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ABSTRACT

Acquired muscle weakness in ICU, also known as ICU-acquired weakness (ICUAW), encompasses critical illness
polyneuropathy (CIP), critical illness myopathy (CIM), or a combination of both. It is primarily caused by systemic
inflammation, immobility, metabolic and endocrine disturbances, and exposure to drugs such as corticosteroids or
neuromuscular blocking agents. The incidence of ICUAW ranges from 25-50% in patients with sepsis or multi-organ
failure. Diagnosis is made clinically by manual muscle testing and can be supported by electrophysiological studies.
Preventive measures include early mobilization, optimal glycemic control, minimizing sedative exposure, and adequate
nutrition. Rehabilitation strategies play a vital role in restoring muscle function and quality of life post-ICU discharge.
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1. INTRODUCTION

Muscle weakness is a frequent problem in the intensive care unit (ICU). The weakness can be due to primary neuromuscular
disorders, such as Guillain—Barré Syndrome, myasthenia gravis, amyotrophic lateral sclerosis or multiple sclerosis, among
others, but these conditions only account for <0.5% of all ICU admissions. however, muscle weakness can develop as a
secondary disorder while patients are being treated for other life-threatening conditions. The latter has been labeled “ICU-
acquired weakness” with the implication that this neuromuscular dysfunction has no plausible etiology other than the
critical illness and its treatments (1).

ICU-acquired weakness is typically generalized, symmetrical, and affects limb (proximal more than distal) and respiratory
muscles, whereas facial and ocular muscles are spared. Muscle tone is almost invariably reduced. Deep tendon reflexes can
be reduced or normal. Weakness may originate from a neurogenic disturbance “critical illness polyneuropathy” (CIP), a
myogenic disturbance “critical illness myopathy” (CIM), or a combination thereof labelled “critical illness
neuromyopathy”. Electrophysiological examination shows typical patterns of abnormalities. Also, the pronounced loss of
muscle mass, that can exceed 10% over the 1st week in ICU, has been associated with functional impairment. Severe disuse
muscle atrophy has been put forward as a separate entity of ICU-acquired weakness in the absence of electrophysiological
abnormalities (2).

Prevalence of ICU-acquired weakness varies widely with the studied patient population and risk factors, the timing of
assessment, the methods used for diagnosis, and inconsistent accounting for patients’ pre-hospital muscle function or
overall functional status (often overlooking age-related frailty) (3).
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2. PATHOPHYSIOLOGY

The pathophysiology of ICU-acquired weakness remains incompletely understood, in part explained by practical and
ethical issues complicating the study of underlying mechanisms in human patients. Indeed, mechanistic studies require
harvesting of muscle or nerve biopsies, which is an invasive procedure. Also, the possibility to interfere with biological
processes in human patients, e.g., by administering activators or inhibitors of assumed central players, is inherently limited
in view of potential risks for the patients. However, studies in animal models have added valuable insights and, together
with available patient study results, allowed to attribute ICU-acquired weakness to complex structural/functional alterations
within the central nervous system, the peripheral nerves and the myofibers (4).
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Figure 1: A concepted framework of the major pathways that contribute the development of ICU-AW

Mechanisms implicated in the development of ICU-acquired weakness. A conceptual framework of the major pathways
that are assumed to be involved in the loss of muscle mass and loss of muscle function that contribute to the development
of ICU-acquired weakness. ATP adenosine triphosphate, PCr phosphocreatine, ROS/RNS reactive oxygen species/reactive
nitrogen species. Mitochondria, proteins, neurons and ion channels indicated in green represent healthy organelles,
molecules and cells, whereas grey symbols point to damaged/dysfunctional organelles, protein aggregates, cells and ion
channels (1).

Muscle atrophy

The catabolic state of critical illness, explain the pronounced muscle wasting that contributes to weakness of myogenic
origin in ICU patients. Such loss of muscle mass is due to imbalanced protein turnover, with a reduced protein synthesis
relative to accelerated breakdown by activated proteolytic systems, such as the ubiquitin—proteasome system (5).

Muscle dysfunction
Several factors contribute to loss of muscle function during critical illness (6).
Structural muscle alterations

Muscle biopsies show signs of inflammation or necrosis, pronounced infiltration of muscle with (or myofiber conversion
to) adipose tissue and fibrosis in a remarkably high proportion of critically ill patients (7).
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Microcirculatory disturbances

Microcirculatory changes include vasodilation and increased permeability, which allow leukocyte extravasation and tissue
infiltration, local cytokine production and edema formation with increased intercapillary distance. These changes can
compromise perfusion and oxygen delivery. Involvement of edema-induced compression damage to muscles and nerves
remains debated. Nevertheless, hypoperfusion may contribute to neuronal injury, axonal degeneration, and to a chronic
membrane depolarization of terminal motor axons (8).

Bioenergetic failure

Insufficient oxygen supply to mitochondria may compromise mitochondrial energy production. However, the
mitochondrial dysfunction in critical illness appears explained by impaired oxygen utilization, due to direct mitochondrial
damage further aggravated by inflammation, hyperglycemia and free radicals, rather than by impaired oxygen delivery.
Dysfunctional mitochondria not only compromise energy provision but also amplify the production of free radical and
reactive oxygen species, eliciting a vicious cycle of macromolecular and organelle damage (8).

Inadequate autophagy activation

Initially, increased autophagy was assigned a detrimental role as a contributor to muscle atrophy. However, it has become
clear that this important cellular quality control mechanism is actually insufficiently activated during critical illness,
allowing accumulation of damage to mitochondria and other cellular components. Impaired clearance of such damage
results in degenerative changes which compromise muscle function, thus contributing to ICU-acquired weakness (9).

Membrane and ion channel dysfunction

Sodium channel inactivation is thought to contribute to the rapid, reversible hypo-excitability or in-excitability of nerve
and muscle membranes in patients with ICU-acquired weakness. Altered intracellular calcium homeostasis further
contributes to impaired muscle contractility by affecting the excitation—contraction coupling (10).

Central nervous system involvement

Recent evidence suggests that central nervous system involvement with failure of coordinated repetitive firing within the
motor neurons can be a very early event, preceding electrical failure in axons and nerve—muscle coupling (11).

Risk factors of ICU acquired weakness

Several independent risk factors for developing ICU-acquired weakness have been identified, mostly from observational
studies, although often not unequivocally (Figure 2) (12).
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Figure 2: Overview of risk factors of ICU-acquired weakness.
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Observational and randomized controlled trials have identified a wide range of non-modifiable and modifiable risk factors
associated with the risk of developing weakness in the ICU. *Certain antibiotics, such as aminoglycosides and vancomycin,
have been independently associated with ICU-acquired weakness, although not unequivocally. Other antibiotics, such as
clindamycin, erythromycin, quinolones, polymyxin, tetracycline and vancomycin may affect the neuromuscular junction,
but have so far not been independently associated with I[CU-acquired weakness.

A first group of risk factors are not modifiable the severity of critical illness is an important determinant. Thus, a higher
severity of illness score, sepsis and inflammation, multiple organ failure, as well as a longer duration of mechanical
ventilation and ICU stay, were found to be predictive. In fact, ICU-acquired weakness is most frequent in patients with
persistent critical illness. The relationship with mechanical ventilation could be reciprocal given that prolonged ventilation
increases the risk of ICU-acquired weakness and diaphragmatic dysfunction which, vice versa, increase the risk of
prolonged ventilation and failed weaning (13).

Another illness-related risk factor is a high lactate level. Further, a higher risk of weakness may apply to women than to
men, and to older as compared with younger patients. Also, premorbid disability and frailty may predispose to the severity
of weakness. premorbid obesity was found to be an independent protective factor against development of ICU-acquired
weakness and against muscle atrophy (14).

Some risk factors are modifiable These include the degree of hyperglycemia that develops in response to the severe stress
of critical illness and the administration of parenteral nutrition, but also several drugs that are used to treat critically ill
patients. For example, dose and duration of vasoactive medications, mostly f-agonists, are associated with a higher risk of
ICU-acquired weakness. The reported adverse relationship between the use of neuromuscular blocking agents and muscle
weakness remains uncertain. An RCT comparing 48-h infusion of cisatracurium with placebo, both under deep sedation,
in ARDS patients did not observe a significant impact (15).

However, a 48-h infusion of cisatracurium with concomitant deep sedation tended to increase the risk of ICU-acquired
weakness as compared with absence of routine neuromuscular blockade and lighter sedation targets, with significance
reached for weakness present on day 28, but not for weakness present on day 7 or at any time through day 28. Also, when
co-administered with corticosteroids or infused for > 48 h, NMBAs may promote weakness. Certain antibiotics, including
aminoglycosides and vancomycin, have also been independently associated with ICU-acquired weakness. The association
between sedatives and weakness may be indirect, as separating effects of sedatives from those of sedation-induced
immobility and bed rest is difficult. Continued sedation is thought to have a more pronounced effect on muscle atrophy
and weakness than when a patient is conscious but immobile in the absence of sedation (16).

Sepsis-induced muscle wasting and ICUAW

A considerable amount of patients with sepsis were observed with signs of severe muscle wasting and/or ICU-acquired
weakness (ICUAW), which described a frequently observed complication in critically ill patients and refers to clinically
weak ICU patients in whom there is no plausible aetiology other than critical illness (17).

William Osler first commented on the “rapid loss of flesh” that occurs with severe sepsis in 1892. Today, this phenomenon
remains a frequent complication of critical illness—particularly sepsis—and is often referred to as muscle wasting.
However, because sepsis led to a fairly rapid death in Osler’s days, the primary focus was rather survival than sepsis-
associated long-term complications. Yet, once ICU and artificial organ support therapies are available, more patients
survive the initial stages of systemic inflammation/sepsis and critical care specialists are increasingly confronted with
profound muscle weakness, which is often accompanied by difficulties in weaning from respiratory support. Sepsis-induced
multiple organ failure has been identified as one of the primary risk factors for this major and frequent complication of
critical illness (18).

As a confusing number of various terminologies referred to similar or identical clinical presentations of this neuromuscular
disorder, a recent round table conference held in 2009 proposed the mutual term “ICUAW”.Whereas ICUAW is usually
accompanied by muscle wasting, muscle wasting does not necessarily lead to neuromuscular dysfunction, since overall
muscle strength depends both on total muscle mass and force generating capacity (force per cross-sectional area), which is
affected in ICUAW but not necessarily in muscle wasting syndromes (Figure 3) (19).
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Figure 3: Risk factors involved in muscle wasting and ICUAW.

Both complications may overlap in septic patients, yet they present two distinct entities that should not be used
synonymously. Whereas ICUAW is most likely accompanied by muscle wasting, muscle wasting is not necessarily
associated with ICUAW (20).

As mentioned above, muscle force capacity may remain stable in muscle wasting syndromes. Muscle wasting can be
triggered by other conditions than sepsis, including disuse, denervation, fasting, cancer, cardiac failure and renal
dysfunction. As these conditions frequently coincide with sepsis, systematic research of sepsis-specific muscle wasting and
ICUAW may be challenging in humans. This seems especially the case as sepsis is often accompanied by prolonged
bedrest/immobilisation, application of sedatives, acute or chronic organ dysfunction, malignancy as an underlying disease,
medication using glucocorticoids and others (21).

An imbalance between muscle protein synthesis and muscle protein degradation causing net loss of muscle mass is
considered to present the main mechanism of muscle atrophy in muscle wasting and may result from decreased protein
synthesis and/or increased protein degradation (Figure 3) (22).

Decreased muscle protein synthesis during sepsis

Even though studies on sepsis-induced muscle protein degradation received more attention, animal models of sepsis clearly
indicate that sepsis also decreases protein synthesis in skeletal muscles and inhibits protein synthesis within fast twitch
muscles (23).

Further indirect evidence for contribution of impaired insulin signalling to decreased protein synthesis comes from the
observation that the proinflammatory cytokines IL-6 and TNF-a have been linked to both insulin resistance and muscle
atrophy and that local IGF-1 application prevents sepsis-induced muscle atrophy, possibly by inhibition of sepsis-induced
increases of muscle atrogin-1 and the proinflammatory cytokine IL-6. IL-1 may lead to decreased protein synthesis. There
is evidence that systemic cytokine response in sepsis results in local amplification of proinflammatory cytokines within
muscle, possibly aggravating decreased protein synthesis in skeletal muscle during sepsis (24).

Nutritional aspects may contribute to decreased muscle protein synthesis as well. Administration of the essential branched
chain amino acid leucine has been shown to increase protein synthesis in rat skeletal muscles during ageing, exercise or
food-deprivation. However, under certain conditions including sepsis, the muscle may be resistant to leucine-stimulated
protein synthesis. Although the exact mechanisms of sepsis-induced leucine resistance remain to be elucidated. (25).

3. DIAGNOSIS OF ICU-ACQUIRED WEAKNESS

Several techniques are used to diagnose ICU-acquired weakness. These methods assess peripheral and/or respiratory
muscles (26).

1. Assessment of peripheral muscle strength

To diagnose ICU-acquired weakness, ideally, a clinical quantification of muscle strength should be performed. This
inherently implies a volitional technique, which has the drawback that the patients must be awake and cooperative and
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must comprehend the assessor’s instructions. As patients are often unconscious or uncooperative, due to sedation or
delirium, such clinical diagnosis is often not possible or is delayed. The most widely used volitional technique is the 6-
grade Medical Research Council (MRC) sum score. This score yields a global estimation of motor function, pointing to
clinically relevant muscle weakness when below 48 and severe muscle weakness when below 36 (27).

However, differentiation in the higher range is difficult. The ordinal scale of the MRC sum score limits the sensitivity to
detect more subtle changes in muscle function. In contrast, hand-held dynamometry for measuring handgrip and quadriceps
strength provides a continuous quantitative measure, but representativeness for global muscle strength has been questioned.

Electrophysiological assessments are also used to diagnose ICU-acquired weakness and can be applied to
unconscious/uncooperative patients. Although CIP and CIM share many features on nerve conduction studies and
electromyography, differentiation is possible in ideal circumstances, particularly when the patient is cooperative and
voluntary muscle activation is possible. Single nerve conduction studies have shown promise as alternative for time-
consuming full electrophysiological studies. For differential diagnosis of CIP and CIM in uncooperative patients, direct
muscle stimulation shows normal muscle excitability in CIP and reduced muscle excitability in CIM. However, expertise
is not widely available and differential diagnosis is further complicated by the high co-occurrence of CIP and CIM (28).

A variety of imaging techniques have been evaluated to assess muscle mass, as a surrogate of muscle strength, some of
which also can visualize muscle quality. Of these, ultrasonography is considered most promising. Although
ultrasonography allows quick and repeated bedside evaluation of measures of muscle quantity and quality, it may
underestimate muscle and protein loss. Furthermore, interpretation of the available studies is complicated by significant
methodological defects, small sample sizes, and lack of standardization to control for operator dependency (29).

Finally, nerve and muscle biopsies can provide important information and have increased mechanistic understanding but
are invasive with potential for complications and require specialized expertise for obtaining the samples and interpreting
findings. Biopsy analyses may allow differential diagnosis of CIP and CIM, but nerve biopsy is too invasive for routine
clinical use and hence is no longer advised except in the context of scientific research (30).

Assessment of respiratory muscle strength

Volitional testing of global respiratory muscle strength via maximal inspiratory and expiratory pressure or of diaphragm
strength via transdiaphragmatic pressure is again limited by the requirement of an awake and cooperative patient.
Measurement of transdiaphragmatic or endotracheal tube pressure in response to phrenic nerve stimulation can circumvent
this problem, but it is invasive, requires magnetic stimulation and is technically difficult. Also imaging techniques are being
used. However, chest X-rays have low sensitivity and specificity and ultrasonography has limited value during assisted
breathing (31).

4. MANAGEMENT OF ICU ACQUIRED WEAKNESS

The management of ICU-acquired weakness (ICU-AW) necessitates a comprehensive and multidisciplinary strategy
encompassing prevention, early recognition, and effective treatment. These three phases often occur concurrently,
reflecting the complexity and dynamic nature of critical care settings (1).

1. Prevention

Preventive strategies focus primarily on mitigating known risk factors for ICU-AW. Early and aggressive treatment of
sepsis is pivotal, as sepsis-induced cytokine release contributes significantly to neuromuscular dysfunction and multi-organ
impairment. Reducing ICU length of stay and minimizing mechanical ventilation duration are also critical, given the strong
association between prolonged immobility and the development of neuromyopathy. Early mobilization protocols not only
help preserve muscle strength but also improve ventilator weaning outcomes and metabolic control (1).

Hyperglycemia has been recognized as a modifiable risk factor for ICU-AW. Tight glycemic control through insulin
therapy has demonstrated beneficial effects on neuromuscular function; however, early mobilization itself may promote
euglycemia and mitigate insulin resistance. Moreover, careful selection and prudent use of pharmacologic agents,
particularly corticosteroids and neuromuscular blocking agents, remain fundamental to minimizing iatrogenic contributors
to ICU-AW. While recent evidence has questioned the direct causative role of these drugs, cautious administration, dose
adjustment, and minimizing treatment duration are generally advocated (1).

2. Early Recognition

Prompt identification of ICU-AW facilitates early intervention and may limit progression. Despite the absence of a
definitive gold standard for diagnosis, clinical tools such as the Medical Research Council (MRC) muscle strength grading
scale are commonly employed in cooperative patients. In non-cooperative or sedated patients, electrophysiological
techniques such as nerve conduction studies (NCS) and electromyography (EMG) provide valuable diagnostic information,
although they are technically demanding (4).
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3. Effective Treatment

Effective management of ICU-AW is rooted in two main therapeutic pillars: early mobilization and nutritional
optimization. Early physical rehabilitation has consistently been shown to maintain muscle mass, preserve respiratory
muscle function, and improve glycemic control. Advanced modalities, such as functional electrical stimulation (FES)-
cycling, have demonstrated additional benefits in enhancing muscle strength and reducing delirium incidence among
critically ill patients (32).

Nutritional support is equally critical, with emphasis on early initiation of enteral nutrition (EN) within 24—48 hours of
ICU admission. Current guidelines recommend moderate protein targets of 1.2—1.5 g/kg/day to support muscle anabolism
without overwhelming the metabolic capacity, especially in septic patients where excessive protein intake might impair
autophagic processes essential for cellular homeostasis. Experimental therapies, such as beta-hydroxybutyrate
supplementation and modulation of the ubiquitin-proteasome system, show promise but remain investigational (32).

Ultimately, the successful management of ICU-AW requires coordinated care involving intensivists, physiotherapists,
nutritionists, and nursing staff, aiming for individualized, dynamic patient-centered care plans (32).
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