
spontaneous ventilation improves oxygenation param-
eters including PaO2 and oxygen delivery,241,242 while also 

Fig. 5. Optimize drive to the skeletal muscle in the surgical intensive care unit. To provide an ideal environment for muscle ho-
meostasis in the surgical intensive care unit, muscle activation level needs to be optimized. Muscle overuse can lead to tissue 
trauma and excessive oxygen consumption. Immobilization is associated with muscular and extramuscular unwarranted effects. 
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decreasing the global strain to the lung promoted by mechani-
cal ventilation.34,243,244 Spontaneous breaths during mechan-
ical ventilation also enhance cardiac preload and improve 
cardiovascular parameters208,241,245,246 and may decrease the 
need for paralysis and sedation.207,247 Furthermore, protec-
tive ventilation with lower tidal volumes improves hospi-
tal outcomes including shorter ICU and hospital stay and 
reduces the period of mechanical ventilation209–211 both of 
which can reduce the risk of ICUAW.

However, in patients with severe ARDS excessive sponta-
neous ventilation can increase transpulmonary pressure and 
lung strain. Yoshida et al.248 have reported that spontaneous 
breathing in mice with severe ARDS led to increased lung 
distress because of increased work of breathing with atelec-
tasis, higher transpulmonary pressures, and increased airway 
driving pressures. Patients with severe ARDS and refractory 
hypoxemia may actually benefit from a short period of con-
trolled mechanical ventilation where the drive to the respira-
tory pump muscles is pharmacologically controlled.41,59

Regular Drug Review and Drug Holidays. The cost/ben-
efit ratio of maintaining or discontinuing these medications 
should be tailored to the clinical course of each patient. Con-
stant reevaluation of the need for certain medications will 
promote judicious use in critically ill patients. Implementing 
“holiday” periods in care protocols, whereby the infusions of 
these medications are stopped temporarily,212,213 can decrease 
the duration of mechanical ventilation in surgical critically ill 
patients214 and the length of stay in the ICU without increas-
ing adverse events such as self-extubation.212 However, it is 
important to bear in mind that not all patients will benefit 
from drug holidays; patients with increased intracranial pres-
sure, for example, may not benefit from these drug holidays, 
but the sedation goal needs to be restrictively defined every 
day during rounds in all ICU patients.249

Optimize Nutrition in the ICU
Critically ill patients require nutrients in the form of either 
enteral or parenteral nutrition to avoid an energy deficit 
that contributes to lean tissue wasting.250 It is estimated 
that the majority of patients in the ICU receive only 49 
to 70% of calculated requirements.220,251,252 Although it is 
generally agreed that excessively hypocaloric (less than or 
equal to recommended daily caloric intake) or hypercaloric  
(≥ 125%) feeding should be avoided, there is still no 
 consensus on what the daily targets should be.253 Higher 
average daily caloric energy intake is not necessarily asso-
ciated with improved survival as shown in the RENAL 
trial,254 which reported that the mean caloric delivery in 
the ICU was low, but greater levels were not associated with 
improved outcomes. Studies suggest that overfeeding may 
in fact increase rate of infections, duration of mechanical 
 ventilation, and mortality.162,255

Enteral Nutrition. Enteral administration of food, fluids, and 
nutrients is key to maintain gut integrity, but ICU patients 
are often not able to feed themselves.161 Meeting calorific 

requirements with enteral nutrition (EN) by means of tube 
feedings may improve the outcomes by preventing oxidative 
cell injury, attenuating the metabolic response to stress, and 
helping to maintain immune function.216,256

EN can improve outcomes compared with no supplemen-
tal nutrition in critically ill patients. In a meta-analysis of 
11 studies and 837 patients, Lewis et al.218 found a reduced 
incidence of infections and mortality, in addition to less hos-
pitalization days in surgical and critical care patients with 
EN compared with patients kept “nil per mouth.” Studies 
have reported that early EN (less than 48 h after ICU admis-
sion) in surgical and trauma patients is associated with a sig-
nificant reduction in mortality,223,257 infection rate,215,258,259 
hospital and ICU length of stay,216,217,221,222,260 ventilator 
days,217,221,222,260 and costs258 compared with delayed EN. 
However, Puthucheary et al.101 have shown that the catabolic 
state and rapid muscle wasting induced by critical illness 
within the first week may be independent of EN. Contrary 
to expectations, high protein delivery through nasogastric 
tube in the first week of critical illness was actually associated 
with greater muscle wasting,101 thus challenging the notion 
that early enteral feeding is beneficial.

Interestingly, a recent RCT has demonstrated that there 
is no significant difference in the development of infectious 
complications or mortality between early enteral and par-
enteral feeding groups,224 thus shedding some light on the 
uncertainty that exists regarding the optimal feeding route in 
early nutrition. The challenge lies in identifying the appro-
priate levels and timing of nutritional supplementation that 
truly improve the functional outcomes in the ICU.
Parenteral Nutrition. In patients for whom EN is not a fea-
sible option because of the severity of their critical illness, 
parenteral nutrition may be considered; however, currently, 
the criteria and timing for initiation of parenteral nutrition 
are not well defined. A meta-analysis of seven RCTs involv-
ing a total of 798 patients showed that parenteral nutrition 
was associated with a higher rate of infection compared with 
no feeding.219 Furthermore, in a multicenter randomized 
study of 4,640 patients admitted to the ICU, late paren-
teral nutrition (8 days after admission) compared with early 
parenteral nutrition (initiated within 48 h of admission) has 
been shown to reduce rates of infection, mechanical ventila-
tion days, and healthcare costs.162 The authors proposed that 
early parenteral nutrition (PN) suppressed cellular autopha-
gic quality control impairing muscle integrity. Tolerating a 
macronutrient deficit for up to 1 week is believed to up-
regulate this quality control and decrease the risk of muscle 
weakness.162 Hermans et al.131 corroborated these findings 
in a subanalysis of the EPaNIC trial, which found that the 
incidence of ICUAW as assessed by the MRC score was sig-
nificantly lower in the group that received late PN (34%) 
compared with those receiving earlier PN (43%). The late 
PN group also recovered faster and had higher autophagy 
markers on muscle biopsy compared with the early PN 
group. Furthermore, late initiation of parenteral nutrition 
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also resulted in a mean reduction of $1,600 in healthcare 
costs per patient.261

In contrast to these studies, the Supplemental Parenteral 
Nutrition study found that parenteral nutrition given to 
patients unable to tolerate full enteral feeds on day 4 of ICU 
admission was associated with the reduced rates of noso-
comial infections but did not improve overall mortality.164 
Another large multicenter study assessing patients with 
a relative contraindication to parenteral nutrition found 
that parenteral nutrition actually reduced the duration of 
mechanical ventilation, thus potentially reducing the risk of 
muscle weakness.225 Thus, it remains unclear whether early 
parenteral nutrition is beneficial for patients who have an 
absolute and more prolonged contraindication to EN.161

In summary, there seems to be continuous controversy 
regarding optimal energy provision and protein intake, par-
ticularly in the early phase of critical illness.262 Nutritional 
and healthcare status before ICU admission, patient’s age, 
admission diagnosis, and disease severity all influence indi-
vidual requirements, and thus, nutritional strategies and 
goals should be personalized to the individual patient.233

Glycemic Control. Tight glycemic control also plays an 
important role in surgical ICU outcomes. Approximately 
30% of critically ill patients suffer from hyperglycemia 
(more than 200 mg/dl).263 Hyperglycemia often correlates 
with disease severity. Stress hyperglycemia is known to be 
a compensatory mechanism to increase the availability of 
energy substrates in stressful situations such as trauma or 
surgical procedures. Although hyperglycemia is a physi-
ologic response to stress, it can worsen patient outcomes. In 
patients with severe brain injury, for example, hyperglycemia 
of more than170 mg/dl is associated with longer duration of 
hospital stay, a worse neurologic status with higher intracra-
nial pressures, and increased mortality.264 Trauma patients 
with persistent hyperglycemia (more than 200 mg/dl)  
also had a significantly greater degree of morbidity and mor-
tality, as well as infectious complications.265 In a large RCT 
of 1,548 patients, strict glycemic control (blood sugar less 
than 110 mg/dl) was found to reduce the incidence of CIP, 
duration of mechanical ventilation, ICU length of stay, and 
mortality as well as improve functional outcomes in brain 
injury survivors at 1 yr.193 Subsequent studies have not 
reproduced these findings and on the contrary have shown 
that tight glucose control can be detrimental to critically ill 
patients, with some studies finding an association between 
tight glucose control and an increased risk of hypoglycemia 
and mortality.226,229–232 The NICE-SUGAR study found 
that tight blood glucose control (81 to 108 mg/dl) increased 
mortality among both medical and surgical ICU patients 
when compared with conventional blood glucose control 
(less than 180 mg/dl).229 However, this finding may be 
driven by medical ICU patients, because two meta-analyses  
showed that the increased mortality does not occur in the 
SICU population.227,228 As a result, the currently recom-
mended target glycemic levels ranges between 110 and 

180 mg/dl229,265 to promote earlier discharge from the ICU 
and to decrease the incidence of ICUAW.1

Future Directions: Drug Targets and Gene Therapy
Potential Drug Targets. Currently, there are no approved 
therapeutic strategies for sarcopenia. The anabolic and cat-
abolic signals described in the pathogenesis of disuse atro-
phy are appealing potential drug and gene therapy targets. 
Accordingly, there is currently great interest in basic science 
research to characterize and exploit these pathways in the 
quest to find a successful preventative and therapeutic agent 
for muscle wasting.266 Herein, we focus on two interesting 
findings that have therapeutic potential.

Overexpression of a constitutively active mutant of 
Gαi2 has been shown to promote myotube growth, inhibit  
TNF-α–induced muscle atrophy via transcriptional down-
regulation of MuRF1, enhance muscle regeneration, and 
stimulate a switch to oxidative fibers.267 This suggests that 
both lysophosphatidic acid and/or Gαi2 may be useful drug 
targets in the prevention and treatment of ICUAW.

Another approach exploits the role of mitochondria in the 
maintenance of muscle mass. Mitochondrial dysfunction has 
been shown to play an important role in disuse atrophy. PPAR 
Gamma Coactivator (PGC)-1α is a transcriptional coactivator 
with positive effects on mitochondrial biogenesis and respira-
tion.268 Transgenic mice overexpressing PGC-1α have demon-
strated resistance to muscle wasting because the overexpression 
of PGC-1α prevents the activation of the AMP-activated 
protein kinase pathway (stimulator of muscle catabolism); the 
expression of MuRF1, atrogin1, and autophagic factors (impli-
cated in muscle protein catabolism); and also muscle atrophy 
secondary to mechanical unloading.269 Therefore, identifying 
compounds that induce and increase PGC-1α expression may 
be a novel and useful therapeutic strategy in the prevention of 
ICUAW in critically ill immobile patients.
Melanocortin-4 Receptor Antagonists. Melanocortin-4 recep-
tor antagonism has also been shown to prevent muscle wasting 
in rodent models of cancer270 and uremic/chronic kidney dis-
ease271 cachexia making this a promising potential intervention 
for ICU patients who commonly have these comorbidities. 
Results from human clinical trials are still pending.
Myostatin Inhibitiors. Myostatin gene mutations have been 
associated with an increased muscle mass in humans.175 
Antagonism of myostatin enhances muscle mass and 
strength272 by means of both muscle hypertrophy and hyper-
plasia.273 Myostatin antibody significantly attenuated the 
muscle atrophy and loss of functional capacity in mice mod-
els of disuse atrophy.274 A recently conducted phase I trial of 
a myostatin inhibitor in postmenopausal women proved to 
increase muscle mass even in these healthy subjects, with the 
drug seeming to be safe and well tolerated.275

Reversal of Neuromuscular Blockade. NMBAs are com-
monly used in the operating room (optimize surgical condi-
tions) and ICU (mechanical ventilation) and can have the 
same effects on muscle physiology that denervation does,63,64 
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resulting in immobilization-associated muscle atrophy, espe-
cially with long-term use. The effects of lingering NMBAs 
can be rapidly and safely reversed by administration of a 
selectively binding reversal agent, such as Sugammadex 
(Merck Sharp and Dohme, USA) or Calabadion (Cala-
bash Biotech Inc., USA).276 Currently, these agents are not 
licensed in the United States. A promising novel agent, Cala-
badion II is a broad-spectrum reversal agent that has been 
shown in rodents to promote faster recovery from neuro-
muscular blockade than Sugammadex.276 Moreover, Calaba-
dion II has also been shown to successfully reverse the effects 
of both ketamine277 and etomidate278 in rodents, making 
this drug a unique and promising development in anesthesia 
reversal. The clinical introduction of these drugs may limit 
the impact of NMBAs on the development of muscle atro-
phy in surgical and critically ill patients in the future.
Vitamin D Supplementation. Increased muscle strength has 
been reported in RCTs investigating vitamin D supple-
mentation. In older institutionalized subjects, 6 months of 
vitamin D supplementation has been shown to significantly 
increase hip flexor and knee extensor strength by up to 
25%.279 Furthermore, vitamin D supplementation seems to 
benefit the weakest at baseline the most.280 Vitamin D sup-
plementation was also found to increase muscle fiber size281 
and improve mitochondrial function resulting in reduced 
muscle fatigue.282 Further randomized controlled studies are 
needed to determine the clinical implications of vitamin D 
supplementation in critically ill patients.
ACE Inhibitors. By limiting the conversion of angiotensin I 
to angiotensin II, ACE inhibitors up-regulate IGF-1 levels 
and as a result prevent muscle wasting.183,283 Observational 
studies have suggested that these findings may hold true in 
humans. Treatment of hypertensive subjects with an ACE 
inhibitor has been associated with increases in both locomo-
tor muscle size and strength.284,285 Moreover, in a RCT of 
95 elderly subjects who had self-reported mobility difficul-
ties but who did not have heart failure, treatment with an 
ACE inhibitor significantly improved 6-min walk distance 
compared with placebo.286 Further studies are required to 
identify whether ACE inhibitors could benefit critically ill 
surgical patients.
Melatonin and Oxytocin. Oxytocin and melatonin have 
immune modulatory and antiinflammatory properties in 
addition to their well-known effect on regulating circadian 
day–night rhythms and stimulating uterine smooth muscle 
contraction during labor and milk ejection during lactation. 
In animal model of cecal ligation and puncture,287 coadmin-
istration of oxytocin and melatonin abolished the nerve elec-
trophysiologic alterations caused by sepsis and suppressed 
oxidative stress, lipid peroxidation, and TNF-α release.

Conclusion
Clinical analysis of muscle function should become a regular 
part of clinical examination in the ICU to allow appropriate 

identification and management of muscle weakness to pre-
vent long-term morbidity and mortality and reduce health-
care costs. ICUAW weakness is a direct consequence of 
the patient’s systemic disease and its treatment. Aggressive 
treatment of the underlying disease is a key strategy to its 
prevention. Muscular inactivity and excessive load need to 
be prevented, and a metabolic environment that allows for 
optimal recovery should be created. Future studies will dem-
onstrate whether drugs that prevent muscular atrophy can be 
used to prevent ICUAW.

Search Strategy and Selection Criteria
We searched PubMed for articles in English with the term 
“ICU acquired weakness” in the title from January 1, 1990, 
to December 1, 2014. We also searched for multiple com-
binations of the terms “muscle weakness AND ICU,” “early 
mobilization AND ICU,” “critical illness polyneuropathy,” 
“critical illness myopathy,” “critical illness neuromyopathy,” 
and “muscle weakness AND surgery.” We also retrieved rele-
vant articles from the reference list of key articles. Whenever 
possible, we prioritized the articles published in the past 5 yr 
but cited older references when appropriate.
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