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Abstract
Purpose  Intensive care unit-acquired weakness (ICU-AW) is associated with poor functional outcomes and increased health-
care costs. This study aimed to evaluate the diagnostic performance of muscular ultrasound (MUS) measurements in predict-
ing ICU-AW and identify potential predictors.
Methods  Forty-three surgical and medical ICU patients underwent serial MUS measurements of the femoral cross-sectional 
area (Fcsa) and femoral + vastus intermedius thickness (F + VIth) on days 1, 3 and 5 post-ICU admission. Patients were 
categorized as having ICU-AW (Medical Research Council (MRC) sum score < 48 at discharge) or not. Univariate and 
multivariate logistic regression analyses were performed to identify predictors of ICU-AW. The diagnostic performance of 
MUS measurements was assessed via receiver operating characteristic (ROC) curves. Clinical outcomes (ICU length of stay, 
ventilator days, extubation failure) were compared between the groups.
Results  Patients with ICU-AW (n = 12, 28%) showed a significant reduction in the Fcsa from Day 1 to Day 5 (p < 0.001). 
Univariate analysis revealed significant associations between ICU-AW and the Apache II score (OR 1.12, p = 0.03), SOFA 
score (OR 1.32, p = 0.008), and Day 1 F + VIth score (OR 0.23, p = 0.05). Multivariate analysis confirmed a significant 
association with the SOFA score (OR 1.35, p = 0.04) and a trend toward an F + VIth score of Day 1 (OR 0.12, p = 0.09). The 
day 1 Fcsa and F + VIth demonstrated moderate predictive capabilities for ICU-AW (ROC-AUC values of 0.72 and 0.82, 
respectively). ICU-AW patients experienced longer ICU stays, more ventilator days, and higher extubation failure rates.
Conclusion  Preexisting low muscle mass, combined with a high SOFA score, may be a stronger predictor of ICU-acquired 
weakness than the degree of subsequent muscle loss.

Keywords  Intensive care unit acquired weakness (ICU-AW) · Medical Research Council score (MRC) · Sequential Organ 
Failure Assessment Score (SOFA) · Acute Physiology and Chronic Health Evaluation (APACHE) · Muscle ultrasound 
(MUS) · Femoral cross-sectional area (Fcsa) · Femoral + vastus intermedius thickness (F + VIth)

Introduction

Intensive care unit-acquired weakness (ICU-AW) is a prev-
alent and debilitating condition that results in significant 
muscle wasting and long-term disability in critically ill 
patients [1]. It affects 20–60% of ICU admissions and is 
associated with increased mortality rates, prolonged ventila-
tion, the need for tracheostomy, and extended ICU length of 
stay (LOS) [2]. Given that muscle loss occurs rapidly after 
admission, early diagnosis and prediction are essential for 
improving patient outcomes [3].

The Medical Research Council (MRC) score currently 
serves as the standard for ICU-AW diagnosis [4, 5]; how-
ever, its reliance on conscious patients limits its application 
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in those unable to cooperate. Alternative methods, such 
as risk prediction models and severity score-based meth-
ods such as the APACHE and SOFA, have been developed 
[6–8]. Despite their utility, the APACHE-II score primarily 
assesses admission severity, whereas the SOFA score tracks 
organ dysfunction but lacks specificity for early muscle func-
tion changes. Moreover, these methods often involve com-
plex computations and lack external validation, which can 
prolong ICU stays [9].

Recent studies have highlighted muscular ultrasonogra-
phy as a promising tool for evaluating muscle characteris-
tics in critically ill patients. Ultrasound measurement of the 
femoral cross-sectional area (Fcsa) and vastus intermedius 
thickness (F + VIth) not only allows real-time visualiza-
tion but also enables the serial monitoring of muscle wast-
ing, facilitating early detection—even in sedated patients. 
Notably, changes in the rectus femoris cross-sectional area 
and pennation angle have been shown to significantly pre-
dict ICU-AW before patients can perform volitional tests 
[9]. Furthermore, ultrasonographic assessment of the dia-
phragm and paravertebral intercostals indicates alterations 
in peripheral and respiratory muscles within the first week 
of mechanical ventilation, reflecting the need for continuous 
monitoring [10].

This study hypothesizes that early femoral muscle ultra-
sound effectively predicts ICU-AW in mechanically ven-
tilated patients. We aimed to evaluate the discriminatory 
capacity of Fcsa and F + VIth ultrasound measurements for 
predicting ICU-AW and their associations with ICU LOS, 
mechanical ventilation (MV) days, tracheostomy needs, and 
ICU mortality.

Materials and methods

Principal and secondary outcomes

The main aim of this study was to assess the ability of the 
Fcsa and F + VIth MUS to predict ICU-AW. Other outcomes 
included the associations between Fcsa and F + VIth MUS 
and the outcomes of (MV) days, (ICU-LOS), extubation fail-
ure, need for tracheostomy, and ICU mortality.

Design and ethical approval

This cross-sectional observational study was performed 
from June 2022 to January 2023 in the mixed medical–sur-
gical ICU of the Academic Hospital Fundación Santa Fe de 
Bogotá, Colombia. The Institutional Review Board approved 
the study (CCEI-13851–2022). Given that the study was 
observational following current clinical practices, the 
requirement for written consent to participate was waived 
by the ethics committee.

Inclusion and exclusion criteria

The inclusion criterion for this study was that the partici-
pants were representative of the general population of criti-
cally ill patients at risk for ICUAW. The inclusion criteria 
for patients were age 18–75 years with potentially revers-
ible pathologies, an expected stay of more than 3 days, 
and a body mass index below 30 (BMI <30). We excluded 
patients with any known neuromuscular disorders or recent 
spinal cord injuries because these conditions are likely to 
confound the results related to muscle strength and ultra-
sound measurements. Neuromuscular disorders often lead 
to chronic muscle weakness and may not be solely attrib-
utable to critical illness, potentially skewing our findings 
regarding ICU-AW. We also excluded patients whose (BMI) 
was greater than 30, as obesity can complicate ultrasound 
measurements and introduce variability in muscle thickness 
and cross-sectional assessments. We also excluded patients 
for whom no legs were available for muscle strength testing 
or ultrasound, patients with acute or chronic immobilization 
prior to ICU admission, and patients with soft tissue injuries 
that would prevent measurement of the muscle thickness 
and/or cross-sectional area.

Clinical data collection

We collected the following clinical characteristics into a 
predefined table: age, sex, body weight and length at ICU 
stay; admission type; admission diagnosis; Acute Physiol-
ogy and Chronic Health Evaluation II (APACHE II) score; 
maximal total Sequential Organ Failure Assessment (SOFA) 
score; presence of sepsis (according to the Sepsis-3 criteria 
[11]), 1and laboratory data, including albumin, total pro-
tein, triglyceride, and cholesterol levels, before inclusion. In 
addition, we collected data on preexisting polyneuropathy 
or myopathy, risk factors for polyneuropathy before ICU 
admission (diabetes mellitus, alcohol abuse, chemotherapy, 
and kidney failure), ICU length of stay (ICU-LOS), mechan-
ical ventilation days, extubation failure, need for tracheos-
tomy, MRC Day 1 and Day 5, and ICU mortality.

Measurements

Medical Research Council score (MRC) (the reference 
standard)

Muscle strength was assessed as soon as patients were 
awake [Richmond Agitation Sedation Scale (RASS) score 
between − 1 and 1] and cooperative. Assessment was per-
formed by a trained and experienced physiotherapist who 
was blinded to the ultrasound results. The MRC score was 
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used to assess strength in the following six muscle groups 
bilaterally: wrist dorsiflexors, elbow flexors, shoulder 
abductors, hip flexors, knee extensors and ankle dorsiflex-
ors. Scores ranging from 0 to 60 indicate normal strength in 
all four limbs. ICU-AW was defined as a mean MRC sum 
score < 48, in accordance with the international consensus 
statement [12].

Muscular ultrasound (MUS) measurements (the index test)

The ultrasound measurements (thickness of the rectus femo-
ris muscle plus the vastus intermedius and transverse cross-
sectional area of the rectus femoris muscle) were performed 
via a Mindray ultrasound machine, model TE7, and linear 
probe L14-6 N (6–14 megahertz). The B (brightness) mode 
was used in the muscular preset for the two previously men-
tioned measurements, and the data obtained were recorded 
in the collection instrument. All ultrasound machines used 
in this study were calibrated according to the manufac-
turer's recommendations to ensure consistent and accurate 
measurements.

The ultrasound muscle measurement protocol for the 
transverse cross-sectional area of the rectus femoris (Fcsa) 
and the thickness of the rectus femoris plus the vastus inter-
medius (F + VIth) were adjusted in a proprietary way and 
based on previously published reports [9, 10], with the goal 
of achieving the same measurements performed on different 
days in the ICU at the same location as the one performed 
initially.

We started with proper positioning of the patient, which 
consisted of total extension of the lower extremities, main-
taining a 0-degree angle at the knees of the patient and the 
tips of the fingers pointing toward the ceiling. The angle 
formed by the hip was considered indifferent; however, for 
this research, the angle was 30–45 degrees according to the 
base position of the patient's headboard. With a tape measure 
on the selected lower extremity, the distance in centimeters 
was subsequently measured from the greater trochanter of 
the femur to the superior edge of the patella. This distance 
was divided by 3, and the resulting value in centimeters was 
measured from the superior edge of the patella toward the 
cranial direction (point corresponding to the beginning of 
the lower third of the quadriceps femoris) and marked to 
define the exact point where subsequent measurements were 
performed. The transducer was then positioned in a trans-
verse axis with respect to the extremity at the level of the 
previously marked point, forming a 90-degree angle with 
respect to the extremity exerting minimal pressure with the 
transducer. At this level, the fascia of the rectus femoris 
muscle can also be identified, which limits measurement of 
the transverse area of the rectus femoris. Later, the thickness 
of the rectus femoris and vastus intermedius was measured 
by calculating the distance from the superior fascia of the 

rectus femoris to the femur epiphysis. Intra- and interob-
server reliability were assessed by calculating the intraclass 
correlation coefficient (ICC). Three pairs of measurements 
were carried out in the right limb in a protocolized manner 
at the convenience site.

Study protocol

Clinical variables and MUS measurements were evaluated 
at ICU admission (day 1). MUS measurements were sub-
sequently performed again on day 3 and day 5. The MRC 
scores were obtained specifically at ICU discharge.

Statistical analysis

The data are presented in terms of proportions (percentages), 
means (standard deviations), or medians (25th to 75th per-
centiles), as appropriate. ICU-AW was defined as a mean 
MRC sum score < 48. The normality of the distribution was 
assessed via the Shapiro‒Wilk test. Statistical significance 
was assessed via parametric and non-parametric tests as 
appropriate. Differences between times were evaluated via 
the Kruskal‒Wallis test, with post hoc analysis conducted 
via the Bonferroni correction. The discriminative power of 
MUS for Day 1 to Day 5 measurements, absolute (ΔAbs) 
and proportional (Δ%) changes in F + VIth and Fcsa, and 
the "optimal cutoff point" for ICU-AW development were 
determined via receiver operating characteristic area under 
the curve (ROC-AUC) with 95% confidence intervals. The 
Youden test was used to identify the optimal cutoff point, 
and the Delong test was used to evaluate differences in the 
areas under the curves (AUCs). The discriminative power 
of AUC values between 90 and 100% was defined as excel-
lent, between 80 and 89% as good, between 70 and 79% 
as moderate, between 60 and 69% as poor and < 60% as 
failed. The analysis was performed via R statistical soft-
ware (latest version), and statistical significance was set at a 
p value < 0.05 [13–15].

Results

A total of 76 patients were screened, and a total of 43 
patients were included, 12 (28%) of whom developed ICU-
AW at ICU discharge (Table 1). Considering all the meas-
urements (n = 20), the median difference between the two 
measurements for the Fcsa was 0.09 cm [95% CI, – 0.06 to 
– 0.115], and the calculated ICC was 0.98 [95% CI 0.92 to 
– 0.99].The median difference between the two measure-
ments for F + VIth was – 0.005 cm [95% CI – 0.095 to 0.02], 
and the calculated ICC was 0.98 [95% CI 0.92 to – 0.99].

At ICU admission, patients who developed ICU-AW 
presented a decrease in F + VIth (1.52 cm [1.26–1.60] vs. 
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1.91 [1.66–2.31]; p < 0.001) and Fcsa (1.64 cm2 [1.46–1.97] 
vs. 2.20 [1.78–2.68]; p = 0.02) (Supplemental Table S1). 
Additionally, patients with ICU-AW experienced a reduc-
tion in F + VI values (– 5.92%; 95% CI [– 10.31%, – 1.25%] 
vs – 3.13%; 95% CI [– 7.21%, 1.27%]) and in Fcsa values 
(− 24.94%; 95% CI [– 30.12% to – 19.12%] vs – 13.64%; 
95% CI [– 18.42%, – 8.23%]) from Day 1 to Day 5 (Fig. 1).

Univariate analysis revealed predictors with significant 
odds ratios: APACHE score OR 1.12; p = 0.03; SOFA score 
OR 1.32; p = 0.008; and F + VIth Day 1 OR 0.23; p = 0.05. 
Multivariate analysis revealed a significant relationship 
between ICU-AW and the SOFA score (OR 1.35; p = 0.04) 
and a trend toward F + VIth day 1 (OR 0.12; p = 0.09) (Sup-
plemental Appendix Table S2). The day 1 F + VIth AUC-ROC 
(0.83, 95% CI [0.66–0.95; best cutoff point 1.58 cm; sensitivity 
75%, specificity 90%), APACHE II (0.76, 95% CI [0.60–0.90] 
best cutoff point 10; sensitivity 75%, specificity 80%) (DeLong 
for difference between ROC-AUC p value = 0.36) and SOFA 

(0.78, 95% CI [0.61–0.91] (the best cutoff point 6; sensitivity 
75%, specificity 74%) (DeLong for difference between ROC-
AUC: p value = 0.67) scores showed the highest discrimina-
tory capacities for ICU-AW prediction (Fig. 2). Patients with 
ICU-AW (28%) experienced prolonged ICU-LOS (14 days 
[8–22] vs. 6 [5–10]; p = 0.005), increased MV days (7 days 
[4–20] vs. 2 [1–5]; p = 0.003), and increased rates of extuba-
tion failure (40% vs. 5%; p = 0.03) (Supplemental Appendix 
Fig. S1). The laboratory risk factors for ICU-AW included 
low vitamin D3 (17 [12–18] vs. 22 [18–26] ng/mL; p = 0.03), 
prealbumin (13 [10–17] vs. 19 [16–24] mg/dL; p = 0.04), and 
cholesterol (103 [84–109] vs. 127 [114–163] mg/dL) levels.

Table 1   Baseline characteristics 
of included patients. Data are 
expressed as percentages (%) or 
medians [IQR] as appropriate

ICU-LOS intensive care unit length of stay, MRC medical research council

Characteristic ICU-acquired weakness p value2

No, N = 311 Yes, N = 121

Age, years 55 [41- 64] 66 [50–74] 0.2
Sex
 Female 12 (39%) 5 (42%)  > 0.9
 Male 19 (61%) 7 (58%)  > 0.9

Weight, Kg 70 [62–80] 67 [60–70] 0.3
Height, mt 1.63 [1.59–1.71] 1.65 [1.60–1.67]  > 0.9
BMI 26 [22–27] 23 [22–26] 0.3
APACHE score 8 [5–10] 12 [10–17] 0.008
SOFA score 4 [1–6] 7 [6–9] 0.004
Type of Diagnosis, n (%)
 Burn 8 (26%) 0 (0%) NA
 Medical 0 (0%) 1 (8%) 0.33
 Neurological 5 (16%) 3 (25%) 0.43
 Respiratory 1 (3%) 3 (25%) 0.42
 Sepsis 3 (10%) 2 (17%) 0.28
 Surgery 14 (45%) 3 (25%) 0.12

Laboratory
 Creatinine, mg/dL 0.95 [0.74–1.20] 0.88 [0.70–0.95] 0.2
 Vitamin D3, IU 22 [18–26] 17 [12–18] 0.03
 Hemoglobin, gr/dL 13.5 [12.1- 15.0] 10.2 [8.0- 12.8] 0.01
 Albumin, g/dL 3.4 [3.1- 3.8] 2.8 [2.3- 3.4] 0.06
 Pre-albumin, mg/dL 19 [16–24] 13 [10–17] 0.04
 Triglycerides, mg/dL 131 [91–188] 127 [97–166]  > 0.9
 Cholesterol, mg/dL 127 [114–163] 103 [84–109] 0.02

Outcome
 ICU-LOS, days 6 [5–10] 14 [8–22] 0.005
 Mechanical ventilation days 2 [1–5] 7 [4–20] 0.003
 Extubation failure, % 1 (5.0%) 4 (40%) 0.03
 MRC discharge 58 [52–60] 40 [32–45]  < 0.001
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Discussion

Low femoral and vastus intermedius muscle thickness at 
ICU admission predicted (ICU-AW). While both groups 
showed muscle mass reduction, the decline was greater 

and more prolonged in ICU-AW patients. Consistent with 
prior studies [3, 10], we observed decreased muscle mass 
(cross-sectional area and thickness), along with labora-
tory evidence of protein and caloric malnutrition. This 
reduction was more pronounced in patients with higher 
SOFA and APACHE scores and lower serum protein 

Fig. 1   Evolution of ultrasonographic longitudinal changes in rectus 
femoris cross-sectional area (Fcsa) and the combined thickness of 
rectus femoris and vastus intermedius (F + VIth) muscles, measured 
via ultrasound on days 1, 3, and 5 post-ICU admission. A Evolution-
ary trend of Fth in ICU-AW vs. non-ICU-AW groups. B Evolution-
ary trend of Fcsa in ICU-AW and non-ICU-AW groups. In the bot-
tom: Evolutionary trend of the two measurements (Fcsa and Fth) 
in ultrasound images of a patient on admission (Measure 1), day 3 

(Measure 2), and day 5 (Measure 3) of ICU stay. Measurements were 
obtained using a standardized protocol using a linear transducer with 
measurements taken at the lower third of the quadriceps femoris. The 
transducer was then positioned in a transverse axis with respect to 
the extremity at the level of the previously marked point, forming a 
90-degree angle with respect to the extremity. Potential confounding 
factors such as pre-existing muscle conditions were excluded (see text 
for complete list of exclusion criteria)

Fig. 2   ROC-AUC plot for 
predictor with the highest 
AUC (> 0.8) as compared to 
APACHE and SOFA scores. 
APACHE Acute Physiologic 
and Chronic Health Evaluation, 
SOFA Sequential Organ Failure 
Assessment, F + VIth femo-
ral + vastus intermedius muscle
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levels, indicating increased catabolism typical of criti-
cal illness [16]. Importantly, we observed differences in 
(MRC) scores between ICU-AW patients and non-ICU-
AW patients, minimizing selection bias and ensuring that 
muscle mass changes reflected true ICU-AW, not other 
causes of muscle wasting [3, 10, 17]. Because MRC scores 
were assessed at ICU discharge, our results suggest that 
(MUS) may moderately predict ICU-AW development. 
MUS may prove as valuable a prognostic tool as the 
APACHE and SOFA scores for predicting ICU-AW [7, 
16, 18]. Early MUS assessment could guide preventive 
measures and treatment, particularly in sedated patients, 
where standard scales are less effective.

 (ICU-AW) arises from a complex interplay of factors 
leading to skeletal muscle dysfunction and atrophy [17]. 
The hallmarks of ICU-AW are an inflammatory response, 
bioenergetic dysfunction, altered protein balance, neu-
ronal axon degeneration, changes in muscle histology, and 
muscle wasting [18]. Muscle damage is often mediated 
by inflammatory cytokines, microcirculatory disturbances 
that reduce the oxygen supply, bioenergetic mitochondria 
impairment that causes reduced ATP production, and dis-
ruptions in the ion channel membrane [19]. Sepsis exacer-
bates this process through the release of proinflammatory 
mediators that impair cellular function and protein synthe-
sis within muscle tissue [19]. Consequently, patients with 
high muscle loss have higher organ dysfunction scores 
[19], longer stays in the ICU, and higher ICU and hospital 
mortality [20–24]. Moreover, disuse atrophy, stemming 
from prolonged immobility and reduced neuromuscular 
activity common in critically ill patients, contributes sig-
nificantly to muscle mass loss [18]. This reduced activ-
ity diminishes protein synthesis while increasing protein 
breakdown, further accelerating muscle wasting.

The MRC sum score, while the established reference 
standard for ICU-AW, presents limitations that warrant 
consideration. Its reliance on patient cooperation and 
volitional effort restricts its utility in the early stages of 
critical illness, particularly in sedated or mechanically 
ventilated patients, a substantial proportion of the ICU 
population [25]. This inability to assess muscle strength 
in these patients represents a significant diagnostic gap. 
The objective, quantitative data provided by ultrasound, 
regardless of patient sedation status, offer a crucial advan-
tage in addressing this limitation. The noninvasive nature 
of ultrasound allows for serial monitoring, enabling early 
detection of muscle changes and facilitating timely inter-
ventions before significant muscle wasting occurs [9, 
10]. While the MRC sum score remains a valuable tool 
in appropriate clinical settings, our study highlights the 
potential of ultrasound as a complementary approach for 
the early diagnosis and management of ICU-AW, particu-
larly in critically ill sedated ICU patients.

The early detection afforded by ultrasound may allow cli-
nicians to intervene before these processes cause irreversible 
damage [25, 26]. Our findings suggest that early identifi-
cation of patients at high risk for developing ICU-AW via 
ultrasound may be as good as the use of more established 
scores such as the SOFA and APACHE II scores. Moreover, 
an F + VIth cutoff of 1.58 cm yielded moderate sensitiv-
ity and high specificity, suggesting that this noninvasive, 
readily available assessment could be used [27]. This early 
identification has possible clinical implications, enabling 
timely implementation of preventative strategies. For exam-
ple, a lower F + VIth value, indicating potential for ICU-
AW, could prompt earlier initiation of interventions such as 
targeted nutrition [26], proactive physiotherapy (including 
early mobilization), and/or respiratory muscle training [28]. 
These proactive interventions could decrease the severity 
of muscle wasting, shorten recovery times, and ultimately 
improve functional outcomes for ICU survivors. The high 
specificity (90%) may also minimize the risk of unnecessary 
interventions for patients not at risk of ICU-AW.

Our study had several limitations. We did not normal-
ize the raw ultrasound data to normal values from healthy 
individuals. As such, the data from our study may have been 
biased since F + VIth and Fcsa can be age-, sex-, domi-
nance-, length-, or weight-dependent [27, 29]. We did not 
perform electromyography in patients with ICU-AW, so we 
cannot readily distinguish between muscle and/or nerve 
involvement (e.g., critical illness polyneuropathy) [30]. 
While our study acknowledges the potential for selection 
bias due to the unequal distribution of neurological and post-
surgical patients in the ICU-AW group, subgroup analyses 
revealed no statistically significant differences in outcomes 
between these groups.

Conclusion

Our findings demonstrate that early ultrasound measurement 
of muscle thickness, combined with clinical parameters such 
as SOFA scores and indicators of nutritional status, offers 
a moderate but valuable predictive capacity for ICU-AW. 
Preexisting low muscle mass appears to be a particularly 
strong risk factor. While these results are promising, fur-
ther validation in larger, multicenter studies is crucial to 
confirm these findings and establish the generalizability of 
our approach across diverse patient populations and ICU 
settings. The potential clinical implications are substantial: 
integrating ultrasound as a routine monitoring tool in at-risk 
ICU patients could facilitate timely intervention, potentially 
mitigating the severity and long-term consequences of ICU-
AW. Early detection, enabled by readily available ultrasound, 
allows for the implementation of preventive strategies such 
as nutritional support and early mobilization, ultimately 
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aiming to improve patient outcomes and reduce the burden 
of ICUAW.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40477-​025-​01013-y.

Author contributions  All the authors contributed to the study concep-
tion and design. Material preparation, data collection and analysis were 
performed by CAM and CAS. The first draft of the manuscript was 
written by CAS, and all the authors commented on previous versions of 
the manuscript. All the authors read and approved the final manuscript.

Funding  The funds used in this study come from institutional 
resources.

Availability of data and materials  The datasets generated and/or ana-
lyzed during the current study are not publicly available owing to 
institutional privacy policies but are available from the corresponding 
author upon reasonable request.

Declarations 

Conflict of interest  The authors have no relevant financial or nonfinan-
cial interests to disclose.

Ethical approval and consent to participate  This study was approved 
by the Academic Hospital Fundación Santa Fe de Bogotá ethics com-
mittee. The Institutional Review Board approved the study (CCEI-
13851–2022). Given that the study was observational following current 
clinical practices, the requirement for written consent to participate was 
waived by the ethics committee.

Consent to participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Consent for publication  The authors affirm that the human research 
participants provided informed consent for the publication of the 
images in Fig. 1a and 1b.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Hermans G, Van den Berghe G (2015) Clinical review: intensive 
care unit acquired weakness. Crit Care 19(1):274

	 2.	 Wang W, Xu C, Ma X, Zhang X, Xie P (2020) Intensive care unit-
acquired weakness: a review of recent progress with a look toward 
the future. Front Med (Lausanne) 23(7):559789

	 3.	 Guzmán-David CA, Ruiz-Ávila HA, Camargo-Rojas DA, Gómez-
Alegría CJ, Hernández-Álvarez ED (2023) Ultrasound assess-
ment of muscle mass and correlation with clinical outcomes in 

critically ill patients: a prospective observational study. J Ultra-
sound 26(4):879–889

	 4.	 De Jonghe B, Sharshar T, Lefaucheur JP, Authier FJ, Durand-
Zaleski I, Boussarsar M, Cerf C, Renaud E, Mesrati F, Carlet 
J, Raphaël JC, Outin H, Bastuji-Garin S, Groupe de Réflexion 
et d’Etude des NeuromyopathiesenRéanimation (2002) Paresis 
acquired in the intensive care unit: a prospective multicenter study. 
JAMA 288(22):2859–2867

	 5.	 Fan E, Cheek F, Chlan L, Gosselink R, Hart N, Herridge MS, 
Hopkins RO, Hough CL, Kress JP, Latronico N, Moss M, Need-
ham DM, Rich MM, Stevens RD, Wilson KC, Winkelman C, 
Zochodne DW, Ali NA (2014) An official American Thoracic 
Society Clinical Practice guideline: the diagnosis of intensive care 
unit-acquired weakness in adults. Am J Respir Crit Care Med 
190(12):1437–1446

	 6.	 Zhang W, Tang Y, Liu H, Yuan LP, Wang CC, Chen SF, Huang J, 
Xiao XY (2021) Risk prediction models for intensive care unit-
acquired weakness in intensive care unit patients: a systematic 
review. PLoS ONE 16(9):e0257768

	 7.	 Takekawa D, Endo H, Hashiba E, Hirota K (2022) Predict models 
for prolonged ICU stay using APACHE II, APACHE III and SAPS 
II scores: a Japanese multicenter retrospective cohort study. PLoS 
ONE 17(6):e0269737

	 8.	 Bednarík J, Vondracek P, Dusek L, Moravcova E, Cundrle I (2005) 
Risk factors for critical illness polyneuromyopathy. J Neurol 
252(3):343–351

	 9.	 Paolo F, Valentina G, Silvia C, Tommaso P, Elena C, Martin D, 
Marini John J, Davide C (2022) The possible predictive value of 
muscle ultrasound in the diagnosis of ICUAW in long-term criti-
cally ill patients. J Crit Care 71:154104

	10.	 Formenti P, Coppola S, Umbrello M, Froio S, Caccioppola A, 
De Giorgis V, Galanti V, Lusardi AC, Ferrari E, Noè D, Carnier 
S, Folli F, Chiumello D (2022) Time course of the bioelectrical 
impedance vector analysis and muscular ultrasound in critically 
ill patients. J Crit Care 68:89–95

	11.	 Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, 
Annane D, Bauer M, Bellomo R, Bernard GR, Chiche JD, Coop-
ersmith CM, Hotchkiss RS, Levy MM, Marshall JC, Martin GS, 
Opal SM, Rubenfeld GD, van der Poll T, Vincent JL, Angus DC 
(2016) The third international consensus definitions for sepsis and 
septic shock (Sepsis-3). JAMA 315(8):801–810

	12.	 Formenti P, Umbrello M, Coppola S, Froio S, Chiumello D (2019) 
Clinical review: peripheral muscular ultrasound in the ICU. Ann 
Intensive Care 9(1):57

	13.	 Posit team (2023) RStudio: Integrated Development Environment 
for R. Posit Software, PBC, Boston, MA

	14.	 Wickham H (2016) ggplot2: elegant graphics for data analysis. 
Springer-Verlag, New York (ISBN 978-3-319-24277-4)

	15.	 Wickham H, François R, Henry L, Müller K, Vaughan D (2023) 
dplyr: a grammar of data manipulation. R package version 1.1.4

	16.	 Preiser JC, Ichai C, Orban JC, Groeneveld AB (2014) Meta-
bolic response to the stress of critical illness. Br J Anaesth 
113(6):945–954

	17.	 Chen J, Huang M (2023) Intensive care unit-acquired weakness: 
Recent insights. J Intensive Med 4(1):73–80

	18.	 Fazzini B, Märkl T, Costas C et al (2023) The rate and assessment 
of muscle wasting during critical illness: a systematic review and 
meta-analysis. Crit Care 27:2

	19.	 Puthucheary ZA, Astin R, Mcphail MJW, Saeed S, Pasha Y, Bear 
DE, Constantin D, Velloso C, Manning S, Calvert L, Singer M, 
Batterham RL, Gomez-Romero M, Holmes E, Steiner MC, Ather-
ton PJ, Greenhaff P, Edwards LM, Smith K, Harridge SD, Hart N, 
Montgomery HE (2018) Metabolic phenotype of skeletal muscle 
in early critical illness. Thorax 73(10):926–935

	20.	 Kemp PR, Paul R, Hinken AC, Neil D, Russell A, Griffiths MJ 
(2020) Metabolic profiling shows preexisting mitochondrial 

https://doi.org/10.1007/s40477-025-01013-y
http://creativecommons.org/licenses/by/4.0/


454	 Journal of Ultrasound (2025) 28:447–454

dysfunction contributes to muscle loss in a model of ICU-acquired 
weakness. J Cachexia Sarcopenia Muscle 11(5):1321–1335

	21.	 Dimopoulos S, Raidou V, Elaiopoulos D, Chatzivasiloglou F, 
Markantonaki D, Lyberopoulou E et al (2020) Sonographic mus-
cle mass assessment in patients after cardiac surgery. World J 
Cardiol 12(7):351–361

	22.	 Toledo DO, Freitas BJ, Dib R, Pfeilsticker F, Santos DMD, Gomes 
BC et  al (2021) Peripheral muscular ultrasound as outcome 
assessment tool in critically ill patients on mechanical ventila-
tion: an observational cohort study. Clin Nutr ESPEN 43:408–414

	23.	 Lee ZY, Ong SP, Ng CC, Yap CSL, Engkasan JP, Barakatun-Nisak 
MY et al (2021) Association between ultrasound quadriceps mus-
cle status with premorbid functional status and 60-day mortality 
in mechanically ventilated critically ill patient: a single-center 
prospective observational study. Clin Nutr 40(3):1338–1347

	24.	 Lad H, Saumur TM, Herridge MS, Dos Santos CC, Mathur S, 
Batt J, Gilbert PM (2020) Intensive care unit-acquired weak-
ness: not just another muscle atrophying condition. Int J Mol Sci 
21(21):7840

	25.	 Connolly BA, Jones GD, Curtis AA, Murphy PB, Douiri A, Hop-
kinson NS, Polkey MI, Moxham J, Hart N (2013) Clinical predic-
tive value of manual muscle strength testing during critical illness: 
an observational cohort study. Crit Care 17(5):R229

	26.	 Watanabe S, Hirasawa J, Naito Y, Mizutani M, Uemura A, 
Nishimura S, Suzuki K, Morita Y, Iida Y (2023) Association 

between intensive care unit-acquired weakness and early nutri-
tion and rehabilitation intensity in mechanically ventilated 
patients: a multicenter retrospective observational study. Cureus 
15(4):e37417

	27.	 Arts IMP, Pillen S, Schelhaas HJ, Overeem S, Zwarts MJ (2010) 
Normal values for quantitative muscle ultrasonography in adults. 
Muscle Nerve 41(1):32–41

	28.	 Anekwe DE, Biswas S, Bussières A, Spahija J (2020) Early reha-
bilitation reduces the likelihood of developing intensive care 
unit-acquired weakness: a systematic review and meta-analysis. 
Physiotherapy 107:1–10

	29.	 Hrdy O, Vrbica K, Kovar M, Korbicka T, Stepanova R, Gal R 
(2023) Incidence of muscle wasting in the critically ill: a prospec-
tive observational cohort study. Sci Rep 13(1):742

	30.	 De Letter MA, Schmitz PI, Visser LH, Verheul FA, Schellens 
RL et al (2001) Risk factors for the development of polyneu-
ropathy and myopathy in critically ill patients. Crit Care Med 
29:2281–2286

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Prospective ultrasonographic evaluation of femoral and vastus intermedius muscles as predictors of ICU-acquired weakness in critically ill patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Principal and secondary outcomes
	Design and ethical approval
	Inclusion and exclusion criteria
	Clinical data collection
	Measurements
	Medical Research Council score (MRC) (the reference standard)
	Muscular ultrasound (MUS) measurements (the index test)
	Study protocol

	Statistical analysis

	Results
	Discussion
	Conclusion
	References




