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KEY POINTS

e The intensive care unit (ICU) represents one of the most challenging environments in
which to preserve skeletal muscle mass and function.

e Parameters of skeletal muscle health on admission (eg, muscle mass and composition/
quality) are predictors of clinically important outcomes and survival; the sarcopenia of ag-
ing compounds these risks.

e Patients in critical care exhibit a blunting of skeletal muscle protein synthesis and elevated
breakdown, despite comparable protein digestion and amino acid availability to healthy
individuals.

e Patients can lose ~2% of skeletal muscle mass per day in the first week of admission to
the ICU and are at risk for intensive care unit-acquired weakness.

e Early mobilization/stimulation of muscle (by physical therapy, ambulation and/or neuro-
muscular electrical stimulation) alongside the adequate provision of protein/amino acids,
preferably with higher leucine content, can improve physical function, maintain muscle
mass, and increase survival.

INTRODUCTION

Skeletal muscle constitutes around 40% of total body weight and contains approx-
imately 50 - 75% of all body proteins.” It is one of the most dynamic and plastic tis-
sues in the human body and is an indispensable organ involved in a broad array of
mechanical and metabolic processes.'® Through the conversion of chemical to
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mechanical energy, skeletal muscle contractile activity enables locomotion, main-
tains posture, and facilitates respiration.? In terms of metabolism, skeletal muscle
serves as a principal reservoir for amino acids needed by other vital tissues to main-
tain organ-specific protein synthesis in the absence of amino acid absorption from
the gut, which are mobilized during trauma and infection.’® Furthermore, muscle
mass is intimately related to the immune system in a bidirectional relationship. While
the immune system plays a crucial role in maintaining muscle health, muscles pro-
duce and release myokines responsible for proliferation, activation, and distribution
of immune cells. Consequently, low muscle mass has been associated with compro-
mised immunity and an increased risk of infection.* The breakdown of skeletal mus-
cle in the fasted state maintains plasma amino acid concentrations, provided
sufficient muscle mass is available, which contributes to the maintenance of blood
glucose levels during periods of starvation.® Reduced muscle mass, therefore, could
impede the ability to respond to stress and chronic illness.’ Moreover, altered skel-
etal muscle metabolism is implicated in the genesis of many common pathologies
and chronic diseases.®

Critical care represents one of the most challenging environments for the mainte-
nance of skeletal muscle health. It is common for patients admitted to the intensive
care unit (ICU) to experience a rapid loss of muscle cross-sectional area (CSA) and
strength due to prolonged bed rest (ie, muscle disuse) and other major risk factors®
such as multiple organ failure, systemic inflammatory response syndrome (SIRS), hy-
perglycemia, prolonged mechanical ventilation (more than one week), and the use of
drugs such as corticosteroids® and neuromuscular blocking agents® that contribute to
accelerated catabolism. Furthermore, suboptimal energy intake further exacerbates
the imbalance between muscle protein synthesis and breakdown. The loss of muscle
mass and strength in critical care contributes to long-term ICU-acquired weakness
(ICUAW),” which is an independent predictor of survival following critical iliness.”-®
Older ICU patients, particularly those affected by sarcopenia and anabolic resistance,
have a compounded risk for ICUAW in critical care.®'° The interplay between these
assorted factors is shown in Fig. 1.

The purpose of this review is to discuss the importance of skeletal muscle for
survival and recovery in critical care and the challenges posed by this environment.
The additive impact of aging and its associated risk factors for muscle health in the
ICU will also be examined. Finally, we consider strategies that support the preserva-
tion, restoration, and recovery of skeletal muscle during and after periods of critical
care.

DISCUSSION
An Overview of Muscle Protein Turnover

Skeletal muscle mass is regulated by the intricate balance between muscle protein
synthesis (MPS) and breakdown (MPB). The algebraic difference between MPS and
MPB, termed net balance, dictates whether proteins within muscle are accrued (ie,
anabolism/hypertrophy) or degraded and lost from skeletal muscle tissue (ie, catabo-
lism/atrophy).?'° These opposing, interrelated kinetic processes are continuous and
normally exist in dynamic equilibrium."" They determine the overall rate of muscle pro-
tein turnover, a process encompassing the efficient repair and renewal of damaged or
misfolded proteins,'? and the principal determinant of skeletal muscle mass.?
Changes in skeletal muscle mass occur when net protein balance favors MPS (lead-
ing to protein accretion) or MPB (leading to protein loss).>'® Some of the major influ-
ences on skeletal muscle proteostasis are dietary protein intake, physical (in)activity
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Fig. 1. A schematic representation of factors driving skeletal muscle loss during an indeter-
minate period in critical care and how these factors can be compounded with aging.

and aging."""'* Ingestion of a mixed meal induces a rise in plasma amino acids (AAs)
and insulin that stimulates MPS whilst suppressing MPB, leading to net protein accre-
tion or hypertrophy.'? Over a 24 hour timeframe, these transient periods of anabolism
are interspersed with periods of postabsorptive catabolism (in a ‘fasted-loss/fed-gain’
cycle), wherein muscle protein is broken down, and the resultant AAs are deaminated
and either oxidized, used to supply the free AA pool or directed toward other meta-
bolic pathways.?'"-12 In healthy adults not engaged in a regular program of resistance
training, the consumption of adequate dietary protein (specifically the essential amino
acids [EAAs] and leucine’®"%) ensures MPS and MPB are in equilibrium and skeletal
muscle mass remains relatively constant.? 2

Uncomplicated Disuse Atrophy and Muscle Protein Turnover

As discussed above, skeletal muscle is a highly plastic tissue that can alter its pheno-
type in response to the loading demands placed upon it.'? Physical exercise, partic-
ularly resistance exercise (RE), represents a powerful anabolic stimulus that
complements the effects of protein ingestion.®'” Through the loading it imparts on
the contractile apparatus, RE sensitizes the muscle protein translational machinery
to the presence of AAs for at least 24 - 48 hours and potentiates the effect of hyper-
aminoacidemia alone on MPS.'>%18 |t induces acute mechanical, metabolic, and
neuronal perturbations that underpin physiologic adaptation’® and drive changes in
intracellular gene and protein expression that ultimately lead to long-term structural
remodeling.?2°

In contrast to the anabolic stimulus provided by physical exercise, the loss
of mechanical input brings about a pro-catabolic environment and consequent
unloading-induced atrophy of skeletal muscle.>?> The primary driving process
underlying the loss of muscle protein over time in human uncomplicated (‘simple’)
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disuse-induced atrophy is a decline in MPS, as opposed to elevated MPB.2'~26
Indeed, declines of up to 50 - 60% in both fasting and fed MPS during unloading
have been demonstrated repeatedly.?>?’~*? The atrophy of ‘simple disuse’ is not a
systemic condition (ie, the atrophy is restricted to the limb(s) exposed to the disuse),
however, and is characterized by the absence of a disease state.???*2° Local unload-
ing, a short-term iliness, and voluntary inactivity-induced decreases in physical activity
can result in disuse atrophy.?? Disuse of this nature promotes ‘anabolic resistance’ of
the MPS response to EAAs.?%2 The provision of high doses of EAAs (and particularly
leucine) may help attenuate short-term disuse atrophy and overcome disuse-
associated anabolic resistance.*®

Skeletal Muscle and Protein Turnover in Critical lliness

The disuse atrophy experienced under conditions of critical iliness is distinct from that
observed in simple disuse. It is characterized by muscle disuse in conjunction with
elevated inflammatory cytokines,** increased systemic catabolic hormones, with or
without undernutrition, leading to enhanced proteolysis of skeletal muscle tissue.??*°
Proinflammatory cytokines can regulate muscle protein metabolism, playing a key role
in the onset of muscle wasting by increasing ubiquitin expression and proteasome
enzymatic activity.®* For example, critically ill mechanically ventilated patients exhibit
comparable fasted myofibrillar protein synthesis rates to healthy controls, as well as
normal protein digestion kinetics and amino acid availability following a duodenal
protein bolus (20 g administered over 60 minutes).>® Despite this, these patients
demonstrate a blunted ability to use ingested protein for MPS. Undoubtedly, the
disuse-induced combination of reductions in MPS and increases in MPB combine
to result in the rapid loss of muscle mass observed in critical illness. The modified
schematic from an earlier review by Morton and colleagues®’ depicts whole-body
and muscle protein kinetics in the fasted and postprandial state and the impact of ag-
ing and critical illness on these responses (Fig. 2).

Young old Critical Iliness

@ Whole-body
@ Muscle

Net protein balance

Basal Postprandrial Basal Postprandrial Basal Postprandrial

Fig. 2. Schematic depicting net whole-body and muscle protein balance in the fasted and
postprandial state. Basal whole-body protein turnover does not differ between young
and older individuals but is substantially reduced in critical illness, predominantly due to
skeletal muscle. The anabolic resistance that is a common feature of aging is exacerbated
during critical illness due to the severity of disuse. (From Morton RW, Traylor DA, Weijs
PJM, Phillips SM. Defining anabolic resistance: implications for delivery of clinical care
nutrition. Curr Opin Crit Care. Apr 2018;24(2):124-130. https://doi.org/10.1097/MCC.
0000000000000488.)
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Skeletal Muscle in Critical lliness

Critically ill patients can lose more than 15% of their muscle mass in one week, and
ICUAW can manifest in ~50% of patients during this time.*® The early and rapid na-
ture of this type of atrophy®® can have long-term detrimental effects on health. Recent
meta-analytic evidence suggests that, on average, critically ill patients lose nearly 2%
of skeletal muscle per day during the first week of ICU admission.*® Puthucheary and
colleagues®® reported a reduction in ultrasonography-derived rectus femoris CSA of
10.3% after one week, with a corresponding decrease in histology-derived muscle fi-
ber CSA of 17.5% and a decrease in the ratio of protein to DNA of 29.5%. The
decrease in rectus femoris CSA was exacerbated in patients who experienced multi-
organ failure as opposed to single-organ failure. The daily loss of CSA in both type |
and type Il fibers has been shown to be ~7% and ~14%, respectively, in critically
ill patients. These rapid changes have been shown to preferentially affect the lower
limbs, particularly the vastus lateralis, evidenced by reduced muscle thickness and
muscle pennation angle five days following admission.*° Alterations of this magnitude
are unlikely to be due solely to reductions in MPS or increases in MPB but rather a
simultaneous reduction in the former and increase in the latter. The skeletal muscle
wasting that occurs during critical illness is implicated in the concomitant loss of mus-
cle strength, which is another important risk factor for survival.®

Alongside these rapid early losses in skeletal muscle tissue, an altered metabolic
profile of skeletal muscle is observed,*' as evidenced by decreased mitochondrial
biogenesis, dysregulated lipid oxidation, intramuscular inflammation, and reduced
intramuscular ATP content. In patients with protracted (50 + 21 days in ICU) critical
illness and ICUAW, skeletal muscle demonstrates a reduction in its capacity for aero-
bic ATP synthesis per mg of muscle wet weight of ~50%.4? Furthermore, critically il
patients exhibit a state of hypermetabolism, as shown by severe glycogen depletion in
skeletal muscle.*® This depletion is of a greater degree than that observed in compet-
itive athletes and is suggestive of heightened catabolism to support higher energy
needs.*®

The early and rapid muscle atrophy experienced in critical care can have long-term
implications for health, quality of life, and mortality (see below). Patients who experi-
ence muscle wasting have a greater risk of ICUAW,** increased length of ICU stay,
and the loss of muscle mass within the first week of admission is associated with
increased 60-day mortality.*> For example, Dinglas and colleagues*® showed that
more than one-third of acute respiratory distress syndrome patients had muscle
weakness and that greater strength at discharge and throughout follow-up was asso-
ciated with improved 5-year survival.

Aging Exacerbates the Catabolic Stress of Critical lliness

Aging compounds the catabolic stressors of critical illness, as an older patient
(>60 years of age) may present with sarcopenia and anabolic resistance.®*” Sarcope-
nia, the age-associated loss of muscle mass, strength and function, principally affects
older adults and is often accompanied by a blunted MPS response to the normally
robust anabolic stimuli of amino acids and resistance exercise (so-called age-
related ‘anabolic resistance’).*® For instance, older people typically require ~1.5 to
2 times the amount of high-quality protein required to maximally stimulate MPS versus
their younger counterparts.??*° In this sense, an older patient can already be assumed
to be losing muscle mass, have a blunted muscle protein synthetic response to
feeding, and be at increased risk of frailty on discharge from the ICU."® The muscle
loss from sarcopenia is slower and likely due to a convergence of factors resulting
from poor diet quality, decreased physical activity levels, as well as chronic imbal-
ances between anabolic and catabolic hormones.?? Nevertheless, the presence of
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sarcopenia increases the risk of mortality in critical illness®® and represents a com-
pounding variable in a critical care setting.

Skeletal Muscle Parameters at Intensive Care Unit Admission Predict Survival

Baseline (ie, prior to ICU admission) skeletal muscle mass and composition/quality are
associated with important clinical outcomes and mortality in an ICU setting. Although
a higher body mass index (BMI) has been associated with lower mortality in ICU pa-
tients,®"°? when muscle area is accounted for, BMI appears to have no impact on
mortality.>® In fact, larger erector spinae muscle area derived from computed tomog-
raphy (CT) scans on ICU admission were associated with decreased odds of 6-month
mortality and disability at discharge.®* The concept of high BMI masking low muscle
mass has been discussed elsewhere.*® This observation was also true for bone den-
sity, whereas subcutaneous adipose tissue was not associated with mortality.>*
Importantly, erector spinae muscle area remained a significant predictor of 6-month
mortality and survival even after adjusting for other covariates such as preadmission
comorbidities, albumin, preadmission functional independence, severity scores,
age, and exercise capacity.>*

In addition to muscle mass (ie, quantity), its composition is also an important prog-
nostic factor, for example the presence and extent of myosteatosis (the ectopic fat
infiltration of muscle tissue).°®"° Patients with adequate muscle quantity or mass
may nevertheless exhibit disadvantageous muscle composition. Abnormalities in
several parameters of body composition such as higher muscle echo intensity and
lower phase angle are associated with higher mortality in critically ill patients.®®
Loosen and colleagues®® reported that critically ill patients with a skeletal muscle in-
dex or mean skeletal muscle attenuation below defined cutoff values (74.9 mm?/cm
or 29 Hounsfield units, respectively) showed a significantly reduced overall survival.
In critically ill patients with SARS-CoV-2 pneumonia, Sabatino and colleagues®” found
that muscle mass and myosteatosis determined from chest CT scans of paravertebral
skeletal muscle were associated with higher mortality. Similarly, Looijaard and col-
leagues®® observed that low skeletal muscle quality defined from CT-derived skeletal
muscle density was independently associated with higher 6-month mortality in
mechanically-ventilated ICU patients. Collectively, these findings demonstrate the
prognostic value of skeletal muscle health (ie, mass and composition parameters) in
critical care settings, particularly in the 24 hours following admission.

Strategies to Mitigate Intensive Care Unit-Induced Muscle Mass and Strength
Losses

Given the importance of skeletal muscle mass at ICU admission and the challenges
posed by atrophic muscle losses during critical care, strategies that promote the
growth, maintenance, and recovery of skeletal muscle in critical care settings could
be of great therapeutic value.® The leveraging of innovative technologies and tar-
geted/personalized nutrition and exercise interventions holds promise for increasing
ICU survivorship into the future.®’ The modified schematic from Morton and col-
leagues®’ provides an overview of recommendations for preserving muscle mass in
healthy and critically ill patients (Fig. 3).

Protein

Nutrition is essential for muscle health, and both the quantity and quality of nutrients are
important. Although a comprehensive review of all nutritional interventions for muscle
health in critically ill patients is beyond the scope of this paper, we will focus specifically
on protein. When energy intake is optimized, adequate and prompt provision of protein

Descargado para Daniela Zaiiiga Agiiero (danyzuag@gmail.com) en National Library of Health and Social
Security de ClinicalKey.es por Elsevier en abril 30, 2025. Para uso personal exclusivamente. No se
permiten otros usos sin autorizacion. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Healthy

Skeletal Muscle in Critical lliness

+Leucine

.
°
°

Critically ill

+Leucine

o >3 x/week « 1.2-1.6 g protein/kg/day « Frequent (3x/day) * 1.2-2.0 g protein/kg/day
« Volitional failure ¢ =0.3-0.5 g/kg meal « Early mobilization « Early and enteral
« Heavier/lighter e >3 g leucine/meal * Multi-modal * Hypocaloric
* Pre-sleep (?) * With respiratory * Bolus feed (?)
therapy * >3 gleucine/bolus (?)
« "Ramping" dose strategy (?)
* Greater intakes in burns, trauma,

obesity, and post-surgical patients
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Fig. 3. Recommendations for preserving muscle mass in healthy and critically ill individuals.
AA, amino acids; NMES, neuromuscular electrical stimulation (an example of a potential
therapy to induce muscle contraction).

has been recognized as a cornerstone in the treatment of the critically ill.°26° This notion
is of particular importance given the blunted anabolic response to protein provision
in this population.®® Current evidence appears to support the provision of dietary pro-
tein, and particularly leucine, in excess of the recommended daily allowance (RDA) of
0.8 g/kg/day to help prevent and treat muscle loss during critical illness.®*%¢ As of
2022, the American Society of Parenteral and Enteral Nutrition (ASPEN) recommends
a protein dose of 1.2 to 2.0 g/kg/day and for higher amounts to be provided to patients
with burns, obesity, or trauma.®” In critically ill patients with low skeletal muscle area and
density on admission, Looijaard and colleagues® observed that early high protein
intake (>1.2 g/kg/day) was associated with lower mortality, whereas this was not the
case for patients with normal skeletal muscle area. Although this was a retrospective
study, the findings nevertheless point toward a personalized approach to protein nutri-
tion in a critical care setting. For enteral infusion, free amino acids may augment the ef-
fects of intact protein as recent work has shown this approach to be advantageous for
plasma amino acid availability in critically ill patients.®® For older adults, the consump-
tion of higher leucine-containing proteins or amino acid mixtures through enteral and/or
parenteral means is a strategy that holds promise.'®

Although greater protein intakes might be warranted for patients with burns, trauma,
obesity, or those recovering from surgery, the provision of considerably higher
(>2.2 g/kg/day) protein intakes may be contraindicated in critically ill patients with
acute kidney injury and multiple organ failure at baseline.”® Further, some observa-
tional data suggest that “ramping” up protein delivery at ICU admission may improve
outcome and survival. These data showed early high protein (>0.8 g/kg/day) over the
first 1 - 3 days in the ICU was associated with higher mortality; subsequently higher
protein delivery (>1.2 g/kg/day) beyond day 4 was associated with improved sur-
vival.”" These findings further reinforce the need for a personalized nutrition approach
that takes the nutritional and metabolic status of the patient into account. Early and
continuous nutrition intervention is essential for optimal muscle health and should
be provided well beyond ICU-discharge for optimal recovery.”>”® Interestingly, the
concept of adjusting protein based on lean mass has been introduced as a superior
approach to individualized protein requirements.”* Since the lean mass compartment
determined protein needs, the wide variability in lean mass per kg of body weight
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could result in underfeeding or overfeeding in some patients. This concept has started
to be tested and explored in different populations and should be further investigated in
the ICU environment.”4~7¢

Skeletal muscle loading
Physical activity, and in particular resistance exercise, is known as a potent anabolic
stimulus at any age.?'° Physical therapy (PT) can improve quality of life and physical
function, increase ventilator-free days, and reduce the length of stay in the hospital
and ICU.””"® When initiated early (eg, within one week of ICU admission and
four days of invasive mechanical ventilation),”® the mobilization of critically ill patients
appears to decrease the incidence of ICUAW.2° Another important feature of skeletal
muscle loading is its ability to sensitize muscle to the aminoacidemia induced by pro-
tein feeding. Such sensitization, even if small, would be important for highly immobile
ICU patients, given the anabolic blunting that is known to occur.>® Evidence from me-
chanically ventilated patients has shown that early mobilization (two daily 15-min ses-
sions of cycle ergometry) coupled with high protein intake (median = 1.48 g/kg/day)
results in improved physical component scores at three and six months compared
with routine physiotherapy and lower protein intake (median = 1.19 g/kg/day).®’
This approach also brought about improved survival compared with the control group.

Loading exercise is difficult to conduct in the ICU environment for a variety of rea-
sons®?; however, some activities can be performed, such as sitting up at the bedside,
walking, cycling (in and/or out of bed), resistive work using bands, and neuromuscular
electrical stimulation (NMES).'® Understandably, there are groups of ICU patients for
which ambulation and PT will be difficult, if not impossible, such as trauma, brain
injury, and burns patients. However, even relatively modest skeletal muscle contrac-
tions in these patients, for example, those brought about using NMES, can increase
MPS and have beneficial outcomes for muscle health. Indeed, NMES has been iden-
tified as a safe alternative to active exercise for critically ill patients who cannot
perform voluntary muscle contractions, ideally within the first two days of ICU
admission.®®

Older patients require special attention, as they are less likely to recover from pe-
riods of disuse due to age-related anabolic resistance.??> Smeuninx and colleagues®
recently reported that a single bout of unilateral resistance exercise performed the
evening prior to five days of bed rest attenuated the decline in myofibrillar protein syn-
thesis and muscle atrophy, using a model that mimicked a traditional inpatient hospital
stay. While this model did not replicate the more extreme conditions of critical care,
the optimal strategy to recover from such catabolic stress is physical activity, espe-
cially resistance exercise, and the provision of adequate protein nutrition.

SUMMARY

Skeletal muscle is a critical tissue for survival and recovery in the ICU environment. On
admission, baseline skeletal muscle mass and composition/quality are predictive of
clinically important outcomes and survival. The ICU setting represents one of the
most challenging for skeletal muscle, particularly if mechanical ventilation is required
and/or the patient is older (>60 years). Research suggests that the early provision of
high amounts of dietary protein, provided there is no evidence of acute kidney injury
or multiple organ failure, alongside early mobilization using a variety of methods, can
support skeletal muscle health and other clinically important outcomes and reduce mor-
tality. Importantly, these findings emphasize the importance of a personalized/targeted
approach based on the functional capacity and nutritional risk of the patient.
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CLINICS CARE POINTS

Skeletal muscle mass is regulated by the opposing processes of muscle protein synthesis and
breakdown.

The critical care setting represents one of the most challenging environments for skeletal
muscle health.

Patients in the ICU, particularly those undergoing invasive mechanical ventilation, exhibit an
anabolic blunting of muscle protein synthesis.

In the first week of admission, patients can lose ~2% of muscle mass per day, and around
~50% will manifest ICUAW.

Skeletal muscle parameters, including mass and composition/quality, on admission predict
ventilator-free days, ICU-free days, and mortality in younger and older patients.

The goals of treatment should be the early provision of high-quality protein through the
optimal means available (oral, enteral, or parenteral) as well as mobilization through PT,
ambulation, or neuromuscular electrical stimulation.

e Higher protein doses (2.2 g/kg/day) appear to be contraindicated in critically ill patients,
particularly in those with acute kidney injury and multiple organ failure at baseline.

An individualized/targeted approach that considers physical and nutritional requirements
should be pursued.
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