
Citation: Umbrello, M.; Brogi, E.;

Formenti, P.; Corradi, F.; Forfori, F.

Ultrasonographic Features of

Muscular Weakness and Muscle

Wasting in Critically Ill Patients. J.

Clin. Med. 2024, 13, 26.

https://doi.org/10.3390/

jcm13010026

Academic Editors: Emmanuel Andrès

and Jacques Pierre Tremblay

Received: 21 November 2023

Revised: 12 December 2023

Accepted: 18 December 2023

Published: 20 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

Ultrasonographic Features of Muscular Weakness and Muscle
Wasting in Critically Ill Patients
Michele Umbrello 1 , Etrusca Brogi 2,* , Paolo Formenti 3 , Francesco Corradi 2 and Francesco Forfori 2

1 Department Intensive Care and Anesthesia, ASST Ovest Milanese, Ospedale Nuovo di Legnano,
20025 Legnano, Italy

2 Department Anaesthesia and Intensive Care, University of Pisa, 56126 Pisa, Italy
3 Departement of Anesthesia and Intensive Care, ASST Nord Milano, Ospedale E Bassini,

20092 Cinisello Balsamo, Italy
* Correspondence: etruscabrogi@gmail.com

Abstract: Muscle wasting begins as soon as in the first week of one’s ICU stay and patients with
multi-organ failure lose more muscle mass and suffer worse functional impairment as a consequence.
Muscle wasting and weakness are mainly characterized by a generalized, bilateral lower limb
weakness. However, the impairment of the respiratory and/or oropharyngeal muscles can also be
observed with important consequences for one’s ability to swallow and cough. Muscle wasting
represents the result of the disequilibrium between breakdown and synthesis, with increased protein
degradation relative to protein synthesis. It is worth noting that the resulting functional disability
can last up to 5 years after discharge, and it has been estimated that up to 50% of patients are not able
to return to work during the first year after ICU discharge. In recent years, ultrasound has played an
increasing role in the evaluation of muscle. Indeed, ultrasound allows an objective evaluation of the
cross-sectional area, the thickness of the muscle, and the echogenicity of the muscle. Furthermore,
ultrasound can also estimate the thickening fraction of muscle. The objective of this review is to
analyze the current understanding of the pathophysiology of acute skeletal muscle wasting and to
describe the ultrasonographic features of normal muscle and muscle weakness.

Keywords: intensive care unit acquired weakness; muscle weakness; ultrasound evaluation; critical
care; proteolysis

1. Introduction

Patients discharged from the ICU very commonly present severe muscle dysfunction
leading to the inability to accomplish daily activity and suffer from a reduced quality
of life as a consequence [1,2]. Indeed, critically ill patients may present several complex
symptoms and physical findings that are responsible for physical impairments, cognition
difficulties, and mental health alterations. Post-ICU syndromes have a huge impact during
the recovery phases of patients and caregivers. Disabilities can last up to 5 years and almost
half of patients are not able to return to work during the first year after ICU discharge. This
limitation in working activity and difficulties in performing activities of everyday life lead
to a reduced quality of life with important economic challenges for both patients and their
families [3].

During ICU stay, muscle mass rapidly deteriorates in the early phases of critical
illness, with sequelae that may persist also during the recovery phases (e.g., muscle deficit,
falls) [4–7]. Muscle wasting can be triggered by several factors and its severity is directly
correlated with the gravity of the underlying critical illness [1]. In 2014, the American
Thoracic Society defined intensive care acquired weakness (ICUAW) as “a syndrome of
generalized limb weakness that develops while the patient is critically ill and for which
there is no alternative explanation other than the critical illness itself” [8]. Remarkably,
the respiratory and oropharyngeal muscles can also be affected: aspiration pneumonia
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and dysphagia represent well-known and possible complications of such muscle wasting
syndrome [9–12].

ICUAW is characterized by heterogenous clinical presentation with different impair-
ments in muscle contractility and strength [13,14]. Proteostasis and, consequently, the
pathways involved in the homeostasis of protein synthesis and degradation play a central
role in the pathophysiology of muscle wasting syndrome. However, the detailed mech-
anism involved remains only partially understood [15]. In recent years, ultrasound has
gained more and more importance in the evaluation of skeletal muscle, both quantitatively
and qualitatively. Ultrasound allows the evaluation of the cross-sectional area and thick-
ness of the muscles as indices of muscle mass. Moreover, ultrasound provides clinicians
with important information on the echogenicity and the presence of muscle atrophy [16].
Remarkably, ultrasound can also be used for the assessment of the diaphragm [17–19].

In this review, we aimed to summarize the current understanding of the pathophysiol-
ogy of acute skeletal muscle wasting, describe the ultrasonographic (US) features of normal
muscle, and summarize the US assess muscle weakness.

2. Pathophysiology of Muscle Weakness and Muscle Wasting during Critical Illness

In critically ill patients, the loss of muscle mass and strength predominantly results
from the imbalance between protein breakdown and synthesis, with increased protein
degradation relative to protein synthesis. The resulting net catabolic state is responsible for
ICUAW. An overview of the mechanisms involved in the pathophysiology of such acute
skeletal muscle wasting is shown in Table 1.

Malnutrition and immobility have a huge impact on the short- and long-term changes
of body composition, leading to functional debility and an increased risk of fractures.
Furthermore, various concomitant factors can lead to bioenergetic dysfunction and altered
protein synthesis. Above all, sepsis, oxidative stress and burns represent critical risk
factors for muscle wasting [1,5,20]. A systemic inflammatory response is highly prevalent
in critically ill patients, especially during the acute phase, and it can persist during the
recovery phase with potential risks for chronic critical illness and with huge resulting
negative impacts on post-ICU recovery. From a pathophysiological point of view, the
systemic inflammatory response is characterized by the mismatch between oxygen supply
and demand leading to mitochondrial bioenergetic disequilibrium [16]. The consequent
decrease in ATP production leads to reduced protein synthesis. Moreover, whilst in
an inflammatory state, increased capillary permeability microcirculatory impairments,
endothelial dysfunction lead to reduced nutrient delivery, the effusion of toxic molecules,
and cell damage with the resulting increased protein degradation [21]. It is worth noting
that several studies have shown a direct correlation between disease severity, inflammatory
mediators’ levels (e.g., tumor necrosis factors) and the degree of muscle atrophy, axonal
degeneration, and loss of myelinated fibers [5,20,22–24].

Table 1. Pathophysiology of muscle wasting, ICU-AW.

Muscle Protein Synthesis

Pathway Mechanism Effects

IGF1-PI3K-Akt/PKB-mTOR pathway

- Regulated by mechanical load, nutrition,
and growth factors;

- IGF1 is predominantly synthesized in
the liver;

- Activates RAS-MAPK-ERK and the
PI3K–AKT-mTOR pathways.

- Reduced expression of the mRNA;
- Reduced myosin heavy-chain synthesis;
- Control protein synthesis;
- Control mitochondria biogenesis;
- Metabolic disorder, cancer and

neurodegeneration.
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Table 1. Cont.

Muscle protein breakdown

Proteolytic system Mechanism Effects

Ubiquitin (Ub)/proteasome system (UPS)

- Activation by Inflammatory factors and
glucocorticoids;

- Proteins are tagged by E1
ubiquitin-activating enzyme, E2
ubiquitin-conjugating enzymes, and E3
ubiquitin–protein ligases;

- Complex recognized and degraded by
26S proteasome.

- Protein degradation control;
- Regulates cellular processes: DNA

repair and cell proliferation;
- Degrading defective proteins.

Autophagy

- Chaperon-mediated autophagy;
- Lysosomal pathway of proteolysis;
- Microautopaghy;
- Macroautophaghy.

- Clearance of damaged
proteins/organelles;

- Degradation of cytosolic protein;
- Vacuolization of myofibers and nuclei;
- Accumulation of p62 and ubiquitinated

proteins;
- Muscle atrophy.

Calpain and Caspase-3

- Increase during fasting;
- Caspase -3 degrade endogenous calpain

inhibitor;
- Calpain facilitate Caspase-3 activation;
- Calpain degrades structural proteins;
- Caspase-3 degrade actomyosin.

- Proteolysis;
- Mediate degradation of the myofibrillar

apparatus;
- Digestion of individual myofibrillar

proteins;
- Disassembly of the myofibril;
- Initiation and regulation of cell death.

Glucose metabolism

Mechanism Effects

- Glycogenolysis and gluconeogenesis;
- Insulin resistance;
- Reduced glucose transporters (GLUT4) expression in muscle cells;
- Activation of caspase 3, and the ubiquitin–proteasomal degradation pathway;
- Direct glucose cellular toxicity.

- Release of glucose;
- Activation protein degradation leading

to muscle atrophy;
- Increased production of reactive oxygen

species;
- Accumulation of sorbitol and fructose;
- Intracellular hyperosmotic state;
- Cell swelling and necrosis.

Calcium level and channelopathy

Mechanism Effects

- Upregulate calpain expression;
- Altered ATP production;
- Altered receptors and ion channel function → abnormal calcium release.

- Activation of proteolysis pathway;
- Actin and myosin myofibril

degradation;
- Disruption of myofilament structure;
- Reduced contractility and force

generation.

Major signaling pathways that control muscle growth are implied in the muscle wast-
ing syndrome. Both the insulin-like growth factor 1 phosphoinositide-3-kinase-Akt/Protein
kinase B mechanistic target of rapamycin (IGF1-PI3K-Akt/PKB-mTOR) pathway and the
myostatin-Smad 3 pathway represent two key signal networking which regulate muscle
growth. The IGF1-PI3K-Akt/PKB-mTOR pathway regulates several central metabolic mech-
anisms such as protein synthesis, protein degradation, glucose uptake, energy production,
and cellular proliferation. Under the action of growth hormones, IGF1 is predominantly
synthesized in the liver and is responsible for activating the mitogen-activated protein
kinase/extracellular signal-regulated kinase (RAS-MAPK-ERK) and the PI3K–AKT-mTOR
pathways. The kinase mTOR interacts with several molecules (such as hormones and
cytokines) and forms two complexes. In detail, the mTORC1 complex mainly regulates cell
growth, controlling protein synthesis and mitochondrial biogenesis, whereas the mTORC2
complex is implied in glucose and lipid homeostasis. mTOR controls both the anabolic and
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catabolic state with a central role in energy sensing and the modulation of muscle growth.
Consequently, the dysregulation of mTOR signaling may lead to metabolic disorders, can-
cer, and neurodegeneration. The nutrient level, growth factors, as well as the energy and
oxygen availability all represent regulators of mTORC1 expression, with resulting implica-
tions for translation and spliced transcription, ribosome biogenesis, nucleotide synthesis,
autophagy, and lysosome biogenesis. An important consequence in the alteration of these
signaling pathways is represented by the reduced mRNA expression for myosin-heavy
chains at the translational level [25].

Protein homeostasis, also known as proteostasis, is fundamental in physiological
conditions to maintain normal muscle health and prevent several illnesses. As proteostasis
involves a balance between protein synthesis and degradation, cellular proteolysis systems
are vital for preserving cellular functioning. The ubiquitin (Ub)/proteasome system (UPS),
the autophagy/lysosomal system, and the caspase-mediated protein cleavage represent
the systems involved in the proteolytic pathways which are, consequently, involved during
muscle wasting [25]. The ubiquitin (Ub)/proteasome system is responsible for protein
degradation control, and it regulates cellular processes such as DNA repair, stress response,
and cell proliferation. Proteasome (i.e., 26S proteasome) is a proteolytic protease that
degrades proteins through an ATP-dependent process. To be recognized by the proteasome,
proteins have to be tagged by the E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating
enzymes, and E3 ubiquitin–protein ligases. Several pro-inflammatory stimuli can increase
UPP gene transcription, protein levels of ubiquitin ligases as well as proteosome activity,
thus accelerating muscle catabolism [26]. FoxO1, FoxO3, atrogin-1, MuRF1 and 2, FBOX31,
SMART, and TRIM 32 represent important Ub ligases implied in proteolytic process during
muscle wasting. Atrogin-1 and MuRF1 are E3 ubiquitin ligases with a particular interest.
Importantly, glucocorticoids can activate these ligases, leading to the protein degradation
and release of amino acids that represent important sources for gluconeogenesis and conse-
quently induce atrophy [27]. The second main proteolytic system controller in response to
cell stress is represented by autophagy [28]. Autophagy is upregulated by fasting, ROS,
inflammation, growth factors and infection. Both the upregulation and dysregulation of
autophagy are responsible for increased muscle degradation [29]. Important molecules
that regulate autophagy are: FoXO, mTORC1, LC3, and Atg7. Heat shock proteins are
upregulated on the first day of ICU admission.

Eventually, glucose and calcium metabolism represent further central mechanisms
implied in muscle wasting syndrome. Hyperglycemia is tightly linked to exaggerated
inflammatory responses, immune system imbalance, and mitochondrial damage, leading
to peripheral neuropathies and respiratory muscle weakness [30]. High glucose levels can
activate the ubiquitin–proteasomal degradation pathway, and can increase the production
of reactive oxygen species which in turn increase the proteolytic pathways [31]. It is
worth noting that glucose can play a direct cellular toxic effect on the cells due to a
hyperosmolar hyperglycemic state. This mechanism also contributes to protein degradation
and cellular necrosis. Additionally, the calcium levels are implied in the upregulation of
calpain and consequently trigger the proteolysis pathway [32]. Indeed, calpains are cysteine
proteases with proteolysis effects that result in actin and myosin myofibril degradation.
Furthermore, increased levels of calcium in the cytosol can be toxic, promoting ROS
production and apoptosis [33,34]. In addition, it is worth highlighting that the Na+/K+

pump exchangers play a central role in the process of membrane action potential and in the
regulation of intracellular calcium levels. Altered channelopathy is frequent during sepsis
with consequent membrane depolarization and denervation effects with altered muscle
contraction function [33].

3. Ultrasound Features of the Normal Muscle

Muscles consist of two components: the muscle fibers and the stromal connective
tissue. Muscle comprises muscle fibers organized in fascicles surrounded by a connective
tissue, called perimysium [35]. Within the fascicles, multiple groups of fibers are covered by
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endomysium. Epimysium represents the outermost sheath of connective tissue covering the
muscle. Inside the three bundles of muscle fibers, blood vessels, nerve fibers, subcutaneous
fat and connective tissue are present [36]. Skeletal muscles differ in size, shape, and fibers
disposition. Fiber can be parallel to the longitudinal axis of the muscle (running for the
entire length of the long axis of the muscle), or they can present an oblique disposition or
converge to a specific point [37]. Fusiform muscle bundles have a parallel orientation in
the median portion of muscle so that the fibers converge towards the tendon at the muscle
ends, whereas pennate muscles are characterized by an oblique fascicular arrangement of
the fibers relative to the line of pull [38]. In bipennate muscles, the fascicles converge into a
single central tendon, while multipennate muscles show more than one tendon running
through the muscle substance [39]. Furthermore, the fibers can converge to a fibrous apex
through a wide attachment (fan-shaped or triangular muscle) [40].

Ultrasound is a dynamic technique that is therefore capable of visualizing normal
and pathological muscle features. US is generally performed using high-frequency probes,
allowing a better lateral resolution, axial resolution, and a reduction in distortion in com-
parison with curved array probes [41].

Normal ultrasonographic features of muscle show an organized structure allowing
the transmission of sound waves [42]. Ultrasonographic evaluation can discriminate
structures such as subcutaneous fat, bone, nerves, and blood vessels [43]. Moreover,
dynamic ultrasound imaging, using high frame rates, can analyze muscle contractions,
tremors, and fasciculations [44]. The echotexture of normal skeletal muscles is characterized
by a hypoechoic texture reflecting the demarcated linear hyperechoic muscle bundles
and filaments (i.e., “starry night” appearance); this speckled appearance represents the
reflections of perimysial connective tissue in the short-axis plane [45,46]. In the longitudinal
plane, it is possible to visualize the general architecture of the muscle with the fibers’
disposition. Consequently, in this view, it is possible to appreciate the organization of the
different fibers (i.e., parallel in the biceps brachii, pinnate in tibialis anterior, and triangular,
as in the latissimus dorsi muscle) [47]. Perimysium reflections result in a linear, pennate, or
triangular structure image. In both the US views, along or perpendicular to the long axis of
the muscle, epimysium surrounding the muscle is clearly identifiable as a highly reflective
structure as well as the bone with a hyperechogenic rim and an anechoic bone shadow
underneath [48]. The proportion in connective tissue and muscle fascicles can be analyzed
by the evaluation of the ratio between the hypoechoic and hyperechoic components of the
muscle [49]. Nerves, intramuscular tendons, and aponeuroses are relatively hyperechoic
bands whereas subcutaneous fat has a low echo intensity. In detail, tendons look like
fibrillar structures with multiple stripes‘ organization.

The evaluation of muscle size, area, and changes in echo intensity pattern and echo-
texture provides important information on the health of the muscle [50]. Furthermore,
ultrasound supports the evaluation of post-traumatic muscle complications and the pres-
ence of muscle edema. Reflection, absorption, and attenuation depend on the composition
of the muscle that can vary hugely during neuromuscular disease and trauma [51,52]. In-
deed, under physiological conditions, the proportion of fibrous tissue is low; consequently,
this results in a hypo-anaechogenic image. In the evaluation of muscle thickness and of the
cross-sectional areas, the operator has to take into account the variety encountered across
different ages. Actually, age influences muscle thickness; size increases rapidly during
childhood, with a peak between 25–50 years of age; and then declines progressively [53].
The MRI studies have shown a good correlation between the determination of muscle
thickness using US and magnetic resonance evaluation (i.e., Pearson coefficient r = 0.99,
p < 0.01) [54–57]. Further important US evaluation is represented by echogenicity [45].

The proportion of fibrous tissue as well as fiber arrangement can influence the
echogenicity [58]. When US waves meet a tissue characterized by varying acoustic
impedance, part of the acoustic waves is reflected; the amplitude of the reflected acoustic
signal determines the brightness of the displayed image. Indeed, fibrous tissue presents
a different acoustic impedance in comparison to muscle fibers, with high absorption and
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attenuation, resulting in a brighter image [42]. Discontinuity in muscle density results in a
reflection and scattering phenomenon. Consequently, echogenicity increases with age due
to the increased proportion of fat and fibrous tissue within the muscle [59]. Additionally,
muscular dystrophy is characterized by an alteration in muscle size and an increased pro-
portion of fat and connective tissue; in these cases, a “ground glass” appearance is observed
due to increased echogenicity [60]. Likewise, US can analyze the structured organization of
fibers; this arrangement can be lost in neuromuscular diseases with a “patchy” or “steaky”
appearance [60]. Echogenicity can be evaluated using qualitative methods. Heckmatt scale
is a four-point visual grading scale based on gray-scale appearance [47]. This visual evalua-
tion scale has shown high sensitivity and high inter-observer agreement [61]. Interestingly,
echogenicity can also be evaluated using quantitative methods. Acquisition tools allow the
acquisition of the mean gray scale level of a region of interest (ROI) and the comparison
with a mean reference value of echogenicity for the muscle [45,62,63]. In addition, spatial
frequency analysis (SFA) can evaluate the B-mode speckle pattern of muscle in the spatial
frequency domain providing important information on muscle architecture [64].

Finally, the US can allow the visualization of muscle movement in real time [65].
This aspect is remarkable, taking into consideration that US can analyze the diaphragm
movement through the respiration cycle [66]. During inspiration, diaphragm thickness
increases up to 20% from FRC to TLC [67]. Even more, the bilateral evaluation of the
diaphragm can allow the detection of muscle asymmetry in the case of unilateral phrenic
palsy [68]. Diaphragmatic ultrasound evaluation has shown a correlation with MIP and
with the phrenic nerve conduction study. Diaphragmatic US evaluation has also shown a
high sensitivity and specificity for the detection of neuromuscular diaphragmatic weakness
characterized by a reduction in thickness and muscle excursion during inspiration [69].
Remarkably, the US can also allow the identification and the extent of fasciculations [65,70].
Tremors and fibrillations can also be seen. Fasciculations are a marker of denervation and
the detection of fasciculation represents a vital finding for amyotrophic lateral sclerosis’
diagnosis [71,72]. Likewise, fibrillation indicates a loss of interaction between the muscle
and innervation axon, and it can be seen in several muscular disorders. Consequently, the
ultrasound evaluation of muscle contraction can represent a huge aid for clinicians with
the diagnosis of neuromuscular disease [65]. Figure 1 shows the features that can be seen
with skeletal muscle ultrasound.

J. Clin. Med. 2023, 12, x FOR PEER REVIEW  7  of  16 
 

 

 

Figure 1. Normal features of diaphragm and quadriceps muscle. The figure shows the features 

that can be seen with skeletal muscle ultrasound. Left Panel (A): a transverse scan of the thigh 

allows for the visualization of the quadriceps muscle, which is composed of the rectus femoris 

(RF), the vastus lateralis (Vl), the vastus medialis (Vm), and the vastus intermedius (Vi); the 

hyperechoic, curvilinear image on the lower part of the figure, with the anechoic shadow is the 

femur (F), while on the upper part of the image, the subcutaneous tissue is shown (ScT). Right 

panel (B): a longitudinal scan of the chest wall at the zone of apposition allows for the 

visualization of the diaphragm at the zone of apposition (i.e., the area of attachment between the 

diaphragm directly behind the inner aspect of the lower chest wall and rib cage). Lu: lung; ScT: 

subcutaneous tissue; ICm: intercostal muscles; Li: liver; and Di: diaphragm. 

4. Ultrasonographic Evaluation of Muscle Wasting in the Critically Ill 

The  ultrasonographic  evaluation  of  muscle  wasting  is  a  valuable  tool  in  the 

assessment and management of critically ill patients [73]. Muscle wasting and atrophy are 

common problems in the critically ill due to various factors, including prolonged bed rest, 

immobilization, systemic inflammation, and the catabolic response to stress [74–76]. When 

assessing muscle wasting, clinicians select specific muscles based on clinical relevance and 

accessibility. The most  commonly  evaluated muscles  are  in  the  limbs  and  include  the 

quadriceps, rectus femoris, and the anterior compartment muscles of the thigh [61,77–79]. 

Ultrasonography typically involves using a high-frequency ultrasound probe oriented to 

obtain  longitudinal or  transverse  images of  the muscle of  interest. Muscle  thickness  is 

often measured at specific anatomical landmarks, such as the midpoint or lower third of 

the  thigh  for  quadriceps  assessment  [80]  or  the  10th  intercostal  space  on  the  anterior 

axillary line for diaphragm ultrasound [81]. The cross-sectional area of the rectus femoris 

muscle is determined by outlining the muscle borders on the ultrasound image, and the 

software calculates the area based on the traced boundaries [82,83]. It is well known that 

the  limb muscle  size,  structure,  and  function deteriorate during  the  course  of  critical 

illness, by approximately 3% per day in the first week of ICU stay [84] and ultrasound 

findings of reduced rectus femoris CSA were  found  to be associated with poor clinical 

outcomes [85]. Similarly, a quality assessment can be obtained by the analysis of muscle 

echogenicity, that is, the ability to reflect or transmit ultrasound waves within the context 

of  surrounding  tissues. Echogenicity  is  currently measured offline on  saved,  exported 

images, by performing the grey-scale analysis of image pixels using standard software for 

image  editing.  In  healthy  muscles,  echogenicity  is  relatively  uniform  and  appears 

hypoechoic (i.e., darker) on ultrasound images. Muscle degeneration and fatty infiltration 

result  in  increased  echogenicity,  leading  to  a  hyperechoic  (brighter)  appearance. This 

process has been shown to correlate with ultrastructural findings, as it reflects the muscle 

composition:  increased  echogenicity  represents  a more  homogenous muscle  [22].  The 

quantification of muscle echogenicity requires exporting the muscle ultrasound scan as a 

digital  image file  for  subsequent, offline  computer  analysis,  and  the absolute value of 

density of the image critically depends on the settings which the image was acquired with. 

A  recent  investigation  in  healthy  volunteers  has  analyzed  vastus  lateralis  ultrasound 

Figure 1. Normal features of diaphragm and quadriceps muscle. The figure shows the features that
can be seen with skeletal muscle ultrasound. Left Panel (A): a transverse scan of the thigh allows for
the visualization of the quadriceps muscle, which is composed of the rectus femoris (RF), the vastus
lateralis (Vl), the vastus medialis (Vm), and the vastus intermedius (Vi); the hyperechoic, curvilinear
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lower chest wall and rib cage). Lu: lung; ScT: subcutaneous tissue; ICm: intercostal muscles; Li: liver;
and Di: diaphragm.
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4. Ultrasonographic Evaluation of Muscle Wasting in the Critically Ill

The ultrasonographic evaluation of muscle wasting is a valuable tool in the assessment
and management of critically ill patients [73]. Muscle wasting and atrophy are common
problems in the critically ill due to various factors, including prolonged bed rest, immo-
bilization, systemic inflammation, and the catabolic response to stress [74–76]. When
assessing muscle wasting, clinicians select specific muscles based on clinical relevance
and accessibility. The most commonly evaluated muscles are in the limbs and include the
quadriceps, rectus femoris, and the anterior compartment muscles of the thigh [61,77–79].
Ultrasonography typically involves using a high-frequency ultrasound probe oriented to
obtain longitudinal or transverse images of the muscle of interest. Muscle thickness is
often measured at specific anatomical landmarks, such as the midpoint or lower third
of the thigh for quadriceps assessment [80] or the 10th intercostal space on the anterior
axillary line for diaphragm ultrasound [81]. The cross-sectional area of the rectus femoris
muscle is determined by outlining the muscle borders on the ultrasound image, and the
software calculates the area based on the traced boundaries [82,83]. It is well known
that the limb muscle size, structure, and function deteriorate during the course of critical
illness, by approximately 3% per day in the first week of ICU stay [84] and ultrasound
findings of reduced rectus femoris CSA were found to be associated with poor clinical
outcomes [85]. Similarly, a quality assessment can be obtained by the analysis of muscle
echogenicity, that is, the ability to reflect or transmit ultrasound waves within the context of
surrounding tissues. Echogenicity is currently measured offline on saved, exported images,
by performing the grey-scale analysis of image pixels using standard software for image
editing. In healthy muscles, echogenicity is relatively uniform and appears hypoechoic
(i.e., darker) on ultrasound images. Muscle degeneration and fatty infiltration result in
increased echogenicity, leading to a hyperechoic (brighter) appearance. This process has
been shown to correlate with ultrastructural findings, as it reflects the muscle composition:
increased echogenicity represents a more homogenous muscle [22]. The quantification
of muscle echogenicity requires exporting the muscle ultrasound scan as a digital image
file for subsequent, offline computer analysis, and the absolute value of density of the
image critically depends on the settings which the image was acquired with. A recent
investigation in healthy volunteers has analyzed vastus lateralis ultrasound images at
increasing depths from 3 to 7 cm and gain settings of 50 and 60 dB. The authors found that
echo intensity values were similar between 4 and 6 cm regardless of the gain, suggesting
that, regardless of the image gain, a stable depth and gain setting should be used, even if
small deviations may be acceptable [86]. Changes in quadriceps muscle echogenicity have
been associated with negative outcomes [22].

On the other side, diaphragm ultrasound has also been used, besides the evaluation of
the patient contribution to the inspiratory work of breathing, to study muscle wasting [87].
To do so, the end-expiratory thickness is generally used, as its value is not influenced
by the inspiratory thickening secondary to muscle contraction. In healthy subjects, an
end-expiratory thickness of 1.7–2.2 mm is expected [88]. In invasively ventilated patients,
the diaphragm thickness was shown to be a reliable measure of weakness, in terms of
delayed ventilator weaning [89].

The functional assessment of rectus femoris can involve dynamic ultrasound imaging
during muscle contraction [90]. For example, the quadriceps can be assessed for its ability
to contract and generate force during a leg lift. The clinician observes muscle movement
and changes in thickness as the muscle contracts and relaxes. Similarly, muscle architecture
can be described by the pennation angle, i.e., the angle of insertion of muscle fibers into
their aponeurosis, which provides information about muscle strength. For instance, the
larger the pennation angle, the more contractile material is present, and thus the higher
the capacity is to produce force [58]. The rectus femoris pennation angle is measured with
the same method and in the same position of muscle area and thickness; a longitudinal
view is obtained by rotating the probe parallel to either the lateral or medial head of
the muscle. A few studies have investigated the pennation angle in critically ill subjects;
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showing how, upon ICU admission, an angle < 4.4◦ was found to be associated with a worse
outcome [91]. Serial ultrasound assessments can be performed at regular intervals (e.g.,
weekly or monthly) to track changes in muscle size and quality [92]. Trend analysis involves
plotting these measurements over time to visualize the progression of muscle wasting [93].
Then, ultrasound findings can be integrated with nutritional assessments, including the
measures of protein intake and serum albumin levels [94]. More specifically, the ESPEN
suggest how ultrasound can evaluate a low body mass index, unintentional loss of body
weight, low skeletal muscle mass index, decreased food intake/assimilation, and disease
burden/inflammation, all of which are essential items for nutritional assessment [95]. In COVID-
19, critically ill patients, early changes in muscle size and quality were shown to be related
to ICU survival, and to be influenced by nutritional and fluid management strategies [96].
If muscle wasting is determined to be related to malnutrition, a tailored nutritional plan,
possibly including protein supplementation, may be initiated. A recent pilot study [97]
showed how muscle thickness assessed by ultrasonography independently predicts one’s
nutritional status, similarly to previous studies in which the authors showed a moderate
positive correlation between the rectus femoris and geriatric nutritional risk index [98]. The
early detection of muscle wasting through ultrasound allows for timely intervention [78].
Physical therapists can design specific exercise programs to target the affected muscles.
Rehabilitation plans can be adjusted based on the serial ultrasound assessments to optimize
muscle recovery. Thus, the detailed documentation of ultrasound findings, including
images and measurements, is crucial for clinical records and multidisciplinary collaboration.

Nevertheless, critical care muscle ultrasound research is hampered by several fac-
tors including the absence of a formal training program or standardized protocol used to
educate clinicians, healthcare providers, or students; a lack of standardization in terms
of specific muscles and muscle groups to be analyzed; and the absence of a standard-
ized number of images needed for the adequate analysis of biomechanical measures and
metabolic integrity.

In summary, the ultrasonographic evaluation of muscle wasting in critically ill patients
is a precise and versatile approach that combines various parameters to assess muscle
size, quality, and function. This detailed assessment aids in diagnosing and managing
muscle wasting, ultimately contributing to improved patient outcomes and recovery in
the critical care setting. Figure 2 shows the ultrasonographic images of the diaphragm
and quadriceps muscle for a critically ill patient during the first week of ICU stay, and
highlights the reduction in the mass of both muscles.
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5. Ultrasonographic Assessment of Muscle Weakness

The ultrasonographic assessment of muscle weakness is a valuable diagnostic tool
used to evaluate muscle function, size, and structure. Ultrasound is increasingly being
used to assess changes in muscle size and quality over time. The advantages are the high
spatial resolution, low procedural risks, absence of ionizing radiation, and ease of use,
even early in the course of disease. Commonly assessed muscles include the quadriceps,
biceps brachii, gastrocnemius, and others relevant to the patient’s condition [99], even
if the most common site for muscle ultrasound is the rectus femoris [100]. In fact, this
muscle is easy to identify and analyze with a single image, and is considered a functionally
important muscle for the performance of daily living, while at the same time, being an
antigravity muscle, it is subject to significant wasting during bedrest and illness, more than
the muscles of the upper limbs [101]. The ultrasound probe is positioned over the target
muscle, ensuring good skin contact and adequate gel application to optimize the image
quality. The muscle thickness and cross-sectional area are primary parameters measured
during the ultrasonographic assessment. These measurements are taken in both relaxed
and contracted states to assess the muscle function. Measurements are usually obtained
at standardized anatomical landmarks, such as the midpoint or two-thirds of the distance
between the anterior superior iliac spine and the superior border of the patella. The rectus
femoris ultrasound is generally performed using a high-frequency, linear transducer array
probe (8–12 MHz), using the B-mode setting. Briefly, patients are studied in the semi-
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recumbent position with extended knees. The probe is placed on the anterior part of the
thigh, on an imaginary line connecting the anterior superior iliac spine and the midpoint
of the proximal border of the patella. A mark can be drawn on the skin to increase the
reproducibility of subsequent measurements. The transducer is oriented in transverse to
the longitudinal axis of the thigh at a 90◦ angle; the probe is coated with water-soluble
transmission gel to increase the acoustic contact, and care is taken to reduce the pressure
on the tissues and the consequent distortion of the image as much as possible. Typical
values of the quadriceps thickness and rectus femoris CSA in healthy volunteers have been
reported to be 2.6 cm and between 4.53 and 8.68 cm2 [102], respectively. On the other side,
in critically ill patients, average values at ICU admission have ranged between 0.98 and
2.23 cm for quadriceps thickness and from 2.26 to 4.42 cm2 for rectus femoris CSA [22,103].
Such widely scattered values depend on the lack of a universally standardized technique
for performing muscle ultrasound.

To identify muscle weakness, the thickness or cross-sectional area of the affected
muscle is compared to the contralateral, unaffected side, or to established normative values.
This comparison helps quantify the degree of muscle atrophy or weakness. Ultrasonogra-
phy allows for the assessment of muscle quality by evaluating echogenicity, as mentioned
above. Basically, once selected and saved, the appropriate ultrasound images should be
exported in JPEG format. Then, the echogenicity can be quantified using a greyscale his-
togram analysis using the square method [104]. This allows one to define the region of
interest for analysis using the histogram function, selecting a free-form area devoid of arte-
facts. A recent investigation in 37 critically ill subjects, 24 of whom developed ICU-acquired
weakness, found that the changes in the thickness and CSA of various skeletal muscles
between admission and the 10th day of ICU stay was associated with the development of
weakness with areas under the ROC curves between 0.734 and 0.888 [92]. A subsequent
study in 31 critically ill patients confirmed how a decrease in rectus femoris CSA > 10%
during the first 72 h after ICU admission increased the risk for limb muscle weakness and
handgrip weakness [105]. A recent systematic review and meta-analysis that included
chronic as well as acutely ill subjects (including critically ill patients) found that muscle
thickness, CSA, and echo-intensity have been shown to be correlated with functional
outcomes such as muscle strength, physical function, exercise tolerance, and quality of
life [106]. The pennation angle represented the angle of insertion of muscle fascicles into the
deep aponeurosis, which is typical of bipennate muscles such as quadriceps. The pennation
angle of the rectus femoris can be measured on the longitudinal view by orienting the
probe parallel to either the lateral or medial head of the muscle. This method measures the
fascicle closest to the widest point in the muscle to minimize variation in the pennation
angle in just one muscle. As tension increases in the muscle fibers, the pennation angle also
increases. Thus, a greater pennation angle results in a smaller force being transmitted to
the tendon. Recent observations showed how the reduction in the pennation angle may
offer high diagnostic accuracy for ICUAW, enabling an earlier diagnosis before patients
become able to perform volitional tests [107]. Figure 3 shows the change in rectus femoris
echogenicity and pennation angle for a critically ill patient during the first week of ICU
stay, and highlights the muscle architectural deterioration.
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Figure 3. Change in rectus femoris echogenicity and pennation angle for a critically ill patient during
the first week of ICU stay. The figure shows images of the quadriceps muscle of a critically ill patient
during the first (upper panels) and seventh day of ICU stay (lower panels), and highlights the loss in
muscle architecture. (A): the rectus femoris muscle is insonated with a transversal scan of the thigh;
the red, shaded, line represents the cross-sectional area of the rectus femoris muscle; (B): the pixel
enclosed in the red, shaded area of the rectus femoris cross-sectional area in panel (A) was analyzed
for echo-genicity; (C): the rectus femoris muscle is insonated with a longitudinal scan at the same
point of image (A); the pennation angle is shown by the red lines. Images (D–F) represent the same
muscle of the same patient after 7 days of ICU stay. In the late image (panel (E)), the overall histogram
is shifted to the right compared to the admission data (Panel (B)); moreover, the mean echo-intensity
value increases from 68.9 to 93.1, indicating a brighter muscle, which is generally what happens with
in-flammation or edema.

In summary, the features of skeletal muscle, which include muscle quantity measures
like mass and cross-sectional area and muscle quality measures such as architecture and
evidence of myonecrosis, may provide a more feasible and objective approach to assessing
muscle health in ICU patients. Objective quantifications of muscle (including muscle mass,
thickness, and cross-sectional area) that are sufficiently sensitive to detect small changes
over acute timeframes may eventually facilitate the evaluation of interventions to counter
muscle atrophy and weakness.

6. Conclusions

In conclusion, muscle wasting is an early and significant manifestation of critical
illness, and is associated with a high prevalence of weakness which may last long after
the resolution of critical illness and ICU discharge. Ultrasound is the most useful bedside
diagnostic tool available to evaluate the loss in muscle mass over the course of critical
illness, while at the same time, it has been shown to be accurate and reproducible. While
several features of muscle mass and architecture can be evaluated with ultrasound, we
currently lack validated and widely used intervention protocols based on such measure-
ments to monitor for the occurrence of muscle wasting or to guide the therapy. Hence,
the dissemination of these measures is still limited in the critical care setting. Further
studies are therefore of essential importance to better establish the role and position of these
instruments in the context of the diagnostic–therapeutic pathway of critically ill patients.
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Abbreviation

ICU Intensive care unit
ICU-AW Intensive care-acquired weakness
US Ultrasound
ATP Adenosin Triphosphate
IGF1-PI3K-Akt/PKB-
mTOR

Insulin-like growth factor 1 phosphoinositide-3-kinase -Akt/protein ki-
nase B mammalian target of rapamycin

RAS-MAPK-ERK Mitogen-activated protein kinase/extracellular signal-regulated kinase
mTORC1 Mammalian target of rapamycin complex 1
mTORC2 Mammalian target of rapamycin complex 2
mRNA Messenger ribonucleic acid
UPS Ubiquitin (Ub)/proteasome system
DNA Deoxyribonucleic acid
ROS Reactive oxygen species
MRI Magnetic resonance imaging
FRC Functional residual capacity
TLC Total lung capacity
MPI Maximum inspiratory pressure
ROI Region of interest
SFA Spatial frequency analysis
ESPEN The European Society for Clinical Nutrition and Metabolism
COVID Coronavirus disease

References
1. Schefold, J.C.; Wollersheim, T.; Grunow, J.J.; Luedi, M.M.; Z’Graggen, W.J.; Weber-Carstens, S. Muscular weakness and muscle

wasting in the critically ill. J. Cachexia Sarcopenia Muscle 2020, 11, 1399–1412. [CrossRef] [PubMed]
2. Schefold, J.C.; Bierbrauer, J.; Weber-Carstens, S. Intensive care unit—Acquired weakness (ICUAW) and muscle wasting in

critically ill patients with severe sepsis and septic shock. J. Cachexia Sarcopenia Muscle 2010, 1, 147–157. [CrossRef] [PubMed]
3. Cheung, A.M.; Tansey, C.M.; Tomlinson, G.; Diaz-Granados, N.; Matté, A.; Barr, A.; Mehta, S.; Mazer, C.D.; Guest, C.B.; Stewart,

T.E.; et al. Two-year outcomes, health care use, and costs of survivors of acute respiratory distress syndrome. Am. J. Respir. Crit.
Care Med. 2006, 174, 538–544. [CrossRef] [PubMed]

4. Fazzini, B.; Märkl, T.; Costas, C.; Blobner, M.; Schaller, S.J.; Prowle, J.; Puthucheary, Z.; Wackerhage, H. The rate and assessment of
muscle wasting during critical illness: A systematic review and meta-analysis. Crit. Care 2023, 27, 2. [CrossRef] [PubMed]

5. Puthucheary, Z.A.; Rawal, J.; McPhail, M.; Connolly, B.; Ratnayake, G.; Chan, P.; Hopkinson, N.S.; Padhke, R.; Dew, T.; Sidhu, P.S.;
et al. Acute skeletal muscle wasting in critical illness. JAMA 2013, 310, 1591–1600. [CrossRef]

https://doi.org/10.1002/jcsm.12620
https://www.ncbi.nlm.nih.gov/pubmed/32893974
https://doi.org/10.1007/s13539-010-0010-6
https://www.ncbi.nlm.nih.gov/pubmed/21475702
https://doi.org/10.1164/rccm.200505-693OC
https://www.ncbi.nlm.nih.gov/pubmed/16763220
https://doi.org/10.1186/s13054-022-04253-0
https://www.ncbi.nlm.nih.gov/pubmed/36597123
https://doi.org/10.1001/jama.2013.278481


J. Clin. Med. 2024, 13, 26 13 of 16

6. Van Aerde, N.; Meersseman, P.; Debaveye, Y.; Wilmer, A.; Gunst, J.; Casaer, M.P.; Bruyninckx, F.; Wouters, P.J.; Gosselink, R.;
Berghe, G.V.D.; et al. Five-year impact of ICU-acquired neuromuscular complications: A prospective, observational study.
Intensive Care Med. 2020, 46, 1184–1193. [CrossRef]

7. Guarneri, B.; Bertolini, G.; Latronico, N. Long-term outcome in patients with critical illness myopathy or neuropathy: The Italian
multicentre CRIMYNE study. J. Neurol. Neurosurg. Psychiatry 2008, 79, 838–841. [CrossRef]

8. Fan, E.; Cheek, F.; Chlan, L.; Gosselink, R.; Hart, N.; Herridge, M.S.; Hopkins, R.O.; Hough, C.L.; Kress, J.P.; Latronico, N.; et al.
An official American Thoracic Society Clinical Practice guideline: The diagnosis of intensive care unit-acquired weakness in
adults. Am. J. Respir. Crit. Care Med. 2014, 190, 1437–1446. [CrossRef]

9. Vassilakopoulos, T. Respiratory muscle wasting in the ICU: Is it time to protect the diaphragm? Thorax 2016, 71, 397–398.
[CrossRef]

10. Berger, D.; Bloechlinger, S.; von Haehling, S.; Doehner, W.; Takala, J.; Z’Graggen, W.J.; Schefold, J.C. Dysfunction of respiratory
muscles in critically ill patients on the intensive care unit. J. Cachexia Sarcopenia Muscle 2016, 7, 403–412. [CrossRef]

11. Nagashima, K.; Kikutani, T.; Miyashita, T.; Yajima, Y.; Tamura, F. Tongue muscle strength affects posterior pharyngeal wall
advancement during swallowing: A cross-sectional study of outpatients with dysphagia. J. Oral. Rehabil. 2021, 48, 169–175.
[CrossRef] [PubMed]

12. Zuercher, P.; Moret, C.S.; Dziewas, R.; Schefold, J.C. Dysphagia in the intensive care unit: Epidemiology, mechanisms, and clinical
management. Crit. Care 2019, 23, 103. [CrossRef] [PubMed]

13. Wandrag, L.; Brett, S.J.; Frost, G.S.; Bountziouka, V.; Hickson, M. Exploration of muscle loss and metabolic state during prolonged
critical illness: Implications for intervention? PLoS ONE 2019, 14, e0224565. [CrossRef] [PubMed]

14. Appleton, R.T.; Kinsella, J.; Quasim, T. The incidence of intensive care unit-acquired weakness syndromes: A systematic review. J.
Intensive Care Soc. 2015, 16, 126–136. [CrossRef] [PubMed]

15. Wang, W.; Xu, C.; Ma, X.; Zhang, X.; Xie, P. Intensive Care Unit-Acquired Weakness: A Review of Recent Progress with a Look
Toward the Future. Front. Med. 2020, 7, 559789. [CrossRef] [PubMed]

16. Klawitter, F.; Walter, U.; Patejdl, R.; Endler, J.; Reuter, D.A.; Ehler, J. Sonographic Evaluation of Muscle Echogenicity for the
Detection of Intensive Care Unit-Acquired Weakness: A Pilot Single-Center Prospective Cohort Study. Diagnostics 2022, 12, 1378.
[CrossRef] [PubMed]

17. Chacko, J.; Brar, G. Bedside ultrasonography: Applications in critical care: Part I. Indian J. Crit. Care Med. 2014, 18, 301–309.
18. Guarracino, F.; Vetrugno, L.; Forfori, F.; Corradi, F.; Orso, D.; Bertini, P.; Ortalda, A.; Federici, N.; Copetti, R.; Bove, T. Lung, Heart,

Vascular, and Diaphragm Ultrasound Examination of COVID-19 Patients: A Comprehensive Approach. J. Cardiothorac. Vasc.
Anesth. 2021, 35, 1866–1874. [CrossRef]

19. Corradi, F.; Isirdi, A.; Malacarne, P.; Santori, G.; Barbieri, G.; Romei, C.; Bove, T.; Vetrugno, L.; Falcone, M.; Bertini, P.; et al. Low
diaphragm muscle mass predicts adverse outcome in patients hospitalized for COVID-19 pneumonia: An exploratory pilot study.
Minerva Anestesiol. 2021, 87, 432–438. [CrossRef]

20. Batt, J.; Herridge, M.S.; Dos Santos, C.C. From skeletal muscle weakness to functional outcomes following critical illness: A
translational biology perspective. Thorax 2019, 74, 1091–1098. [CrossRef]

21. van Gassel, R.J.; Baggerman, M.R.; van de Poll, M.C. Metabolic aspects of muscle wasting during critical illness. Curr. Opin. Clin.
Nutr. Metab. Care. 2020, 23, 96–101. [CrossRef]

22. Mayer, K.P.; Bastin, M.L.T.; Montgomery-Yates, A.A.; Pastva, A.M.; Dupont-Versteegden, E.E.; Parry, S.M.; Morris, P.E. Acute
skeletal muscle wasting and dysfunction predict physical disability at hospital discharge in patients with critical illness. Crit. Care
2020, 24, 637. [CrossRef]

23. Larsson, L.; Li, X.; Edström, L.; Eriksson, L.I.; Zackrisson, H.; Argentini, C.; Schiaffino, S. Acute quadriplegia and loss of muscle
myosin in patients treated with nondepolarizing neuromuscular blocking agents and corticosteroids: Mechanisms at the cellular
and molecular levels. Crit. Care Med. 2000, 28, 34–45. [CrossRef]

24. Norman, H.; Zackrisson, H.; Hedström, Y.; Andersson, P.; Nordquist, J.; Eriksson, L.I.; Libelius, R.; Larsson, L. Myofibrillar
protein and gene expression in acute quadriplegic myopathy. J. Neurol. Sci. 2009, 285, 28–38. [CrossRef]

25. Kanova, M.; Kohout, P. Molecular Mechanisms Underlying Intensive Care Unit-Acquired Weakness and Sarcopenia. Int. J. Mol.
Sci. 2022, 23, 8396. [CrossRef]

26. Peris-Moreno, D.; Cussonneau, L.; Combaret, L.; Polge, C.; Taillandier, D. Ubiquitin Ligases at the Heart of Skeletal Muscle
Atrophy Control. Molecules 2021, 26, 407. [CrossRef]

27. Kuo, T.; Harris, C.A.; Wang, J.C. Metabolic functions of glucocorticoid receptor in skeletal muscle. Mol. Cell. Endocrinol. 2013, 380,
79–88. [CrossRef]

28. Vanhorebeek, I.; Latronico, N.; Van den Berghe, G. ICU-acquired weakness. Intensive Care Med. 2020, 46, 637–653. [CrossRef]
29. Xia, Q.; Huang, X.; Huang, J.; Zheng, Y.; March, M.E.; Li, J.; Wei, Y. The Role of Autophagy in Skeletal Muscle Diseases. Front.

Physiol. 2021, 12, 638983. [CrossRef]
30. Jun, L.; Robinson, M.; Geetha, T.; Broderick, T.L.; Babu, J.R. Prevalence and Mechanisms of Skeletal Muscle Atrophy in Metabolic

Conditions. Int. J. Mol. Sci. 2023, 24, 2973. [CrossRef]
31. Hirata, Y.; Nomura, K.; Senga, Y.; Okada, Y.; Kobayashi, K.; Okamoto, S.; Minokoshi, Y.; Imamura, M.; Takeda, S.; Hosooka, T.;

et al. Hyperglycemia induces skeletal muscle atrophy via a WWP1/KLF15 axis. JCI Insight 2019, 4, e124952. [CrossRef] [PubMed]

https://doi.org/10.1007/s00134-020-05927-5
https://doi.org/10.1136/jnnp.2007.142430
https://doi.org/10.1164/rccm.201411-2011ST
https://doi.org/10.1136/thoraxjnl-2016-208354
https://doi.org/10.1002/jcsm.12108
https://doi.org/10.1111/joor.13120
https://www.ncbi.nlm.nih.gov/pubmed/33112420
https://doi.org/10.1186/s13054-019-2400-2
https://www.ncbi.nlm.nih.gov/pubmed/30922363
https://doi.org/10.1371/journal.pone.0224565
https://www.ncbi.nlm.nih.gov/pubmed/31725748
https://doi.org/10.1177/1751143714563016
https://www.ncbi.nlm.nih.gov/pubmed/28979394
https://doi.org/10.3389/fmed.2020.559789
https://www.ncbi.nlm.nih.gov/pubmed/33330523
https://doi.org/10.3390/diagnostics12061378
https://www.ncbi.nlm.nih.gov/pubmed/35741188
https://doi.org/10.1053/j.jvca.2020.06.013
https://doi.org/10.23736/S0375-9393.21.15129-6
https://doi.org/10.1136/thoraxjnl-2016-208312
https://doi.org/10.1097/MCO.0000000000000628
https://doi.org/10.1186/s13054-020-03355-x
https://doi.org/10.1097/00003246-200001000-00006
https://doi.org/10.1016/j.jns.2009.04.041
https://doi.org/10.3390/ijms23158396
https://doi.org/10.3390/molecules26020407
https://doi.org/10.1016/j.mce.2013.03.003
https://doi.org/10.1007/s00134-020-05944-4
https://doi.org/10.3389/fphys.2021.638983
https://doi.org/10.3390/ijms24032973
https://doi.org/10.1172/jci.insight.124952
https://www.ncbi.nlm.nih.gov/pubmed/30830866


J. Clin. Med. 2024, 13, 26 14 of 16

32. Nelson, W.B.; Ashley, J.S.; Hudson, M.B.; Talbert, E.E.; Powers, S.K. Cross-talk between the calpain and caspase-3 proteolytic
systems in the diaphragm during prolonged mechanical ventilation. Crit. Care Med. 2012, 40, 1857–1863. [CrossRef] [PubMed]

33. Hyatt, H.W.; Powers, S.K. Disturbances in Calcium Homeostasis Promotes Skeletal Muscle Atrophy: Lessons From Ventilator-
Induced Diaphragm Wasting. Front. Physiol. 2020, 11, 615351. [CrossRef] [PubMed]

34. Maes, K.; Testelmans, D.; Powers, S.; Decramer, M.; Gayan-Ramirez, G. Leupeptin inhibits ventilator-induced diaphragm
dysfunction in rats. Am. J. Respir. Crit. Care Med. 2007, 175, 1134–1138. [CrossRef]

35. Dave, H.D.; Shook, M.; Varacallo, M. Anatomy, Skeletal Muscle; StatPearls: Treasure Island, FL, USA, 2019.
36. Mukund, K.; Subramaniam, S. Skeletal muscle: A review of molecular structure and function, in health and disease. Wiley

Interdiscip. Rev. Syst. Biol. Med. 2020, 12, e1462. [CrossRef] [PubMed]
37. Gans, C. Fiber architecture and muscle function. Exerc. Sport Sci. Rev. 1982, 10, 160–207. [CrossRef] [PubMed]
38. Frontera, W.R.; Ochala, J. Skeletal muscle: A brief review of structure and function. Calcif. Tissue Int. 2015, 96, 183–195. [CrossRef]

[PubMed]
39. Azizi, E.; Brainerd, E.L.; Roberts, T.J. Variable gearing in pennate muscles. Proc. Natl. Acad. Sci. USA 2008, 105, 1745–1750.

[CrossRef]
40. Eng, C.M.; Azizi, E.; Roberts, T.J. Structural Determinants of Muscle Gearing During Dynamic Contractions. Integr. Comp. Biol.

2018, 58, 207–218. [CrossRef]
41. Dock, W.; Grabenwöger, F.; Happak, W.; Steiner, E.; Metz, V.; Ittner, G.; Eber, K. Sonography of the skeletal muscles using

high-frequency ultrasound probes. Rofo 1990, 152, 47–50. [CrossRef]
42. Ashir, A.; Jerban, S.; Barrère, V.; Wu, Y.; Shah, S.B.; Andre, M.P.; Chang, E.Y. Skeletal Muscle Assessment Using Quantitative

Ultrasound: A Narrative Review. Sensors 2023, 23, 4763. [CrossRef] [PubMed]
43. Cady, E.B.; Gardener, J.E.; Edwards, R.H. Ultrasonic tissue characterisation of skeletal muscle. Eur. J. Clin. Investig. 1983, 13,

469–473. [CrossRef] [PubMed]
44. Sikdar, S.; Wei, Q.; Cortes, N. Dynamic Ultrasound Imaging Applications to Quantify Musculoskeletal Function. Exerc. Sport Sci.

Rev. 2014, 42, 126–135. [CrossRef] [PubMed]
45. Pillen, S.; Boon, A.; Van Alfen, N. Muscle ultrasound. Handb. Clin. Neurol. 2016, 136, 843–853.
46. Varghese, A.; Bianchi, S. Ultrasound of tibialis anterior muscle and tendon: Anatomy, technique of examination, normal and

pathologic appearance. J. Ultrasound. 2014, 17, 113–123. [CrossRef]
47. Heckmatt, J.Z.; Pier, N.; Dubowitz, V. Real-time ultrasound imaging of muscles. Muscle Nerve. 1988, 11, 56–65. [CrossRef]
48. Kim, S.Y.; Cheon, J.H.; Seo, W.J.; Yang, G.Y.; Choi, Y.M.; Kim, K.H. A pictorial review of signature patterns living in musculoskeletal

ultrasonography. Korean J. Pain 2016, 29, 217–228. [CrossRef]
49. Arts, I.M.; Pillen, S.; Overeem, S.; Schelhaas, H.J.; Zwarts, M.J. Rise and fall of skeletal muscle size over the entire life span. J. Am.

Geriatr. Soc. 2007, 55, 1150–1152. [CrossRef]
50. Arts, I.M.; Pillen, S.; Schelhaas, H.J.; Overeem, S.; Zwarts, M.J. Normal values for quantitative muscle ultrasonography in adults.

Muscle Nerve. 2010, 41, 32–41. [CrossRef]
51. Wattjes, M.P.; Kley, R.A.; Fischer, D. Neuromuscular imaging in inherited muscle diseases. Eur. Radiol. 2010, 20, 2447–2460.

[CrossRef]
52. Vieira, L.; Rocha, L.P.B.; Mathur, S.; Santana, L.; de Melo, P.F.; da Silva, V.Z.M.; Durigan, J.L.Q.; Júnior, G.C. Reliability of skeletal

muscle ultrasound in critically ill trauma patients. Rev. Bras. Ter. Intensiva 2019, 31, 464–473. [CrossRef] [PubMed]
53. Yamaguchi, K.; Tohara, H.; Hara, K.; Nakane, A.; Kajisa, E.; Yoshimi, K.; Minakuchi, S. Relationship of aging, skeletal muscle

mass, and tooth loss with masseter muscle thickness. BMC Geriatr. 2018, 18, 67. [CrossRef] [PubMed]
54. Warneke, K.; Keiner, M.; Lohmann, L.H.; Brinkmann, A.; Hein, A.; Schiemann, S.; Wirth, K. Critical evaluation of commonly

used methods to determine the concordance between sonography and magnetic resonance imaging: A comparative study. Front.
Imaging 2022, 1, 1039721. [CrossRef]

55. Miyatani, M.; Kanehisa, H.; Ito, M.; Kawakami, Y.; Fukunaga, T. The accuracy of volume estimates using ultrasound muscle
thickness measurements in different muscle groups. Eur. J. Appl. Physiol. 2004, 91, 264–272. [PubMed]

56. Miyatani, M.; Kanehisa, H.; Kuno, S.; Nishijima, T.; Fukunaga, T. Validity of ultrasonograph muscle thickness measurements for
estimating muscle volume of knee extensors in humans. Eur. J. Appl. Physiol. 2002, 86, 203–208. [CrossRef] [PubMed]

57. Mechelli, F.; Arendt-Nielsen, L.; Stokes, M.; Agyapong-Badu, S. Validity of Ultrasound Imaging Versus Magnetic Resonance
Imaging for Measuring Anterior Thigh Muscle, Subcutaneous Fat, and Fascia Thickness. Methods Protoc. 2019, 2, 58. [CrossRef]
[PubMed]

58. Strasser, E.M.; Draskovits, T.; Praschak, M.; Quittan, M.; Graf, A. Association between ultrasound measurements of muscle
thickness, pennation angle, echogenicity and skeletal muscle strength in the elderly. Age 2013, 35, 2377–2388. [CrossRef] [PubMed]

59. Pereira, A.Z.; Uezima, C.B.; Zanella, M.T.; Prado, R.R.D.; Gonzalez, M.C.; Zheng, J.; Heymsfield, S.B. Muscle Echogenicity and
Changes Related to Age and Body Mass Index. JPEN J. Parenter. Enteral Nutr. 2021, 45, 1591–1596. [CrossRef]

60. Albayda, J.; van Alfen, N. Diagnostic Value of Muscle Ultrasound for Myopathies and Myositis. Curr. Rheumatol. Rep. 2020, 22, 82.
[CrossRef]

61. Pillen, S.; van Keimpema, M.; Nievelstein, R.A.; Verrips, A.; van Kruijsbergen-Raijmann, W.; Zwarts, M.J. Skeletal muscle
ultrasonography: Visual versus quantitative evaluation. Ultrasound Med. Biol. 2006, 32, 1315–1321. [CrossRef]

https://doi.org/10.1097/CCM.0b013e318246bb5d
https://www.ncbi.nlm.nih.gov/pubmed/22487998
https://doi.org/10.3389/fphys.2020.615351
https://www.ncbi.nlm.nih.gov/pubmed/33391032
https://doi.org/10.1164/rccm.200609-1342OC
https://doi.org/10.1002/wsbm.1462
https://www.ncbi.nlm.nih.gov/pubmed/31407867
https://doi.org/10.1249/00003677-198201000-00006
https://www.ncbi.nlm.nih.gov/pubmed/6749514
https://doi.org/10.1007/s00223-014-9915-y
https://www.ncbi.nlm.nih.gov/pubmed/25294644
https://doi.org/10.1073/pnas.0709212105
https://doi.org/10.1093/icb/icy054
https://doi.org/10.1055/s-2008-1046815
https://doi.org/10.3390/s23104763
https://www.ncbi.nlm.nih.gov/pubmed/37430678
https://doi.org/10.1111/j.1365-2362.1983.tb00131.x
https://www.ncbi.nlm.nih.gov/pubmed/6416865
https://doi.org/10.1249/JES.0000000000000015
https://www.ncbi.nlm.nih.gov/pubmed/24949846
https://doi.org/10.1007/s40477-013-0060-7
https://doi.org/10.1002/mus.880110110
https://doi.org/10.3344/kjp.2016.29.4.217
https://doi.org/10.1111/j.1532-5415.2007.01228.x
https://doi.org/10.1002/mus.21458
https://doi.org/10.1007/s00330-010-1799-2
https://doi.org/10.5935/0103-507X.20190072
https://www.ncbi.nlm.nih.gov/pubmed/31967220
https://doi.org/10.1186/s12877-018-0753-z
https://www.ncbi.nlm.nih.gov/pubmed/29519234
https://doi.org/10.3389/fimag.2022.1039721
https://www.ncbi.nlm.nih.gov/pubmed/14569399
https://doi.org/10.1007/s00421-001-0533-9
https://www.ncbi.nlm.nih.gov/pubmed/11990727
https://doi.org/10.3390/mps2030058
https://www.ncbi.nlm.nih.gov/pubmed/31295936
https://doi.org/10.1007/s11357-013-9517-z
https://www.ncbi.nlm.nih.gov/pubmed/23456136
https://doi.org/10.1002/jpen.2030
https://doi.org/10.1007/s11926-020-00947-y
https://doi.org/10.1016/j.ultrasmedbio.2006.05.028


J. Clin. Med. 2024, 13, 26 15 of 16

62. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

63. Harris-Love, M.O.; Seamon, B.A.; Teixeira, C.; Ismail, C. Ultrasound estimates of muscle quality in older adults: Reliability and
comparison of Photoshop and ImageJ for the grayscale analysis of muscle echogenicity. PeerJ 2016, 4, e1721. [CrossRef] [PubMed]

64. Crawford, S.K.; Lee, K.S.; Bashford, G.R.; Heiderscheit, B.C. Spatial-frequency Analysis of the Anatomical Differences in
Hamstring Muscles. Ultrason. Imaging 2021, 43, 100–108. [CrossRef] [PubMed]

65. Pillen, S.; Nienhuis, M.; van Dijk, J.P.; Arts, I.M.; van Alfen, N.; Zwarts, M.J. Muscles alive: Ultrasound detects fibrillations. Clin.
Neurophysiol. 2009, 120, 932–936. [CrossRef] [PubMed]
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