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Background: Skeletal muscle mass is a key indicator of physiological reserve in
critical illness.

Objective: This study aimed to evaluate whether quadriceps mass assessed by
bedside methods predicts 28-day mortality in critically ill patients.

Methods: In this prospective study of 603 critically ill adults, we measured quad-
riceps thickness by ultrasonography under minimal transducer pressure (QT-min)
and maximal transducer pressure (QT-max), quadriceps circumference (QC), and
mid-upper arm circumference (MUAC) at admission. Cox regression was used
to analyze the association between quadriceps thickness and 28-day mortality.
Interaction and subgroup analyses were conducted for age, sex, BMI, mechanical
ventilation, number of organ supports and vasopressor use.

Results: The 28-day mortality rate was 21.06% (127/603). After adjustment in
Model 3, QC (HR 0.95 per 1-cm increase, 95% CI 0.91-1.00), QT-min (HR 0.63
per 1-cm increase, 95% Cl 0.42-0.92), and QT-max (HR 0.42 per 1-cm increase,
95% Cl 0.20-0.85) remained independent protective factors for mortality, while
MUAC do not. Significant interactions were found for QT-min with vasopressor
use and organ support (g < 0.05), with protective effects observed only in patients
without these conditions.

Conclusion: Bedside quadriceps mass assessment independently predicts 28-day
mortality in critically ill patients, supporting its use for early risk stratification. In patients
requiring vasopressors or organ support, the prognostic value of QT-min was attenu-
ated, suggesting it may be susceptible to illness severity. However, given the small size
of these subgroups, this finding warrants a cautious interpretation.

KEYWORDS
critically ill patients, mortality, quadriceps circumference, quadriceps muscle
thickness, ultrasonography

1 Introduction

Accurate assessment of body composition and nutritional status in critically ill patients
enables better risk stratification, facilitates early identification of patients at high mortality risk,
and ultimately informs treatment optimization and clinical decision-making. Although estab-
lished disease severity scoring systems such as APACHE II and SOFA are widely used in clinical
practice and incorporate a range of physiological and laboratory parameters, they often fail to
reflect the significant role of nutritional and functional reserves in determining survival
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outcomes.

Skeletal muscle mass serves as a key indicator of physiological
reserve (1). During critical illness, accelerated protein catabolism leads
to rapid muscle wasting, with losses of approximately 2% per day
during the first week of ICU admission (2, 3). While current guide-
lines recommend protein intake of >1.2 g/kg/day for critically ill
patients (4), early higher protein intake has not been shown to
improve outcomes in those receiving invasive ventilation (5, 6).
Notably, previous studies have identified an independent association
between early enteral nutrition and reduced in-hospital mortality in
patients with sarcopenia—an effect not observed in individuals with
a modified NUTRIC score >4 or abnormal BMI (7). These findings
emphasize that skeletal muscle loss is a critical factor influencing out-
comes and guiding nutritional and rehabilitation strategies in critically
ill patients.

A growing body of evidence supports low skeletal muscle mass as
an independent predictor of mortality in critical illness. A study of
240 critically ill patients evaluated by abdominal computerized
tomography (CT) imaging demonstrated that lower skeletal muscle
volume was independently associated with increased mortality,
regardless of APACHE II score or gender (8). A recent systematic
review and meta-analysis including 38 studies with 6,891 patients
demonstrated that critically ill patients with low skeletal muscle mass
have a significantly higher mortality risk (9). However, it is notewor-
thy that 89.4% of the included studies employed CT for muscle
assessment.

Although CT-based measurements provide accurate assessment
of muscle area and density, their routine use in critically ill patients is
limited by practical constraints such as cost, time, transport-related
risks, and radiation exposure. These limitations have driven interest
in bedside alternatives. Bedside muscle assessment offers a practical
and safe approach, eliminating transport-related risks. Ultrasound, as
a non-invasive and portable tool, has been shown to accurately and
reliably capture dynamic muscle changes in this population (10-13).
A 2023 systematic review found that ultrasound was the most com-
monly used method for muscle mass, employed in 85% of studies (3).
Despite meta-analyses demonstrating an association between low
muscle mass and mortality, most existing studies rely on complex
imaging techniques such as CT or MRI, with a notable lack of system-
atic evaluation of bedside alternatives like ultrasound (9).

Furthermore, the comparative prognostic value of different bed-
side measurements, such as manual circumference and ultrasound-
derived thickness parameters, has not been rigorously evaluated.
Standardization of ultrasound measurement protocols also warrants
investigation (14), as variations in the pressure applied by different
operators may influence the accuracy and reproducibility of muscle
measurements. Muscle compressibility can be altered by pathological
conditions such as edema (15), fibrosis, or fatty infiltration (16), and
muscle thickness measured under different compression protocols
may therefore provide distinct prognostic information. However, the
clinical significance of this distinction remains unexplored.

Therefore, this study aimed to investigate the association between
muscle mass and 28-day mortality in critically ill patients using mul-
tiple bedside methods, including manual measurements (mid-upper
arm circumference and quadriceps circumference) and ultrasonogra-
phy with two distinct pressure protocols. We further assessed whether
low muscle mass detected by these bedside-adaptable approaches
independently predicted increased mortality risk across different
patient subgroups.
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2 Methods
2.1 Study design and participants

This is a longitudinal observational population-based study.
Critically ill patients were consecutively recruited from the Emergency
Rescue Room of Beijing Chaoyang Hospital, Capital Medical
University, between March 2023 and December 2024. All patients
aged >18 years admitted to the emergency intensive care unit during
the study period were screened for eligibility. The exclusion criteria
were as follows: (1) inability to cooperate with the study procedures
(e.g., any condition precluding muscle measurement or follow-up), (2)
pregnancy or lactation, (3) pre-existing psychiatric disorders, and (4)
incomplete clinical data. Written informed consent was obtained from
all participants or their legal representatives. The study protocol was
approved by the Institutional Ethics Committee of Beijing Chaoyang
Hospital (Approval No. 2022-Ke-430). The study was not pre-regis-
tered on any platform, nor was the sample size pre- determined
through prior registration. However, to assess sample size adequacy,
we performed a post hoc power analysis for all statistical tests using the
pwr package in R. With a two-sided a of 0.05, our sample size pro-
vided >99.99% power, supporting the reliability of the findings. The
study protocol was developed and is available from the corresponding
author upon reasonable request.

2.2 Follow-up and outcome ascertainment

Patients were followed up from the day of hospital admission until
death or day 28, whichever occurred first. Vital status at 28 days was
determined through electronic medical records. For patients dis-
charged alive before day 28, telephone follow-up on day 28 was con-
ducted to ascertain vital status. For those who had died, the exact date
of death was documented. Patients who were lost to follow-up or dis-
continued participation for any reason were not included in the final
analytical cohort. All patients included in the final cohort were suc-
cessfully followed until death or day 28.

2.3 Exposure measures

The primary exposure variables comprised quadriceps thickness
(assessed by ultrasonography), quadriceps circumference (QC), and
mid-upper arm circumference (MUAC). Muscle assessment was per-
formed within 2 days after admission. Limb circumference measure-
ments were obtained using a non-elastic tape measure. For MUAC,
the midpoint between the left acromion and olecranon was identified
and measured. Similarly, the QC was measured at the midpoint
between the left anterior superior iliac spine and superior border of
the patella. Each measurement was performed twice, and the average
was recorded. If the two measurements differed significantly (>2 cm),
a third measurement was taken to ensure accuracy.

Muscle ultrasound assessments were performed by a licensed
physical therapist with over 5 years of experience in sonographic mea-
surement and image analysis. Quadriceps measurements were per-
formed on the left leg with the patient in the supine position, knees
fully extended and relaxed, and toes pointing upward. The thicknesses
of the rectus femoris and vastus intermedius muscles were evaluated
using a B-mode ultrasound system (Philips EPIQ 7C, Bothell, United
States) equipped with a 5-10 MHz linear array transducer. The trans-
ducer was positioned perpendicular to the longitudinal axis of the
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thigh at a location two-thirds of the distance from the anterior supe-
rior iliac spine to the lateral condyle of the knee. After applying a
generous amount of coupling gel, quadriceps muscle thickness was
measured under both minimal (QT-min) and maximal transducer
pressures (QT-max).

For each participant, three consecutive ultrasound images were
acquired under each pressure condition. As shown in
Supplementary Figure S1, muscle layer thickness includes the rectus
femoris and vastus intermedius, depicted in red. All measurements
were performed using the ultrasound system’s built-in calipers and
recorded in centimeters (cm). For each condition (QT-min and
QT-max), the three measurements were averaged for analysis. The
measurer was not blinded to patients’ demographic information (e.g.,
name, age) but was unaware of their clinical status. The intrarater reli-
ability for these measurements was excellent, with an intraclass cor-

relation coefficient (ICC) of 0.97 (p < 0.001).
2.4 Outcome measures

The primary outcome measure was 28-day mortality after admis-
sion, with ventilator duration as a secondary outcome of interest.

2.5 Covariates

Demographic characteristics (age, sex, and body mass index
[BMI]), Glasgow Coma Scale (GCS) score, Acute Physiology and
Chronic Health Evaluation II (APACHE II) score, medical history
(including cerebral hemorrhage, cerebral infarction, heart failure,
coronary artery disease, pulmonary disease, digestive disorders,
malignancies, and prior surgeries), laboratory parameters [total pro-
tein (TP), prealbumin, albumin, hemoglobin, aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), total cholesterol (TC),
triglycerides (TG), high-density lipoprotein (HDL), low-density lipo-
protein (LDL), and uric acid (UA)] were extracted from electronic
medical records at the time of enrollment. Clinical data, including the
use of mechanical ventilation, number of organ supports, and vaso-
pressor use, were retrieved from electronic medical records during
hospitalization. The number of organ supports was quantified based
on interventions administered for the gastrointestinal, cerebrovascu-
lar, circulatory, renal, or respiratory systems.

2.6 Statistical analysis

The clinical and demographic variables of different groups were
compared using the Kruskal-Wallis test for non-parametric variables
and the chi-square test for categorical variables. Spearman’s rank cor-
relation was used to assess the correlation be-tween quadriceps thick-
ness and duration of mechanical ventilation.

Cox proportional hazards regression was employed to assess the
relationship between quadriceps thickness and time to death, with
days from study entry used as the time scale. The results are reported
as hazard ratios (HRs) with 95% confidence intervals (Cls). Three pre-
defined multivariable models were constructed. Model 1 was adjusted
for age, sex, BMI, and GCS score. In Model 2, we additionally adjusted
for variables that differed significantly between groups in univariate
analyses, including APACHE II score, duration of mechanical ventila-
tion, number of organ supports, vasopressor use, and serum levels of
TP, prealbumin, albumin, and hemoglobin. To address potential over-
adjustment bias, Model 3 was constructed by removing three variables
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from Model 2 (duration of mechanical ventilation, number of organ
supports, and vasopressor use), as these may reflect post-admission
evolution of disease severity. The proportional hazards assumption
was tested using Schoenfeld residuals; for Models 1 and 3, all covari-
ates yielded p > 0.05. We categorized quadriceps thickness into quar-
tiles (Q1-Q4) and generated Kaplan-Meier curves to compare
survival across quartiles.

To evaluate potential effect modification, we included interaction
terms for quadriceps mass with sex, age, BMI, mechanical ventilation,
number of organ supports, and vasopressor use (i.e., quadriceps mass
x sex, quadriceps mass x age, quadriceps mass x BMI, quadriceps
mass x mechanical ventilation, quadriceps mass x number of organ
supports, and quadriceps mass x vasopressor use) in the Cox regres-
sion model adjusted for the same covariates as Model 3. All corre-
sponding main effects were retained.

A 2-tailed p < 0.05 was considered significant. Interaction was
tested using the Benjamini-Hochberg procedure to control the false
discovery rate (FDR), with g < 0.05 considered statistically significant.
All statistical analyses were performed using R software (ver-
sion 4.3.3).

3 Results
3.1 Characteristics of participants

Of the 1,025 patients initially assessed, 422 were excluded before
cohort inclusion due to loss to follow-up (n = 405), lactation and pre-
existing psychiatric disorders (n =5), or incomplete clinical data
(n = 12). Thus, a total of 603 patients were enrolled in the final analysis
cohort and were followed for 28 days (Supplementary Figure S2).

The baseline characteristics of the 603 participants are shown in
Table 1. Overall, the mean age was 71.01 (+ 14.48) years with 60.10%
males. The 28-day mortality rate was 21.06% (127/603). Patients who
died were older, had lower BMI, GCS score, and lower levels of total
protein, prealbumin, albumin, and hemoglobin, but higher APACHE
II score, longer mechanical ventilation time, more organ support, and
higher proportion of unstable blood circulation, coronary heart dis-
ease and cerebral hemorrhage. In addition, there were significant dif-
ferences in MUAC, QC, quadriceps thickness measured under
minimal transducer pressure (QT-min) and quadriceps thickness
measured under maximal transducer pressure (QT-max) between the
two study groups in the univariate analysis.

3.2 Relationship between muscle mass and
mortality

In the Cox regression analyses including all 603 patients,
127(21.06%) died within 28 days. As shown in Table 2, MUAC, quad-
riceps circumference, and quadriceps thickness were protective fac-
tors for death in the univariate and Model 1 Cox regression analyses
(p < 0.05). In the Model 2 Cox regression analysis, quadriceps cir-
cumference (HR 0.95; 95% CI 0.91-1.00, p = 0.0381), QT-min (HR
0.59; 95% CI 0.39-0.91, p = 0.0172), QT-max (HR 0.47; 95% CI
0.22-0.98, p = 0.0452) were protective factors for death. No signifi-
cant association was observed between MUAC and death
(p = 0.5852). In Model 3, the protective effects of a 1-cm increase in
quadriceps circumference (HR 0.95; 95% CI 0.91-1.00, p = 0.0119),
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TABLE 1 Baseline characteristics of the participants.
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All (N = 603) Alive (N = 476) Death (N = 127)

Age, year 71.12 (¢ 14.25) 69.36 (+ 14.37) 77.72 (+ 11.66) <0.0010
Sex, male 363 (60.20%) 293 (61.55%) 70 (55.12%) 0.2348
BMI (kg/m?) 23.57(+4.31) 23.99 (£ 4.24) 21.99 (+ 4.245) <0.0010
GCS score 13.09 (+ 3.18) 13.75 (+ 2.59) 10.61 (+ 3.906) <0.0010
APACHE II score 19.64 (+ 4.40) 18.40 (£ 3.73) 24.28 (+ 3.521) <0.0010
Mechanical ventilation 150 (24.83%) 84 (17.61%) 66 (51.97%) <0.0010
Non-invasive 113 (18.714%) 71 (14.92%) 42 (33.07%)

Invasive 41 (6.80%) 15 (3.15%) 26 (20.47%)

Duration, day 2.23 (£ 5.57) 1.714 (£ 5.21) 4.165 (+ 6.395) <0.0010
Organ supports, n 0.40 (£ 0.64) 0.24 (+ 0.47) 1.031 (+ 0.7862) <0.0010
Vasopressor use 89 (14.74%) 40 (8.40%) 49 (38.58%) <0.0010
TP, g/L 65.57 (+ 8.80) 66.29 (+ 8.79) 62.85 (+ 8.312) <0.0010
Prealbumin, g/L 0.17 (£ 0.13) 0.18 (£ 0.12) 0.1349 (+ 0.1530) <0.0010
Albumin, g/L 37.93 (£ 6.01) 38.64 (+ 5.95) 35.30 (+ 5.493) <0.0010
Hemoglobin 119.20 (+ 32.56) 122.40 (+ 32.22) 107.4 ( 31.22) <0.0010
AST, U/L 47.77 (£ 134.70) 49.50 (£ 149.20) 41.06 (£ 52.02) 0.6708
ALT, U/L 35.66 (+ 114.40) 37.66 (+ 127.30) 27.89 (+ 37.76) 0.1037
TC, mmol/L 4.01 (£ 1.47) 4.04 (£ 1.51) 3.881 (+ 1.304) 0.1937
TG, mmol/L 1.60 (£ 1.77) 1.64 (£ 1.93) 1.434 (£ 0.9087) 0.1843
HDL, mmol/L 0.98 (+ 0.40) 1.00 (£ 0.39) 0.9329 (+ 0.4231) 0.1409
LDL, mmol/L 2.50 (£ 1.14) 2.52 (£ 1.15) 2.410 (+ 1.106) 0.2555
UA, mmol/L 409.30 (£ 313.90) 402.40(+ 330.70) 435.3 (+ 240.0) 0.0700
MUAC 25.63 (+ 4.02) 26.16 (+ 3.85) 23.65 (+ 4.02) <0.0010
QC 43.85 (£ 6.52) 44.79 (£ 6.17) 40.36 (+ 6.644) <0.0010
QT-min 2.27 (£ 0.70) 2.44 (£ 0.70) 1.63 (£ 0.55) <0.0010
QT-max 1.17 (% 0.50) 1.24 (+ 0.51) 0.86 (+ 0.30) <0.0010
History

Cerebral hemorrhage 23 (3.81%) 16 (3.36%) 7 (5.51%) 0.3853
Cerebral infarction 101 (16.75%) 71 (14.92%) 30 (23.62%) 0.0270
Heart failure 78 (12.94%) 55 (11.55%) 23 (18.11%) 0.0694
Coronary disease 207 (34.33%) 150 (31.51%) 57 (44.88%) 0.0063
Pulmonary disease 87 (14.43%) 70 (14.71%) 17 (13.39%) 0.8216
Digestive disorders 46 (7.63%) 42 (8.82%) 4(3.15%) 0.0515
Tumor 74 (12.27%) 54 (11.34%) 20 (15.75%) 0.2301
Operation 28 (4.64%) 21 (4.41%) 7 (5.51%) 0.6174

BMI, body mass index; GCS, Glasgow Coma Scale; APACHE II, Acute Physiology and Chronic Health Evaluation II; TP, total protein; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; UA, uric acid; MUAC, mid-upper arm circumference; QC, quadriceps
circumference; QT-min, quadriceps thickness measured under minimal transducer pressure; QT-max, quadriceps thickness measured under maximal transducer pressure. Data are presented

as mean (+ SD) for continuous variables and n (%) for categorical variables.

QT-min (HR 0.63; 95% CI 0.42-0.92, p = 0.0183), and QT-max (HR
0.42; 95% CI 0.20-0.85, p = 0.0169) persisted, while MUAC remained
non-significant (HR 0.88; 95% CI 0.91-1.01, p = 0.1235).

For illustrative purposes, we plotted Kaplan-Meier survival curves
based on quartiles of quadriceps circumference and thickness
(Figure 1). Patients with higher quadriceps circumference and thick-
ness had considerably longer overall survival than those with
lower values.

Frontiers in Nutrition

3.3 Stratification analyses

After FDR correction, significant interactions were found for
QT-min with organ supports (gq=0.0114) and vasopressor use
(g = 0.0204). The protective effect of QT-min was more pronounced
in patients without organ supports (HR 0.37; 95% CI 0.16-0.86) and
in those without vasopressor use (HR 0.47; 95% CI 0.28-0.79)
(Figure 2).
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TABLE 2 Cox regression analysis of muscle mass for 28-day mortality.

Unadjusted Modlel Modle2 Modle3
HR (95%IC) HR (95%IC) HR (95%IC) HR (95%IC)
MUAC 0.87(0.84-0.91) 0.000 0.89(0.84-0.95) 0.0007 0.98(0.91-1.05) 0.5852 0.88(0.91-1.01) 0.1235
QC 0.92(0.90-0.94) 0.000 0.93(0.89-0.97) 0.0003 0.95(0.91-1.00) 0.0381 0.95(0.91-1.00) 0.0119
QT-min 0.34(0.26-0.44) 0.000 0.42(0.29-0.60) 0.000 0.59(0.39-0.91) 0.0172 0.63(0.42-0.92) 0.0183
QT-max 0.18(0.11-0.29) 0.000 0.21(0.11-0.42) 0.000 0.47(0.22-0.98) 0.0452 0.42(0.20-0.85) 0.0169

MUAC, mid-upper arm circumference; QC, quadriceps circumference; QT-min, quadriceps thickness measured under minimal transducer pressure; QT-max, quadriceps thickness measured
under maximal transducer pressure; HR, hazard ratio; CI, confidence interval; P, p-value. Model 1 was adjusted for age, sex, BMI, and GCS score; Model 2 included all variables in Model 1
plus APACHE II score, duration of mechanical ventilation, number of organ supports, vasopressor use, and serum levels of TP, prealbumin, albumin, and hemoglobin; Model 3 included all
variables in Model 1 plus APACHE II score, serum levels of TP, prealbumin, albumin, and hemoglobin.
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FIGURE 1
Kaplan—Meier survival plot for quartiles of quadriceps circumference and thickness. (A) Quadriceps circumference. (B) Quadriceps thickness measured
under maximal transducer pressure. (C) Quadriceps thickness measured under minimal transducer pressure.
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FIGURE 2

Subgroup analysis of the association between quadriceps mass and 28-day mortality. Data are presented as number of patients per subgroup (N) with
number of deaths (events). Hazard ratios (HRs) and 95% confidence intervals (Cls) were calculated using Cox proportional hazards model 3. g: FDR-
adjusted P for interaction. (A) Quadriceps circumference. (B) Quadriceps thickness measured under maximal transducer pressure. (C) Quadriceps
thickness measured under minimal transducer pressure.

3.4 Associations of quadriceps mass with 4 Discussion
mechanical ventilation duration
Our findings indicate that a low quadriceps mass, whether evalu-
There was a statistically significant correlation between QC,  ated by circumferential measurement or ultrasound-based thickness,
QT-max, QT-min and mechanical ventilation duration (p <0.0001).  is independently associated with increased mortality in critically ill
The Spearman correlation coefficients were —0.161, —0.237, and  patients. This relationship remained robust across most patient sub-
—0.284, respectively (Figure 3). groups, except in patients with vasopressor use or those requiring at
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Quadriceps thickness measured
under minimal transducer pressure

Mechanical ventilation duration

FIGURE 3

r=-0.237 P <0.0001

Mechanical ventilation duration

Correlation between quadriceps mass with and mechanical ventilation duration. (A) Quadriceps circumference. (B) Quadriceps thickness measured
under maximal transducer pressure. (C) Quadriceps thickness measured under minimal transducer pressure.

1=-0.284 P <0.0001

Quadriceps thickness measured under
maximal transducer pressure

o 10 20 30 40 50 60 70
Mechanical ventilation duration

least one organ support, where QT-min showed no significant effect.
Moreover, among patients who were mechanically ventilated, a
reduced quadriceps mass was associated with prolonged mechanical
ventilation.

Consistent with our findings, several studies have reported a
strong association between low muscle mass and mortality using
CT assessment. For example, a study of 240 critically ill patients
found that lower skeletal muscle volume at L3 on admission CT
scans independently predicted higher mortality, regardless of
APACHE 11 scores or gender, while BMI showed no correlation
with outcomes (8). Similarly, Ji et al. reported intra-abdominal sar-
copenic obesity, assessed by CT via the skeletal muscle index and
visceral adipose tissue area, was associated with increased 30-day
mortality (17). Further supporting this, systematic reviews and
meta-analysis revealed a significant association between low skel-
etal muscle mass (LSMM) and increased mortality risk in critically
ill patients (9, 18). Additionally, higher skeletal muscle density mea-
sured by CT has also been associated with longer postoperative
survival (19-21).

Recent ultrasound-based investigations have reproduced these
findings across diverse critical care populations. For instance, in a
recent study by Lim et al., greater quadriceps muscle thickness mea-
sured by ultrasound at ICU admission was positively correlated
with physical function outcomes at hospital discharge (22). Hadda
et al. reported that loss of muscle thickness assessed by ultrasound
predicted poor prognosis in sepsis patients (23). Similarly, Toledo
et al. identified that significant muscle wasting in mechanically ven-
tilated critically ill patients, with greater loss of quadriceps muscle
layer thickness, was associated with worse clinical outcomes (24).
The prognostic relevance of muscle mass has also been emphasized
in idiopathic pulmonary fibrosis (25). Moreover, ultrasound-
derived measures of muscle thickness and related indices have been
linked to mortality in various clinical contexts, including decom-
pensated liver cirrhosis (26), hemodialysis (27, 28), cancer (29), and
heart failure (30). These findings, along with our results, reinforce
that the role of muscle assessment as a crucial physiological bio-
marker and a valuable prognostic tool across a spectrum of patient
populations. This notion is further supported by recent studies
demonstrating that the low skeletal muscle index significantly
increases all-cause mortality risk in elderly (31) and adult popula-
tions (32).

In previous ultrasound studies assessing muscle mass in criti-
cally ill patients, methodological approaches have varied consider-
ably. Some researchers have applied full probe compression to
mitigate edema effects, though this may alter muscle dimensions
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(33). Others use minimal compression with generous gel to avoid
tissue distortion (34). Such methodological heterogeneity—particu-
larly the use of full versus minimal transducer pressure—hinders
cross-study comparability and underscores the need for standardized
reporting of pressure protocols (15). A key methodological innova-
tion of this study is the simultaneous application of two measure-
ment methods (QT-min and QT-max) to assess muscle thickness in
the same patient cohort. While QT-min reflects uncompressed ana-
tomical muscle thickness, QT-max may offer a parameter less influ-
enced by edema, fibrosis, or fatty infiltration. Both methods
independently predicted mortality in fully adjusted models, with
QT-max showing a stronger numerical effect (0.42 vs. 0.63 HR per
1-cm increase). To our knowledge, this is the first study to systemati-
cally compare these two ultrasound techniques in critically ill
patients.

Furthermore, the protective effect of higher QT-min was more
pronounced in patients without organ supports and in those not
requiring vasopressors. These findings suggest that the prognostic
value of muscle thickness may be modified by the severity of
organ dysfunction and hemodynamic instability. In patients with
multi-organ failure or vasopressor dependence, competing mor-
tality risks from acute circulatory collapse may overshadow the
contribution of muscle mass. Moreover, muscle ultrasound mea-
surements are susceptible to confounding by edema and tissue
quality (15), and fluid resuscitation in shock states can artificially
increase muscle thickness, thereby attenuating its prognostic
accuracy (35). In our study, an interaction was observed only for
QT-min. We hypothesize that QT-max may better reflect true
muscle thickness by reducing the influence of edema and other
tissue alterations, potentially accounting for the absence of sub-
group differences with this measurement. We acknowledge that
the sample sizes for patients receiving organ support (1 organ sup-
port: n = 153; >2 organ supports: n = 44) and those on vasopres-
sors (n=289) were relatively small, which may have limited
statistical power to detect true associations and increased the risk
of type II error. Therefore, the observed effect modification
should be interpreted cautiously and larger multicenter studies are
warranted to confirm these findings.

The mechanism underlying the association between reduced
muscle thickness and mortality in critically ill patients may involve
metabolic disorders, systemic inflammation, and disuse. The
inflammatory response in critical illness accelerates muscle wasting
(36). Specifically, inflammatory mediators such as Interleukin-6 and
tumor necrosis factor-alpha increase protein breakdown and sup-
press protein synthesis in muscle tissue (37), ultimately leading to
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functional decline and increased mortality risk. Additionally,
microcirculatory dysfunction with impaired oxygen delivery (38),
mitochondrial bioenergetic failure leading to reduced ATP produc-
tion (39), and disruption of membrane ion channels collectively
contribute to muscle dysfunction in critical illness (40).

In our study, the association between mid-upper arm circumfer-
ence (MUAC) and mortality was attenuated after adjusting for risk fac-
tors, whereas QC and quadriceps ultrasound-derived thickness
remained independently associated with mortality. This differential
performance may reflect the preferential atrophy of lower limb muscles
in bedridden ICU patients (41), making quadriceps measures more
sensitive to acute wasting. These findings support current recommen-
dations favoring lower limb assessment for muscle monitoring in criti-
cal care (42).

4.1 Limitations

There are some limitations in this study. First, the observed
association between low quadriceps thickness and mortality may be
subject to reverse causation and residual confounding. Low muscle
mass could reflect either pre-existing frailty or acute wasting, and
despite extensive adjustment for APACHE II score and other sever-
ity markers, unmeasured confounding remains possible. Patients
with greater physiological instability may have both lower muscle
mass and higher mortality due to factors not fully captured by our
covariates. Second, muscle measurements were obtained only at
admission. Serial measurements would have allowed us to evaluate
the prognostic value of muscle change over time. Third, we did not
stratify patients by specific diagnoses or document causes of death,
precluding disease-specific inferences. Fourth, as a single-center
study, our findings require validation through larger, multicenter
investigations.

4.2 Future directions

Larger studies with more diverse populations are needed to validate
our findings and determine the generalizability of QT-min and QT-max
as prognostic tools across different ICU settings and disease conditions.
Whether early nutritional support or resistance exercise can mitigate
muscle wasting and thereby improve outcomes in high-risk patients
warrants further investigation through interventional studies.

5 Conclusion

In conclusion, baseline quadriceps muscle mass at admission is
independently associated with mortality in critically ill patients, with
a protective effect that remained consistent across most subgroups.
However, the prognostic value of QT-min was significant only in
hemodynamically stable patients and those without organ support.
Given the small sample sizes in specific subgroups, particularly among
patients receiving vasopressors (n = 89) or multiple organ supports
(n = 44), these interaction findings should be interpreted with caution
due to limited statistical power. As MUAC lost prognostic significance
in multivariable models, our study supports the use of quadriceps
ultrasound and manual measurement as practical tools for the early
identification of high-risk individuals.
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