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s u m m a r y

Muscle health, encompassing muscle mass, composition, strength, physical performance and patient- 
reported outcomes, is a key determinant of clinical outcomes across the life course and a wide range 
of disease states. Despite growing recognition of its importance, muscle health remains insufficiently 
integrated into routine clinical nutrition practice, and nutritional recommendations often rely on 
population averages rather than individual muscle status, disease phase or metabolic context.

This narrative review, developed by an international multidisciplinary expert group, synthesises 
current evidence on muscle health and clinical nutrition across major clinical domains, including ageing, 
cancer, metabolic disease, obesity, weight loss interventions and acute illness. We critically appraise 
methods for assessing muscle mass, function, and patient-reported outcomes, highlighting their 
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Body composition
Patient-reported outcomes

strengths, limitations, and feasibility for clinical practice and research. In doing so, we highlight marked 
heterogeneity in metabolic and functional responses to nutrition and exercise interventions, under
scoring the need for phenotyping, endotyping and precision nutrition to individualise protein and en
ergy requirements.

Beyond biological mechanisms, we address key implementation challenges limiting translation into 
practice, including inequities in access to dietetic and other rehabilitation services, variability in health 
system organisation and underuse of functional and patient-centred outcomes in trials and routine care. 
Finally, we propose a translational research agenda to harmonise outcome measures, improve trial 
design and support integration of muscle health assessment and personalised nutritional strategies into 
clinical care pathways.

By positioning muscle health as a central and actionable outcome of clinical nutrition, this review 
supports a shift from uniform recommendations towards more personalised and effective nutrition care.
© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Skeletal muscle health is increasingly recognised as a corner
stone of human health, critical not only for mobility and inde
pendence but also for metabolic regulation, immune function, and 
overall vitality and functioning across the life course [1,2]. Muscle 
dysfunction, manifesting as loss of muscle mass, strength, or 
altered composition, is associated with poor clinical outcomes, 
including increased morbidity, prolonged hospital stays, delayed 
recovery, impaired functioning, impaired quality of life (QoL), and 
higher mortality in a wide range of conditions from critical illness 
to cancer and natural ageing-related sarcopenia [1-8] (see Fig. 1).

The causes of muscle loss are multifactorial and vary by 
context, including systemic inflammation,  physical inactivity, 
endocrine disturbances, and inadequate nutritional, in particular 
protein intake [9,10], but also a long-term use of some drugs like 
corticosteroids, incretin mimetics (e.g., Glucagon-like peptide-1 
Receptor Agonists (GLP1RAs) and Glucagon-Like-Peptide-1/ 
Glucose-Dependent-Insulinotropic-Polypeptide-Receptor-Agonist 
(GLP1RA/GIP) and statins [11]. Although nutritional therapy is a 
cornerstone of management, current strategies often fail to pre
vent or reverse muscle loss, in part due to limited individualisation 
and insufficient  integration of functional outcomes into clinical 
decision-making [12,13]. Furthermore, existing clinical trials often 
rely on surrogate endpoints such as body mass index (BMI) or 
weight change, with limited data on muscle mass, composition, 
functional outcomes and patient-reported outcome measures 
(PROMs) [3,14,15].

Recent advances call for a paradigm shift towards more per
sonalised, disease- and disease-phase–oriented nutritional in
terventions to support muscle health [16–18]. The Global 
Leadership Initiative on Malnutrition (GLIM)-guidelines empha
sise the importance of combining phenotypic and aetiologic 
criteria to guide nutritional assessment and care [19]. Although 
functional domains are not directly captured within GLIM, their 
clinical relevance is acknowledged, with muscle strength proposed 
as an important complementary element in nutritional assess
ment [20]. Functional status is therefore an important stand-alone 
measurement but also essential to complement the diagnosis of 
sarcopenia and sarcopenic obesity (SO) [21,22]. Both muscle mass 
and function are closely related and represent different roles of 
skeletal muscle in human physiology [23,24]. Similarly, the 
concept of muscle as a vital metabolic organ has been proposed to 
anchor muscle health as a measurable and actionable clinical 
target [25].

In this expert opinion review, we aim to define  a vision and 
research agenda for muscle health through a clinical nutrition lens. 
The objectives were to conceptualize the importance of muscle 
health incorporating both biological and functional dimensions, 

explore disease-specific  contexts including critical illness, 
oncology, geriatrics, diabetes, and obesity and to highlight cross- 
cutting themes such as diagnostics, interventions, methodolog
ical challenges, and implementation science, and to conceptualize 
future research needs and discuss regulatory, policy and reim
bursement challenges. By articulating these elements, we aim to 
elevate muscle health as a central outcome of clinical nutrition and 
to stimulate research, collaboration, and policy alignment that will 
shape future care delivery.

2. Conceptual aspects of muscle health

As noted above, muscle health encompasses more than the 
preservation of muscle mass alone. It reflects  the integrated ca
pacity of skeletal muscle to support mobility, metabolism, im
mune competence and overall vitality. It is shaped by multiple 
interrelated domains, such as morphological (muscle mass, and 
composition) and functional aspects (strength, power, muscle- 
specific  strength, and physical performance), each providing 
complementary information and responding differently to disease, 
ageing, nutritional interventions and inactivity [22] (Figure 1). Key 
definitions and distinctions are summarised in Table 1.

Because these biological measures often correlate imperfectly 
with lived experiences, fatigue scales, activities of daily living, and 
quality of life instruments are essential to capture meaningful 
function and participation. Framing muscle as a clinical vital organ 
encourages routine assessment, longitudinal monitoring and early 
intervention across healthcare settings. Within this framework, 
muscle health becomes both a diagnostic construct and a thera
peutic target, linking prevention, treatment and recovery across 
the life course.

To complement these biological and performance-based do
mains, PROMs provide essential insight into lived function, 
symptom burden and participation. Relevant PROMs for muscle 
health and nutrition research are summarised in Table 2.

3. Disease-specific domains and muscle health

Poor muscle health is a prevalent condition observed across the 
continuum of care. In this section, we will broadly discuss the 
available knowledge within selected clinical and non-clinical 
contexts.

3.1. Muscle health in geriatrics

The concept of muscle health has been extensively explored 
within geriatrics, where the term sarcopenia was first introduced. 
Sarcopenia affects approximately 10–16% of older adults world
wide and is increasingly recognised as a multidimensional 
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Fig. 1. Conceptual framework of multidimensional determinants of muscle health and related functional outcomes. 
Created in BioRender. Van zanten, A. (2026) https://BioRender.com/5ult9t0 license number: JD299SK8IB. Muscle health is conceptualised as an integrative clinical construct 
encompassing muscle mass, strength, power, physical performance and patient-reported outcome measures (PROMs), and is positioned at the centre of the framework. Sur-
rounding domains represent interacting determinants that shape muscle health across the continuum of care. These include biological and body-composition–related factors (e.g. 
ageing, sex hormones, genetics, muscle fibre type and metabolic flexibility); nutritional factors (energy and protein intake, timing, quality, micronutrients, route and phase of 
nutrition, and dietary patterns); physical activity and functional status (habitual activity, resistance and endurance exercise, immobilisation and rehabilitation); disease and 
inflammation (acute critical illness, chronic disease and systemic catabolism); treatment-related exposures (pharmacotherapy, surgery and organ support); psychosocial and 
behavioural factors (motivation, fatigue, cognition, appetite and social support); and environmental and health-system contexts (access to care, guidelines, reimbursement and 
the food environment). Together, the framework illustrates the rationale for phenotype- and endotype-driven, personalised nutrition and multimodal interventions to preserve or 
restore muscle health across diverse patient populations. 
Abbreviations: ADL = Activities of Daily Living; CHF = Congestive Heart Failure; CKD = Chronic Kidney Disease; COPD = Chronic Obstructive Pulmonary Disease; EN = Enteral 
Nutrition; GLP-1RA = Glucagon-Like Peptide-1 Receptor Agonist; ICU = Intensive Care Unit; PN = Parenteral Nutrition; PROMs = Patient-Reported Outcome Measures; 
SGLT2i = Sodium–Glucose Cotransporter-2 Inhibitor.
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condition and a muscle disease involving the progressive loss of 
both muscle mass and muscle strength [26]. A comprehensive 
epidemiological review highlighted that physical inactivity, 
malnutrition, smoking, extreme sleep duration, diabetes, and a 
range of comorbidities, including cancer, cardiovascular and res
piratory disease, osteoporosis, depression, and Parkinson's dis
ease, were consistently associated with a higher risk of sarcopenia 
[27]. Notably, the authors also observed that obesity appeared to 
confer a protective effect when assessed using body mass index 
(BMI) alone; however, this association reversed when body 
composition was properly assessed, emphasising again the known 
limitations of BMI as a proxy for muscle health. They further re
ported that several biological markers, such as inflammatory cy
tokines, vitamin D, adiponectin, and measures of arterial stiffness, 
were significantly  correlated with sarcopenia, although current 
evidence does not establish causality [27]. Together, these findings 
point out that sarcopenia reflects the interplay between lifestyle 
factors, comorbidity burden, body composition, and systemic 
biological processes.

While multiple definitions have been proposed over the years, 
the most widely adopted framework remains that of the European 
Working Group on Sarcopenia in Older People 2 (EWGSOP2) [20]. 
More recently, the Global Leadership Initiative in Sarcopenia 
(GLIS) was established to develop the first  globally harmonised 

conceptual definition  of sarcopenia and to create an operational 
definition suitable for both clinical practice and research settings. 
In their first  representation, sarcopenia was presented as a con
dition defined  by three interconnected components: reduced 
muscle mass, reduced muscle strength, and reduced muscle- 
specific strength [27]. It was noted that sarcopenia is a disease of 
skeletal muscle that becomes more common with age, is poten
tially reversible, and is defined  consistently across clinical and 
research settings, regardless of age or clinical condition. Therefore, 
the concept of sarcopenia is expanded beyond geriatrics, now even 
to the field of paediatrics [28]. Ongoing Delphi consensus are un
derway and will be used to develop an operational definition  of 
sarcopenia.

The consequences of sarcopenia include impaired physical 
performance, mobility limitations, increased risk of falls and 
fractures, greater likelihood of hospitalization or admission to 
nursing homes, difficulty  performing daily activities, reduced 
quality of life, and higher mortality. With the aging of the popu
lation, the prevalence of sarcopenia is on the rise. Supporting this, 
the GLIS working group recently synthesized the health outcomes 
of sarcopenia. They reviewed evidence from systematic reviews, 
meta-analyses, and cohort studies and reported strong evidence 
that sarcopenia is associated with reduced quality of life, increased 
risks of falls and fractures, and higher mortality. Moderate 

Table 1 
Key definitions and distinctions in muscle health.

Term Definition Typical measurements Key References

Malnutrition 
(synonym: 
Undernutrition)

A state resulting from lack of intake or uptake of 
nutrition that leads to altered body composition 
(decreased fat-free mass) and body cell mass leading to 
diminished physical and mental function and impaired 
clinical outcome from disease.

GLIM-criteria [19,20,78,82]

Muscle mass The quantity of skeletal muscle tissue in the body, 
reflecting structural reserve but not necessarily 
functional capacity. Muscle mass alone incompletely 
captures muscle health and clinical risk.

CT or MRI (gold standards); Ultrasound; or estimations 
by DXA, BIA, Anthropometry (e.g. calf circumference).

[110,120,135]

Muscle strength The maximal force that a muscle or muscle group can 
generate; a robust predictor of disability, 
complications, and mortality, often outperforming 
muscle mass alone.

Handgrip strength; Knee-extension dynamometry; 
Chair-stand test.

[20]

Muscle composition The qualitative characteristics of muscle tissue, 
including fat infiltration (myosteatosis), fibrosis, fibre 
type distribution, and mitochondrial integrity, 
influencing contractile efficiency and metabolic 
function.

CT muscle radiodensity; MRI (spectroscopy); 
Ultrasound echogenicity.

[3]

Muscle-specific 
strength (previously 
also referred to as 
muscle quality)

Strength relative to muscle size or mass, reflecting 
neuromuscular efficiency and tissue quality; integrates 
structural and functional muscle properties.

Strength ÷ muscle mass (DXA/BIA); torque ÷ cross- 
sectional area (CT/MRI); torque ÷ muscle thickness 
(ultrasound).

[26,121,136]

Physical performance The ability to perform tasks relevant to mobility and 
daily functioning, representing integrated 
musculoskeletal, cardiopulmonary, and neurological 
capacity.

Gait speed; SPPB; TUG; 6MWT. [20,122,123,136]

Sarcopenia A condition characterised by low muscle strength as 
the primary criterion, with confirmatory low muscle 
mass and/or impaired physical performance, occurring 
across ageing and disease contexts.

Handgrip strength or chair-stand test; DXA/CT/BIA for 
muscle mass; Gait speed or SPPB for performance.

[1,19,26,27,137,138]

Sarcopenic obesity The coexistence of excess adiposity with low muscle 
strength and/or low muscle mass or impaired physical 
performance, conferring higher metabolic and 
functional risk than either condition alone.

DXA/CT for fat and muscle mass; handgrip strength; 
chair-stand test; Gait speed/SPPB; SO phenotyping 
indices.

[21]

Cachexia A complex metabolic syndrome associated with 
underlying illness and characterized by loss of muscle 
mass with or without loss of fat mass.

Weight loss criteria; muscle mass measures; 
inflammatory biomarkers; Dietary intake assessment.

[3,83]

Physical frailty A clinical state of reduced physiological reserve and 
increased vulnerability to stressors, frequently 
involving but not limited to muscle impairment.

Fried frailty phenotype; CFS; gait speed; Grip strength. [124,139]

Abbreviations: BIA = Bioelectrical Impedance Analysis; CFS = Clinical Frailty Scale; CT = Computed Tomography; DXA = Dual-Energy X-ray Absorptiometry; 
MRI = Magnetic Resonance Imaging; SO = Sarcopenic Obesity; SPPB = Short Physical Performance Battery; TUG = Timed Up-and-Go; 6MWT = Six-Minute Walk Test.
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evidence supported an association with reduced instrumental 
activities of daily living, but more research is needed to support 
the association with other outcome measures. The group noted 
that some of the inconclusive evidence is largely related to the lack 
of longitudinal data [29].

Sarcopenia can occur concurrently to obesity, a condition 
referred to as sarcopenic obesity (SO). The definition,  epidemi
ology, mechanisms, and clinical consequences of SO have recently 
described in detail [30]. The combination of excess adiposity and 
relatively low muscle mass and/or function appears to synergis
tically worsen metabolic and functional health beyond either 
condition alone. The SO definition  was addressed by the Sarco
penic Obesity Global Leadership Initiative (SOGLI), a joint ESPEN- 
EASO (European Association for the Study of Obesity) consensus. 
SOGLI, which recently established unified definitions and cut-offs 
[21].

The global prevalence of SO is increasing, driven by population 
aging, rising obesity rates, and the metabolic and functional 
deterioration associated with chronic disease. Epidemiological 

data demonstrate wide variability in prevalence estimates due to 
heterogeneous definitions  and measurement approaches across 
studies, which complicates comparisons across populations and 
underscores the need for consistent diagnostic approaches 
[28,31,32]. SO is associated with multiple adverse outcomes in 
diverse clinical settings with worse odds/hazard ratios than sar
copenia or obesity alone [28]. These outcomes include impaired 
physical function, disability, depression, poor quality of life, 
increased hospitalization, and higher mortality, with evidence 
drawn from large cohort studies and meta-analyses (for example, 
SO predicting depression, pulmonary impairment, frailty, post
operative complications, and cancer-specific  mortality). In 
community-dwelling older adults, SO is associated with disability 
progression, hospitalization, and death, particularly in dynapenic 
abdominal obesity, characterised by the co-occurrence of low 
muscle strength (dynapenia) and excess abdominal fat (central/ 
visceral obesity) phenotypes [28].

Interventions for sarcopenia and SO largely overlap, yet both 
fields face similar evidence gaps. For sarcopenia, the strongest data 
support resistance exercise, adequate protein intake, and multi
modal approaches, although the quality of evidence varies and few 
trials directly link these interventions to long-term clinical out
comes. A network meta-analysis evaluated interventions for 
treating sarcopenia in middle-aged and older adults, including 
different forms of exercise, nutrition alone, and exercise–nutrition 
combinations [33]. Across 30 randomized controlled trials 
involving 2485 participants, all interventions produced some im
provements in muscle strength, muscle mass, and physical func
tion. Resistance training showed the greatest overall benefits 
resulting in the largest improvements in grip strength, Appen
dicular Lean Soft Tissue (ALST) mass, and walking speed. When 
combined with nutrition, resistance training produced the best 
performance in chair stand and timed up-and-go tests and led to 
the largest increases in fat-free mass (FFM) [31].

For SO, the evidence base is even more limited. A landmark 
randomized controlled trial by Villareal and colleagues examined 
whether weight loss, exercise, or their combination best improved 
function in adults with obesity aged 65 years and older [34]. In 107 
participants followed for one year, the combination of diet- 
induced weight loss plus exercise produced the greatest gains in 
physical performance, aerobic capacity, functional status, strength, 
balance, and gait. Although both diet alone and diet-exercise 
achieved similar weight loss (i.e., about 10%), the diet-exercise 
group preserved more lean mass and hip bone density than 
diet alone. Exercise alone improved function but did not reduce 
weight. Overall, they concluded that combining weight loss with 
exercise provided the most robust and safest improvements in 
physical function and frailty-related outcomes in older adults with 
obesity.

In the context of sarcopenic obesity, lifestyle strategies such as 
resistance exercise combined with nutritional optimisation are 
commonly recommended; however, interventions specifically 
targeting this combined phenotype remain scarce, with most 
studies focusing on obesity or sarcopenia in isolation. Pharmaco
logical weight loss therapies, including GLP-1 receptor agonists, 
generally induce weight loss without adequately preserving 
muscle mass. Importantly, greater weight loss during GLP-1 re
ceptor agonist therapy has been associated with proportionally 
greater losses of lean body mass, used as a proxy for muscle mass, 
particularly in the absence of structured exercise. Trials incorpo
rating robust assessments of muscle mass and function during 
incretin-based therapy are currently underway. Other weight loss 
strategies, including bariatric procedures, risk further exacer
bating muscle loss without careful supervision. Finally, high- 
quality longitudinal and interventional studies are urgently 

Table 2 
Relevant PROMs for muscle health and nutrition research.

Domain PROMs/instruments

Generic health status/ 
HRQoL

• SF-36/SF-12 (including physical function and 
role physical domains)

• EQ-5D (including mobility dimension)
• PROMIS global health

Physical function and 
mobility

• PROMIS physical function
• PROMIS mobility
• PROMIS fatigue
• Late-life function & disability instrument 

(LLFDI)
• Activities of daily living (ADL) scales/ 

Instrumental ADL (IADL) scales
Muscle-related 

symptoms and 
functional burden

• PROMIS physical function (CAT)
• Sarcopenia quality of life questionnaire 

(SarQoL)
• SARC-F (strength, Assistance with walking, 

rise from chair, Climb stairs, falls history)
Nutrition-related 

functioning
• Patient-Generated subjective global 

assessment (PG-SGA): Activity/function 
items and nutrition-focused physical exam

• Eating assessment tool (EAT-10) when 
swallowing impairment is relevant

Post-ICU–Specific 
PROMs (CONCISE 
core outcome set)

• EQ-5D-5L (HRQoL)
• PROMIS physical function
• Hospital Anxiety and depression scale 

(HADS)
• Impact of event scale–Revised (IES-R) for 

PTSD symptoms
• Return-to-work/participation measures

Practical note: For trials, selecting one generic HRQoL measure + one physical- 
function PROM (e.g., PROMIS Physical Function + EQ-5D-5L) often provides the 
best balance of feasibility, comparability and patient relevance, and aligns with 
CONCISE recommendations for post-ICU studies. 
Abbreviations: ADL = Activities of Daily Living; BIA = Bioelectrical Impedance 
Analysis; CAT = Computer Adaptive Testing; CFS = Clinical Frailty Scale; 
CONCISE = Core Outcome Set for ICU Survivors; CT = Computed Tomography; 
DXA = Dual-Energy X-ray Absorptiometry; EAT-10 = Eating Assessment Tool–10; 
EQ-5D = EuroQol 5-Dimension questionnaire; EQ-5D-5L = EuroQol 5-Dimension, 
5-Level questionnaire; HADS = Hospital Anxiety and Depression Scale; 
HRQoL = Health-Related Quality of Life; IADL = Instrumental Activities of Daily 
Living; IES-R = Impact of Event Scale–Revised; LLFDI = Late-Life Function and 
Disability Instrument; MRI = Magnetic Resonance Imaging; PG-SGA = Patient- 
Generated Subjective Global Assessment; PROMs = Patient-Reported Outcome 
Measures; PROMIS = Patient-Reported Outcomes Measurement Information Sys
tem; PTSD = Post-Traumatic Stress Disorder; SarQoL = Sarcopenia Quality of Life 
questionnaire; SARC-F = Strength, Assistance with walking, Rise from chair, Climb 
stairs, Falls; SF-12 = Short Form Health Survey, 12 items; SF-36 = Short Form 
Health Survey, 36 items; SO = Sarcopenic Obesity; SPPB = Short Physical Perfor
mance Battery; TUG = Timed Up-and-Go; 6MWT = Six-Minute Walk Test.
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needed to clarify which therapies meaningfully improve clinically 
relevant outcomes [28].

3.2. Muscle health in oncology

Low muscle mass is one of the most relevant defining features 
of poor nutritional status in patients with cancer. Poor nutritional 
status may manifest as malnutrition, here used synonymously 
with undernutrition, but also as sarcopenia [24]. Notably, the 
terms low muscle mass and sarcopenia are often used inter
changeably in the cancer literature, despite referring to distinct 
concepts [2525]. Sarcopenia encompasses both low muscle mass 
and reduced muscle strength, whereas low muscle mass refers 
solely to a reduction in muscle quantity. Given these distinctions, 
the use of precise and non-interchangeable terminology is war
ranted [25].

A large meta-analysis of 280 studies reported an overall prev
alence of low muscle mass of approximately 35%, with higher 
prevalences observed in specific subgroups, including patients in 
curative (~40%) and palliative care settings (~49%), reflecting 
substantial heterogeneity across populations and definitions [35]. 
A key clinical challenge in cancer-related muscle loss is that pa
tients with normal or high body weight may have severe muscle 
depletion, which routine weight checks fail to detect.

Low muscle mass in cancer is strongly linked to increased 
chemotherapy toxicity, a relationship first  identified  through 
advanced body composition methods and confirmed across many 
studies [36]. Patients with low muscle mass often experience 
symptoms resembling chemotherapy overdose, leading to dose 
reductions or treatment discontinuation and ultimately dimin
ishing treatment effectiveness. Because muscle mass is a central 
component of lean mass, which is essential for drug distribution, 
metabolism, and clearance, its reduction alters key physiological 
processes such as hepatic metabolism, renal blood flow, and 
glomerular filtration rate [37]. A pivotal multicentre randomized 
trial demonstrated that adjusting oxaliplatin dosing based on lean 
mass, rather than body surface area, significantly reduced neuro
toxicity, delayed its onset, lowered dose reductions, and improved 
quality of life without affecting survival [38]. These findings 
highlight the importance of body composition in personalizing 
chemotherapy dosing and reinforce the need for strategies to 
maintain or restore muscle mass.

In addition to muscle mass, fat infiltration  within muscle, 
known as myosteatosis, has emerged as a powerful predictor of 
poor outcomes, often as detrimental as low muscle mass and in 
some cases even more so. Myosteatosis is linked to higher rates of 
postoperative complications, prolonged hospitalizations, reduced 
tolerance to cancer treatments, and shorter survival. These find
ings highlight that muscle composition, not only muscle quantity, 
is a key determinant of prognosis and should be incorporated into 
routine clinical evaluation [3,39,40].

Low muscle strength is also common in patients with cancer. 
After a cancer diagnosis, many patients experience a drop in 
physical function, a change linked to higher early mortality. 
Because of the known effects of low muscle mass, it is not sur
prising that combining measures of muscle mass and muscle 
strength provides a more powerful prediction of overall survival 
than using either one alone [41,42].

3.3. Muscle health in diabetes mellitus

Diabetes, especially when mistreated or/and not well 
controlled, continuously disrupts skeletal muscle metabolism, 
leading to muscle loss, sarcopenia and aggravating insulin resis
tance. Both with the glucovariability, glucotoxicity, 

hyperglycaemia-induced oxidative stress and advanced glycation, 
diabetes-related sarcopenia should be one of the targets among 
strategies for muscle health and functional independence 
preservation.

There are several mechanisms involved in the so-called “dia
betic myopathy”, a chronic complication of diabetes [43–46]: 
protein synthesis suppression by insulin resistance, increased 
proteolysis via autophagy-lysosome and ubiquitin-proteasome 
activation, impaired mitochondrial function and catabolic signal
ling reinforced by oxidative stress, myocyte damage in low-grade 
inflammation,  persistent hyperglycaemia with advanced glyca
tion leading to reduced muscle mass and increased inter- and 
intramuscular fat infiltration,  resulting in impaired contractility 
and lower metabolic substrate flexibility [47,48].

Early identification of sarcopenia in diabetic patients should be 
performed frequently and repeatedly, assessing muscle mass, 
strength and performance, combined with circulating biomarkers 
such as creatinine–cystatin C–based indices as surrogates of 
muscle mass, inflammatory markers (CRP, IL-6, TNF-α), and hor
mones (insulin, IGF-1, thyroid hormones) [49,50].

Preventing and slowing the progression of sarcopenia in dia
betes should combine clinical nutrition, structured resistance 
training and individualised pharmacotherapy. For most older 
adults with type 2 diabetes and preserved renal function, protein 
intakes around 1.0–1.2 g/kg/day (up to 1.2–1.5 g/kg in high-risk 
individuals) divided into 25–30 g per meal, with an emphasis on 
leucine, arginine and glutamine-rich, high-quality proteins help 
overcome anabolic resistance and support muscle protein syn
thesis. Dietary patterns such as Mediterranean-style diets rich in 
fruits, vegetables, whole grains and unsaturated fats add antioxi
dants and minerals that support insulin sensitivity and may indi
rectly protect muscle by neutralizing inflammation and oxidative 
stress. Targeted micronutrients further refine  this strategy. 
Vitamin D deficiency is common in both type 2 diabetes and sar
copenia. Supplementation, particularly when combined with 
whey protein and leucine, can improve muscle mass and function. 
Adequate levels of calcium, magnesium and B vitamins (especially 
B12 in metformin-treated patients and B9) support neuromus
cular function and anabolic responses. Omega-3 fatty acids (EPA/ 
DHA) may enhance muscle protein synthesis and reduce inflam
mation, with multi-nutrient formulations (protein–leucine– 
vitamin D–omega-3) showing additive benefits.

Adequate glycaemic control is a cornerstone of diabetes care. 
Poor control is consistently associated with lower muscle quality, 
reduced mass, slower gait speed and increased sarcopenia risk, 
largely via advanced glycation, microvascular damage, neuropathy 
and intramuscular fat accumulation. Conversely, improving gly
caemic control combined with resistance training and muscle- 
targeted nutrition enhances both muscle outcomes and glucose 
homeostasis, highlighting a bidirectional relationship that should 
be a focus of future clinical nutrition research agendas in diabetes- 
related muscle health. Importantly, diabetes-related sarcopenia 
often coexists with obesity, producing a sarcopenic obesity 
phenotype that carries particularly high risks of disability, falls and 
mortality [51–53].

3.4. Muscle health in obesity

Obesity is associated with changes in muscle size and volume, 
likely a result of the mechanical demands of having to carry more 
body weight, as well as changes in muscle microcirculation, 
glucose metabolism, lipid oxidation and mitochondrial activity. 
This, in turn, may lead to insulin resistance and metabolic 
dysfunction [54].
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For a long time, bariatric surgery has long been a treatment 
option for individuals with severe obesity. Approximately one in 
four patients undergoing bariatric surgery is thought to have sar
copenic obesity or develop sarcopenia [55]. Recent meta-analyses 
assessed the magnitude of postbariatric muscle loss and strength. 
Around 20% of total body weight loss was found to be loss of FFM, 
occurring mostly in the first three months following surgery [56]. 
The higher the body weight loss, the higher the loss in strength 
[57]. Studies on muscle composition after bariatric surgery are 
scarce and meta-analyses have not been performed due to het
erogeneity of assessment methods. However, the authors noted 
that individual studies suggest an increased fat content of muscle 
after bariatric surgery (possibly explained by a more rapid loss of 
muscle mass than lipids stored in muscle) [55].

Over the last years, GLP1RAs and GLP1RA/GIPs have emerged as 
highly effective pharmacological tools for weight loss, in addition 
to bariatric surgery. A recent review has extensively summarized 
the pathophysiological changes in muscle volume and function in 
obesity and the presumed positive and negative effects of rapid 
weight loss induced by GLP1RAs and GLP1RA/GIPs [58]. While 
GLP1RAs and GLP1RA/GIP have shown rapid and extensive weight 
loss, concerns have been raised about their impact on muscle mass 
and function, which may account for up to 50% of the total weight 
loss [56,59–61]. A commonly cited physiological assumption is that 
approximately 25% of total weight loss reflects  loss of FFM [56]. 
However, disproportionate losses of FFM, sometimes accounting 
for up to 50% of total weight loss, are of particular concern in in
dividuals already at risk of sarcopenia, including older adults, 
those with a sedentary lifestyle or features of frailty, and patients 
with underlying sarcopenic obesity, such as individuals with type 
2 diabetes.

On the one hand, treatment with GLP1RAs and GLP1RA/GIP has 
been shown to improve insulin sensitivity and improve muscle 
composition (reduced muscle fat content), which may also lead to 
improved muscle function. On the other hand, the absolute muscle 
loss has been associated with a disproportional loss of muscle 
volume, aggravating sarcopenia in those (already) at risk [52,56].

A further concern is the weight regain that occurs after 
discontinuation of GLP-1 RAs, which consists mainly of fat rather 
than muscle and thereby contributes to increased physical frailty 
[62,63]. One reason may be that energy expenditure related to 1 kg 
of FFM is about three times that of fat mass [64]. Thus, a decline in 
muscle mass leads to a more drastic decrease in energy expendi
ture than the same decline in fat mass.

To minimize the potential negative effects of weight loss from 
either bariatric surgery or GLP-1 RAs on muscle mass, it is rec
ommended to combine the treatment with resistance training and 
adequate protein intake, especially in the older or more frail 
population [65]. New pharmacological approaches, such as 
bimagrumab, are under study and have been shown to attenuate 
muscle mass during weight loss trials [66]. Treatment protocols 
should include sarcopenia screening and treatment for those at 
risk. In addition, longitudinal studies using standardized assess
ments of muscle mass (FFM, lean soft tissue and skeletal muscle 
mass were used interchangeably in previous studies), strength, 
and physical performance are needed to clarify the long-term 
impact of GLP-1RAs and GLP-1RA/GIP on muscle volume and 
function.

3.5. Muscle health in critical illness

ICU-acquired weakness (ICU-AW) is one of the most frequent 
and debilitating complications of critical illness. Up to 40–70% of 
ICU patients develop clinically significant muscle weakness by the 
time of ICU-discharge, and approximately 40% continue to 

experience persistent deficits  6 months to 10 years after their 
critical illness. Muscle mass may decline by more than 15% within 
the first  week, contributing to impaired mobility, reduced inde
pendence in activities of daily living, delayed return to work, and 
diminished long-term quality of life. Severe ICU-AW (MRC sum 
<36) has also been associated with higher mortality up to one year 
following ICU admission [67]. Because of this rapid and substantial 
loss of muscle mass and function, protein is often viewed as a 
potential nutritional therapeutic strategy to stimulate anabolism, 
support muscle recovery, and mitigate long-term functional 
impairment, although robust evidence remained limited until 
recently.

A recent systematic review and meta-analysis reported that 
higher protein delivery in ICU patients resulted in a modest but 
statistically significant  short-term preservation of FFM (mean 
difference ≈0.7 kg, 95% CI ~0.5–0.9 kg), with most studies 
achieving target intake by day 4 and evaluating outcomes around 
day 10 [68,69]. In a mechanistic study, changes in FFM index 
strongly correlated with increases in normalised slow-twitch 
muscle fibre  force, suggesting that guideline-level protein in
takes may support early contractile function in selected patients 
[70]. Collectively, these findings  indicate that moderate protein 
targets during the acute phase may attenuate, but are unlikely to 
prevent, early muscle loss.

At the same time, observational studies and recent large RCTs 
have challenged the long-standing belief that “more protein is 
better” during early critical illness. In a large international cohort 
using time-varying exposure models, late acute-phase protein 
intakes around 0.8–1.2 g/kg/day were associated with lower in- 
hospital mortality, while higher doses offered no additional 
benefit, and possible harm at higher intakes was not consistently 
observed across sensitivity analyses [13]. In another observational 
study, protein intake demonstrated a time-dependent association 
with outcomes: higher early intake (>0.8 g/kg/day during the first 
3 ICU days) was linked to increased mortality risk, whereas higher 
intake later in the ICU course was not [71].

Three recent multicentre RCTs (≈5600 patients) evaluating 
early higher protein delivery (≈1.5–2.2 g/kg/day) versus standard 
dosing (≈1.0–1.3 g/kg/day) showed no improvement in clinical 
outcomes and signalled possible harm in select subgroups, such as 
those with greater illness severity or reduced renal reserve, with 
the PRotEin provision in Critical IllneSs (PRECISe) trial additionally 
reporting significantly  lower quality of life in the high-protein 
group [72–74].

Experimental and translational studies suggest that very high 
amino-acid delivery early in the catabolic, highly inflamed phase 
may suppress protective autophagy and impair cellular house
keeping in peripheral, respiratory and cardiac muscle, despite 
failing to prevent macroscopic atrophy [75]. Furthermore, 
inflammation-induced mitochondrial dysfunction may trigger an 
intracellular energy deficit, activating a maladaptive proteostatic 
response [76]. In ICU patients, protein digestion and absorption on 
day 4 is similar to healthy controls, however the incorporation into 
skeletal muscle proteins is blunted reflecting  severe anabolic 
resistance [77]. Together, these findings support a phase-specific 
approach in which aggressive protein loading in the first days of 
critical illness is avoided, while moderate, guideline-level dosing is 
provided and escalated later when catabolism and inflammation 
have subsided.

Against this background, individualising protein prescriptions 
based on FFM rather than total body weight is an important next 
step. Two patients with identical body weight, a “muscular 
phenotype” and a “sarcopenic obese phenotype”, receive identical 
g/kg prescriptions if actual body weight is used, yet the first will be 
underdosed and the second overdosed with respect to 
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metabolically active lean tissue. Such phenotype-based dosing is 
physiologically appealing, though high-quality evidence demon
strating improved clinical outcomes is still lacking. Using meta
bolic response biomarkers or endotyping to titrate protein dosing 
represents an important next step. One candidate marker for such 
titration is the urea-to-creatinine ratio (UCR), which reflects  the 
balance between whole-body protein catabolism (urea produc
tion) and muscle mass (creatinine generation). Elevated and rising 
UCR values during ICU stay have been associated with greater 
muscle wasting, weakness and mortality, and may identify pa
tients in whom high protein doses primarily fuel urea production 
rather than net anabolism. Integrating FFM-based dosing with 
dynamic biomarkers such as UCR and simple functional measures 
(e.g., handgrip strength) may enable future phenotype- and 
endotype-driven protein strategies across the ICU and post-ICU 
continuum [78].

The PROSPECT-I cohort highlights the vulnerability of nutrition 
delivery once enteral feeding stops. Following tube removal after 
ICU discharge, patients experienced an abrupt decline, typically 
exceeding 50% of target protein delivery, as intake shifted to pre
dominantly oral nutrition, leaving most unable to meet recom
mended requirements [79]. These data highlight a “second 
window of opportunity” for muscle-directed nutrition after the 
acute ICU phase, precisely when patients become more anabolic 
but actual intake is lowest. In the PROSPECT-II study a tube feeding 
tapering protocol was shown to prevent the drop in protein intake 
and realised and intake of 97% of target [80].

Although the optimal protein dose across illness phases re
mains uncertain, a pragmatic strategy is to gradually advance 
intake over the first  4–5 ICU days toward 1.0–1.3 g/kg/day, or 
≈1.8 g/kg/day when prescribed per FFM. Once stabilised (>5 days), 
this target should be achieved consistently, with protein needs 
increasing by roughly 25% after ICU discharge and a further 25% 
during ward-based recovery and post-hospital convalescence to 
support rehabilitation and regain of muscle mass [17].

4. Cross-cutting themes

4.1. Screening for and assessment of (risk of) malnutrition, 
sarcopenia and sarcopenic obesity

Low muscle mass is a key characteristic of malnutrition. 
However, in daily practice, nutritional screening often identifies 
patients only once overt malnutrition has already developed. 
Given the increasing pressure on healthcare systems, there is a 
need to shift from recognising and treating established malnutri
tion towards earlier identification  and management of risk of 
malnutrition, before irreversible damage occurs. For many years, 
this concept lacked a clear definition [81], but the GLIM Working 
Group has now provided an international conceptual framework. 
Within this framework, the presence of malnutrition risk factors, 
with or without weight loss, is considered central, enabling earlier 
detection and preventive interventions [78].

As such, risk of malnutrition and malnutrition represent 
distinct stages in the nutritional care pathway, with risk of 
malnutrition representing the stage prior to overt malnutrition. In 
contrast, malnutrition is a condition that requires confirmation 
through diagnostic criteria. The GLIM has provided a consensus 
framework that combines phenotypic criteria (weight loss, low 
BMI, reduced muscle mass) with etiologic criteria (reduced food 
intake or assimilation, disease burden or inflammation)  [19,82]. 
This dual approach ensures that malnutrition is defined not only 
by observable changes in body composition but also by the un
derlying mechanisms driving those changes. Importantly, as pre
viously discussed, GLIM recognises muscle mass as a core 

phenotypic marker, underscoring the centrality of muscle health 
in nutritional diagnosis. However, functional measures such as 
muscle strength or performance are not yet fully integrated, 
leaving a gap between structural assessment and lived patient 
experience.

The aim of nutritional screening is to identify individuals 
requiring comprehensive nutritional assessment and nutritional 
interventions [83]. While future nutritional screening is expected 
to shift towards identifying risk factors for malnutrition, most 
screening tools often include criteria that reflect signs of already 
present malnutrition. As such, they rely on surrogate markers such 
as involuntary weight loss or BMI. These measures, while prag
matic, may fail to capture muscle-specific  deficits  that are more 
directly linked to clinical outcomes. As a result, patients with 
preserved weight but significant  impaired muscle status may be 
overlooked. Integrating muscle-focused assessments into routine 
screening can bridge this gap and align nutritional care with 
functional recovery.

The algorithms that focus on sarcopenia and sarcopenic 
obesity, as outlined by the European Working Group on Sarcopenia 
[22] and ESPEN/EASO [21] respectively, were developed to spe
cifically identify those individuals with impaired muscle function 
and/or muscle mass, with or without involuntary weight loss or 
low BMI. Screening consists of ‘muscle specific  screening’, for 
example with the SARC-F [84,85] or clinical suspicion, followed by 
assessment of muscle function and muscle mass. Many patients 
who are malnourished are also sarcopenic or the other way 
around, implying that healthcare professionals should always 
consider both conditions and act accordingly [86,87].

Weight loss during illness and its treatment may be accompa
nied by a disproportionate loss of muscle mass or FFM, in some 
cases accounting for up to half of the total weight loss. However, 
most commonly used nutritional screening tools do not explicitly 
assess low or declining muscle mass. As a result, clinically relevant 
muscle loss may remain undetected. This limitation is particularly 
relevant in chronically ill populations, where muscle loss often 
develops gradually and may not exceed the predefined thresholds 
within the time frame evaluated by screening tools. Moreover, in 
individuals with concurrent malnutrition and obesity, fixed cut-off 
values perform poorly, further reducing the sensitivity for 
detecting critically low muscle mass [88]. Ongoing efforts are 
therefore focused on integrating direct or proxy measures of 
muscle mass and function into nutritional screening and assess
ment pathways, with the aim of improving early detection of 
clinically relevant muscle loss.

4.2. Therapeutic approaches to support muscle health across 
clinical settings

Approaches to support muscle health are applicable in both 
public health and clinical care. A healthy lifestyle includes adher
ence to general recommendations for daily physical activity, 
encompassing both endurance activities (e.g., step-based move
ment) and muscle-strengthening exercises. While these recom
mendations apply to the general population, adherence is 
particularly important in older adults. In clinical practice, lifestyle- 
based approaches are not consistently implemented. However, 
with appropriate adaptations, they can be applied across a wide 
range of patient groups.

The same principles apply to adequate dietary protein intake, 
preferably achieved through regular protein-rich foods. When 
necessary, protein-enriched products and supplements can pro
vide additional support. In clinical settings, nutritional strategies 
range from optimized institutional catering and oral nutritional 
supplements to enteral and parenteral nutrition. Although both 
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nutrition and physical activity have received increasing attention, 
their combined implementation within an interdisciplinary 
framework involving dietitians, physiotherapists, and other 
healthcare professionals has still not reached its full potential.

A review of ongoing clinical trials investigating nutrition-based 
strategies for low muscle mass, sarcopenia, and cachexia shows 
substantial interest in specific  nutrients and ingredients [89]. 
Across 113 planned or ongoing randomized trials, most studies 
focus on adults with clinical conditions, particularly cancer, 
metabolic disease, and musculoskeletal disorders, while one-third 
address age-related muscle loss. Nearly half of the interventions 
involve food supplements, most commonly protein, amino acids, 
and beta-hydroxy-β-methylbutyrate (HMB), a leucine-derived 
metabolite. Trials predominantly assess changes in muscle mass, 
strength, and physical performance, though only a small number 
evaluate muscle protein synthesis. Overall, the growing body of 
work highlights key nutrients of interest but also reveals signifi
cant methodological heterogeneity, underscoring the need for 
standardized guidelines to support future evidence-based rec
ommendations [87].

In the Netherlands, the Vitamin study demonstrated improved 
muscle health through a home-based functional exercise pro
gramme using meaningful, participant-centred activities [90]. 
Physical activity frequency successfully increased to three sessions 
per week. The programme was personalised with support from an 
exercise coach and a digital tablet. In addition to a control and 
exercise-only group, an exercise plus protein group received 
guidance on protein-rich supermarket foods. This combined 
approach was most effective in improving protein intake and 
maintaining muscle mass, strength and physical performance. 
Importantly, dietary advice emphasised increasing protein intake 
without increasing total energy intake [91].

In patients with cancer, early and ongoing nutrition interven
tion is essential to prevent and reverse muscle loss [5,92]. Starting 
support at the beginning of treatment, paired with secured follow- 
up, helps maintain weight, improve protein and calorie intakes, 
and enhance quality of life [93,94]. Individualized nutrition care, 
including tailored meals, food fortification,  and oral nutritional 
supplements (ONS), supported by dietary counselling reduces 
functional decline and improves clinical outcomes. A key focus is 
achieving adequate protein intake, as protein requirements in
crease during treatment. Evidence from 35 RCTs shows that high- 
protein supplementation improves muscle mass, strength, and 
physical performance in patients with cancer [95]. Findings from 
the PRIMe trial show that while achieving 2 g/kg/day is chal
lenging, individualized counselling by a dietitian significantly in
creases intake and supports muscle preservation [96]. Specific 
nutrients also show to benefit muscle health.

Omega-3 fatty acids, particularly eicosapentaenoic acid (EPA), 
demonstrate anticatabolic effects, with some trials showing im
provements in muscle health and treatment tolerance [97]. Sup
plementation with HMB, has strong evidence for reducing muscle 
breakdown and supporting muscle synthesis, with over 30 clinical 
studies supporting its use [98]. Finally, a multimodal approach 
combining nutrition, physical activity, and targeted ingredients to 
optimize muscle maintenance during cancer therapy should be 
recommended [5]. Nutrition intervention is positioned as a core 
component of supportive oncology care, essential for improving 
tolerance to treatment, reducing complications, and supporting 
survival.

A more specific approach can be applied to excess body weight. 
Many options for treatment are available, each with their chal
lenges. But basically, the therapeutics of adequate physical activity 
including strength training as well as adequate protein intake is or 
should be part of any approach. In the case of overweight and 

obesity usually the best option is to include caloric restriction. 
Adherence to diet is not always easy [99] and therefore the 
behavioural component should be adequately addressed with 
appropriate behaviour change techniques [100]. While this is true 
for adults in general, a recent European study group has explicitly 
addressed systematic reviews and meta-analyses in the older 
adults around retirement age, which provides a window of op
portunity for intervention [101–103].

In most studies proxies for muscle mass are lean mass and/or 
FFM and much less appendicular lean soft tissue mass. In general, 
risks of both sarcopenia and obesity are reasonably well under
stood, however the risk of sarcopenic obesity has not been 
addressed as well. Considering the ESPEN-EASO consensus defi
nition of SO the risk for early mortality, based on criteria for fat 
mass percentage, lean mass by weight and muscle strength, could 
be as high as three times normal risk [104]. To improve insight into 
the risks of different SO phenotypes a sarcopenic obesity pheno
type index (SOPi score) has been developed, to support assessment 
and monitoring of any patient at any stage of disease of SO [105].

Although more rigorous, comparable lifestyle and 
nutritional–physical interventions remain essential during 
incretin-based obesity treatment [106]. Lifestyle approaches that 
combine resistance-type exercise with protein supplementation 
or higher protein intake alongside caloric restriction have been 
shown to preserve muscle mass during weight loss and to improve 
muscle strength and physical performance [101,107]. In older 
adults with obesity, maintenance of muscle mass during weight 
loss required protein intakes exceeding 1.2 g/kg/day, which has 
been proposed as an exploratory protein requirement under these 
conditions [108,109].

For clinical application, these principles must be tailored to 
specific  patient groups. Clear and consistent terminology, as 
defined by frameworks such as GLIM, GLIS, and SOGLI, is essential 
to guide assessment and intervention. In advanced disease states, 
including critical illness, it may not be feasible to maintain or 
restore muscle mass and strength over the longer term. In such 
contexts, therapeutic goals should shift towards attenuation of 
loss, preservation of function where possible, and alignment with 
overall prognosis and patient-centred outcomes.

4.3. Methodological challenges in muscle health

While muscle mass is of substantial interest, it remains chal
lenging to assess in practice. This depends on the accuracy of the 
methodology, feasibility or availability of the measurement, time, 
costs, and expertise. The availability and precision of available 
body composition techniques used to assess muscle mass vary 
widely [24]. In addition, confusion and inconsistency in termi
nology remain a major barrier to accurate reporting and inter
pretation of the literature. To address this, an international expert 
working group has recently proposed methodological standards 
and standardized terminology based on body-composition levels 
and models as the first of a planned series of consensus publica
tions [110].

Accurate assessment of muscle mass can be achieved by Mag
netic Resonance Imaging (MRI) as it precisely assesses muscle 
volume and consequently mass, as well as myosteatosis. Although 
MRI is not so accessible and highly reserved for diagnostic pur
poses, it has been extensively used to assess upper leg muscle 
mass in research settings, which represents a very large part of 
skeletal muscle mass. Computer Tomography (CT), however pro
vides an accurate assessment of muscle cross-sectional area, 
although its use is limited mainly due to radiation and the 
opportunistic availability of images in medical records. However, 
as for MRI, also availability, cost, and expertise need to be 
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considered. Moreover, the availability of specific  anatomical im
aging sites is limited, with the 3rd lumbar spine level as most 
prominent in the literature, due to its correlation with whole-body 
volumes [111].

Another option in clinical practice is the use of ultrasound 
[112]. Several variables can be assessed, but most used is the 
muscle layer thickness. While availability is high and costs are 
relatively low, accurate assessment requires a moderate level of 
operator expertise. One advantage is that specific muscles can be 
targeted, however, validated prediction equations are needed to 
estimate whole body muscle mass. This may also be a limitation, as 
different muscles can respond differently to disease and treat
ment. Importantly, although promising, ultrasound-based assess
ment of muscle mass is not yet sufficiently  standardised for 
routine clinical implementation [113].

In (clinical) practice and many guidelines, the assessment of 
muscle mass is based on dual-energy X-ray absorptiometry (DXA) 
and/or bioelectrical impedance analysis (BIA) estimates. While 
DXA is based on radiation as CT is, exposure is minimal and its 
availability is substantially higher than CT. Although DXA provides 
only provides a 2-D representation of the body, it enables assess
ment of specific regions of interest. Imaging of the arms and legs 
provides an accurate estimate of ALST [110]. Although correlated 
with clinical outcomes, ALST is a close proxy assessment of muscle 
mass (in the absence of MRI and CT) but includes connective tis
sue, water, and skin. DXA is sufficiently accurate enough to assess 
responses to nutrition and exercise interventions [114]. Notably, 
country-specific radiation regulations may apply and may limit the 
availability of DXA assessments.

Body composition assessment is often performed or required in 
health care settings that may only have a weighing scale but could 
easily be upgraded with BIA. In most cases, single-frequency, de
vices (typically 50 kHz) are used, although multi-frequency and 
bioimpedance spectroscopy devices are also available. Overall, BIA 
is relatively accessible, low-cost, and feasible to implement, and is 
included in clinical guidelines [28,30,33]. The main drawback of 
BIA is that it estimates body composition based on predictive 
equations and as such, skeletal muscle mass, as with other com
partments, is not directly measured, and estimates are population- 
and device-specific.  Therefore, BIA provides an indirect assess
ment of muscle mass but may still be useful as a pragmatic proxy 
for identifying low muscle mass. When used for monitoring, BIA 
should be performed using standardized protocols.

Another major limitation in assessing low muscle mass is the 
lack of standardised cut-off points [115,116]. Studies use different 
approaches, including percentile or standard deviation-based or 
thresholds, receiver operating characteristic-derived values, and 
mortality-associated cut-points, which leads to inconsistent clas
sifications  and prevalence estimates. Because each method de
pends on the reference population, outcome chosen, and 
measurement technique, results may not be directly comparable 
across studies. This heterogeneity limits evidence synthesizes and 
weakens the interpretability and clinical applicability of findings 
related to low muscle mass. Available cut-off points can therefore 
be highly context-specific and may not be generalize across dis
ease settings age groups, or body sizes, further complicating risk 
stratification  and clinical decision-making. This underscores the 
need for harmonized, outcome-validated, and population- 
appropriate standards for defining  low muscle mass. Ongoing 
work from the GLIM muscle-assessment subgroup aims to address 
this challenge by developing harmonized cut-points derived from 
a large meta-analysis of healthy young reference populations.

Another important limitation is the lack of consensus on how to 
standardize body composition measures, particularly whether 
lean soft tissue should be indexed to height2 or weight [30]. 

Indexing by height2 (as in ALST/height2) adjusts for body size but 
tends to classify individuals with higher body weight, including 
those with overweight or obesity, as having “normal” muscle, 
potentially masking clinically relevant muscle depletion. 
Conversely, indexing by weight (e.g., ALST/weight) can over
estimate the prevalence of low muscle mass among individuals 
with higher adiposity, because excess fat artificially  lowers the 
ratio even when absolute muscle mass is adequate. These ap
proaches can lead to different prevalence estimates and conse
quently inconsistent identification  of low muscle mass across 
populations. This lack of harmonization limits comparability 
across studies and complicates risk stratification in both research 
and clinical practice.

5. Precision nutrition and diversity

One of the key questions in clinical nutrition is to what extent 
precision nutrition can be applied to optimise muscle health, given 
marked heterogeneity in muscle phenotype and metabolic 
response across patients. Before this bridge is crossed, however, it 
is essential to recognise the fundamental distinction between 
nutritional recommendations for healthy individuals and those for 
specific  patient populations. Historically, protein requirements 
were established in younger, healthy adults and subsequently 
extrapolated to older adults [117]. A similar translational approach 
has been applied to other nutrient recommendations, yet these 
have rarely been validated in specific diseases or targeted clinical 
populations. In this context, we focus on protein intake recom
mendations in relation to muscle health.

Protein requirements were originally estimated in healthy in
dividuals using nitrogen balance studies, in which protein intake 
over several days was related to nitrogen excretion during the 
same period. This approach requires accurate quantification  of 
dietary nitrogen intake and measurement of nitrogen losses, pri
marily via urinary excretion (as urea and/or ammonia), with 
correction for additional losses such as faecal excretion [118]. 
Across a large and heterogeneous body of studies encompassing a 
wide range of nitrogen intakes, a relationship was established 
between intake and nitrogen balance. The intake level at which 
nitrogen balance was neutral was interpreted as meeting nitrogen 
requirements and subsequently translated into protein 
requirements.

This methodology illustrates that current protein requirement 
estimates are population-based, indirect, and inherently impre
cise, limiting their applicability to individual patients. Conse
quently, there is a clear need for alternative approaches to more 
accurately estimate individual protein requirements. Notably, 
robust studies assessing protein requirements in clinical pop
ulations are lacking, as are studies stratified by biological sex, age, 
or combinations of these characteristics.

5.1. Individualisation based on biological sex, age, disease

It is beyond doubt that certain conditions, as discussed earlier 
in this paper, require specific attention to achieve optimal protein 
intake. Nevertheless, many nutritional guidelines for clinical 
populations have been developed based on assumed disease 
characteristics and anticipated requirements, rather than on direct 
empirical evidence. With respect to protein requirements, general 
recommendations have historically been derived from healthy 
populations and subsequently adapted by expert opinion, for 
example by suggesting that requirements should be “20% higher to 
be on the safe side”. However, such adaptations were rarely sup
ported by studies conducted in specific clinical populations.
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The need for individualisation beyond disease-level recom
mendations, at the level of the individual patient, can be illus
trated by several examples. First, biological sex substantially 
influences  muscle mass. On average, women are shorter than 
men, resulting in lower absolute muscle mass. Moreover, women 
and men with the same BMI differ in body composition, with 
women generally having lower muscle mass and a higher pro
portion of biologically relevant adipose tissue. With advancing 
age and menopause, women experience accelerated muscle loss, 
although older men also lose muscle and gain fat. In addition, 
both acute and chronic diseases induce varying degrees of in
sulin resistance and anabolic resistance, thereby affecting pro
tein synthesis.

While these considerations remain relatively general, insights 
from glucose metabolism offer a useful parallel. A landmark study 
published in 2015 demonstrated marked interindividual vari
ability in the metabolic response to glucose ingestion, which could 
be explained by a range of contributing factors [119]. It is reason
able to assume that similar variability exists for protein meta
bolism. Genetic background and epigenetic modifications  are 
likely to influence  muscle maintenance and accretion, as exem
plified by differences in muscle fibre type and ethnicity. Pharma
cotherapy may further modulate protein metabolism, while 
physical activity levels, exercise responsiveness, and trainability 
also play important roles. Nutritional habits and their effects on 
the gut microbiome are increasingly recognised as relevant, 
particularly in the context of a shift towards more plant-derived 
diets. We recently showed that hospitalised patients who pre
dominantly consume plant-derived nutrition often fail to meet 
protein and energy requirements, underscoring the need to 
incorporate this factor into dietary recommendations.

Although many of these determinants may be less relevant in 
the steady state or when assessing nitrogen balance in healthy 
individuals, they become critically important when protein re
quirements change in response to the metabolic demands of acute 
or chronic illness. Attempts have been made to determine protein 
requirements at the individual level, but these approaches have 
proven cumbersome. Traditional nitrogen balance methods and 
stable isotope-based techniques such as the Indicator amino acid 
oxidation (IAA) method [120] require subjects to be studied across 
multiple protein intake levels, rendering them impractical for 
individualised assessment. Furthermore, methodological limita
tions include insufficient  adaptation periods to altered protein 
intakes (which may require 10–14 days), inadequate phenylalanine 
intake at higher amino acid levels, and ambiguity regarding what 
is measured, protein requirements versus maximal protein anab
olism [121,122].

Recently, a novel method was proposed to estimate protein 
requirements on an individual basis [123]. This approach is based 
on the concept that the human body experiences a constant net 
loss of protein due to the obligatory loss of indispensable amino 
acids. Measuring this loss in the morning after an overnight fast 
allows estimation of 24-h protein loss and, consequently, protein 
requirements to maintain balance. To quantify this morning loss, a 
pulse tracer method was employed, providing insight into intra
cellular amino acid losses, in contrast to previous approaches that 
only measured amino acids appearing in plasma and therefore 
underestimated true protein loss [122].

Support for this approach comes from a recent study examining 
the effects of seven days of complete starvation, in which an 8% 
loss of lean mass was observed [124]. This closely aligns with our 
previously calculated lean mass loss of approximately 1.2% per day 
(8.4% over seven days), suggesting that the pulse tracer–based 
method can indeed estimate protein requirements with reason
able accuracy.

Using this approach, expected differences in estimated protein 
requirements between males and females and across different 
disease conditions were demonstrated (see Table 3) [123]. 
Importantly, this method enables assessment of protein re
quirements at the individual level, requiring only a pulse admin
istration of phenylalanine and tyrosine tracers, followed by 
approximately 2 h of plasma sampling and subsequent mass 
spectrometric analysis.

5.2. Trial population diversity

Nutrition research is complex due to multifactorial aetiologies, 
heterogeneous study designs, and substantial interindividual 
variability in response to nutritional interventions. Emerging 
frameworks increasingly emphasise personalised and interdisci
plinary approaches, as single-component or standardised in
terventions often fail to account for differences in metabolism, 
body composition, and functional reserve. Evidence indicates that 
tailored nutritional support delivered by multidisciplinary teams 
improves outcomes. Nevertheless, variability in protein re
quirements remains a major challenge.

Trial population diversity may represent a particular obstacle. 
In studies investigating protein requirements, diversity exists at 
several levels. First, there is interindividual diversity within trials. 
Although trial outcomes are typically reported as averages, these 
averages represent composites of heterogeneous patient pop
ulations, even when strict inclusion and exclusion criteria are 
applied. As a result, estimates such as mean protein requirements 
reflect a mixture of patients who respond well and those who do 
not, leading to loss of clinically relevant information at the indi
vidual level.

Second, there is intraindividual diversity. Protein requirements 
may vary from day to day, depending on dynamic biological and 
pathophysiological factors that influence anabolic resistance and 
metabolic demand, as discussed earlier in this section. Third, there 
is diversity between trials. Patients with chronic conditions such 
as chronic obstructive pulmonary disease or type 2 diabetes 
mellitus, both associated with sarcopenia, differ fundamentally 
from patients with acute conditions, such as those in intensive 
care or recovering from major surgery, who experience rapid and 
profound muscle loss. Although extrapolation across these pop
ulations may be tempting, it is unlikely to yield valid conclusions.

5.3. Integration with omics and phenotype-driven nutrition

Returning to the central question of this section, it is evident 
that protein requirements and muscle mass are influenced  by 
numerous interacting factors. Some determinants, such as sex, age, 
and disease, are readily observable, whereas many others remain 
hidden. Despite recent methodological advances, accurately 
quantifying individual protein requirements remains complex. To 
address this challenge, both known and unknown determinants 
should be identified,  integrated, and modelled using computa
tional approaches.

Although earlier studies attempted to individualise nutritional 
interventions, integration with physiological and omics data has 
remained limited. Collecting such multidimensional data may 
enable the development of predictive models that more accurately 
estimate individual protein requirements. The concept of endo
typing, classifying patients according to underlying biological or 
metabolic characteristics, is increasingly recognised as a prom
ising strategy. In critical illness, it has recently been highlighted 
that combining phenotyping (e.g., body composition, age, treat
ment phase) with endotyping (metabolic biomarkers and 
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tolerance) may replace the current one-size-fits-all paradigm and 
support personalised energy and protein strategies [75].

6. Implementation challenges

Despite increasing recognition of muscle health as a critical 
determinant of clinical and functional outcomes, translation of 
evidence into routine practice remains limited. Muscle health 
continues to be underprioritised relative to traditional nutritional 
endpoints such as body weight or BMI, and many healthcare 
professionals receive limited training in muscle-focused assess
ment and intervention, resulting in insufficient  awareness of its 
prognostic relevance [125].

Although pragmatic assessment tools such as handgrip 
strength and bioelectrical impedance analysis (BIA) are available, 
their integration into routine clinical care remains limited [126]. 
Similarly, functional measures and patient-reported outcome 
measures (PROMs) are still insufficiently used in everyday practice 
[125,127], despite their increasing recognition as essential for 
capturing patient-centred outcomes and lived experience 
[127,128]. At the system level, current reimbursement structures 
and clinical guidelines provide little incentive for routine muscle 
health assessment or for delivering multimodal interventions that 
combine nutrition and exercise. Fragmented care pathways and 
siloed professional responsibilities, for example between di
etitians, physiotherapists and physicians, further impede effective 
interprofessional collaboration [129]. In addition, unequal access 
to dietetic and rehabilitation services, particularly in resource- 
constrained settings, exacerbates disparities in muscle-related 
outcomes [130,131].

Finally, the evidence base required to support policy change 
remains underdeveloped. Implementation science in muscle 
health is still emerging, with relatively few studies evaluating real- 
world strategies for integrating muscle-focused care into existing 
pathways or assessing their impact on independence, quality of 
life and healthcare utilisation [132,133]. Robust data on cost- 
effectiveness and scalability are therefore urgently needed to 
inform guideline development, reimbursement frameworks and 
health policy decisions.

Collectively, these barriers highlight the need for a coordinated, 
multifaceted approach that includes strengthening professional 
education, standardising pragmatic assessment tools and core 
outcome sets, aligning reimbursement with muscle-focused care, 

and expanding implementation research to identify effective, 
equitable and scalable strategies. Addressing these challenges is 
essential for muscle health to move from a neglected concept to a 
routine, measurable and actionable target across healthcare 
systems.

7. Muscle health and nutrition research agenda

A persistent barrier in low muscle-mass research is the chronic 
underfunding and underdevelopment of rigorous RCTs. Most 
studies remain small, heterogeneous, and insufficiently powered 
to detect clinically meaningful changes in muscle mass, compo
sition, strength, or function [92]. This underpowered evidence 
base limits our ability to establish effective nutrient recommen
dations, evaluate synergistic interventions, or translate promising 
findings into practice. Without adequately funded, well-designed 
trials, including longer-duration interventions and standardized 
outcomes, the field  continues to rely heavily on expert opinion 
rather than high-quality data. Strengthening trial design and 
sample size is therefore essential to advance evidence-based 
strategies for preventing and treating low muscle mass, and its 
related conditions such as sarcopenia, and cachexia. Only very 
recently, a framework was proposed to enhance the design, 
comparability, and translational impact of future research in 
clinical nutrition in specifically older and other clinically vulner
able populations [134]. These efforts must be co-designed with 
patients and caregivers and intentionally integrated across tran
sitions of care, ensuring that hospitalized patients receive 
continuous, coordinated support for nutrition and muscle health 
from admission through discharge and into the community.

Beyond limitations in trial funding and design, major gaps 
remain in how muscle-related endpoints are defined,  measured, 
and translated into effective nutritional interventions across care 
settings. Current evidence is fragmented across populations, dis
ease states, and methodologies, limiting comparability between 
studies and hampering implementation into routine clinical 
practice. Moreover, most nutritional trials continue to rely on 
population-based recommendations, with limited consideration 
of individual phenotypes, disease phase, or patient-centred 
outcomes.

To address these challenges, a coordinated and translational 
research agenda that spans mechanistic, clinical, methodological, 
and implementation perspectives is needed. Such an agenda 

Table 3 
Sex-specific estimated protein requirements for various populations.

Population N = Sex Age (y) Body weight (kg) Requirements 
(gram protein/d)

Requirements 
(gram protein/kg 
BW/d)

Healthy young adults 85 Male 22.2 79.1 131.4 1.66
Female 23.5 66.2 91.0 1.37

Older adults (50–70y) 101 Male 62.9 81.1 75.6 0.93
Female 61.8 67.4 60.2 0.89

Older adults (70–95y) 94 Male 77.1 79.9 47.9 0.60
Female 74.3 67.4 60.7 0.75

Obese adults 77 Male 51.1 104.3 102.2 1.10
Female 53.4 91.2 65.3 0.92

COPD 304 Male 69.2 88.9 55.1 0.62
Female 68.4 71.4 43.7 0.61

Critically ill patients 51 Male 61.4 85.6 63.8 0.75
Female 67.4 83.3 59.5 0.71

Mean net postabsorptive protein breakdown was estimated as the rate of conversion of phenylalanine to tyrosine as measured by compartmental analysis, using the 
intracellular production of tyrosine, converted to gram protein/day by using 1 mmol net protein breakdown (phenylalanine) represents about 4.13 g of protein. Data are 
from the MEDIT database. 
Abbreviations: BW = body weight; COPD = chronic obstructive pulmonary disease; d = day; kg = kilogram; MEDIT = Metabolic Dietary Intake and Turnover database; 
N = number of participants; y = years.
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should prioritise harmonisation of outcome measures, integration 
of feasible muscle assessment tools into routine care, and devel
opment of personalised nutrition and exercise strategies informed 
by biological and clinical heterogeneity. Equally important is the 
evaluation of scalable, real-world interventions and health-system 

approaches that ensure equitable access to muscle-focused care 
across diverse populations and resource settings.

8. Call to action

Advancing muscle health requires coordinated action across 
research, clinical practice, policy and education. While the pre
ceding sections have addressed methodological, nutritional and 
implementation aspects in detail, Table 4 synthesises these in
sights into a coherent research and action agenda. This framework 
highlights key priorities across mechanistic, clinical, methodo
logical and implementation domains, and provides a structured 
roadmap for future muscle health and clinical nutrition research.

Central to this agenda is the distinction between phenotypes 
and endotypes. Phenotypes describe clinically observable mani
festations, such as low muscle mass, reduced strength and 
impaired physical performance, whereas endotypes capture the 
underlying biological mechanisms driving these impairments. 
Aligning nutritional and exercise interventions with both pheno
type and endotype is essential to move beyond one-size-fits-all 
recommendations towards truly personalised strategies (Figure 1).

We therefore call on the clinical nutrition and muscle health 
communities to prioritise standardised, muscle-related outcomes 
in future trials; to adopt phenotype- and endotype-driven inter
vention strategies; and to ensure equitable inclusion across pop
ulations and care settings, as outlined in Table 3. Funding bodies 
and policymakers should support interdisciplinary, 
implementation-focused research that bridges evidence to prac
tice, while healthcare systems must embed routine muscle health 
assessment and intervention into care pathways spanning inten
sive care, hospital wards and community settings.

Through coordinated, interprofessional collaboration across 
disciplines, sectors and regions, muscle health can be repositioned 
from a neglected consequence of disease to a core determinant of 
recovery, resilience and healthy ageing.

9. Conclusions

Muscle health should be regarded as a central and measurable 
target of clinical nutrition, rather than a secondary or downstream 
outcome. Across a wide range of conditions, including critical 
illness, cancer, ageing, diabetes, and obesity, loss of muscle mass, 
strength, and physical function consistently predicts poorer sur
vival, delayed recovery, and reduced quality of life. In this review, 
we propose a conceptual framework that integrates biological, 
functional, and patient-reported outcomes, summarise disease- 
specific  evidence and remaining knowledge gaps, and identify 
cross-cutting challenges in diagnostics, therapeutics, and 
methodology.

Future nutrition research and clinical practice must move 
beyond one-size-fits-all  prescriptions towards phase-specific, 
phenotype- and endotype-driven strategies. Within such ap
proaches, protein and energy targets, exercise modalities, and 
adjunctive therapies should be tailored to individual needs, dis
ease trajectories, and care settings. Successful implementation will 
require improved standardisation of muscle-related endpoints, 
broader incorporation of patient-reported outcome measures, and 
closer alignment between clinical guidelines, reimbursement 
structures, and healthy-ageing policies.

Finally, a coordinated research agenda is needed to generate 
actionable evidence across key domains, including individualised 
protein dosing, muscle loss associated with GLP-1 and GLP-1RA/ 
GIP therapies and bariatric surgery, sarcopenic obesity, and real- 
world implementation strategies. By embracing personalised, 
interdisciplinary, and sustainable approaches, the clinical 

Table 4 
Tentative research agenda – Muscle health in clinical nutrition.

Research theme Key questions/Focus areas

1. Core outcome set for 
muscle health

• Harmonise measures of muscle mass, 
strength, function and PROMs across trials 
and care settings.

2. Phenotyping in 
routine care

• Implement tools such as BIA, ultrasound, CT, 
DXA, handgrip strength, gait speed, walking 
distance, and chair-stand tests.

• Develop simple, setting-specific  algorithms 
for ICU, ward, outpatient and primary care.

3. Critical illness & ICU 
nutrition

• Determine optimal phase-specific  protein 
and energy requirements (ICU, post-ICU, 
ward) using functional and patient-centred 
outcomes.

• Test phenotype- and endotype-driven 
nutritional strategies (e.g., highly catabolic 
vs less catabolic patients; high vs low 
inflammation, biomarker-guided (UCR)).

4. Oncology & cachexia • Evaluate combined 
nutrition–exercise–pharmacological 
interventions for cancer-related muscle loss.

• Focus on tolerance, timing around treatment 
cycles, and long-term effects on function and 
quality of life.

5. Geriatrics & healthy 
ageing

• Test scalable interventions (e.g., 
diet + resistance exercise + behaviour 
change) to prevent or reverse sarcopenia in 
community-dwelling older adults and long- 
term care residents.

6. Diabetes, obesity, 
bariatric surgery & 
GLP-1 therapy

• Quantify long-term effects of rapid weight 
loss (surgery or GLP-1 receptor agonists) on 
muscle mass, strength and function.

• Identify optimal protein intake and 
resistance-training strategies to preserve 
muscle during weight loss.

• Validate definitions  and risk-stratification 
tools for sarcopenic obesity.

7. Precision nutrition & 
individual protein 
requirements

• Develop and validate methods to estimate 
individual protein requirements (e.g., 
tracer-based approaches, modelling).

• Link phenotypes (body composition, activity) 
and endotypes (metabolic biomarkers, 
inflammation) to differential responses to 
nutrition and exercise.

8. Trial design & 
methodology

• Design adequately powered multicentre 
trials using standardised muscle-related 
endpoints and long-term follow-up.

• Explore adaptive and platform trial designs 
for nutritional interventions.

9. Implementation & 
health systems 
research

• Identify barriers and facilitators to 
integrating muscle health assessment and 
interventions into routine care pathways 
(ICU, oncology, geriatrics, diabetes clinics).

• Develop in co-creation with patients and 
professionals and test implementation stra
tegies (digital tools, decision support, care 
bundles, reimbursement models) and eval
uate effects on practice and outcomes.

10. Equity, diversity & 
global perspectives

• Ensure inclusion of under-represented 
groups (sex, age, ethnicity, socioeconomic 
status, geography).

• Adapt and evaluate muscle health 
interventions in low- and middle-income 
settings.

Abbreviations: BIA = Bioelectrical Impedance Analysis; CT = Computed Tomog
raphy; DXA = Dual-Energy X-ray Absorptiometry; GLP-1 = Glucagon-Like Peptide- 
1; ICU = Intensive Care Unit; PROMs = Patient-Reported Outcome Measures; 
UCR = Urea-to-Creatinine Ratio.
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nutrition community can help ensure that preserving and 
restoring muscle health becomes a routine, equitable, and im
pactful component of patient care.
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