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Abstract

Despite improvements in critical illness survival rates with recent developments in
medical care, many patients still have long-term physical disabilities following stays
in the intensive care unit (ICU). Critical illness—induced muscle weakness, so-called
ICU-acquired weakness (ICU-AW), is a common occurrence in approximately 50% of
critically ill patients in the ICU requiring mechanical ventilation for >7 days. ICU-AW
contributes to increases in duration of mechanical ventilation and lengths of ICU and
hospital stays and may persist among survivors for several years after discharge. Risk
factors for ICU-AW include systemic inflammatory responses, severe sepsis, muscle
inactivity, hyperglycemia, and use of neuromuscular blockers. Thus, the development
of muscle wasting is suggested to be associated with pathophysiological alterations
leading to an imbalance between muscle proteolysis and proteosynthesis through several
cellular signaling networks. This chapter presents a review of the literature regarding
critical illness-induced muscle wasting and describes potential treatment of excessive
muscle catabolism.

Keywords: critical illness, ICU-AW, muscle proteolysis, immobilization, neuromuscular

electric stimulation therapy

1. Introduction

Skeletal muscle is one of the most dynamic and plastic tissues and is the largest organ in
the body. Skeletal muscle is primarily involved in mechanical activity, which depends on
muscle fiber contractions required for posture, physical activity, and respiratory movement.
However, skeletal muscle is not only a component of the movement system, but it accounts for
approximately 40% of the total body weight and contains 50-75% of all body proteins. In gen-
eral, muscle mass depends on the balance between muscle protein synthesis and degrada-
tion. Both processes are sensitive to a number of factors, such as nutritional status, hormonal
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balance, physical activity, and inflammatory stimulation. The loss of lean mass is accompa-
nied by a concomitant loss of muscular strength, which can lead to physical disability and loss
of function. Muscle mass, strength, and function are also correlated with each other, and their
decreases can lead to poor health outcomes and mortality [1].

Although the rates of survival from critical illness have improved due to recent developments
in medical care, many patients have long-term physical disabilities following a stay in the
intensive care unit (ICU) [2]. Many survivors of critical illness complain of generalized muscle
weakness, so-called intensive care unit acquired weakness (ICUAW), for several months to
years after discharge from hospital [3] and have persistent exercise limitations [4-6]. Severe
neuromuscular weakness and muscle wasting often complicate recovery from critical illness.

This primary myopathy can take various morphological forms, and is assumed to be trig-
gered by both sepsis and other factors, including the extensive use of neuromuscular block-
ing agents and corticosteroids [7]. However, diagnosis of ICUAW is difficult in the ICU,
because either the preexisting disorder or complications arising during the ICU stay can
cause muscle weakness. In addition, the patient’s aggravated condition when first admitted
to the ICU precludes careful clinical examination of ICUAW. Consequently, the attention of
the physician is directed toward survival, and can delay diagnosis of ICUAW.

Electrophysiological investigations of peripheral nerves and muscles can help in the diagnosis
of ICUAW at an early stage and to define prognosis, but they are time consuming and require
the availability of skilled personnel.

Therefore, a guided approach to diagnosis is valuable. Management of ICUAW rests on support-
ive treatment, treatment of ongoing sepsis and multiorgan failure, and control of hyperglycemia.
Recent evidence indicates that early rehabilitation can be carried out safely and effectively to
maintain the physical function of ICU patients, requiring little patients sedation [3].

This chapter describes the incidence rates, major risk factors, epidemiology, and electrophysi-
ological histological features of ICUAW. Major advances in early rehabilitation and protocols
with little or no sedation in the ICU, which improve the functional independence of patients,
are also discussed.

2. Epidemiology

Physicians have become aware of the existence of long-term functional impairment after ICU
treatment. Herridge et al. [5] examined loss of muscle mass, muscle weakness, and easy fatigue
1 year after recovery from acute respiratory distress syndrome (ARDS). Even among relatively
young patients, half were unable to work for 1 year after discharge, and some dysfunction
persisted even after 5 years [6]. Such disorders have been noted as ICUAW, and awareness
regarding these issues has increased in intensive care medicine [7, 8].

ICUAW is divided into three categories: critical illness myopathy (CIM), critical illness poly-
neuropathy (CIP), and critical illness neuromyopathy (CINM) that combines features of the
former two conditions [9]. CIP is a pathological condition characterized by significant axonal
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degeneration in sensory nerves, with no abnormalities in conduction velocity on electrophysi-
ological analysis. In addition, the amplitudes of action potentials in muscle and sensory nerves
are reduced [10]. Peripheral nerve microangiopathy due to inflammatory responses is involved
in the pathophysiology of CIP [11, 12]. CIM is characterized by general muscle weakness and
residual sensory function [13]. Catabolism accompanied by skeletal muscle disruption is often
observed as the mechanism underlying its development. The muscle disorder caused by sys-
temic inflammation and inactivity due to bed rest would be major factors [14, 15]. However,
diagnosis of CIP and CIM is difficult because either existing disorders or complications occur-
ring during the ICU stay causes muscle weakness. In addition, patient survival takes precedence
in the ICU, and diagnosis of CIP and CIM is delayed or overlooked. Therefore, it is difficult
to accurately determine the incidence rates of CIP and CIM [12, 16, 17]. Intriguingly, recent
data suggest that CIP and CIM frequently coexist, a condition that has been termed CINM [18].
The pathophysiology of CINM/ICUAW is complex and includes the sequelae of bed rest, the
effects of critical illness—induced cytokine production, and possibly the interplay of drugs, such
as neuromuscular blocking agents and corticosteroids (Figure 1). Protein-energy malnutrition,
electrolyte imbalances, and glutamine deficiency also play roles in the critically ill.
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Figure 1. Pathophysiology of CINM/ICUAW. CINM, critical illness neuromyopathy; ICU, intensive care unit; ICUAW,
ICU-acquired weakness; NMBA, neuromuscular blocking agent; ROS, reactive oxygen species.

Current estimates indicate that 70-80% of critically ill patients develop CIP, with a compara-
ble percentage presumably developing CIM [16, 19, 20]. In subpopulations in which sepsis is
complicated by multiple organ failure (MOF), the incidence rates of CIP and CIM could even
reach 100% [20]. Approximately two-thirds of patients with ARDS exhibit these neuromuscu-
lar disorders [21], and in unselected patients that have required mechanical ventilation for at
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least 4 days, the incidence rates of CIP and CIM range from 25 to 33% on clinical evaluation,
and can reach 58% on electrophysiological evaluation [4, 17]. Furthermore, 49-77% of patients
will have ICUAW when treated in an ICU for >7 days [22, 23].

ICUAW leads to prolonged physical disabilities that persist for months or years after ICU
discharge [18, 24-26]. Nearly one-third of patients with ICUAW have difficulty in recovering
independent walking or spontaneous breathing [27]. The effects of critical illness and ICU
stay can result in serious weakness [3]. In the CRIMYNE study, the findings from the 1-year
follow-up cohort study showed that patients with CIM recovered within 6 months, whereas
those with CIP had a slower recovery or did not recover [17]. Mortality is increased in patients
with CIP [4, 28].

The incidences of CIP and CIM are not clear, because of the wide variation in patient pop-
ulations, risk factors, and diagnostic criteria, as well as in the timing of assessment [29].
In patients with mechanical ventilation beyond 7 days and with the presence of systemic
inflammatory response syndrome (SIRS), the incidences of CIP and CIM were 33% on clini-
cal assessment [22] and 30-58% on electrophysiological assessment [4, 10, 21]. The incidence
rates were 34-60% in patients with ARDS [21], 24-77% in those with ICU stay beyond 1
week [10, 21, 22], 56-80% in those with multiorgan failure [15], and 100% in those with septic
shock or severe sepsis [20]. A systematic review showed evidence of CIP and CIM in 46% of
adult ICU patients that had lengthy periods of mechanical ventilation, sepsis, or multiorgan
failure [10].

3. Risk factors for ICUAW

The ICUAW is regulated by several risk factors such as multiple organ failure, inactivity,
hyperglycemia, corticosteroids, and neuromuscular blocking agents, although the pathogenic
mechanism of ICUAW remains unclear (Table 1) [7, 30].

In particular, multiple organ dysfunction and immobility are important factors causing
muscle dysfunction in patients in critical condition.

Multiple organ failure (MOF) is the major risk factor for ICUAW, but one needs to interpret it
carefully. Neuromuscular organ failure of sepsis is the central element of the pathological con-
dition in ICUAW. Indeed, sepsis, SIRS, and MOF develops the CIP [31]. Other diseases caused
by SIRS, such as sepsis, induce mitochondrial injury [32], sodium channel inactivity [33], and
have adverse effects on neuromuscular activity. Skeletal muscle proteolysis is the main patho-
genic mechanism of CIM [28, 34]. The specific pathology of ICUAW reflects the structural dete-
rioration of peripheral nerves and skeletal muscles, and not only disuse muscle atrophy [35].

Immobility also facilitates muscle wasting in critical illness. The conditions of low mechanical
load, such as bed rest, immobilization, and disuse, induce marked losses of skeletal muscle
mass, strength, and physiological function. Disuse muscle wasting involves a complicated
cytokine and inflammatory response. Even a short period of bed rest for 5 days will results
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SIRS/sepsis

Multiorgan failure

Hyperglycemia

Renal replacement therapy
Catecholamine administration
Female sex

Duration of mechanical ventilation
Corticosteroids

Neuromuscular blocking agents

SIRS, systemic inflammatory response syndrome.

Table 1. Risk factors implicated in the development of ICU-acquired weakness.

in significant decreases in the size of muscle fibers (3.5-10%) and muscle strength (9-13%)
[36, 37]. However, as patients with ICUAW are usually under sedation, it is not clear how
much sedation-induced inactivity affects the condition, apart from the severity of the disease.
Therefore, to elucidate the pathology of ICUAW, factors of inactivity should be examined
separately. Griffiths et al. [38] performed sustained passive exercise on one lower limb in a
patient with severe respiratory failure in neuromuscular block, and examined the effects of
intervention using the contralateral lower limb as a control limb. The results indicated that
muscle strength and muscle protein level were significantly higher in the intervention limb.
Thus, ICU patients suffer from long-term inactivity, and the methodology of physical activity
in ICU should be reconsidered.

Diaphragmatic weakness, pulmonary injury, and atrophy develop rapidly during mechanical
ventilation with sedation [39]. The duration of mechanical ventilation is independently associ-
ated with severe limb weakness or electrophysiological evidence of CIP [33, 40]. Respiratory
muscle weakness also extends mechanical ventilation duration in the ICU. Respiratory muscle
weakness elicits infection or sepsis, disease severity, and peripheral weakness [41, 42]. These
data also suggest that ICUAW includes respiratory muscle weakness, because the diaphrag-
matic nerve and diaphragm also exhibit electrophysiological abnormalities similar to peripheral
nerves and muscles [43].

Neuromuscular blocking agents and corticosteroids dose similar risks for ICUAW [44]. The
risk of acute myopathy by the treatment with corticosteroid and neuromuscular blocking
agent appears to increase after 24-48 hours of therapy. In addition, corticosteroids are the
main determinants of impaired ability to exercise at 3 months in patients with critical illness
myopathy [5]. After the first case report of profound frailty in asthma patients treated with
corticosteroids and neuromuscular blocking agents [45], many similar findings were reported
indicating that these two substances [28, 46] contribute to CIP/CIM or ICUAW. In animal
studies, denervated and steroid-treated animals showed muscle changes similar to those
observed in critical patients [47]. However, some studies have failed to confirm the adverse
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effects of corticosteroids [22, 28, 48] or neuromuscular blocking agents [49]. The interaction
between these drugs and ICUAW would ascribe to use as well as to complicated relationships
with dose, timing, and other risk factors for ICUAW.

The other independent risk factors for ICUAW identified in previous studies are disease
severity [22, 50], use of vasopressors and catecholamine [40], length of stay in the ICU [34, 40],
renal failure and renal replacement therapy [50], hyperosmolality [28], parenteral nutrition
[28], low serum albumin level [34], and neurological disorders [34]. Hyperglycemia was shown
to be an independent risk factor for the electrophysiological and clinical signs of ICUAW, and
increased insulin dose reduced the incidence of ICUAW [51]. Several studies indirectly dem-
onstrated that the severity of disease is correlated with ICUAW, as reflected by acute inflam-
matory mediators and the use of vasopressors [40, 52]. Age is also an important risk factor for
ICUAW [51]. As hospitalization in the ICU is often unpredictable, it is difficult to confirm the
state of muscle function before onset. The motor function before hospitalization depends on
many factors, but the muscle strength and muscle mass before onset reflect age to some extent.

4. Critical illness-induced muscle wasting

There are at least two phases, early and late phase, in the pathophysiological process of
myopathy occurring in critically ill patients (Figure 2). The early phase progresses rapidly
between the 3rd and 5th day after onset, whereas the late phase is slowly sustained from
5 days after onset. The following section describes how sepsis and inactivity, which are the
main factors of ICUAW, influence myopathy in each phase.

4.1. Early phase

Pathophysiologically, the initial response to severe infection is in the activation of antigen-
presenting immune cells. This occurs via pattern recognition receptors [53-55] with other
immune mechanisms, such as cytokine release, endothelial and complement activation, and
release of oxygen radicals. Inflammatory cytokines [tumor necrosis factor alpha (TNF-«),
interleukin (IL)-6, and IL-1f3] and complement factors (C3a and C5a) act as important media-
tors at this stage of inflammation [54]. Inflammatory stimulation causes muscle wasting
mainly by degradation of muscle proteins [56]. Muscle proteins break down into amino acids
and some are used in the liver for the synthesis of glutathione and acute proteins. Muscle
proteins to be degraded are derived from myofibrillar proteins (actin, myosin), which account
for 60-70% of muscle proteins [56]. Therefore, stressed patients lose 250 g/day of muscle pro-
tein corresponding to a muscle mass between 750 and 1000 g [57].

The muscle proteolysis in the early phase is caused by several cell signaling systems, but the
major pathway of proteolysis activated in animal models of inflammatory muscle wasting are the
calpain system and ubiquitin-proteasome system (UPS) (Figure 3). Calpain, a calcium-depen-
dent protease, is activated first [58]. In septic rats, calpain activity seems to be increased by 70% as
measured by the degradation products of azocasein in muscle extracts [59]. Although inhibition
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Figure 2. Mediators of critical illness-induced muscle dysfunction. Skeletal muscle atrophy is the most universal feature
of the early phase, which is driven fundamentally by inflammation and disuse. Other factors, such as neuropathic injury
and medications, can exacerbate atrophy and independently cause muscle dysfunction. Therefore, inhibiting muscle
protein degradation is the most promising potential early-phase therapy. The late phase is marked by cessation of
inflammation-induced muscle proteolysis, and therefore potential treatments at this time point will differ. Mediators of
the late phase would involve persistence of some early-phase injuries or a failure to regain muscle homeostasis following
the early phase. Late-phase dysfunction may be compounded by underlying premorbid neuromuscular defects. NM]J,
neuromuscular junction; UPS, ubiquitin-proteasome system.

of calpain function cannot suppress muscle weight reduction, the sarcomere structure and con-
tractile tension per unit area of muscle fibers are maintained at normal levels [60]. These findings
suggest that the calpain system targets cytoskeletal proteins that maintain the sarcomere struc-
ture. Activated calpain does not directly degrade contractile proteins, such as actin and myosin,
but degrades cytoskeletal proteins, such as titin and nebulin [61]. The activity of calpastatin, a
calpain system inhibitor, is also decreased by 40-60% in the muscles of septic rats [62]. As a result,
myofibrils, such as actin and myosin, are released into the cytoplasm in the monomeric state.

At the next stage, activation of the UPS rapidly degrades the myofibrils. UPS is the major
decomposition system in various myopathies causing muscle atrophy, such as inactivity,
inflammation, cell energy stress, and malnutrition. The forkhead box O (FOXO) family of
transcription factors stimulates the expression of two important regulators of UPS-mediated
proteolysis of ubiquitin ligase atrogin-1 and muscle-specific RING finger protein-1 (MuRF1)
[63-65]. In animal models, both MuRF1 and atrogin-1 recruitment, and UPS activation,
mainly contribute to the loss of muscle mass, such as inactivation-induced atrophy, acute
illness, chronic disease, and CIM [63, 66, 67]. In human studies, mRNA expression levels of
components of the UPS are increased in septic muscle. Muscle-specific E3 protein, MuRF1,
and atrogin-1 in the vastus lateralis of critical patients are elevated at both mRNA and protein
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Figure 3. Muscle protein homeostasis in critical illness. The diagram depicts changes in protein metabolism caused by
pathophysiological processes in critical illness, including sepsis, inflammation, and immobility. Upper circles denote
altered regulation of major steps in protein synthesis (left) and degradation (right). PI3-K, phosphatidylinositol-4,5-
bisphosphate 3-kinase; Akt, also known as protein kinase B; mTOR, mechanistic target of rapamycin; MAPK, mitogen-
activated protein kinase; FOXO, forkhead box-O; Ub, ubiquitin; IRS, insulin receptor substrate.

levels [68]. The chymotrypsin-like peptidase activity of the membrane-associated proteasome
is increased by 30% in limb muscle of critical patients [69].

Similar mechanisms contribute to respiratory muscle weakness in the acute phase. MuRF1
activity in the diaphragm is increased in critical patients under artificial respiratory man-
agement [70]. Postoperative respiratory muscle weakness would be caused by increased
postoperative inflammatory cytokine production [71]. Mechanical ventilation as a substitute
for diaphragm immobility is an important trigger, especially when combined with sedation,
leading to weakness of the diaphragm [70].

The major etiology in the acute phase of CIP may be axonal dysfunction due to membrane
depolarization disorders [72]. A disorder of the blood-nerve barrier is a pathogenic event
induced in the absence of ultrastructural injury in the peripheral nerves [73]. Especially in
peripheral nerves, the lack of autoregulation in capillary vessels leads to impairment of micro-
circulation. When the vascular permeability is increased, edema occurs in the endoneurium
and ischemia develops in the tissue, resulting in microcirculatory insufficiency of peripheral
nerve vessels [72]. In particular, damage to structural proteins of axons with high energy
demand causes CIP with axonal degeneration of peripheral nerves.

4.2. Late phase

Risk factors of muscle wasting in severe patients directly or indirectly induce muscle inactiv-
ity. In the late phase, inactivity is the main cause of skeletal muscle contraction. Inactivity
directly affects muscle wasting, even if there are no systemic inflammatory changes [74].
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Some studies demonstrated the adverse effects of one-leg suspension and casting in bed rest
on skeletal muscle mass in humans—the muscle mass and the cross-sectional muscle area
were significantly decreased in the inactive leg. Muscle atrophy begins within hours of com-
mencement of sleep and deep sedation. Muscle mass and muscular strength decline greatly
within 10 days of rest, especially in the lower limbs, even in healthy people [75].

Anomalies in action potentials due to inactivity occur within several hours. As the general
state of health recovers, potential anomalies readily improve [33]. However, this improve-
ment reaches a plateau within 3-6 months, and some patients do not recover normal func-
tion even in 1-2 years. Little is known about the pathophysiology of CIP in this latter type of
sustained ICUAW.

Electrical nonirritability of muscle has been reported in rat denervation and steroid admin-
istration models [76]. The primary cause of hypoexcitability of steroid-denervated fibers is
the combination of resting potential depolarization and hyperpolarized shift in the voltage
dependence of NaV1.4 sodium channel inactivation [77]. Depolarization of stationary mem-
branes causes muscle inactivity and could be an important mechanism accounting for signifi-
cant muscle weakness during immobility [78]. Upregulation of NaV1.5 sodium channels has
been demonstrated in the muscle of rats with chronic sepsis, suggesting that several risk fac-
tors lead to muscle electrical nonexcitability [79]. A negative shift in sodium channel gating in
peripheral nerves of muscle is distinguished from CIM as a characteristic disorder in CIP [80].

Recently, autophagy, a bulk degradation system of the cytoplasmic matrix, was shown to
potently induce muscle atrophy [81]. Animal models of muscle atrophy (demyelination,
sepsis, starvation) show increased autophagy, and FOXO transcriptional regulators modulate
expression of several autophagy supporting genes [82-84]. However, autophagy dysfunction
in mice caused enhanced oxidative stress inducing myofiber protein aggregates, abnormal
muscle mitochondrial accumulation, and myofiber degeneration [85]. Thus, titration of the
degree of autophagy appears to be essential for maintaining healthy muscle mass. That is,
excessive autophagic activity leads to muscle atrophy, whereas toxic products accumulate
and lead to muscle degeneration under conditions of autophagy failure.

Some studies showed UPS activation in acute CIM and septic human atrophic skeletal muscle
[68, 86, 87], but others showed muscle protein degradation with low levels of MuRF1/atro-
gin-1 [88]. These discrepancies seem to be due to the dynamics of expression of UPS compo-
nent mediators in muscle wasting. For example, in animal models, MuRF1/atrogin-1 mRNA
levels increase only in short-term denervated or unweighted muscles, but do not increase
over a long period of time [66]. Likewise, MuRF1 mRNA expression was also increased in the
lateral vastus muscle of healthy volunteers with short-term rather than long-term periods of
inactivity [89]. In chronic complete spinal cord injury patients, there were significant reduc-
tions in atrogin-1, MuRF1, and myostatin mRNA levels, and in FOXO1, FOXO3a, and atro-
gin-1 protein levels [90]. Therefore, another pathway seems to be promoted in the late phase
instead of UPS.

Hussain et al. [91] reported that autophagy contributes to the induction of diaphragm muscle
proteolysis in ICU patients. Induction of autophagy increased protein oxidation and enhanced
expression of the FOXO1 gene, but not the FOXO3A gene. Controlled mechanical ventilation
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also triggered the inhibition of both Akt expression and FOXO1 phosphorylation. In addition,
the decrease in mature autophagic vesicles and accumulation of p62 (a protein degraded by
autophagy) indicated deficiency of autophagy in the muscle of critically ill patients [92]. In
severe conditions, autophagy would be the cause of muscle atrophy, and participate in the
mediation of acute or persistent CIM.

Nuclear import of FOXO activates both UPS and autophagy pathways, and promotes
muscle protein degradation of myotube cells, 70% of which is due to autophagy [61]. The
expression of autophagy-related genes in skeletal muscle is markedly increased by fast-
ing and denervation, and autophagy appears to be an important degradation system for
chronic muscle atrophy in sarcopenia and cachexia [93]. In addition, FOXO and p38 mito-
gen-activated protein kinase (MAPK) induce expression of the muscle-specific E3 gene
as well as expression of the autophagy-related gene Atg7 [94]. Furthermore, autophagy-
related molecules, such as Beclin-1 and LC3-II proteins, are elevated in skeletal muscle
under denervation for 7 days [95]. The elevated levels of LC3 and Beclin-1 mRNA expres-
sion were also reported in skeletal muscle after 3 or 7 days of denervation [64]. Under
such conditions of inactivity, such as the late phase, autophagy seems to modulate muscle
atrophy accompanying inactivity [96].

Critically ill patients lose muscle as a result of an inability to maintain rates of protein
synthesis above those of protein breakdown [97]. Decline in muscle protein synthesis is
observed very early in the period of inactivity. Studies using inactivity models, such as
rat tail suspension and casting fixation, suggest that muscle protein synthesis declines
rapidly within 6-24 hours after commencement of inactivity and that level is maintained
during inactivity [98]. Therefore, the decrease in muscle protein synthesis contributes to
muscle atrophy in the very early stages of inactivity. Insulin-like growth factor-1 (IGF-1)
secreted from skeletal muscle along with physical activity binds to the IGF-1 receptor
and promotes the activation of PI3K-Akt-mammalian target-mediated signaling of the
rapamycin (mTOR) pathway. Subsequently, protein synthesis is promoted through phos-
phorylation of p70S6K involved in the initiation of downstream translation and inactiva-
tion of the translational repressor factor 4E-BP1. The PI3K/Akt pathway is an important
network known to induce muscle protein synthesis and muscle growth [60]. Interestingly,
Akt activation has been shown to block the progression of FOXO nuclear translocation
and atrophy, demonstrating mutual signaling between muscle atrophy and hypertrophy
induction [99].

The levels of Aktl, mTOR, p70S6K, and 4E-BP1 phosphorylation in the soleus muscle of
rats are decreased by tail suspension for 7 days [100]. Signaling pathways regulating muscle
protein synthesis are repressed in critically ill patients. For the mTOR pathway, a sepsis
model showed interference with protein translation and inhibition of protein synthesis [101].
Protein phosphorylation was decreased for all signaling proteins of Aktl, PKB, GSK3, mTOR,
p70S6K, and 4E-BP1 in a study of vastus lateralis muscle biopsies in 10 critical patients [86].
Therefore, in inactive skeletal muscles in which mechanical stress is relieved, decreases in
IGF-1/PI3K/Akt signals cause reductions in muscle protein synthesis. These findings indi-
cate that the signal transduction activity promoting protein translation is reduced in inactive
patients.
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5. Interventions for ICUAW

Effective interventions for ICUAW have not yet been established. As a strategy, avoiding or
diminishing iatrogenic risk is of primary importance [44]. Risk factors for the occurrence of
ICUAW include sepsis, hyperglycemia, inactivity, malnutrition, corticosteroids, and the use
of neuromuscular blockers. All of these are risk factors causing hypercatabolic states, and
avoiding these factors is a useful intervention strategy for muscle dysfunction.

5.1. Intensive insulin treatment

Several Randomized controlled trials (RCTs) have been reported for glycemic control in the
ICU [102-104]. Many large clinical trials indicated that hyperglycemia should be avoided
[105]. Increases in insulin resistance causing hyperglycemia occur frequently in critically ill
patients, and are more apparent in CIM patients [106]. As a mechanism, GLUT-4 translocation
impairment to myocytes would decrease glucose supply in patients. In a study based on mus-
cle biopsy specimens, intensive insulin therapy (IIT) improved insulin resistance and GLUT-4
translocation in skeletal muscle [107]. RCT was performed to evaluate the effects of IIT (gly-
cemic target 80-110 mg/dl) on neuromuscular function in ICU patients. IIT reduced the inci-
dence of severe CIP from 49 to 25% in electrophysiological screening studies of long-term
hospitalized surgery patients [40]. In another study, ITT decreased the duration of mechanical
ventilation [108]. The relative risk for developing CIP by IIT was 0.65 (95% confidence interval
0.55-0.77) [44]. Its effect was ascribed to glycemic control rather than insulin dose [40], and it
was observed only in patients in whom blood glucose was controlled within the normal range
[103]. Similar findings were obtained in a retrospective study on the incidence of electrophysi-
ological abnormalities before and after IIT [109].

On the other hand, Derde et al. [110], using muscle biopsy samples, demonstrated that IIT
does not affect myofiber size, myofibrillar protein synthesis ability, or muscle proteolytic
markers. ITT is considered to primarily have a neuroprotective role [107], but no neurological
data are available. In the NICE SUGAR trial, it was questionable whether the blood glucose
level should be strictly controlled within the normal range as a general treatment in critical
care patients. In addition, intervention of IIT in critically ill patients increases the incidence of
hypoglycemia and mortality rate [102]. These results would be due to methodological differ-
ences among the trials [111]. A strategy to reduce hyperglycemia without the risk of hypogly-
cemia is appropriate to reduce the incidence of ICUAW.

5.2. Early mobilization

In both the early and late phase, bed rest and mechanical unloading induce catabolism, mus-
cle atrophy, and weakness. Therefore, minimizing the duration of inactivity would reduce the
incidence of ICUAW [112, 75].

The first step to shorten the duration of inactivity is to reduce sedation. Reducing seda-
tion seems to have a number of beneficial effects, including shortened period of mechanical
ventilation and ICU stay, and lessened delirium [113]. However, there have been no studies

153



154

Physical Disabilities - Therapeutic Implications

of its role in prevention of muscle function decline. Reduction of sedation could contribute to
early mobilization in critically ill patients. The combination of approach to minimize sedation
and early mobilization was investigated in critically ill patients with long-term mechanical
ventilation [114]. Early mobilization and standard treatment were compared in 104 patients
that received daily sedation interruption. Early mobilization improves exercise function at dis-
charge, and shortens the duration of delirium and the duration of mechanical ventilation [114].
As there was no significant decrease in the incidence of ICUAW, reducing sedation would not
improve the muscle strength itself but would help the patient to exercise efficiently.

To shorten the length of inactivity, early rehabilitation is carried out even with the use of
a life-support device, such as mechanical ventilator or left ventricular assist device. There
have been several reports that early rehabilitation is safe and feasible even in the early phase
in the ICU, and is beneficial for reducing ICU and hospital stay [115, 116]. RCT comparing
“cycling exercise 20 minutes at the bedside every day” and “standard physical therapy”
during ICU stay did not report the occurrence of muscle weakness, but the isometric knee
extensor strength and 6-minute walking distance were significantly higher in the intervention
group [117].

However, there are several barriers to early rehabilitation, which may prevent the penetra-
tion of this approach [116, 118]. Although many ICUs have successfully implemented early
rehabilitation into routine clinical care, widespread implementation remains low, with only
8-12% of mechanically ventilated patients mobilized out of bed as reported in two large mul-
tisite point prevalence studies [119, 120]. Although it is impossible to change illness severity
and consciousness level of the patient, sedation levels [121] and intentions for treatment of
therapists [122] can be corrected appropriately. For implementation of rehabilitation, appro-
priate protocols in the ICU are necessary to confirm the balance between beneficial effects and
risk of mobilization, and to select the correct treatment intensity for the patients.

A study of 49 people that were not weaned from the ventilator for at least 14 days showed that
whole-body rehabilitation and respiratory muscle training could improve muscular strength,
ventilator weaning, and functional status [123]. Intriguingly, Connolly et al. [124] reported
that rehabilitation after discharge is beneficial. Physical therapy during the recovery phase in
ICUAW plays an important role, as the disuse syndrome during the late phase and anabolic
resistance are added to the muscle dysfunction following early phase. As this problem has not
been resolved, it is unclear how much such a strategy will promote recovery from ICUAW.

5.3. Neuromuscular electrical stimulation

Critically ill patients in the ICU have unstable cardiopulmonary dynamics and mental state,
and in some cases are controlled by ventricular assist devices or hemodialysis. Therefore, not
all patients undergo active physical activity. Under these restrictions, neuromuscular electri-
cal stimulation (NMES), which involves muscle contraction by outside electrical stimulation,
is used.

Some studies indicated the effects of NMES on patients in the ICU. In septic patients with
mechanical ventilator management, NMES was applied to one lower limb and the other was
used as a control limb. Muscle strength and muscle protein synthesis were improved more on
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the stimulated side limb, although the muscle cross-sectional area and muscle mass decreased
in both limbs [125, 126]. A previous RCT using NMES indicated increased muscle strength
and decreased mechanical ventilator duration and the incidence of ICUAW decreased from
39.3 to 12.5% in the NMES intervention group [127].

NMES intervention for Chronic obstructive pulmonary disease (COPD) patients under
mechanical ventilation improved the muscle strength and reduced the number of days
needed to transfer from bed to chair [128]. Another RCT in COPD patients within the ICU
did not show the occurrence of ICUAW in patients treated with NMES [129]. In addition, in
the NMES group, the quadriceps muscle strength measured with a dynamometer and the
walking distance were increased [130]. Although not performed in patients in the ICU, NMES
intervention was shown to increase muscle strength and exercise tolerance [131]. NMES for
critically ill patients in the ICU would ameliorate muscle weakness and improve mobility
[132, 133].

Several basic studies examined the direct effects of NMES on muscle function in the ICU.
Factors of muscle dysfunction, such as ICUAW, include neuropathy and muscle protein deg-
radation caused by inflammation, peripheral microcirculation disorder, increased insulin
resistance, and abnormal energy metabolism due to mitochondrial dysfunction [134]. NMES
improves these factors that promote muscle catabolism [135-139]. In addition, NMES for
patients undergoing cardiac surgery reduced the postoperative excretion of 3-methylhistidine
as an indicator of muscle proteolysis [140]. A preliminary study using muscle biopsy speci-
mens from patients at risk for ICUAW indicated that NMES could improve AMPK activation,
glucose utilization, and GLUT-4 translocation [106].

Taken together, these findings indicated that NMES can inhibit catabolism and promote the
anabolic pathway (Figure 4). As NMES can stimulate muscle contraction quantitatively and
independent of intention in the patient, performance of NMES from the early phase is the
most effective intervention for ICUAW. However, NMES research data should be interpreted
carefully because of significant differences in baseline characteristics among patients, includ-
ing APACHE II score and certain comorbidities [141]. There are several methodological prob-
lems, such as small sample size and incomplete results, and therefore these findings should be
confirmed in large-scale trials. Although the amount of stimulation is unclear, it is important
to maintain muscle contraction even at the early phase of critical illness.

5.4. Nutritional strategies

Malnutrition develops rapidly in critically ill patients due to dysfunction of the gastrointes-
tinal tract. Hence, rich nutrition management in the acute phase may be considered, but the
scientific evidence is not yet clear.

Although patients undergoing esophagectomy or pancreaticoduodenectomy did not
receive enteral nutrition during the 6 days postoperatively, there were no significant dif-
ferences in grip strength, respiratory muscle strength, or recovery of walking ability, com-
pared with nutritionally fed patients after jejunostomy [142]. In the EPaNIC study, 4640
patients were randomized to early parenteral replacement therapy (early PN group) or
tolerating caloric deficiency for first week in ICU (late PN group) [143]. The late PN group
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Figure 4.Suggested beneficial effects of neuromuscular electrical stimulation (NMES) with regard to muscle
hypertrophy, atrophy, aerobic capacity, membrane excitability, and membrane translocation of GLUT4. NMES may
preserve membrane excitability. Membrane translocation of GLUT4 is regulated by IGF-1, AMPK, PGC-1«, and its
downstream targets, which may all be affected by NMES. Atrophy gene expression (MuRF-1, atrogin-1) increases upon
dephosphorylating of FOXO3 transcription factors, which is inhibited by downstream insulin signaling.
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showed promotion of recovery, decreased mechanical ventilator duration, and reduced
complications compared to the early PN group. In addition, whole-body muscle strength
assessment using the Medical research council scores was performed in patients predicted
to be at high risk of developing ICUAW [144]. Evaluation of muscle strength was conducted
three times a week from day 8 until ICU discharge or death. The incidence of ICUAW
was significantly lower in the late PN group compared with the early PN group. In the
muscle biopsy specimens of 122 patients with EPaNIC, LC3II and LC3I ratios associated
with autophagosome formation were higher in patients in the late PN group than the early
PN group [144]. This study indicated that the muscle fiber autophagy pathway was more
efficient in the late PN group.

Another large RCT was performed in 1372 ICU patients to compare conventional man-
agement with early parenteral nutrition. This study indicated a greater degree of muscle
wasting in patients under conventional management [145]. The Eden trial examined enteral
nutritional management versus nutritional feeding in 1000 ICU patients with acute lung
injury [146]. At 6- and 12-month follow-up, the physical abilities of 174 survivors were sig-
nificantly lower than the predicted values. However, no significant differences were found
in MRC total score, grip strength, maximum inspiratory pressure, 6-minute walking dis-
tance, or quality of life between the two groups [147]. Therefore, high energy intake from
the early phase showed no evidence of improved physical function, but rather may worsen
muscle wasting.
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Treatment with various supplemental nutritional components has been studied. Glutamine
concentrations in plasma and skeletal muscle are low in critical patients and are independent
predictors of mortality [57]. Glutamine is an essential amino acid and its supplementation
improves muscle function [57, 148]. A meta-analysis of glutamine supplementation in criti-
cally ill patients reported beneficial effects on prognosis [149]. In contrast, two RCTs indicated
no such effect of glutamine supplementation [150, 151]. Although the effects on muscle func-
tion have not been studied, an increase was observed in mortality in critical patients with
multiple organ failure [151]. The use of other micronutrients against oxidative stress is sensi-
ble from the pathophysiological point of view. Two meta-analyses concluded that antioxidant
micronutrients may be beneficial for critically ill patients [152, 153]. Preliminary data from
animal studies indicated that mitochondrial reactive oxygen species (ROS) is an important
factor in the progression of diaphragm atrophy and contractile dysfunction occurring during
mechanical ventilation [154]. However, the effects on muscle weakness were not examined,
and a recent large RCT showed no beneficial effect of antioxidants in critical patients with
multiple organ failure [151]. Therefore, early nutritional therapies enriched with immuno-
modulatory nutrients would not reduce the incidence of ICUAW compared with standard
nutritional therapy for critically ill patients [155].

6. Summary and future directions

ICUAW is a common complication and an important contributor to the physical disabilities
persisting in ICU survivors. Although various interventions have been used to prevent the
adverse effects of ICUAW, no established therapy is available. Early rehabilitation can be an
important preventative therapy for ICUAW. “Silent muscle” in the early phase of ICUAW
leads to muscle catabolism through the protein degradation signaling pathway. Strategies
aimed at minimizing the duration of immobilization would contribute to the suppression
of muscle wasting during critical illness. Promotion of intermittent muscle contraction, such
as NMES, would mitigate the severity and incidence of muscle wasting. Sakuma et al. [156]
reported that resistance training combined with amino acid-containing dietary supplements
would be the best way to prevent the muscle wasting and weakness, including sarcopenia.
This proposal can also be applied to preventive strategies for ICUAW, especially in the late
phase. Further research is required to design novel rehabilitation strategies for initiating ana-
bolic reaction and improving muscle function in patients that cannot actively participate in
physical therapy in the acute phase of critical illness.

Author details

Yuki lida™ and Kunihiro Sakuma?
*Address all correspondence to: y2iida@na.commufa.jp
1 Department of Rehabilitation Medicine, Kainan Hospital, Yatomi, Japan

2 Tokyo Institute of Technology, Tokyo, Japan

157



158

Physical Disabilities - Therapeutic Implications

References

[1]

3]

[4]

[6]

[7]

[10]

[11]

[12]

[13]

[14]

Cruz-Jentoft AJ, Landi F, Schneider SM, et al. Prevalence of and interventions for sar-
copenia in ageing adults: A systematic review. Report of the International Sarcopenia
Initiative (EWGSOP and IWGS). Age and Ageing. 2014;43:748-759

Iwashyna T]. Survivorship will be the defining challenge of critical care in the 21st century.
Annals of Internal Medicine. 2010;153:204-205

Misak CJ. ICU-acquired weakness: Obstacles and interventions for rehabilitation.
American Journal of Respiratory and Critical Care Medicine. 2011;183:845-846

Leijten FS, Harinck-de Weerd JE, Poortvliet DC, et al. The role of polyneuropathy in motor
convalescence after prolonged mechanical ventilation. The Journal of the American Medical
Association. 1995;274:1221-1225

Herridge MS, Cheung AM, Tansey CM, et al, for the Canadian Critical Care Trials
Group. One-year outcomes in survivors of the acute respiratory distress syndrome. The
New England Journal of Medicine. 2003;348:683-693

Herridge MS, Tansey CM, Matte A, et al. Functional disability 5 years after acute respira-
tory distress syndrome. The New England Journal of Medicine. 2011;364:1293-1304

Schefold JC, Bierbrauer J, Weber-Carstens S. Intensive care unit - acquired weakness
(ICUAW) and muscle wasting in critically ill patients with severe sepsis and septic
shock. Journal of Cachexia Sarcopenia and Muscle. 2010;1:147-157

Schweickert WD, Kress JP. Implementing early mobilization interventions in mechani-
cally ventilated patients in the ICU. Chest. 2011;140:1612-1617

Stevens RD, Dowdy DW, Michaels RK, et al. Neuromuscular dysfunction acquired in
critical illness: A systematic review. Intensive Care Medicine. 2007;33:1876-1891

Latronico N, Bertolini G, Guarneri B, et al. Simplified electrophysiological evaluation
of peripheral nerves in critically ill patients: The Italian multi-centre CRIMYNE study.
Critical Care. 2007;11:R11

Fenzi F, Latronico N, Refatti N, et al. Enhanced expression of E-selectin on the vascular
endothelium of peripheral nerve in critically ill patients with neuromuscular disorders.
Acta Neuropathologica. 2003;106:75-82

Zink W, Kollmar R, Schwab S. Critical illness polyneuropathy and myopathy in the
intensive care unit. Nature Reviews Neurology. 2009;5:372-379

Latronico N, Fenzi F, Recupero D, et al. Critical illness myopathy and neuropathy.
Lancet. 1996;347:1579-1582

Bogdanski R, Blobner M, Werner C. Critical illness polyneuropathy and myopathy: Do
they persist for lifetime? Critical Care Medicine. 2003;31:1279-1280



[15]

[16]

[17]

[18]

[19]

[20]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Skeletal Muscle Dysfunction in Critical lllness
http://dx.doi.org/10.5772/intechopen.69051

Leijten FS, De Weerd AW, Poortvliet DC, et al. Critical illness polyneuropathy in multiple
organ dysfunction syndrome and weaning from the ventilator. Intensive Care Medicine.
1996,22:856-861

Hermans G, De Jonghe B, Bruyninckx F, et al. Clinical review: Critical illness polyneu-
ropathy and myopathy. Critical Care. 2008;12:238

Guarneri B, Bertolini G, Latronico N. Long-term outcome in patients with critical illness
myopathy or neuropathy: The Italian multicenter CRIMYNE study. Journal of Neurology
Neurosurgery and Psychiatry. 2008;79:838-841

Bednarik ], Lukas Z, Vondracek P. Critical illness polyneuromyopathy: The electrophys-
iological components of a complex entity. Intensive Care Medicine. 2003;29:1505-1514

Hund E. Neurological complications of sepsis: Critical illness polyneuropathy and
myopathy. Journal of Neurology. 2001;248:929-934

Tennild A, Salmi T, Pettild V, et al. Early signs of critical illness polyneuropathy in ICU
patients with systemic inflammatory response syndrome or sepsis. Intensive Care
Medicine. 2000;26:1360-1363

Bercker S, Weber-Carstens, Deja M, et al. Critical illness polyneuropathy and myopathy in
patients with acute respiratory distress syndrome. Critical Care Medicine 2005;33: 711-715

de Letter MA, Schmitz PI, Visser LH, et al. Risk factors for the development of polyneu-
ropathy and myopathy in critically ill patients. Critical Care Medicine. 2001;29:2281-2286

De Jonghe B, Bastuji-Garin S, Sharshar T, et al. Does ICU-acquired paresis lengthen
weaning from mechanical ventilation? Intensive Care Medicine. 2004;30:1117-1121

Zifko UA. Long-term outcome of critical illness polyneuropathy. Muscle Nerve Suppl.
2000;9:549-552

Fletcher SN, Kennedy DD, Ghosh IR, et al. Persistent neuromuscular and neurophysi-
ologic abnormalities in long-term survivors of prolonged critical illness. Critical Care
Medicine. 2003;31:1012-1016

Intiso D, Amoruso L, Zarrelli M, et al. Long-term functional outcome and health sta-
tus of patients with critical illness polyneuromyopathy. Acta Neurologica Scandinavica.
2011;123:211-219

Latronico N, Shehu I, Seghelini E. Neuromuscular sequelae of critical illness. Current
Opinion in Critical Care. 2005;11:381-390

Garnacho-Montero ], Madrazo-Osuna J, Garcia-Garmendia JL, et al. Critical illness poly-
neuropathy: Risk factors and clinical consequences. A cohort study in septic patients.
Intensive Care Medicine. 2001;27:1288-1296

Latronico N, Peli E, Botteri M. Critical illness myopathy and neuropathy. Current
Opinion in Critical Care. 2005;11:126-132

159



160

Physical Disabilities - Therapeutic Implications

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

de Jonghe B, Lacherade JC, Sharshar T, et al. Intensive care unit-acquired weakness: Risk
factors and prevention. Critical Care Medicine. 2009;37:5309-S315

Zochodne DW, Bolton CF, Wells GA, et al. Critical illness polyneuropathy. A complica-
tion of sepsis and multiple organ failure. Brain. 1987;110:819-841

Carré JE, Orban JC, Re L, et al. Survival in critical illness is associated with early acti-
vation of mitochondrial biogenesis. American Journal of Respiratory and Critical Care
Medicine. 2010;182:745-751

Novak KR, Nardelli P, Cope TC, et al. Inactivation of sodium channels underlies revers-
ible neuropathy during critical illness in rats. The Journal of Clinical Investigation.
2009;119:1150-1158

Witt NJ, Zochodne DW, Bolton CF, et al. Peripheral nerve function in sepsis and multiple
organ failure. Chest. 1991;99:176-184

Friedrich O, Fink RH, Hund E. Understanding critical illness myopathy: approaching
the pathomechanism. The Journal of Nutrition. 2005;135:1813S-1817S

Dirks ML, Wall BT, Snijders T, et al. Neuromuscular electrical stimulation prevents muscle
disuse atrophy during leg immobilization in humans. Acta Physiologica. 2014;210: 628-641

Suetta C, Frandsen U, Jensen L, et al. Aging affects the transcriptional regulation of
human skeletal muscle disuse atrophy. PLoS One. 2012;7:e51238

Griffiths RD, Palmer TE, Helliwell T, et al. Effect of passive stretching on the wasting of
muscle in the critically ill. Nutrition. 1995;11:428-432

Jaber S, Petrof BJ, Jung B, et al. Rapidly progressive diaphragmatic weakness and injury
during mechanical ventilation in humans. American Journal of Respiratory and Critical
Care Medicine. 2011;183:364-371

van den Berghe G, Schoonheydt K, Becx P, et al. Insulin therapy protects the central and
peripheral nervous system of intensive care patients. Neurology. 2005;64:1348-1353

De Jonghe B, Bastuji-Garin S, Durand MC, et al. Respiratory weakness is associated
with limb weakness and delayed weaning in critical illness. Critical Care Medicine.
2007;35:2007-2015

Demoule A, Jung B, Prodanovic H, et al. Diaphragm dysfunction on admission to the
intensive care unit. Prevalence, risk factors, and prognostic impact—A prospective
study. American Journal of Respiratory and Critical Care Medicine. 2013;188:213-219

Zifko UA, Zipko HT, Bolton CF. Clinical and electrophysiological findings in critical ill-
ness polyneuropathy. Journal of Neurological Sciences. 1998;159:186-193

Patel BK, Pohlman AS, Hall JB, et al. Impact of early mobilization on glycemic control
and ICU-acquired weakness in critically ill patients who are mechanically ventilated.
Chest. 2014;146:583-589



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

Skeletal Muscle Dysfunction in Critical lllness
http://dx.doi.org/10.5772/intechopen.69051

Hermans G, De Jonghe B, Bruyninckx F, et al. Interventions for preventing critical illness
polyneuropathy and critical illness myopathy. The Cochrane Database of Systematic
Reviews. 2014;1:CD006832

MacFarlane IA, Rosenthal FD. Severe myopathy after status asthmaticus. Lancet. 1977;2:
615

Campellone JV, Lacomis D, Kramer D], et al. Acute myopathy after liver transplantation.
Neurology 1998;50:46-53

Massa R, Carpenter S, Holland P, et al. Loss and renewal of thick myofilaments in glu-
cocorticoid-treated rat soleus after denervation and reinnervation. Muscle & Nerve.
1992;15:1290-1298

Steinberg KP, Hudson LD, Goodman RB, et al. Efficacy and safety of corticosteroids for
persistent acute respiratory distress syndrome. The New England Journal of Medicine.
2006;354:1671-1684

Papazian L, Forel JM, Gacouin A, et al. Neuromuscular blockers in early acute respira-
tory distress syndrome. The New England Journal of Medicine. 2010;363:1107-1116

Nanas S, Kritikos K, Angelopoulos E, et al. Predisposing factors for critical illness
polyneuromyopathy in a multidisciplinary intensive care unit. Acta Neurologica
Scandinavica. 2008;118:175-181

Van den Berghe G, Wouters P, Weekers F, et al. Intensive insulin therapy in the critically
ill patients. The New England Journal of Medicine. 2001;345:1359-1367

Annane D, Bellissant E, Cavaillon J. Septic shock. Lancet. 2005;365:63-78
Cohen ]. The immunopathogenesis of sepsis. Nature. 2002;420:885-891

Schefold JC, Hasper D, Volk HD, et al. Sepsis: Time has come to focus on the later stages.
Medical Hypotheses. 2008;71:203-208

Callahan LA, Supinski GS. Sepsis-induced myopathy. Critical Care Medicine. 2009;37:
S354-5367

Burnham EL, Moss M, Ziegler TR. Myopathies in critical illness: Characterization and
nutritional aspects. The Journal of Nutrition. 2005;135:51818-51823

Smith IJ, Lecker SH, Hasselgren PO. Calpain activity and muscle wasting in sepsis.
American Journal of Physiology Endocrinology and Metabolism. 2008;295:E762-E771

Bhattacharyya J, Thompson K, Sayeed MM. Calcium-dependent and calcium-inde-
pendent protease activities is skeletal muscle during sepsis. Circulatory Shock.
1991;35:117-122

Salazar JJ, Michele DE, Brooks SV. Inhibition of calpain prevents muscle weakness and
disruption of sarcomere structure during hindlimb suspension. Journal of Applied
Physiology. 2010;108:120-127

161



162

Physical Disabilities - Therapeutic Implications

[61]

[62]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Kraner SD, Wang Q, Novak KR, et al. Upregulation of the CaV 1.1-ryanodine receptor
complex in a rat model of critical illness myopathy. American Journal of Physiology
Regulatory Integrative and Comparative Physiology. 2011;300:R1384-R1391

Wei W, Fareed MU, Evenson A, et al. Sepsis stimulates calpain activity in skeletal muscle
by decreasing calpastatin activity but does not activate caspase-3. American Journal of
Physiology Regulatory Integrative and Comparative Physiology. 2005;288:R580-R590

Sandri M. Protein breakdown in muscle wasting: Role of autophagy-lysosome and ubiquitin-
proteasome. The International Journal of Biochemistry & Cell Biology. 2013;45: 2121-2129

Zhao ], Brault JJ, Schild A, et al. FoxO3 coordinately activates protein degradation by
the autophagic/lysosomal and proteasomal pathways in atrophying muscle cells. Cell
Metabolism. 2007;6:472-483

Llano-Diez M, Gustafson AM, Olsson C, et al. Muscle wasting and the temporal gene
expression pattern in a novel rat intensive care unit model. BMC Genomics. 2011;12:602

Batt J, Bain ], Goncalves J, et al. Differential gene expression profiling of short and long
term denervated muscle. FASEB Journal. 2006;20:115-117

Ochala J, Renaud G, Llano Diez M, et al. Diaphragm muscle weakness in an experimen-
tal porcine intensive care unit model. PLoS One. 2011;6:e20558

Constantin D, McCullough J, Mahajan RP, et al. Novel events in the molecular regula-
tion of muscle mass in critically ill patients. Journal of Physiology. 2011;589:3883-3895

Klaude M, Hammarqvist F, Wemerman J. An assay of microsomal membrane-associated
proteasomes demonstrates increased proteolytic activity in skeletal muscle of intensive
care unit patients. Clinical Nutrition. 2005;24:259-265

Hooijman PE, Beishuizen A, Witt CC, et al. Diaphragm muscle fiber weakness and ubig-
uitin-proteasome activation in critically ill patients. American Journal of Respiratory
and Critical Care Medicine. 2015;191:1126-1138

lida Y, Yamada S, Nishida O, et al. Body mass index is negatively correlated with respi-
ratory muscle weakness and interleukin-6 production after coronary artery bypass graft-
ing. Journal of Critical Care. 2010;25:172.e1-8

Gorson KC. Approach toneuromuscular disorders in the intensive care unit. Neurocritical
Care. 2005;3:195-212

Hermans G, Vanhorebeek I, Derde S, et al. Metabolic aspects of critical illness polyneu-
romyopathy. Critical Care Medicine. 2009;37:5391-5397

Ochala J, Ahlbeck K, Radell PJ, et al. Factors underlying the early limb muscle weakness
in acute quadriplegic myopathy using an experimental ICU porcine model. PLoS One.
2011;6:20876



[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

Skeletal Muscle Dysfunction in Critical lllness
http://dx.doi.org/10.5772/intechopen.69051

Kortebein P, Ferrando A, Lombeida ], et al. Effect of 10 days of bed rest on skeletal
muscle in healthy older adults. The Journal of the American Medical Association.
2007;297:1772-1774

Rich MM, Pinter MJ. Sodium channel inactivation in an animal model of acute quad-
riplegic myopathy. Annals of Neurology. 2001;50:26-33

Rich MM, Pinter M]. Crucial role of sodium channel fast inactivation in muscle fi
breinexcitability in a rat model of critical illness myopathy. Journal of Physiology.
2003;547:555-566

Filatov GN, Rich MM. Hyperpolarized shifts in the voltage dependence of fast inac-
tivation of Navl.4 and Navl.5 in a rat model of critical illness myopathy. Journal of
Physiology. 2004;559:813-820

Khan J, Harrison TB, Rich MM. Mechanisms of neuromuscular dysfunction in critical
illness. Critical Care Clinics. 2008;24:165-177

Rossignol B, Gueret G, Pennec JP, et al. Effects of chronic sepsis on the voltage-gated
sodium channel in isolated rat muscle fibers. Critical Care Medicine. 2007;35:351-357

Klionsky DJ. Autophagy: From phenomenology to molecular understanding in less than
a decade. Nature Reviews Molecular Cell Biology. 2007;8:931-937

Mammucari C, Schiaffino S, Sandri M. Downstream of Akt: FoxO3 and mTOR in the
regulation of autophagy in skeletal muscle. Autophagy. 2008;4:524-526

Zhao J, Brault J], Schild A, et al. Coordinate activation of autophagy and the proteasome
pathway by FoxO transcription factor. Autophagy. 2008;4:378-380

Bertaggia E, Coletto L, Sandri M. Posttranslational modifications control FoxO3 activity
during denervation. American Journal of Physiology Cell Physiology.2012;302:C587-C596

Masiero E, Agatea L, Mammucari C, et al. Autophagy is required to maintain muscle
mass. Cell Metabolism. 2009;10:507-515

Tiao G, Hobler S, Wang J], et al. Sepsis is associated with increased mRNAs of the ubig-
uitin - proteasome proteolytic pathway in human skeletal muscle. The Journal of Clinical
Investigation. 1997;99:163-168

Yousef AA, Suliman GA, Mabrouk MM. The value of correlation of serum 20S protea-
some concentration and percentage of lymphocytic apoptosis in critically ill patients: A
prospective observational study. Critical Care. 2010;14:R215

Jespersen ]G, Nedergaard A, Reitelseder S, et al. Activated protein synthesis and sup-
pressed protein breakdown signaling in skeletal muscle of critically ill patients. PLoS
One. 2011;6:e18090

de Boer MD, Selby A, Atherton P, et al. The temporal responses of protein synthesis,
gene expression and cell signalling in human quadriceps muscle and patellar tendon to
disuse. Journal of Physiology. 2007;585:241-251

163



164

Physical Disabilities - Therapeutic Implications

[90]

[91]

[92]

[100]

[101]

[102]

[103]

Léger B, Senese R, Al-Khodairy AW, et al. Atrogin-1, MuRF1, and FoXO, as well as
phosphorylated GSK-3beta and 4E-BP1 are reduced in skeletal muscle of chronic spinal
cord-injured patients. Muscle & Nerve. 2009;40:69-78

Hussain SN, Mofarrahi M, Sigala I, et al. Mechanical ventilation — induced diaphragm
disuse in humans triggers autophagy. American Journal of Respiratory and Critical
Care Medicine. 2010;182:1377-1386

Vanhorebeek I, Gunst ], Derde S, et al. Insufficient activation of autophagy allows cellu-
lar damage to accumulate in critically ill patients. The Journal of Clinical Endocrinology
and Metabolism. 2011;96:E633-E645

Sakuma K, Aoi W, Yamaguchi A. The intriguing regulators of muscle mass in sarcope-
nia and muscular dystrophy. Frontiers in Aging Neuroscience. 2014;6:230

McClung]M, Judge AR, Powers SK, et al. p38 MARK links oxidative stress to autophagy-
related gene expression in cachectic muscle wasting. American Journal of Physiology
Cell Physiology. 2010;298:C542-549

O’Leary MF, Hood DA. Effect of prior chronic contractile activity on mitochondrial
function and apoptotic protein expression in denervated muscle. Journal of Applied
Physiology. 2008;105:114-120

Sakuma K, Kinoshita M, Ito Y, et al. p62/SQSTM1 but not LC3 is accumulated in sar-
copenic muscle of mice. Journal of Cachexia, Sarcopenia and Muscle. 2016;7:204-212

Rennie MJ. Anabolic resistance in critically ill patients. Critical Care Medicine. 2009;37:
5398-5399

Thomason DB, Biggs RB, Booth FW. Protein metabolism and beta-myosin heavy-
chain mRNA in unweighted soleus muscle. The American Journal of Physiology.
1989;257:R300-R305

Stitt TN, Drujan D, Clarke BA, et al. The IGF-1/PI3K/Akt pathway prevents expression
of muscle atrophy-induced ubiquitin ligases by inhibiting FOXO transcription factors.
Molecular Cell. 2004;14:395-403

Krawiec BJ, Frost RA, Vary TC, et al. Hindlimb casting decreases muscle mass in part
by proteasome-dependent proteolysis but independent of protein synthesis. American
Journal of Physiology Endocrinology and Metabolism. 2005;289:E969-E980

Lang CH, Frost RA, Vary TC. Regulation of muscle protein synthesis during sepsis
and inflammation. American Journal of Physiology Endocrinology and Metabolism.
2007;293:E453-E459

Finfer S, Chittock DR, Su SY, et al. Intensive versus conventional glucose control in criti-
cally ill patients. The New England Journal of Medicine. 2009;360:1283-1297

Van den Berghe G, Wilmer A, Hermans G, et al. Intensive insulin therapy in the medical
ICU. The New England Journal of Medicine. 2006;354:449-461



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Skeletal Muscle Dysfunction in Critical lllness
http://dx.doi.org/10.5772/intechopen.69051

Vlasselaers D, Milants I, Desmet L, et al. Intensive insulin therapy for patients in paediat-
ric intensive care: a prospective, randomised controlled study. Lancet. 2009;373:547-556

Dellinger RP, Levy MM, Rhodes A, et al. Surviving Sepsis Campaign: International
guidelines for management of severe sepsis and septic shock, 2012. Intensive Care
Medicine. 2013;39:165-228

Weber-Carstens S, Schneider ], Wollersheim T, et al. Critical illness myopathy and
GLUT4: Significance of insulin and muscle contraction. American Journal of Respiratory
and Critical Care Medicine. 2013;187:387-396

Mesotten D, Swinnen JV, Vanderhoydonc F, et al. Contribution of circulating lipids
to the improved outcome of critical illness by glycemic control with intensive insulin
therapy. The Journal of Clinical Endocrinology and Metabolism. 2004;89:219-226

Hermans G, Wilmer A, Meersseman W, et al. Impact of intensive insulin therapy on
neuromuscular complications and ventilator-dependency in MICU. American Journal
of Respiratory and Critical Care Medicine. 2007;175:480-489

Hermans G, Schrooten M, Van Damme P, et al. Benefits of intensive insulin therapy
on neuromuscular complications in routine daily critical care practice: A retrospective
study. Critical Care. 2009;13:R5

Derde S, Hermans G, Derese I, et al. Muscle atrophy and preferential loss of myosin in
prolonged critically ill patients. Critical Care Medicine. 2012;40:79-89

Van den Berghe G, Schetz M, Vlasselaers D, et al. Clinical review: Intensive insulin ther-
apy in critically ill patients: NICESUGAR or Leuven blood glucose target? The Journal
of Clinical Endocrinology and Metabolism. 2009;94:3163-3170

Chambers MA, Moylan ]S, Reid MB. Physical inactivity and muscle weakness in the
critically ill. Critical Care Medicine. 2009;37:S337-5346

Barr J, Fraser GL, Puntillo K, et al. Clinical practice guidelines for the management of
pain, agitation, and delirium in adult patients in the intensive care unit. Critical Care
Medicine. 2013;41:263-306

Schweickert WD, Pohlman MC, Pohlman AS, et al. Early physical and occupational
therapy in mechanically ventilated, critically ill patients: A randomised controlled trial.
Lancet. 2009;373:1874-1882

Lipshutz AK, Gropper MA. Acquired neuromuscular weakness and early mobilization
in the intensive care unit. Anesthesiology. 2013;118:202-215

Pohlman MC, Schweickert WD, Pohlman AS, et al. Feasibility of physical and occu-
pational therapy beginning from initiation of mechanical ventilation. Critical Care
Medicine. 2010;38:2089-2094

Burtin C, Clerckx B, Robbeets C, et al. Early exercise in critically ill patients enhances
short-term functional recovery. Critical Care Medicine. 2009;37:2499-2505

165



166

Physical Disabilities - Therapeutic Implications

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

Lee CM, Fan E. ICU-acquired weakness: What is preventing its rehabilitation in criti-
cally ill patients? BMC Medicine. 2012;10:115

Gosselink R, Bott ], Johnson M, et al. Physiotherapy for adult patients with critical ill-
ness: Recommendations of the European Respiratory Society and European Society
of Intensive Care Medicine Task Force on Physiotherapy for Critically Il Patients.
Intensive Care Medicine. 2008;34:1188-1199

Winkelman C, Higgins PA, Chen Y]. Activity in the chronically critically ill. Dimensions
of Critical Care Nursing. 2005;24:281-290

Zanni JM, Korupolu R, Fan E, et al. Rehabilitation therapy and outcomes in acute respi-
ratory failure: An observational pilot project. Journal of Critical Care. 2010;25:254-262

Hopkins RO, Spuhler V], Thomsen GE. Transforming ICU culture to facilitate early
mobility. Critical Care Clinics. 2007;23:81-96

Martin UJ, Hincapie L, Nimchuk M, et al. Impact of whole-body rehabilitation in patients
receiving chronic mechanical ventilation. Critical Care Medicine. 2005;33:2259-2265

Connolly B, Denehy L, Brett S, et al. Exercise rehabilitation following hospital discharge
in survivors of critical illness: An integrative review. Critical Care. 2012;16:226

Gibson JN, Smith K, Rennie M]. Prevention of disuse muscle atrophy by means of elec-
trical stimulation: Maintenance of protein synthesis. Lancet. 1988;2:767-770

Rodriguez PO, Setten M, Maskin LP, et al. Muscle weakness in septic patients requir-
ing mechanical ventilation: Protective effect of transcutaneous neuromuscular electrical
stimulation. Journal of Critical Care. 2012;27:319.e1- 8

Poulsen ]JB, Moller K, Jensen CV, et al. Effect of transcutaneous electrical muscle
stimulation on muscle volume in patients with septic shock. Critical Care Medicine.
2011;39:456-461

Routsi C, Gerovasili V, Vasileiadis I, et al. Electrical muscle stimulation prevents criti-
cal illness polyneuromyopathy: A randomized parallel intervention trial. Critical Care.
2010;14:R74

Zanotti E, Felicetti G, Maini M, et al. Peripheral muscle strength training in bedbound
patients with COPD receiving mechanical ventilation: Effect of electrical stimulation.
Chest 2003;124:292-296

Abdellaoui A, Prefaut C, Gouzi F, et al. Skeletal muscle effects of electrostimulation after
COPD exacerbation: A pilot study. The European Respiratory Journal. 2011;38:781-788

Sillen MJ, Speksnijder CM, Eterman RM, et al. Effects of neuromuscular electrical stim-
ulation of muscles of ambulation in patients with chronic heart failure or COPD: A
systematic review of the English-language literature. Chest. 2009;136:44-61

Gruther W, Kainberger F, Fialka-Moser V, et al. Effects of neuromuscular electrical
stimulation on muscle layer thickness of knee extensor muscles in intensive care unit
patients: A pilot study. Journal of Rehabilitation Medicine. 2010;42:593-597



[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

Skeletal Muscle Dysfunction in Critical lllness
http://dx.doi.org/10.5772/intechopen.69051

Gerovasili V, Stefanidis K, Vitzilaios K, et al. Electrical muscle stimulation preserves the
muscle mass of critically ill patients: A randomized study. Critical Care. 2009;13:R161

Bloch S, Polkey MI, Griffiths M, et al. Molecular mechanisms of intensive care unit-
acquired weakness. The European Respiratory Journal. 2012;39:1000-1011

Gerovasili V, Tripodaki E, Karatzanos E, et al. Short-term systemic effect of electrical
muscle stimulation in critically ill patients. Chest. 2009;136:1249-1256

Angelopoulos E, Karatzanos E, Dimopoulos S, et al. Acute microcirculatory effects of
medium frequency versus high frequency neuromuscular electrical stimulation in criti-
cally ill patients—A pilot study. Annals of Intensive Care. 2013;3:39

Hamada T, Sasaki H, Hayashi T, et al. Enhancement of whole body glucose uptake dur-
ing and after human skeletal muscle low-frequency electrical stimulation. Journal of
Applied Physiology. 2003;94:2107-2112

Gordon JW, Rungi AA, Inagaki H, et al. Effects of contractile activity on mitochondrial
transcription factor A expression in skeletal muscle. Journal of Applied Physiology.
2001;90:389-396

Bouletreau P, Patricot MC, Saudin F, et al. Effects of intermittent electrical stimula-
tions on muscle catabolism in intensive care patients. Journal of Parenteral and Enteral
Nutrition. 1987;11:552-555

Iwatsu K, Iida Y, Kono Y, et al. Neuromuscular electrical stimulation may attenuate
muscle proteolysis after cardiovascular surgery: A preliminary study. The Journal of
Thoracic and Cardiovascular Surgery. 2017;153:373-379

Karatzanos E, Gerovasili V, Zervakis D, et al. Electrical muscle stimulation: An effec-
tive form of exercise and early mobilization to preserve muscle strength in critically ill
patients. Critical Care Research and Practice. 2012;2012:432752

Watters JM, Kirkpatrick SM, Norris SB, et al. Inmediate postoperative enteral feeding
results in impaired respiratory mechanics and decreased mobility. Annals of Surgery.
1997;226:369-377

Casaer MP, Mesotten D, Hermans G, et al. Early versus late parenteral nutrition in criti-
cally ill adults. The New England Journal of Medicine. 2011;365:506-517

Hermans G, Casaer MP, Clerckx B, et al. Effect of tolerating macronutrient deficit on
the development of intensive-care unit acquired weakness: A subanalysis of the EPaNic
trial. The Lancet Respiratory Medicine. 2013;1:621-629

Doig GS, SimpsonF, Sweetman EA, etal. Early parenteral nutritionin critically ill patients
with short-term relative contraindications to early enteral nutrition: A randomized con-
trolled trial. The Journal of the American Medical Association. 2013;309:2130-2138

National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome
Clinical Trials, Rice TW, Wheeler AP, Thompson BT, et al. Initial trophic vs full enteral
feeding in patients with acute lung injury: The EDEN randomized trial. The Journal of
the American Medical Association. 2012;307:795-803

167



168

Physical Disabilities - Therapeutic Implications

[147]

[148]
[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Needham DM, Dinglas VD, Bienvenu O], et al. One year outcomes in patients with
acute lung injury randomised to initial trophic or full enteral feeding: prospective
follow-up of EDEN randomised trial. British Medical Journal. 2013;346:£1532

Wernerman J. Glutamine supplementation. Annals Intensive Care. 2011;1:25

Novak F, Heyland DK, Avenell A, et al. Glutamine supplementation in serious illness:
A systematic review of the evidence. Critical Care Medicine. 2002;30:2022-2029

Andrews PJ, Avenell A, Noble DW, et al. Randomised trial of glutamine, selenium,
or both, to supplement parenteral nutrition for critically ill patients. British Medical
Journal. 2011;342:d1542

Heyland D, Muscedere J, Wischmeyer PE, et al. A randomized trial of glutamine
and antioxidants in critically ill patients. The New England Journal of Medicine.
2013;368:1489-1497

Manzanares W, Dhaliwal R, Jiang X, et al. Antioxidant micronutrients in the critically
ill: A systematic review and meta-analysis. Critical Care. 2012;16:R66

Visser ], Labadarios D, Blaauw R. Micronutrient supplementation for critically ill
adults: A systematic review and meta-analysis. Nutrition. 2011;27:745-758

Powers SK, Hudson MB, Nelson WB, et al. Mitochondria-targeted antioxidants protect
against mechanical ventilation-induced diaphragm weakness. Critical Care Medicine.
2011;39:1749-1759

Casaer MP, Van den Berghe G. Nutrition in the acute phase of critical illness. The New
England Journal of Medicine. 2014;370:1227-1236

Sakuma K, Yamaguchi A. Molecular mechanisms in aging and current strategies to
counteract sarcopenia. Current Aging Science. 2010;3:90-101



