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Abstract

Background: Critically ill patients undergo rapid and clinically significant skeletal muscle
loss during the first week of ICU admission, driven by a complex interplay of systemic
inflammation, neuroendocrine dysregulation, and accelerated protein catabolism. While
CRP is an established marker of the inflammatory response, its temporal relationship with
early muscle wasting—specifically whether the initial inflammatory peak or its subse-
quent persistence most strongly determines muscle loss—remains poorly characterised.
This study investigated the serial dynamics of inflammatory biomarkers and their cor-
relation with skeletal muscle changes during the first seven ICU days. Methods: This
is a post hoc analysis of the NUTRITI prospective observational cohort, conducted at
a single academic ICU in Udine, Italy (Ethics Committee approval: CEUR-2019-Os-17).
Sixty-six adult critically ill patients with an anticipated ICU stay exceeding 72 h and re-
quiring artificial nutritional support were included; patients on renal replacement therapy
or with contraindications to bioelectrical impedance analysis (BIA) were excluded. Body
composition—skeletal muscle mass (MM, kg) and phase angle (PA°)—was assessed by
single-frequency BIA (50 kHz) on Day 1 and Day 7. The primary outcome was AMM%,
the percentage change in muscle mass between admission and Day 7, calculated as
AMM% = [(MMd — MMa)/MMa] x 100. Daily inflammatory biomarkers—CRP (mg/L),
total WBC (x10%/mm?), and lymphocyte count (x 10®/mm?)—were collected throughout.
Spearman rank correlations between AMM% and serial biomarkers were computed for
each day. Given the large number of tests (42 total), Bonferroni false discovery rate correc-
tions were applied. Results: The cohort had a median age of 68.5 years (IQR 61-77.8), was
predominantly male (71.2%), with median APACHE II 21.5 and SOFA 7. Median muscle
mass declined significantly from 34.3 kg (IQR 29.9-39.5) at Day 1 to 30.6 kg (IQR 26.5-34.9)
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at Day 7 (p < 0.001), corresponding to a median MM% of —8.45% (IQR —14.2% to —1.52%).
Phase angle also declined significantly (4.9° to 4.5°; p < 0.01). CRP showed no signifi-
cant correlation with AMM% at Days 1 or 2, but a negative correlation emerged at Day 3
(p = —0.297; p = 0.020) and peaked at Day 4 (p = —0.355; p = 0.006), attenuating there-
after. CRP at Days 5 and 6 correlated with phase angle changes (p = 0.017 and p = 0.022,
respectively). WBC showed no significant correlations at any time point. Day-7 lym-
phocyte count was nominally correlated with AMM% (p = —0.314; p = 0.040). Neither
APACHE II nor SOFA at admission correlated with AMM%. No test survived correc-
tion for multiple comparisons. Conclusions: The kinetics of CRP—rather than its initial
intensity—seem to be associated with early skeletal muscle catabolism in critically ill pa-
tients, with a temporally specific signal emerging at Days 3—4 of ICU admission. Although
these findings are exploratory and did not survive multiple testing correction, their bio-
logical plausibility—grounded in the known kinetics of ubiquitin-proteasome activation
and NF-«kB signalling—and their alignment with the emerging concept of inflammation-
guided nutritional timing both support their value as a hypothesis-generating observation.
Serial CRP monitoring may represent a pragmatic candidate biomarker to identify the
optimal window for nutritional escalation, pending prospective validation in adequately
powered trials.

Keywords: skeletal muscle wasting; C-reactive protein; bioelectrical impedance
analysis; ICU-acquired weakness; personalised nutrition; phase angle; inflammation;
muscle catabolism

1. Introduction

Critical illness is invariably accompanied by profound metabolic derangements
characterised by a complex neuroendocrine response and intense systemic inflammatory
activation [1].

Irrespective of the underlying aetiology—whether sepsis, trauma, or acute brain
injury—critically ill patients enter a state of sustained hypercatabolism and accelerated
protein turnover, with skeletal muscle serving as the primary reservoir of gluconeogenic
substrates for hepatic glucose production [2-5]. This catabolic response can result in
clinically significant reductions in lean body mass within days [6].

Multiple interacting pathways drive this process, including proteasome-mediated
proteolysis, decreased protein synthesis, and inflammation-mediated insulin resistance—all
of which compound the net negative protein balance observed in these patients [7].

A systematic review and meta-analysis involving 3251 patients demonstrated that
critically ill patients lose approximately 2% of skeletal muscle mass per day during the first
week of ICU admission [8].

Intensive care unit-acquired weakness (ICU-AW) is a common and clinically significant
neuromuscular complication of critical illness, defined as a generalised, symmetric limb
and respiratory muscle weakness arising during the ICU stay, in the absence of a primary
neurological cause [9].

Its pathophysiology is multifactorial and involves an imbalance between protein syn-
thesis and degradation, mitochondrial dysfunction, alterations in sarcoplasmic reticulum
function, destruction of myofilament architecture, neuropathy, and impairment of muscle
satellite cells. Each of these mechanisms interacts in a different way across the diverse
individuals, depending on illness severity, aetiology, and treatment exposures [10].

The principal risk factors include high illness severity at admission, sepsis, multiple
organ failure, prolonged inflammation and immobilisation, and hyperglycaemia, with the
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contribution of corticosteroids and neuromuscular blocking agents remaining incompletely
characterised [11].

The clinical consequences extend well beyond the ICU: ICU-AW is independently
associated with delayed weaning from mechanical ventilation, prolonged ICU and hospital
length of stay, higher in-hospital costs, and significantly increased one-year mortality,
with persistence and severity of weakness at ICU discharge further amplifying long-term
mortality risk [12-15].

Survivors frequently experience permanent functional disability that substantially
reduces quality of life and generates a considerable burden on healthcare resources. Early
physical rehabilitation interventions have the potential for mitigating ICU-AW, although
randomised trials show inconsistent results, reflecting the heterogeneity of patient tra-
jectories and the absence of personalised treatment algorithms. Indeed, the highly vari-
able clinical phenotypes of ICU-AW—ranging from transient weakness to irreversible
neuromyopathy—underscore the need for individualised monitoring strategies that in-
tegrate inflammatory, nutritional, and functional parameters to identify the higher-risk
patients and to guide the timing of targeted interventions [16].

Inflammation triggers a neuroendocrine stress response characterised by adrener-
gic stimulation, elevated cortisol, blunted somatotropic axis activity, and hypogonadism;
together, these mediators drive excessive metabolic rates, which result in protein hyper-
catabolism in muscle and bone, insulin resistance, and altered lipid metabolism—changes
that are initially adaptive but become deleterious when sustained [17].

Bioelectrical impedance analysis (BIA)-derived parameters such as skeletal muscle
mass and phase angle (PA), a surrogate of cell membrane integrity and body cell mass,
have emerged as prognostically meaningful indicators in critically ill patients [18-20].

Recent evidence further demonstrates a strong linear relationship between changes in
phase angle and daily creatinine excretion—a structural muscle mass marker—supporting
the validity of BIA-derived parameters for monitoring dynamic muscle mass changes in the
ICU [21]. These tools, endorsed by major international guidelines including the European
Society for Clinical Nutrition and Metabolism (ESPEN 2023) and the Japanese Critical Care
Nutrition Guideline (2024), offer an opportunity to integrate inflammatory monitoring with
real-time body composition changes assessment [22,23].

However, the precise temporal relationship between the inflammatory burden and
skeletal muscle depletion remains incompletely characterised during the first week of ICU
stay: it is unclear whether the intensity of the initial inflammatory peak, the persistence of
inflammation across the subacute phase, or both, most strongly determine the degree of
early muscle loss [24].

Biomarkers and metabolomics have been proposed as tools to identify the transition
between the acute catabolic phase and the later anabolic phase, yet no validated metabolic
monitor currently exists that reliably indicates any readiness for nutritional escalation at
the bedside [25].

Against this background, this study investigated the serial dynamics of inflamma-
tory markers and early skeletal muscle wasting— measured with BIA—during the first
seven days of ICU admission to verify if any correlation exists.

2. Materials and Methods

This study is a post hoc analysis of the NUTRITI prospective observational cohort
study conducted at the Intensive Care Unit of the Azienda Ospedaliera Universitaria Friuli
Centrale, Udine, Italy. The primary NUTRITI protocol was approved by the Regional
Ethics Committee (Comitato Etico Unico Regionale, CEUR-2019-Os-17). The primary aim
of NUTRITI was to characterise the temporal evolution of body composition and nutritional
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parameters during early critical illness [26]; the present analysis focuses specifically on the
relationship between serial inflammatory markers and skeletal muscle loss during the first
seven days of ICU stay.

The NUTRITI study was carried out at the Intensive Care Department of the Academic
Hospital of Udine, and it was retrospectively registered on ClinicalTrials.gov (Identifier:
NCT05473546 registered on 26 July 2022). All patients were enrolled from 1 September to
30 October 2019 and from 1 August to 30 October 2021.

Adult patients (>18 years) admitted to the ICU for acute medical or surgical critical
illness were eligible if their anticipated ICU stay exceeded 72 h and if they required
artificial nutritional support (enteral or parenteral). Exclusion criteria included: inability
to perform a reliable BIA measurement (e.g., presence of a cardiac implantable electronic
device such as a pacemaker or defibrillator; prior limb amputation); pre-existing chronic
neuromuscular disease (hereditary myopathies or dystrophies); unavailability of paired
BIA measurements; and acute kidney injury requiring renal replacement therapy, owing to
its potential confounding effect on fluid balance and BIA accuracy.

Baseline demographic and clinical data were recorded at ICU admission, including age,
sex, admission diagnosis, body mass index (BMI), the Acute Physiology and Chronic Health
Evaluation II (APACHE II) score, the Sequential Organ Failure Assessment (SOFA) score,
the Nutrition Risk in the Critically I11 (NUTRIC) score, and serum albumin concentration.
Inflammatory biomarkers were collected daily for the first seven days of ICU admission,
including C-reactive protein (CRP, mg/L), total leukocyte count (WBC, x103/mm?3), and
lymphocyte count (Ly, x103/mm?3).

Blood exam tests (CRP, WBC, lymphocyte) measurements were performed at the
central laboratory, which complies with international standard quality criteria.

Body composition was assessed by single-frequency BIA at 50 kHz using a vali-
dated device (EFG V.3; Akern, Via Lisbona 32, 50065 Pontassieve (Florence)—Italy, ak-
ern@akern.com). Measurements were performed under standardised conditions as follows:

After the patient had remained in a supine position with arms separated from trunk by
about 30° and legs separated by about 45° for at least 5 min and after the skin was cleaned
to ensure good contact, appropriate electrodes were attached to the right hand and foot.
Enteral nutrition was stopped at least 2 h before measurement [26].

A constant alternating current of 400 uA was applied at the operating frequency of
50 kHz. The following bioelectrical parameters were directly recorded: resistance (R),
reactance (Xc) and phase angle (PA). Skeletal muscle mass (MM, kg) was derived from
validated internal device equations after entering anthropometric data. BIA assessments
were performed on Day 1 (ICU admission) and Day 7. The change (AMM%) between
MM at ICU admission (MMa) and at day 7 of ICU stay (MMd) is expressed as percentage
according to the following AMM% = (MMd — MMa)/MMa) x 100.

Single-frequency BIA at 50 kHz was preferred over multi-frequency or segmental
approaches due to its validated use in the ICU setting, ease of bedside application in
critically ill patients, and established reproducibility with the device used in the primary
NUTRITI protocol.

Given the intrinsically non-Gaussian distribution of ICU clinical data and the presence
of potential outliers, a predominantly non-parametric statistical approach was adopted.
Descriptive statistics are reported as median [interquartile range (IQR)]. Paired within-
patient differences in BIA parameters between Day 1 and Day 7 were assessed using the
Wilcoxon signed-rank test. Bivariate correlations between AMM% and serial inflammatory
markers or severity scores were assessed using Spearman’s rank test or Pearson’s test
according to the normality of distribution assessed with the Shapiro-Wilk test. Correlations
between APA° were similarly tested. Bonferroni correction was applied for multiple testing.
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Statistical significance was defined as p < 0.05. All analyses were performed using
standard statistical software (Jamovi Version 2.6.44.0).

3. Results
3.1. Patient Characteristics

The analytical cohort comprised 66 adult critically ill patients. Demographic and
clinical characteristics at admission are summarised in Table 1.

Table 1. Demographic and clinical characteristics at ICU admission.

Variable Median [IQR25-75]
Patients included (N) 66
Age (years) 68.5 [61-77.8]
Male sex (n, %) 47 (71.2%)
BMI at admission (kg/m?) 27 [24.3-29]
APACHE 1II Score 21.5[16.8-25]
SOFA Score 7 [5.75-8]
NUTRIC Score 5.5 [4-7]
Albumin at admission (g/dL) 29 [26-32]
Duration of MV (days) 6.5 [4-10]
ICU length of stay (days) 8 [6-17.5]
Cumulative fluid balance at day 7 (mL) —1869 [—4568—+794]
CRP at admission 41.3 [20-101]

IQR = interquartile range; BMI = body mass index; APACHE = Acute Physiology and Chronic Health
Evaluation; SOFA = Sequential Organ Failure Assessment; NUTRIC = Nutrition Risk in the Critically Il1;
MYV = mechanical ventilation.

Admission diagnoses included respiratory failure (24.2%), neurological disease
(19.7%), trauma (13.6%), cardiovascular disease (9.1%), sepsis (6.1%), post-operative moni-
toring (16.7%), and other causes (10.6%). Daily caloric intake (from enteral nutrition, par-
enteral nutrition, intravenous glucose, and propofol) and protein delivery were recorded
throughout the study period as descriptive variables. Because no association between
cumulative caloric or protein delivery and BIA-derived muscle changes was demonstrated
in the primary NUTRITI analysis, nutritional variables were not included as covariates in
the present post hoc correlation analysis.

The median age was 68.5 [61-77.8] years, and the cohort was predominantly male
(71.2%). Median BMI was 27 [24.3-29] kg/ m?. Disease severity was characterised by a
median APACHE II score of 21.5 [16.8-25] and a median SOFA score of 7 [5.75-8]. Median
serum albumin at admission was 29 [26-32] g/dL. The median ICU length of stay was
8 [6.5-17.5] days. Overall mortality at 30 days after ICU admission was 21%.

3.2. Body Composition Changes

Patients’ median skeletal muscle mass decreased from 34.3 [29.9-39.5] kg at day 1 to
30.6 [26.5-34.9] kg at day 7 (p < 0.001). The median percentage change in muscle mass
(MM%) was —8.45% [—14.2% to —1.52%].

Phase angle also declined significantly between Day 1, median 4.9° [4.5-5.5], and
Day 7, median 4.5° [4.0-5.0] (p < 0.01), with a median change of —0.25° [-1.08 to +0.1].

A strong positive correlation was observed between AMM% and the change in phase
angle (APA°) between Day 1 and Day 7 (p = 0.625; p < 0.001).

Regarding inflammatory markers, CRP levels (median and IQR25-75), WBC count
(median and IQR25-75), and lymphocyte count (median and IQR25-75) during the first
7 days of ICU stay are shown in Figures 1, 2 and 3, respectively.
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Figure 1. CRP levels during the first 7 days of ICU stay.
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Figure 3. Lymphocyte count during the first 7 days of ICU stay.

3.3. Correlation Between Inflammatory Markers and Muscle Loss

Results of Spearman correlation analyses are summarised in Table 2.

CRP at Day 1 and 2 did not show correlation with MM%. In contrast, a statistically
significant negative correlation between AMM% and CRP emerged at Day 3 (p = —0.297;
p = 0.020) and was strongest at Day 4 (p = —0.355; p = 0.006) as shown in Supplementary
Figure S1. The Day 5 correlation approached but did not reach significance (p = —0.269;
p = 0.060), and at Days 6 and 7 CRP was not significantly correlated with AMM%.

CRP measurements were performed in the hospital central laboratory using the same
standardised immunoturbidimetric assay throughout the study period.

A higher lymphocyte count at Day 7 was significantly correlated with AMM%
(p = —0.314; p = 0.040).

Some correlations were also found between APA° and CRP level on Days 5 and 6 (as
shown in Table 2 and Supplementary Figure 52).
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Table 2. Spearman’s correlation analysis: AMM% vs. Serial Inflammatory Variables and Severity

Scores.
AMM % APA°
Inflammation 95% CI 95% CI Val 95% CI 95% CI Val
Parameter P Lower Upper p-value P Lower Upper p-value
CRP Day 1 —0.003 —0.248 0.243 0.984 0.13 —0.120 0.364 0.307
CRP Day 2 —0.137 —0.413 0.067 0.269 0.048 —0.202 0.292 0.708
CRP Day 3 —0.297 —0.510 —0.048 0.020 * —0.107 —0.350 0.148 0.41
CRP Day 4 —0.355 —0.562 —0.106 0.006 ** -0.237 —0.467 0.022 0.073
CRP Day 5 —0.269 —0.520 0.008 0.060 —0.318 —0.536 —0.060 0.017*
CRP Day 6 —0.193 —0.453 0.096 0.188 —0.330 —0.562 —0.051 0.022*
CRP Day 7 -0.217 —0.324 0.262 0.113 —0.258 —0.513 0.038 0.087
WBC Day 1 —0.109 —0.342 0.136 0.382 0.16 —0.085 0.387 0.199
WBC Day 2 —0.208 —0.430 0.038 0.096 —0.003 —0.246 0.242 0.984
WBC Day 3 —0.078 —0.314 0.167 0.532 0.052 —0.192 0.291 0.676
WBC Day 4 —0.146 —0.380 0.106 0.255 —0.095 —0.335 0.156 0.457
WBC Day 5 —0.03 —0.284 0.227 0.819 -0.077 —0.326 0.183 0.563
WBC Day 6 0.025 —0.247 0.293 0.858 —0.047 —0.314 0.226 0.736
WBC Day 7 —0.16 —0.425 0.130 0.278 —0.233 —0.485 0.054 0.111
Ly Day 1 0.016 —0.248 0.278 0.904 0.002 —0.261 0.265 0.989
Ly Day 2 —0.02 —0.274 0.238 0.882 —0.106 —0.353 0.154 0.423
Ly Day 3 —0.085 —0.341 0.182 0.531 —0.134 —0.383 0.134 0.326
Ly Day 4 0.023 —0.233 0.275 0.863 0.139 —0.120 0.379 0.291
Ly Day 5 0.008 —0.260 0.275 0.953 0.062 —0.210 0.324 0.658
Ly Day 6 —0.103 —0.376 0.187 0.487 0.095 —0.195 0.369 0.522
Ly Day 7 —0.314 —0.562 —0.015 0.040 * —0.283 —0.538 0.019 0.066

Legend: AMM% = percentage change in skeletal muscle mass; APA = change in phase angle; CRP = C-reactive
protein; WBC = white blood cell; Ly = lymphocyte count. * p < 0.05; ** p < 0.01 (unadjusted). 95% confidence
intervals for all correlation coefficients are reported in Supplementary Table S1, together with Bonferroni-adjusted
p-values. No test reached significance after correction for multiple comparisons. All findings should be considered
exploratory and hypothesis-generating.

Correlations after Bonferroni correction are reported in Supplementary Table S1.
Neither APACHE II score (p = —0.165; p = 0.187) nor SOFA score (r = —0.142; p = 0.245)
at admission were significantly correlated with the magnitude of early muscle wasting.

4. Discussion

This study provides prospective evidence that the temporal dynamics of inflammation
—rather than its initial intensity—are correlated with early skeletal muscle wasting in
critically ill patients. CRP correlation is temporally deferred, peaking at Days 3—4.

The absence of any significant association between CRP at Day 1 or Day 2 and AMM%
suggests that the temporal dynamics of inflammation—rather than its initial intensity
—may be more relevant to early muscle catabolism. A negative correlation emerged only
at Day 3 (p = —0.297; p = 0.020) and reached its nadir at Day 4 (p = —0.355; p = 0.006),
attenuating thereafter. We acknowledge that these associations did not survive correction
for multiple comparisons and must, therefore, be interpreted as hypothesis-generating
rather than confirmatory. Nevertheless, three aspects support their biological plausibility.

First, the temporal specificity is noteworthy: while prior studies have documented
elevated CRP in ICU patients with greater muscle loss, none—to our knowledge—has
identified a specific first-week window during which CRP kinetics most strongly track the
magnitude of muscle mass loss measured by BIA [27].

The existing literature has relied predominantly on admission CRP or mean ICU
values as static snapshots, without resolving day-specific temporal dynamics [28].
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Second, the Days 3—4 window is biologically plausible—though not mechanistically
demonstrated by this study—given that experimental evidence suggests the ubiquitin-
proteasome system may require approximately 48-72 h of sustained NF-«kB activation
downstream of IL-6 and TNF-« to reach the full proteolytic magnitude [29-31], and that
mTORC1 suppression by pro-inflammatory mediators [32-34] and myostatin induction [35]
operate on a comparable timescale.

These pathways were not directly measured in the present study; this mechanistic
interpretation is therefore speculative and is offered solely as a biological framework to
motivate future mechanistic research.

Third, serial CRP kinetics have recently been proposed as a pragmatic surrogate for the
catabolic-to-anabolic metabolic transition—a concept supported by Gargi et al. [25], who
demonstrated that CRP trajectory may guide nutritional escalation decisions. Nutritional
support provided during peak catabolism may be ineffective due to anabolic resistance [36]
and may potentially be harmful [37].

Therefore, identifying the optimal nutritional timing via routinely available bedside
biomarkers such as CRP represents a clinically actionable research question that prospective
interventional trials are required to answer.

The attenuation of the correlation at Days 6-7 may reflect either the establishment
of irreversible muscle loss, or the emergence of heterogeneous recovery trajectories that
dilute the signal. Notably, phase angle changes correlated with CRP at Days 5-6 rather
than Days 3—4, consistent with the distinct biology of these parameters: while AMM%
captures total protein loss, phase angle reflects sarcolemmal integrity—a compartment
compromised more gradually by mitochondrial dysfunction and lipid peroxidation in the
subacute phase [18,38,39].

The absence of WBC correlations across all seven days confirms that non-specific
leukocytosis—driven by demargination and stress granulopoiesis—is not a meaningful
proxy for the catabolic inflammatory signal.

CRP, as a readout of the IL-6-governed hepatic acute-phase response [40], is a substan-
tially more specific indicator of the cytokine milieu driving proteolytic gene transcription
in muscle.

The nominal correlation between Day-7 lymphocyte counts and AMM% (p = —0.314;
p = 0.040; p = 0.386 after Bonferroni correction)—indicating that higher lymphocyte
counts associate with greater muscle loss—is counterintuitive and intriguing, though
it must be interpreted with particular caution given the non-significance after multiple
testing correction.

The mechanisms underlying this counterintuitive association remain speculative and
were not investigated in the present study. Possible explanations include persistent adap-
tive immune activation driving pro-inflammatory cytokine release, substrate competition
between lymphocytes and muscle for glutamine, or co-dependence of both variables on
overall disease severity. These hypotheses require dedicated mechanistic investigation—
including lymphocyte subset analysis and cytokine profiling—before any conclusions can
be drawn [29,41-45].

Admission severity scores do not predict muscle wasting. Neither APACHE II nor
SOFA correlated significantly with AMM%, which is mechanistically justified: these tools
were designed to predict mortality and organ dysfunction [46,47], not to capture the
determinants of muscle catabolism—immobility, nutritional delivery, sedation regimens,
and inflammatory kinetics—none of which are reflected in point-of-care admission scores.

Considerable inter-individual variability was observed in the magnitude of muscle
loss: while some patients experienced reductions exceeding 30-40% of baseline muscle
mass by Day 7, a minority showed minimal change or near-stability, likely reflecting
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heterogeneity in baseline nutritional reserve, illness trajectory, and fluid balance dynamics.
This wide distribution underscores the limitations of group-level estimates and reinforces
the rationale for individualised monitoring strategies in the ICU.

Some limitations include the single-centre secondary design and modest sample size,
limiting statistical power and generalisability; fluid-balance confounding on BIA accuracy,
partially mitigated by concordant phase angle changes; the observational nature precluding
causal inference; BIA measurement only at Days 1 and 7, preventing daily trajectory
characterisation; and exclusion of patients on renal replacement therapy, introducing
selection bias toward a lower-risk subgroup; corticosteroid exposure was not systematically
collected and therefore could not be included in the analysis.

Multivariable adjustment for nutritional, pharmacological, and clinical confounders
was not performed in the present analysis given the limited sample size and the exploratory
nature of the study; such adjustment would require a substantially larger cohort and is
planned in a prospective follow-up study. Finally, the large number of correlation analyses
performed represents an important methodological limitation. Despite applying Bonferroni
correction, the possibility that the unadjusted Days 3-4 CRP findings represent a type I
error cannot be excluded. All findings must therefore be considered hypothesis-generating
and require prospective confirmation in adequately powered trials.

Regarding BIA accuracy, fluid shifts, capillary leak, oedema, and dynamic changes
in extracellular water—all prevalent during the first ICU week—are recognised sources
of measurement bias in BIA-derived body composition estimates [6]. Although patients
on renal replacement therapy were excluded and measurements were performed under
standardised conditions, residual confounding from fluid status cannot be excluded and
may have influenced the observed muscle mass changes. The concordant decline in phase
angle, which is comparatively less sensitive to extracellular fluid accumulation, provides
partial reassurance but does not fully resolve this concern.

Last, we did not have clinical follow-up regarding muscular mass and function after
ICU discharge due to limited research resources. We acknowledge that this should be part
of a multimodal treatment to reduce the burden of negative outcomes after ICU.

5. Conclusions

The Day 3-4 CRP window, if confirmed prospectively in larger, adequately powered
trials, could reorient nutritional intervention design toward the subacute inflammatory
phase. Leucine-enriched supplementation [48], HMB [49], and NF-«kB modulation [29,50]
are biologically most actionable within this timeframe. Day-7 lymphocyte count, interpreted
cautiously—particularly given the absence of significance after multiple testing correction—
warrants evaluation as a composite signal of inflammatory and immunological trajectory
in future nutritional trials. In conclusion, serial CRP monitoring during the ICU stay—
rather than admission severity scores—identifies a temporally specific window potentially
associated with muscle catabolism in critically ill patients. Although these proof-of-concept
findings require prospective validation before clinical translation, they support a shift
toward dynamic inflammatory monitoring as the basis for a personalised nutritional
strategy in critical illness, and motivate future studies powered to formally test the Days
34 CRP hypothesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm16080409/s1. Supplementary Figure S1: Scatterplots showing
the negative correlation between AMM% and CRP and the negative correlation between lymphocyte
count at Day 7 and AMM; Supplementary Figure S2: Scatterplots showing the negative correlation
between APA° and CRP level at day 5 and 6; Supplementary Table S1: Multiple comparisons after

Bonferroni correction.

https://doi.org/10.3390/jpm16080409


https://www.mdpi.com/article/10.3390/jpm16080409/s1
https://www.mdpi.com/article/10.3390/jpm16080409/s1
https://doi.org/10.3390/jpm16080409

J. Pers. Med. 2026, 16, 409

10 of 13

References

Author Contributions: Conceptualization, C.D.; methodology, C.D. and G.G.; validation, C.D., M.D.
and G.G,; formal analysis, C.D. and G.G.; investigation, C.D., G.G., M.C.,, M.D,, TP, D.G.B,, G.C,,CF,
F.L. and L.V,; resources, C.D.; data curation, G.G. and C.D.; writing—original draft preparation, G.G.
and C.D.; writing—review and editing, C.D., G.G.,, M.C, M.D,, TP, D.G.B.,, G.C,,C.F,FEL. and L.V,
supervision, C.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Regional Ethics Committee of Friuli Venezia Giulia, Italy (protocol
code CEUR-2019-Os-17 and 10 September 2019) for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
original study, or from their legal representatives where applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Conflicts of Interest: Cristian Deana received fees and travel support from Nestlé Italia, Pfizer, and
Fresenius Kabi outside the content of this work. Nestlé Italia, Pfizer, and Fresenius Kabi had no role
in the design, execution, interpretation, or writing of the study. The remaining authors declare no
conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

APACHEII = Acute Physiology and Chronic Health Evaluation II

BIA Bioelectrical Impedance Analysis

BMI Body Mass Index

CRP C-Reactive Protein

AMM% Percentage change between MM at ICU admission and at Day 7 of ICU stay
APA° Delta Phase Angle (change in phase angle in degrees between Day 1 and 7)
HMB B-Hydroxy -Methylbutyrate

ICU Intensive Care Unit

IFN-y Interferon Gamma

IL-6 Interleukin-6

IRIS Immune Reconstitution Inflammatory Syndrome

Ly Lymphocyte Count

MM Muscle Mass

mTORC1 Mechanistic Target of Rapamycin Complex 1

NF-«B Nuclear Factor kappa-light-chain-enhancer of activated B cells
NK Natural Killer Cells

NUTRIC Nutrition Risk in the Critically I1I

PA Phase Angle

SOFA Sequential Organ Failure Assessment

STAT3 Signal Transducer and Activator of Transcription 3

TNF-« Tumour Necrosis Factor Alpha

WBC White Blood Cell Count

1. Preiser, J.C.; Ichai, C.; Orban, ].C.; Groeneveld, A.B. Metabolic response to the stress of critical illness. Br. J. Anaesth. 2014,
113, 945-954. [CrossRef] [PubMed]

2. 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. J. Am. Med. Assoc. 2013, 310, 1591. [CrossRef] [PubMed]

3. Hermans, G.; Van Mechelen, H.; Clerckx, B.; Vanhullebusch, T.; Mesotten, D.; Wilmer, A.; Casaer, M.P.; Meersseman, P.; Debaveye,
Y.; Van Cromphaut, S.; et al. Acute outcomes and 1-year mortality of intensive care unit-acquired weakness. A cohort study and
propensity-matched analysis. Am. |. Respir. Crit. Care Med. 2014, 190, 410-420. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/jpm16080409


https://doi.org/10.1093/bja/aeu187
https://www.ncbi.nlm.nih.gov/pubmed/24970271
https://doi.org/10.1001/jama.2013.278481
https://www.ncbi.nlm.nih.gov/pubmed/24108501
https://doi.org/10.1164/rccm.201312-2257OC
https://www.ncbi.nlm.nih.gov/pubmed/24825371
https://doi.org/10.3390/jpm16080409

J. Pers. Med. 2026, 16, 409 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kondrup, J. Nutrition risk screening in the ICU. Curr. Opin. Clin. Nutr. Metab. Care 2019, 22, 159-161. [CrossRef] [PubMed]
Lodeserto, F; Yende, S. Understanding skeletal muscle wasting in critically ill patients. Crit. Care 2014, 18, 617. [CrossRef]
[PubMed]

Deana, C.; Gunst, J.; De Rosa, S.; Umbrello, M.; Danielis, M.; Biasucci, D.G.; Piani, T.; Cotoia, A.; Molfino, A.; Vetrugno, L. Nutriti
Study Group. Bioimpedance-assessed muscle wasting and its relation to nutritional intake during the first week of ICU: A
pre-planned secondary analysis of Nutriti Study. Ann. Intensive Care 2024, 14, 29. [CrossRef] [PubMed]

Lin, C.C,; Lin, Y.J.; Chen, C.T.; Chou, H.M.; Hsu, W.C. Ultrasound assessment of muscle atrophy and its association with functional
outcomes in critically ill patients: A systematic review and meta-analysis. Crit. Care 2026, epub ahead of print. [CrossRef] [PubMed]
Fazzini, B.; Markl, 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]

Piva, S.; Fagoni, N.; Latronico, N. Intensive care unit-acquired weakness: Unanswered questions and targets for future research.
F1000Research 2019, 8, 508. [CrossRef] [PubMed]

Nakanishi, N. Intensive care unit-acquired muscle atrophy and weakness in critical illness: A review of long-term recovery
strategies. Acute Crit. Care 2025, 40, 361-372. [CrossRef] [PubMed]

Vanhorebeek, I.; Latronico, N.; Van den Berghe, G. ICU-acquired weakness. Intensive Care Med. 2020, 46, 637-653. [CrossRef]
[PubMed]

Fan, E.; Cheek, E; 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] [PubMed]

Adolph, M.,; van Zanten, A.R.H.; Berger, M.M.; Petros, S.; Hiesmayr, M.; Weimann, A.; Martignoni, M.E.; Feil, K.; Hirschberger,
S.; Haller, V.; et al. Current concepts on feeding the critically ill patient: A narrative review. Crit. Care 2026, 30, 306. [CrossRef]
[PubMed]

Hermans, G.; Van den Berghe, G. Clinical review: Intensive care unit-acquired weakness. Crit. Care 2015, 19, 274. [CrossRef]
[PubMed]

Deana, C.; Vetrugno, L.; Cortegiani, A.; Mongodi, S.; Salve, G.; Mangiagalli, M.; Boscolo, A.; Pettenuzzo, T.; Miori, S.; Sanna, A.;
et al. Quality of Life in COVID-Related ARDS Patients One Year after Intensive Care Discharge (Odissea Study): A Multicenter
Observational Study. J. Clin. Med. 2023, 12, 1058. [CrossRef] [PubMed]

Herridge, M.S.; Azoulay, E. Outcomes after Critical Illness. N. Engl. . Med. 2023, 388, 913-924. [CrossRef] [PubMed]

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]

Stapel, S.N.; Looijaard, W.G.PM.; Dekker, LM.; Girbes, A.R.J.; Weijs, PJ.M.; Straaten, H.M.O.-V. Bioelectrical impedance analysis-
derived phase angle at admission as a predictor of 90-day mortality in intensive care patients. Eur. ]J. Clin. Nutr. 2018,
72,1019-1025. [CrossRef] [PubMed]

Cornejo-Pareja, I.; Vegas-Aguilar, .M.; Garcia-Almeida, ] M.; Bellido-Guerrero, D.; Talluri, A.; Lukaski, H.; Tinahones, EJ. Phase
angle and standardized phase angle from bioelectrical impedance measurements as a prognostic factor for 90-day mortality in
COVID-19. Clin. Nutr. 2022, 41, 3106-3114. [CrossRef] [PubMed]

Deana, C.; Cereser, L.; Nardone, L.; Danielis, M.; Cherchi, V.; Biasucci, D.G.; Umbrello, M.; Piani, T.; Lucchese, F.; Vetrugno, L.
Body composition determined with computed tomography at ICU admission as a potential long-term outcome assessment tool in
critically ill patients: A post-hoc analysis of a prospective, observational study. Minerva Anestesiol. 2025, 91, 546-554. [CrossRef]
[PubMed]

Vargas-Errdzuriz, P; Dreyse, N.; Lopez, R.; Cano-Cappellacci, M.; Graf, J.; Guerrero, J. Association between phase angle and daily
creatinine excretion changes in critically ill patients: An approach to muscle mass. Front. Physiol. 2025, 15, 1508709. [CrossRef]
[PubMed]

Singer, P.; Blaser, A.R.; Berger, M.M.; Calder, P.C.; Casaer, M.; Hiesmayr, M.; Mayer, K.; Montejo-Gonzalez, J.C.; Pichard, C,;
Preiser, J.-C.; et al. ESPEN practical and partially revised guideline: Clinical nutrition in the intensive care unit. Clin. Nutr. 2023,
42,1671-1689. [CrossRef] [PubMed]

Nakamura, K.; Yamamoto, R.; Higashibeppu, N.; Yoshida, M.; Tatsumi, H.; Shimizu, Y.; Izumino, H.; Oshima, T.; Hatakeyama, J.;
Ouchi, A,; et al. The Japanese Critical Care Nutrition Guideline 2024. |. Intensive Care 2025, 13, 18. [CrossRef] [PubMed]
Dupuis, C.; Rooyackers, O.; Preiser, ].C. Muscle catabolism: Mechanisms and functional consequences in critically ill patients.
Intensive Care Med. 2026, 52, 1542-1545. [CrossRef] [PubMed]

Gargi, Y.; Levran, N.; Vine, J.; Cohen, A.; Weiner, D.; Stein, D.; Levi, O.; Cohen, D.; Klein, J.; Taube, H.S.; et al. Detecting the
metabolic transition to personalize nutritional timing: Model development and preliminary validation in a large ICU cohort. Crit.
Care 2026, 30, 132. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/jpm16080409


https://doi.org/10.1097/MCO.0000000000000551
https://www.ncbi.nlm.nih.gov/pubmed/30601175
https://doi.org/10.1186/s13054-014-0617-7
https://www.ncbi.nlm.nih.gov/pubmed/25673028
https://doi.org/10.1186/s13613-024-01262-w
https://www.ncbi.nlm.nih.gov/pubmed/38367198
https://doi.org/10.1186/s13054-025-05825-6
https://www.ncbi.nlm.nih.gov/pubmed/41917991
https://doi.org/10.1186/s13054-022-04253-0
https://www.ncbi.nlm.nih.gov/pubmed/36597123
https://doi.org/10.12688/f1000research.17376.1
https://www.ncbi.nlm.nih.gov/pubmed/31069055
https://doi.org/10.4266/acc.001450
https://www.ncbi.nlm.nih.gov/pubmed/40903401
https://doi.org/10.1007/s00134-020-05944-4
https://www.ncbi.nlm.nih.gov/pubmed/32076765
https://doi.org/10.1164/rccm.201411-2011ST
https://www.ncbi.nlm.nih.gov/pubmed/25496103
https://doi.org/10.1186/s13054-026-06123-5
https://www.ncbi.nlm.nih.gov/pubmed/42277907
https://doi.org/10.1186/s13054-015-0993-7
https://www.ncbi.nlm.nih.gov/pubmed/26242743
https://doi.org/10.3390/jcm12031058
https://www.ncbi.nlm.nih.gov/pubmed/36769705
https://doi.org/10.1056/NEJMra2104669
https://www.ncbi.nlm.nih.gov/pubmed/36884324
https://doi.org/10.1371/journal.pone.0224565
https://www.ncbi.nlm.nih.gov/pubmed/31725748
https://doi.org/10.1038/s41430-018-0167-1
https://www.ncbi.nlm.nih.gov/pubmed/29748659
https://doi.org/10.1016/j.clnu.2021.02.017
https://www.ncbi.nlm.nih.gov/pubmed/33642143
https://doi.org/10.23736/S0375-9393.25.18949-9
https://www.ncbi.nlm.nih.gov/pubmed/40693478
https://doi.org/10.3389/fphys.2024.1508709
https://www.ncbi.nlm.nih.gov/pubmed/39844897
https://doi.org/10.1016/j.clnu.2023.07.011
https://www.ncbi.nlm.nih.gov/pubmed/37517372
https://doi.org/10.1186/s40560-025-00785-z
https://www.ncbi.nlm.nih.gov/pubmed/40119480
https://doi.org/10.1007/s00134-026-08359-9
https://www.ncbi.nlm.nih.gov/pubmed/41779183
https://doi.org/10.1186/s13054-026-05874-5
https://www.ncbi.nlm.nih.gov/pubmed/41736099
https://doi.org/10.3390/jpm16080409

J. Pers. Med. 2026, 16, 409 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Danielis, M.; Mattiussi, E.; Piani, T.; Iacobucci, A.; Tullio, A.; Molfino, A.; Vetrugno, L.; Deana, C. Nutriti Study Group. Diarrhoea
and constipation during artificial nutrition in intensive care unit: A prospective observational study. Clin. Nutr. ESPEN 2023,
57,375-380. [CrossRef] [PubMed]

Shokri-Mashhadi, N.; Moradji, S.; Heidari, Z.; Saadat, S. Association of circulating C-reactive protein and high-sensitivity C-
reactive protein with components of sarcopenia: A systematic review and meta-analysis of observational studies. Exp. Gerontol.
2021, 150, 111330. [CrossRef] [PubMed]

Giilcher, S.S.; Bruins, N.A.; Kingma, W.P.; Boerma, E.C. Elevated C-reactive protein levels at ICU discharge as a predictor of ICU
outcome: A retrospective cohort study. Ann. Intensive Care 2016, 6, 5. [CrossRef] [PubMed]

Cai, D,; Frantz, ].D.; Tawa, N.E,, Jr.; Melendez, P.A.; Oh, B.-C.; Lidov, H.G.; Hasselgren, P.-O.; Frontera, WR; Lee, J.; Glass, D.].;
et al. IKKf /NF-«B activation causes severe muscle wasting in mice. Cell 2004, 119, 285-298. [CrossRef] [PubMed]

Sigurdsson, M.I.; Kobayashi, H.; Amrein, K.; Nakahira, K.; Rogers, A.J.; Pinilla-Vera, M.; Baron, R.M.; Fredenburgh, L.E.; Lasky-Su,
J.A.; Christopher, K.B.; et al. Circulating N-formylmethionine and metabolic shift in critical illness: A multicohort metabolomics
study. Crit. Care 2022, 26, 321. [CrossRef] [PubMed]

Batt, J.; Dos Santos, C.C.; Cameron, ].I; Herridge, M.S. Intensive care unit-acquired weakness: Clinical phenotypes and molecular
mechanisms. Am. J. Respir. Crit. Care Med. 2013, 187, 238-246. [CrossRef] [PubMed]

Klaude, M.; Mori, M.; Tjdder, I.; Gustafsson, T.; Wernerman, J.; Rooyackers, O. Protein metabolism and gene expression in skeletal
muscle of critically ill patients with sepsis. Clin. Sci. 2012, 122, 133-142. [CrossRef] [PubMed]

Cree, M.G.; Aarsland, A.; Herndon, D.N.; Wolfe, R.R. Role of fat metabolism in burn trauma-induced skeletal muscle insulin
resistance. Crit. Care Med. 2007, 35, 5476-5483. [CrossRef] [PubMed]

Singer, M. The role of mitochondrial dysfunction in sepsis-induced multi-organ failure. Virulence 2014, 5, 66-72. [CrossRef]
[PubMed]

Sartori, R.; Romanello, V.; Sandri, M. Mechanisms of muscle atrophy and hypertrophy: Implications in health and disease. Nat.
Commun. 2021, 12, 330. [CrossRef] [PubMed]

Chapple, L.S.; Kouw, IWK.; Summers, M.].; Weinel, L.M.; Gluck, S.; Raith, E.; Slobodian, P.; Soenen, S.; Deane, A.M.; van
Loon, L.J.C.; et al. Muscle Protein Synthesis after Protein Administration in Critical Illness. Am. J. Respir. Crit. Care Med. 2022,
206, 740-749. [CrossRef] [PubMed]

Lambell, K.J.; Tatucu-Babet, O.A.; Chapple, L.A.; Gantner, D.; Ridley, E.J. Nutrition therapy in critical illness: A review of the
literature for clinicians. Crit. Care 2020, 24, 35. [CrossRef] [PubMed]

Buter, H.; Veenstra, ].A.; Koopmans, M.; Boerma, C.E. Phase ang]le is related to outcome after ICU admission: An observational
study. Clin. Nutr. ESPEN 2018, 23, 61-66. [CrossRef] [PubMed]

Deana, C.; Samoni, S.; Bellomo, R. Bioelectrical Impedance Vector Analysis in Critically Ill Patients. In Nutrition, Metabolism and
Kidney Support; Cotoia, A., De Rosa, S., Ferrari, F,, Pota, V., Umbrello, M., Eds.; Springer: Cham, Switzerland, 2024. [CrossRef]
[PubMed]

Gabay, C.; Kushner, I. Acute-phase proteins and other systemic responses to inflammation. N. Engl. ]. Med. 1999, 340, 448-454.
[CrossRef] [PubMed]

Tidball, J.G.; Villalta, S.A. Regulatory interactions between muscle and the immune system during muscle regeneration. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1173-R1187. [CrossRef] [PubMed]

Nie, J.; Zhou, L.; Tian, W,; Liu, X,; Yang, L.; Yang, X.; Zhang, Y.; Wei, S.; Wang, D.W.; Wei, ]. Deep insight into cytokine storm:
From pathogenesis to treatment. Signal Transduct. Target. Ther. 2025, 10, 112. [CrossRef] [PubMed]

Panwar, V,; Singh, A.; Bhatt, M.; Tonk, R.K,; Azizov, S.; Raza, A.S.; Sengupta, S.; Kumar, D.; Garg, M. Multifaceted role of mTOR
(mammalian target of rapamycin) signaling pathway in human health and disease. Signal Transduct. Target. Ther. 2023, 8, 375.
[CrossRef] [PubMed]

Apostolopoulou, A.; Haidich, A.B.; Kofina, K.; Manzanares, W.; Bouras, E.; Tsaousi, G.; Stoppe, C.; Dardavessis, T.I.; Chourdakis,
M. Effects of glutamine supplementation on critically ill patients: Focus on efficacy and safety. An overview of systematic reviews.
Nutrition 2020, 78, 110960. [CrossRef] [PubMed]

Deutz, N.E.P,; Haines, K.L.; Wischmeier, P.E.; Engelen, M.P.K.J. Amino acid kinetics in the critically ill. Curr. Opin. Clin. Nutr.
Metab. Care 2024, 27, 61-69. [CrossRef] [PubMed]

Knaus, W.A; Draper, E.A.; Wagner, D.P.; Zimmerman, J.E. APACHE II: A severity of disease classification system. Crit. Care Med.
1985, 13, 818-829. [CrossRef]

Vincent, J.L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonga, A.; Bruining, H.; Reinhart, C.K.; Suter, PM.; Thijs, L.G. The SOFA
(Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. Intensive Care Med. 1996, 22, 707-710.
[CrossRef] [PubMed]

Katsanos, C.S.; Kobayashi, H.; Sheffield-Moore, M.; Aarsland, A.; Wolfe, R.R. A high proportion of leucine is required for optimal
stimulation of the rate of muscle protein synthesis by essential amino acids in the elderly. Am. J. Physiol. Endocrinol. Metab. 2006,
291, E381-E387. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/jpm16080409


https://doi.org/10.1016/j.clnesp.2023.07.007
https://www.ncbi.nlm.nih.gov/pubmed/37739681
https://doi.org/10.1016/j.exger.2021.111330
https://www.ncbi.nlm.nih.gov/pubmed/33848566
https://doi.org/10.1186/s13613-016-0105-0
https://www.ncbi.nlm.nih.gov/pubmed/26759223
https://doi.org/10.1016/j.cell.2004.09.027
https://www.ncbi.nlm.nih.gov/pubmed/15479644
https://doi.org/10.1186/s13054-022-04174-y
https://www.ncbi.nlm.nih.gov/pubmed/36261854
https://doi.org/10.1164/rccm.201205-0954SO
https://www.ncbi.nlm.nih.gov/pubmed/23204256
https://doi.org/10.1042/CS20110233
https://www.ncbi.nlm.nih.gov/pubmed/21880013
https://doi.org/10.1097/01.CCM.0000278066.05354.53
https://www.ncbi.nlm.nih.gov/pubmed/17713396
https://doi.org/10.4161/viru.26907
https://www.ncbi.nlm.nih.gov/pubmed/24185508
https://doi.org/10.1038/s41467-020-20123-1
https://www.ncbi.nlm.nih.gov/pubmed/33436614
https://doi.org/10.1164/rccm.202112-2780OC
https://www.ncbi.nlm.nih.gov/pubmed/35584344
https://doi.org/10.1186/s13054-020-2739-4
https://www.ncbi.nlm.nih.gov/pubmed/32019607
https://doi.org/10.1016/j.clnesp.2017.12.008
https://www.ncbi.nlm.nih.gov/pubmed/29460815
https://doi.org/10.1007/978-3-031-66541-7_11
https://www.ncbi.nlm.nih.gov/pubmed/28118817
https://doi.org/10.1056/NEJM199902113400607
https://www.ncbi.nlm.nih.gov/pubmed/9971870
https://doi.org/10.1152/ajpregu.00735.2009
https://www.ncbi.nlm.nih.gov/pubmed/20219869
https://doi.org/10.1038/s41392-025-02178-y
https://www.ncbi.nlm.nih.gov/pubmed/40234407
https://doi.org/10.1038/s41392-023-01608-z
https://www.ncbi.nlm.nih.gov/pubmed/37779156
https://doi.org/10.1016/j.nut.2020.110960
https://www.ncbi.nlm.nih.gov/pubmed/32877810
https://doi.org/10.1097/MCO.0000000000000995
https://www.ncbi.nlm.nih.gov/pubmed/37997794
https://doi.org/10.1097/00003246-198510000-00009
https://doi.org/10.1007/BF01709751
https://www.ncbi.nlm.nih.gov/pubmed/8844239
https://doi.org/10.1152/ajpendo.00488.2005
https://www.ncbi.nlm.nih.gov/pubmed/16507602
https://doi.org/10.3390/jpm16080409

J. Pers. Med. 2026, 16, 409 13 of 13

49. Wu, T.; Wei, Y; Xiong, J.; Wu, J; Lin, X.; Zhuang, Y.; Luo, C.; Xu, M,; Chen, X,; Lin, Z,; et al. Resistance training and {3-hydroxy-#-
methylbutyrate for functional recovery in critical illness: A multicenter 2 x 2 factorial randomized trial. Crit. Care 2025, 29, 438.
[CrossRef] [PubMed]

50. Mao, H.; Zhao, X.; Sun, S. NF-«B in inflammation and cancer. Cell Mol. Immunol. 2025, 22, 811-839. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jpm16080409


https://doi.org/10.1186/s13054-025-05660-9
https://www.ncbi.nlm.nih.gov/pubmed/41102810
https://doi.org/10.1038/s41423-025-01310-w
https://www.ncbi.nlm.nih.gov/pubmed/40562870
https://doi.org/10.3390/jpm16080409

	Introduction 
	Materials and Methods 
	Results 
	Patient Characteristics 
	Body Composition Changes 
	Correlation Between Inflammatory Markers and Muscle Loss 

	Discussion 
	Conclusions 
	References

