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ABSTRACT
This systematic review and meta-analysis aims to identify the most frequently reported blood-based biomarkers (BBMs) in ran-
domised controlled trials (RCTs) addressing sarcopenia management, and to perform a preliminary evaluation of the effects of 
sarcopenia-specific interventions on BBMs concentrations. Medline, Embase and CENTRAL databases were searched to retrieve 
RCTs published until March 2024 (PROSPERO: CRD42024603238) on older participants with sarcopenia. Eligible studies ap-
plied a consensus definition of sarcopenia and reported BBM values before and after intervention. Meta-analyses were performed 
for BBMs reported in a minimum of 2 RCTs using a random effects model with a standardised mean difference (SMD) and a 
95% confidence interval. Among 58 RCTs on sarcopenia management, only 21 (36.2%) assessed BBMs and none involved phar-
macological interventions. Altogether, 47 distinct BBMs were identified. The most frequently reported were C-reactive protein, 
interleukin 6, tumour necrosis factor α, Insulin-like Growth Factor 1 (IGF-1). Muscle-specific BBM, follistatin, growth differ-
entiation factor 8 and 15 were assessed in only 2 RCTs. Among non-muscle-specific BBMs, IGF-1 was significantly impacted by 
the studied interventions (SMD = 0.46, CI = [0.04; 0.88]). However, this change was not significant when analyses were restricted 
to RCTs reporting significant improvement in key sarcopenia measures. Despite substantial heterogeneity, few BBMs assessed 
in sarcopenia RCTs were muscle-specific and limited biomarkers responded to interventions. There is an urgent need to adopt 
recommendations regarding muscle-specific BBMs to be assessed in sarcopenia RCTs. Developing a standardised Core Outcome 
Set for sarcopenia intervention studies would enhance the standardisation of sarcopenia RCTs and ultimately improve disease 
management.
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provided the original work is properly cited.
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1   |   Background

Sarcopenia is characterised by a progressive loss of muscle 
mass and strength, as defined by the European Working Group 
on Sarcopenia in Older People (EWGSOP2) (Cruz-Jentoft 
et al. 2019). Although sarcopenia was officially recognised as a 
disease by the International Classification of Diseases in 2016 
(Cao and Morley 2016), a universal consensus on its definition 
is still lacking, with multiple diagnostic criteria currently in use 
(Ben Kirk et al. 2024). This lack of standardisation affects epi-
demiological estimates; as an example, the reported prevalence 
of sarcopenia among individuals over 65 years old ranges from 
10% to 22%, depending on the study and diagnostic criteria used 
(Fanny Petermann-Rocha et al. 2022; Shafiee et al. 2017; Shuai 
Yuan 2023).

Beyond its important prevalence among older individuals, sarco-
penia has major consequences at both the individual and societal 
levels. Sarcopenia significantly reduces quality of life (Beaudart 
et al. 2023), increases the risk of falls, fractures, hospitalisations, 
functional decline and mortality (Beaudart et  al.  2017), while 
imposing a significant economic burden on healthcare systems 
(Beaudart et  al.  2017; Bruyere et  al.  2019). With the rapid age-
ing of the global population, the number of affected individuals 
is expected to rise dramatically in the next few years (Ethgen 
et al. 2017), making sarcopenia a major global public health issue.

Although recognised as a disease, the underlying pathophysi-
ology of sarcopenia remains poorly understood. Sarcopenia is 
known to result from an imbalance between anabolic and cata-
bolic factors regulating muscle metabolism. First, key anabolic 
regulators such as testosterone, growth hormone, and insulin-
like growth factor-1 (IGF-1) promote muscle protein synthesis 
and regeneration (William J. Kraemer et al. 2020). Second, myo-
statin and activin A act as catabolites, inhibiting muscle growth 
and increasing muscle breakdown (Esther Latres et  al.  2017). 
Yet, several unknowns remain, such as the aetiology of the dis-
ease, highlighting the need for further research in the field.

As a potential reversible disease (Shen et  al.  2023), sarcopenia 
can be managed through targeted interventions. Nowadays, ap-
proaches for the management of sarcopenia mainly include ex-
ercise, nutrition, and pharmacological treatments, although no 
approved medicinal product is currently available (Reginster 
et al. 2021; Rolland et al. 2023). Indeed, clinical research faces sig-
nificant challenges due to inconsistencies in outcome measures 
related to muscle mass, strength and physical function, making 
it difficult to compare findings across studies (Doza et al. 2024).

To improve the inter-study comparability in sarcopenia biomark-
ers measurement, an expert group gathered under the Auspices 
of the World Health Organisation Collaborating Centre for the 
Epidemiology of Musculoskeletal Conditions and Ageing in 2023. 
This group of experts from the European Society for Clinical 
and Economic Aspects of Osteoporosis, Osteoarthritis and 
Musculoskeletal Diseases (ESCEO) and the Centre Académique 
de Recherche et d’Expérimentation en Santé (CARES SPRL) 
published a consensus manuscript providing a list of biochemi-
cal markers of musculoskeletal health and ageing that should 
ideally be measured in Phase II and Phase III clinical trials eval-
uating new chemical entities for sarcopenia treatment (Ladang 

et al. 2023). Experts further categorised biomarkers into muscu-
loskeletal biochemical markers, biomarkers of the neuromuscu-
lar junction and markers of muscle turnover (Ladang et al. 2023). 
Biomarkers specific to inflammation, adipokines and hormones 
were also reported as relevant for sarcopenia (Ladang et al. 2023).

Building on this background, our work aims to investigate to 
what extent current RCTs in sarcopenia may complement this 
guidance by performing a systematic review to identify all RCTs 
published in the field of sarcopenia and reporting, first, a list 
of blood-based biomarkers (BBMs) that are currently reported 
in those RCTs and, second, by performing a preliminary anal-
ysis of the effects of proposed interventions on muscle-specific 
BBMs and other BBMs recommended by experts in their con-
sensus paper, using a meta-analytical model. Identifying reliable 
surrogate outcomes for sarcopenia will eventually ease its man-
agement while optimising resource allocation by focusing on the 
most relevant biomarkers for clinical and therapeutic applica-
tions (Curcio et al. 2016; Kwak et al. 2018; Marzetti et al. 2019).

2   |   Methods

This systematic review and meta-analysis was carried out and 
reported in accordance with the Preferred Reporting Items for 
Systematic Review and Meta-analysis requirements (PRISMA 
2020) (Page et  al.  2021) with a complete PRISMA checklist 
available in the appendix (Figure S1). A research protocol was 
established and published on PROSPERO (identification num-
ber: CRD42024603238). The review was designed according to 
the PICOs framework as follows: P (Population): Adults from 
60 years old (mean sample age was above 60 years or results 
were reported separately for persons aged 60 years or over) with 
a diagnosis of sarcopenia defined by at least a measurement of 
two key parameters of sarcopenia (e.g., muscle mass + (muscle 
strength or physical function)), I (Intervention): Intervention 
aiming at the management of patients with sarcopenia with 
any kind of intervention (nutritional, exercise, pharmacological, 
combined/other interventions), C (Comparator): intervention 
using any kind of control (usual care, standard of care, any con-
trol intervention), O (Outcome): blood-based biomarker mea-
surement, S (Study design): Randomised controlled trials.

2.1   |   Literature Search

A search strategy combining Mesh terms and keywords was 
applied, in March 2024, on MEDLINE (via Ovid), Cochrane 
Central Register of Controlled Trials (via Ovid) and Embase to 
identify all peer-reviewed and published randomised controlled 
trials (RCTs) aiming at the management of sarcopenia. Among 
these RCTs, only those reporting BBMs, with both baseline and 
follow-up values available, were included in the present project 
for the systematic literature review. The complete search strategy 
used for each database is available in the appendix (Figure S2).

In addition to the search strategy applied on bibliographic data-
bases, a manual search was also performed. The bibliographies 
of included articles were assessed to retrieve further articles and 
the references of previous systematic literature reviews pub-
lished on a similar topic were also investigated. Then, experts 
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in the field of biomarkers and sarcopenia were contacted to en-
rich the literature search with potential missing studies and grey 
literature. Research was limited to English language (Morrison 
et al. 2012). The identified articles were imported in Covidence 
Software (https://​app.​covid​ence.​org/​revie​ws/​419021) for data 
management as recommended by the Cochrane collaboration 
(Higgins et al. 2024).

2.2   |   Study Selection

The first screening of articles included in the study was based 
on the title and abstract with inclusion criteria as a screening 
decision tool. Two independent reviewers (C.B., D.S-R., Y.M.C.) 
performed the screening independently to exclude articles not 
matching the inclusion criteria. The second step for reference 
selection was the reading of the full text of each article selected 
by the first inclusion step. Disagreements during inclusion were 
resolved by consensus between the 2 reviewers or with the sup-
port of a third independent reviewer.

2.3   |   Data Extraction

Data were independently extracted by three reviewers working in 
rotating pairs (E.B., E.C., Y.M.) and coded in a standardised Excel 
file. The following information were extracted: article informa-
tion (e.g., first author, title and year of publication), population 
characteristics (e.g., description of the population and sarcope-
nia diagnosis), outcomes (e.g., biomarker measurement and re-
sults), comments, funding, conflict of interest and conclusion. 
Disagreements were resolved by consensus and when needed, 
with the help of an additional reviewer (Y.M., C.B.). When data 
were missing, authors of individual articles were contacted.

2.4   |   Data Synthesis

Because of the heterogeneity observed in the types of BBMs, 
BBMs were classified in 4 subgroups to facilitate the organisa-
tion of information, that is, (1) Muscle-specific BBMs recom-
mended by ESCEO guidelines, (2) Non-muscle-specific BBMs 
recommended by ESCEO guidelines, (3) additional muscle-
specific BBMs identified in RCTs but not recommended by 
ESCEO guidelines and finally, (4) Non-muscle-specific BBMs 
not recommended by ESCEO guidelines according to the article 
of Ladang et al. 2023.

A meta-analysis was conducted for all BBMs that fell into the 
first three categories and were reported in at least two RCTs. 
Other biomarkers were summarised using a narrative synthesis. 
The initial analysis included the maximum number of RCTs, re-
gardless of the intervention's effect on the primary endpoint. A 
second, more restrictive analysis was then performed, focusing 
only on studies that demonstrated a significant improvement in 
muscle mass and/or muscle strength. This second analysis aimed 
to identify potential changes in BBMs following interventions 
deemed effective in improving key parameters of sarcopenia.

Due to the expected heterogeneity in blood-based biomarkers 
measurements and in sarcopenia definitions across studies, 

a random effects model was chosen. The mean concentration 
and standard deviation (SD) of each biomarker were extracted 
for each study arm from the included RCTs. When data were 
missing or not expressed as mean and SD in the original paper, 
the authors were first contacted to obtain the missing or appro-
priately formatted values. If the latter data were not available, 
multiple methods were used to include all the selected articles 
in the review and to ensure exhaustivity within the collected 
data. When p-values or 95% confidence intervals were reported 
instead of SDs, the methods described in section  7.7.3 of the 
Cochrane Handbook for Systematic Review were used (Higgins 
et al. 2024). If a median and interquartile range were mentioned, 
the Mean Variance Estimation method published as ‘Estimating 
the sample mean and standard deviation (SD) from the five-
number summary and its application in meta-analysis’ (https://​
www.​math.​hkbu.​edu.​hk/​~​tongt/​​papers/​media​n2mean.​html) 
was used to back transform the value into mean and SDs. The 
difference in each biomarker concentration before and after the 
intervention was reported using a standardised mean difference 
(SMD) with a 95% confidence interval (CI) because different 
units, measurement methods and automats were used to mea-
sure biomarkers within the RCTs.

According to the theoretical principles of a meta-analysis, one 
individual cannot be found more than once in a meta-analysis. 
Therefore, in cases where RCTs included multiple intervention 
groups compared to a single control group, relevant intervention 
groups were pooled to avoid duplication of participants in the 
analysis. Additional information is available on Open Science 
Framework (OSF: https://​osf.​io/​wtv5z/​​).

Heterogeneity within the results was assessed using the 
Cochran's Q statistic and the I2 statistic. To further investigate 
heterogeneity, when a sufficient number of RCTs was available, 
subgroup analyses were performed based on the type of inter-
vention (exercise, nutritional, pharmacological and combined/
others intervention). Then, publication bias was assessed using 
a funnel plot and the Egger's regression asymmetry test in meta-
analyses containing a minimum of 6 RCTs. When the funnel 
plot and the Egger's test demonstrated some significant hetero-
geneity, the Trim and Fill statistical analysis was performed.

Finally, to test the robustness of the model when one study is 
removed at a time, a leave-one-out sensitivity analysis was per-
formed. All statistical analyses were performed on R Software 
(R-4.4.2) on RStudio with the appropriate package (meta) and 
significance was reached with a p-value ≤ 0.05.

2.5   |   Risk of Bias Assessment

RCTs' risk of bias was assessed using the Cochrane RoB2.0 tool, 
a risk-of-bias tool for RCTs, by three independent reviewers 
working in rotating pairs (Y.M.C., S.V.H., E.C.) with consen-
sus or the intervention of a third party in case of disagreement 
(Sterne et al. 2019).

The Cochrane RoB2.0 tool assesses the following 5 domains: 
randomisation process, deviation from intended interventions, 
missing outcome data, measurement of the outcome and selec-
tion of the reported results. A judgement per domain and an 
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overall judgement of risk of bias was provided for each included 
article and studies were rated as having low risk of bias, some 
concerns, or high risk of bias. When a study did not publish a 
protocol, domain 5 was automatically rated as ‘some concerns’. 
Also, when a study was not double-blinded, domain 2 was auto-
matically rated as ‘some concerns’ as well.

3   |   Results

3.1   |   Literature Search and Studies Characteristics

A total of 3985 references were identified from the electronic 
databases. After removing duplicates, 2743 references were as-
sessed for eligibility based on titles/abstracts and 147 were fur-
ther assessed based on full texts. Fifty-eight RCTs aiming at the 
management of sarcopenia were identified. Studies excluded 
during the full-text screening stage are available in OSF along-
side their reason of exclusion. From these 58 studies, only 21 
RCTs (36.2%) measured at least one BBM (Flowchart of study se-
lection available in Figure 1). The characteristics of the 21 RCTs 
finally included in the present systematic review are reported 
in Table 1.

The 21 RCTs measuring at least one BBM, published between 
November 2016 and March 2024, gathered a total of 1902 par-
ticipants with sarcopenia, 936 individuals in the control groups 
and 966 individuals in the intervention groups. The median of 

sample included in the selected RCTs equals 53 individuals (in-
terquartile range [IQR] = 34, 90) and the median of the length of 
intervention is 12 weeks (IQR = 8, 13). Regarding definitions of 
sarcopenia, the majority of the studies used the AWGS definition 
(7 RCTs, 33.3%), the EWGSOP criteria (4 RCTs, 19.0%) or the 
criteria of the EWGSOP2 (2 RCTs, 9.5%).

Regarding types of intervention, 6 RCTs (28.6%) used a nutri-
tional intervention, 6 (28.6%) used an exercise intervention and 
9 (42.9%) used a combination of both or another type of interven-
tion. None were pharmacological interventions.

A median of 2 primary endpoints was reported per RCT (range 
1–9 primary endpoints per study). BBMs were assessed as one 
of the primary endpoints in 14 RCTs and as a secondary end-
point in the rest of the RCTs. Only 1 RCT reported specifically 
measuring BBMs for safety (Yang et  al.  2023) and 1 RCT re-
ported measuring some BBMs as exploratory measurements 
(Rondanelli et al. 2020).

Ten out of 21 RCTs (47.7%) included in this systematic review 
could not demonstrate any significant change in all the primary 
endpoints following the proposed interventions.

Regarding risk of bias (RoB) assessment, 12 RCTs were scored 
as ‘low risk’ of bias studies, 6 of the RCTs were categorised with 
‘some concerns regarding the risk of bias’ and 3 RCTs as high 
risk of bias. Details of assessment are available in Figure S3.

FIGURE 1    |    Preferred Reporting Items for Systematic Reviews and Meta-Analyses, PRISMA 2020 Flowchart.

PRISMA 2020 flow diagram for new systema�c reviews which included searches of databases, registers and other sources
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Duplicate records removed (n =
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Congress abstract (n = 23)
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3.2   |   Frequency of Biomarkers Reporting

A total of 47 different BBMs were measured across the 21 RCTs 
with a median of 4 BBMs per study (Table 2). The most frequently 
reported BBMs were c-reactive protein (CRP) (8/21 RCTs, 38.1%), 
interleukin-6 (IL-6) (7/21 RCTs, 33.3%), tumour necrosis factor 
α (TNF-α) (6/21 RCTs, 28.6%), 25-(OH)-vitamin D (6/21 RCTs, 
28.6%), insulin growth factor-1 (IGF-1) (5/21 RCTs, 23.8%), albu-
min (5/21 RCTs, 23.8%), fasting blood glucose (4/21 RCTs, 19.0%) 
and finally, alanine aminotransferase (ALAT), total cholesterol, 
creatinine and IL-10 (3/21 RCTs each, 14.3%). Aminotransferases 
(ASAT), serum calcium, follistatin, growth differentiation fac-
tor-15 (GDF-15), GDF-8, high density lipoproteins (HDL), low 
density lipoproteins (LDL), IL-1 receptor antagonist (IL-1RA), 
IL-8, insulin, triglycerides and C-terminal agrin fragment (CAF) 
were all assessed in 2 RCTs (9.5%). Within the different RCTs, the 
biomarkers were measured with different methods and automats 
leading to biomarker levels expressed in different units and with 
different degrees of sensitivity, specificity and accuracy.

Only two out of the 21 RCTs (9.5%) (Rezaei et  al.  2024; Seo 
et  al.  2021) measured one of the muscle-specific biomarkers 
recommended by the ESCEO guidelines (Ladang et  al.  2023), 
that is, GDF-15, GDF-8 and follistatin. None of the other rec-
ommended muscle-specific biomarkers were measured in any 
of the included RCTs (Table 3).

3.3   |   Impact of Intervention on BBMs 
Concentration

The impact of each RCT interventions on BBMs concentration is 
presented in Table 2.

3.3.1   |   Muscle-Specific BBMs Recommended by ESCEO 
Guidelines (Follistatin, GDF-8, GDF-15)

From the list of muscle-specific BBMs recommended by ESCEO 
guidelines, only follistatin, GDF-8 and GDF-15 were currently 
measured in RCTs aiming at the management of sarcopenia, each 
of them being reported by 2 RCTs using exercises as intervention.

Using a meta-analysis model, none of these three BBMs were 
impacted by the interventions (Figure 2a–c).

3.3.2   |   Non-Muscle-Specific BBMs Recommended by 
ESCEO Guidelines (CRP, IL-6, TNF-α, IGF-1)

Among the non-muscle-specific BBMs recommended by ESCEO 
guidelines Ladang et  al.  2023, CRP was measured in 8 RCTs, 
IL-6 in 7 RCTs, TNF-α in 6 RCTs and IGF-1 in 5 RCTs. No signif-
icant effect of intervention was found on IL-6, CRP and TNFα 
(Figure 3a–c).

A moderate significant effect of RCTs interventions was ob-
served on IGF-1 concentration, with a SMD of 0.46 (95% 
CI = 0.04; 0.88, p = 0.0326) (Figure  3d). The model was as-
sociated with significant heterogeneity (I2 = 70.3%, Q test p-
value = 0.0092). The leave-one out analysis of IGF-1 showed 

that the omission of the study of de Sa Souza et al.  (2022) (de 
Sa Souza et  al.  2022) increased the general SMD (SMD = 0.56 
vs. SMD = 0.46) (Figure S4). Subgroup analyses did not reveal 
any difference regarding the type of interventions used on IGF-1 
concentration (Figure  S5). No publication bias was associated 
with the model (Figure S6).

3.3.3   |   Muscle-Specific BBMs Not Recommended by 
ESCEO Guidelines (CAF)

Besides the list of muscle-specific BBMs recommended within 
ESCEO guidelines (Ladang et  al.  2023), one other muscle-
specific BBM was identified in the panel of RCTs, namely CAF 
(n = 2). This BBM was not impacted by the interventions pro-
posed (Figure 4).

3.3.4   |   Non-muscle-specific BBMs not recommended 
by ESCEO guidelines (ALAT, albumin, ASAT, calcium, 
cholesterol, creatinine, fasting blood glucose, HDL, 
IL-1RA, IL-8, IL-10, insulin, LDL, triglycerides, 
25-(OH)-Vitamin D)

25-(OH)-Vitamin D concentration was measured in 6 RCTs; 3 
of them were nutritional interventions (Cramer et al. 2016; Hill 
et al. 2019; Nasimi et al. 2021) and the 3 others had combined 
interventions (Bo et  al.  2019; Chiang et  al.  2021; Rondanelli 
et al. 2020). A general augmentation of 25-(OH)-Vitamin D was 
observed in the RCTs, but due to the supplementation of partici-
pants in vitamin D during RCTs, this BBM was not studied in a 
meta-analytical model. The same phenomenon was observed for 
calcium, reported in 2 RCTs.

Albumin was quantified in 5 RCTs, 2 with nutritional interven-
tions (Bo et al. 2019; Yoshimura et al. 2019) and 3 others with 
combined interventions (Rondanelli et  al.  2020; Rondanelli 
et  al.  2018; Takeuchi et  al.  2019), with contradictory results 
within RCTs. Similarly, fasting blood glucose was measured in 
4 combined interventions RCTs with contradictory results con-
cerning fasting blood glucose concentrations.

Cholesterol, creatinine and ALAT concentrations were assessed 
in 3 RCTs. For cholesterol, 2 RCTs involved combined interven-
tions (Rondanelli et al. 2020; Yang et al. 2023) and 1 involved 
a nutritional intervention (Bo et al. 2019) while all the 3 RCTs 
in which ALAT and creatinine were measured were combined 
intervention studies (Chiang et al. 2021; Rondanelli et al. 2020, 
2022). Cholesterol and ALAT concentrations generally increased 
following the interventions whereas results were inconsistent 
across the RCTs for creatinine.

HDL, LDL, and triglycerides were assessed in 2 RCTs; one was 
a nutritional intervention (Bo et al. 2019) and the other was a 
combined intervention (Yang et  al.  2023). LDL concentration 
was generally increased after the interventions, while the results 
were contradictory within the RCTs for HDL and triglycerides 
concentrations.

IL-1Ra, IL-8, IL-10, insulin, ASAT were evaluated in 2 RCTs. 
Results within RCTs were contradictory for ASAT, IL-10, and 
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TABLE 2    |    Table of biomarkers studied in the included articles and the impact of the RCTs interventions on the concentrations of biomarkers.

Biomarkers

Frequency of blood-
based biomarker 

reporting References

Biomarker evolution per 
clinical trial arm

CG IG

Muscle-specific BBM recommended by ESCEO

Follistatin 2 (9.5%) Seo et al. 2021; 
Rezaei et al. 2024

↔
↔

↑
↑

GDF-8 (myostatin) 2 (9.5%) Seo et al. 2021; 
Rezaei et al. 2024

↔
↔

↔
↓

GDF-15 2 (9.5%) Seo et al. 2021; 
Rezaei et al. 2024

↔
↑

↔
↑

Non-muscle-specific BBM recommended by ESCEO

Cortisol 1 (4.8%) de Sa Souza et al. 2022 ↔ ↔

CRP 8 (38.1%) Chen et al. 2018; Rondanelli 
et al. 2018; Bo et al. 2019; 

Liberman et al. 2019; 
Rondanelli et al. 2020; 

Chiang et al. 2021; 
Nasimi et al. 2021; 

Rondanelli et al. 2022

↑
↔
↔
↑
↔
↔
↑
↔

↓
↔
↔
↔
↓

Milk: ↔; Soy milk: ↔
↔
↓

IGF-1 5 (23.8%) Bo et al. 2019; Hill 
et al. 2019; Chiang 
et al. 2021; Nasimi 
et al. 2021; de Sa 
Souza et al. 2022

↔
↔
↔
↔
↔

↑
↑

Milk: ↔; Soy milk: ↔
↑
↔

IL-6 7 (33.3%) Chen et al. 2018; Bo 
et al. 2019; Liberman 

et al. 2019; Soares Mendes 
Damasceno et al. 2019; 

da Cruz Alves et al. 2022; 
de Sa Souza et al. 2022; 

Yuenyongchaiwat et al. 2023

↔
↔
↔

G2: ↔; G3: ↔
↔
↔

No SP: ↔; Cont: ↔

↔
↔
↔

G1: ↔
↔
↔
↔

Testosterone 1 (4.8%) de Sa Souza et al. 2022 ↔ ↔

TNF-α 6 (28.6%) Chen et al. 2018; Bo 
et al. 2019; Soares Mendes 

Damasceno et al. 2019 ; 
da Cruz Alves et al. 2022; 

de Sa Souza et al. 2022; 
Yuenyongchaiwat et al. 2023

↔
↔

G2: ↔; G3: ↔
↔
↔

No SP: ↔; Cont: ↔

↔
↔

G1: ↔
↔
↔
↓

Muscle-specific BBM not recommended by ESCEO

Activin A 1 (4.8%) Seo et al. 2021 ↔ ↔

CAF 2 (9.5%) Monti et al. 2023; 
Rezaei et al. 2024

↑
↔

↔
↑

Myf5 1 (4.8%) Moghadam et al. 2020 ↔ R + E ↑; E + R↑

Myog 1 (4.8%) Moghadam et al. 2020 ↔ R + E ↑; E + R↑

Pax3 1 (4.8%) Moghadam et al. 2020 ↔ R + E ↑; E + R↑

Pax7 1 (4.8%) Moghadam et al. 2020 ↔ R + E ↑; E + R↑

(Continues)
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Biomarkers

Frequency of blood-
based biomarker 

reporting References

Biomarker evolution per 
clinical trial arm

CG IG

Non-muscle-specific BBM not recommended by ESCEO

25-(OH)-vitamin D 6 (28.6%) Cramer et al. 2016; Bo 
et al. 2019; Hill et al. 2019; 

Rondanelli et al. 2020; 
Chiang et al. 2021; 
Nasimi et al. 2021

↑
↓
↔
↔
↔
↔

↑
↑
↑
↑

Milk: ↔; Soy milk: ↔
↑

ALAT 3 (14.3%) Rondanelli et al. 2020; 
Chiang et al. 2021; 

Rondanelli et al. 2022

N/R
↔
↔

N/R
Milk: ↔; Soy milk: ↔

↑

Albumin 5 (23.8%) Rondanelli et al. 2018; 
Bo et al. 2019; Takeuchi 
et al. 2019; Yoshimura 
et al. 2019; Rondanelli 

et al. 2020

↔
↓
↔
↔
↓

M: ↓; eAAM: ↓
↓
↔
↔
↑

ASAT 2 (9.5%) Rondanelli et al. 2020; 
Rondanelli et al. 2022

N/R
↔

N/R
↔

Calcium 2 (9.5%) Hill et al. 2019; 
Rondanelli et al. 2020

↔
N/R

↑
N/R

Creatinine 3 (14.3%) Rondanelli et al. 2020; 
Chiang et al. 2021; 

Rondanelli et al. 2022

↔
↔
↔

↑
Milk: ↔; Soy milk: ↔

↔

CTx 1 (4.8%) Hill et al. 2019 ↔ ↓

Fasting blood glucose 3 (14.3%) Rondanelli et al. 2022; 
Chiang et al. 2021; 

Yang et al. 2023

↔
↔
↔

↔
Milk: ↔; Soy milk: ↔

↔

GGT 1 (4.8%) Rondanelli et al. 2022 ↔ ↔

GH 1 (4.8%) de Sa Souza et al. 2022 ↔ ↔

HbA1c 1 (4.8%) Chiang et al. 2021 ↔ Milk: ↔; Soy milk: ↔

HDL 2 (9.5%) Bo et al. 2019; Yang 
et al. 2023

↔
↔

↔
↔

IL-10 3 (14.3%) Soares Mendes Damasceno 
et al. 2019; da Cruz 

Alves et al. 2022; de Sa 
Souza et al. 2022

G2: ↓; G3: ↔
↔
↔

G1: ↔
↔
↑

IL-1β 1 (4.8%) da Cruz Alves et al. 2022 ↔ ↔

IL-1 RA 2 (9.5%) Liberman et al.2019; de 
Sa Souza et al. 2022

↔
↔

↔
↑

IL-2 1 (4.8%) Bo et al. 2019 ↑ ↔

IL-8 2 (9.5%) Liberman et al. 2019; da 
Cruz Alves et al. 2022

↔
↔

↔
↔

IL-18 1 (4.8%) Yang et al. 2023 ↔ ↓

Insulin 2 (9.5%) Chiang et al. 2021; 
Nasimi et al. 2021

↔
↔

Milk: ↔; Soy milk: ↔
↔

(Continues)

TABLE 2    |    (Continued)
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IL-1Ra, while insulin concentration was generally increased 
and IL-8 concentration was decreased after the interventions.

3.4   |   Evolution of BBMs in RCTs That 
Demonstrated a Significant Improvement of Key 
Measures of Sarcopenia

Among the 21 RCTs included in this meta-analysis, 14 reported 
significant improvements in muscle mass and/or muscle strength 
following intervention. Looking specifically at this panel of stud-
ies, CRP and 25-(OH)-vitamin D were significantly impacted in 3 
of these RCTs. Albumin and follistatin concentrations were im-
pacted in two of the latter RCTs and GDF-8, GDF-15, CAF, TNF-
Related Weak Inducer of Apoptosis (TWEAK), myogenic factor 
(Myf) 5, myogenin (Myog), paired box (Pax) 3, Pax 7, IL-1RA, cre-
atinine, IL-2, LDL cholesterol, vitamin E and IGF-1 in one of them. 
The detailed assessment of BBMs evolution in studies that demon-
strated a significant improvement in key measures of sarcopenia is 
available in Table 3.

A meta-analysis including only the RCTs demonstrating a sig-
nificant improvement in muscle mass and/or muscle strength 

was performed for BBMs recommended by ESCEO (Ladang 
et  al.  2023); (Figures  S7 and S8). Meta-analysis models were 
performed for IL-6, CRP, TNF-α and IGF-1, and all failed 
demonstrating any significant effect of interventions specific to 
sarcopenia.

4   |   Discussion

Our systematic review identified 58 studies aiming at the man-
agement of sarcopenia. The proposed interventions in these 
RCTs were mainly exercise-based interventions and nutrition-
based interventions. Among these 58 studies, only 21 RCTs re-
ported a measurement of BBM with no studies evaluating new 
chemical entities for sarcopenia treatment. Among the 21 RCTs, 
47 distinct BBMs were measured at both baseline and follow-up, 
with a median of four biomarkers assessed per study. The im-
portant number of different BBMs identified in this review 
confirms the heterogeneity among sarcopenia outcomes high-
lighted by the paper of Van Heden et al. 2025 in which 253 dif-
ferent outcomes were identified for the diagnosis of sarcopenia. 
This systematic review reinforces the need for a harmonised 
Core Outcome Set for sarcopenia.

Biomarkers

Frequency of blood-
based biomarker 

reporting References

Biomarker evolution per 
clinical trial arm

CG IG

LDL 2 (9.5%) Bo et al. 2019; Yang 
et al. 2023

↔
↔

↔
↔

Malondialdehyde 1 (4.8%) Nasimi et al. 2021 ↓ ↓

NfL 1 (4.8%) Monti et al. 2023 ↔ ↔

Osteocalcin 1 (4.8%) Hill et al. 2019 ↔ ↔

P1NP 1 (4.8%) Hill et al. 2019 ↔ ↔

Prealbumin 1 (4.8%) Chiang et al. 2021 ↓ Milk: ↓; Soy milk: ↑

PTH 1 (4.8%) Hill et al. 2019 ↔ ↔

sTNFR 1 (4.8%) Liberman et al. 2019 ↔ ↔

Total cholesterol 3 (14.3%) Bo et al. 2019; Rondanelli 
et al. 2020; Yang et al. 2023

↔
↔
↔

↑
↔
↔

Total protein 1 (4.8%) Bo et al. 2019 ↔ ↔

Triglycerides 2 (9.5%) Bo et al. 2019; Yang 
et al. 2023

↔
↔

↓
↔

TWEAK 1 (4.8%) Yang et al. 2023 ↔ ↓

Vitamin E 1 (4.8%) Bo et al. 2019 ↑ ↑

Note: ↑ Statistically significant increase in the study arm; ↓ statistically significant decrease in the study arm; ↔ non-statistically significant effect within study arm.
Abbreviations: 25-(OH)-vitamin D, 25-hydroxy vitamin D; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; CAF, cancer-associated fibroblast; 
Cont, control; CRP, C-reactive protein; CTx, C-terminal telopeptide; E + R, endurance training followed by resistance training; G1, group 1; G2, group 2; G3, group 
3; GDF-15, growth differentiation factor 15; GDF-8, growth differentiation factor 8 (myostatin); GGT, gamma-glutamyl transferase; GH, growth hormone; HbA1c, 
haemoglobin A1c; HDL, high-density lipoprotein; IGF-1, insulin-like growth factor 1; IL, interleukin; IL-1 RA, interleukin-1 receptor antagonist; LD, low-density 
lipoprotein; Myf5, myogenic factor 5; Myog, myogenin; N/R, not reported; NfL, neurofilament light chain; No SP, no sarcopenia; P1NP, procollagen type 1 N-terminal 
propeptide; Pax, paired box; PTH, parathyroid hormone; R + E, resistance training followed by endurance training; sTNFR, soluble tumour necrosis factor receptor; 
TNF-α, tumour necrosis factor α; TWEAK, TNF-related weak inducer of apoptosis.

TABLE 2    |    (Continued)
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In addition to the marked heterogeneity in the numbers of BBMs 
identified, an important heterogeneity was also observed in the 
biological relevance to muscle physiology of the BBMs. Only 

7 of the 21 trials (33.3%) included at least one muscle-specific 
biomarker. For instance, creatinine levels were assessed by 
Rondanelli et  al.  (2020) and Chiang et  al.  (2021), while CAF 

FIGURE 2    |    General Forest Plots of the muscle-specific BBM recommended by the ESCEO. Forest plot of (a) follistatin; (b) GDF-8, Growth 
Differentiation Factor 8; (c) GDF-15, Growth Differentiation Factor 15.

FIGURE 3    |    General Forest Plots of the non-muscle-specific BBM recommended by the ESCEO. Forest plot of (a) IL-6, interleukin 6; (b) CRP, C-
reactive protein; (c) TNF-α, tumour necrosis factor α; (d) IGF-1, insulin-like growth factor 1.

FIGURE 4    |    General Forest Plot of the muscle-specific BBM not recommended by the ESCEO. Forest plot of CAF, C-terminal agrin fragment.
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was reported in the studies of Monti et  al.  (2023) and Rezaei 
et al.  (2024). Follistatin, GDF-8, and GDF-15 were each inves-
tigated in studies by Rezaei et al.  (2024) and Seo et al.  (2021). 
Additionally, Hill et  al.  (2019) assessed PINP, and Moghadam 
et  al.  (2020) examined muscle markers such as Myf5, Myog, 
Pax3 and Pax7. The remaining trials (66.7%) focused exclusively 
on non-muscle-specific biomarkers.

Despite the wide array of BBMs assessed across studies, none 
of the included studies align with the recommendations re-
cently issued by the CARES SPRL (Ladang et al. 2023). These 
recommendations propose a minimum panel of biomarkers to 
standardise outcome reporting in sarcopenia trials, distinguish-
ing between muscle-specific BBMs (e.g., myostatin–follistatin, 
BDNF, PIIINP and the Sarcopenia Index) and markers of sys-
temic pathophysiological processes (e.g., IGF-I, DHEA, corti-
sol, CRP, IL-6 and TNF-α) (Ladang et al. 2023; Woodman and 
Mangoni 2023). The BBMs proposed by the ESCEO and CARES 
SPRL were not all retrieved in the literature published when the 
guidelines were issued. The lack of adherence to these guidelines 
observed in our analysis was expected as many of the included 
RCTs were conducted before the publication of these recom-
mendations. Secondly, the guidelines were specifically designed 
for RCTs evaluating new chemical entities for the treatment of 
sarcopenia, whereas none of the RCTs included in our analysis 
investigated such interventions.

In the present meta-analysis, we also conducted a preliminary 
investigation into the effect of interventions on the changes 
in BBMs. For this purpose, BBMs were classified as either 
muscle-specific or non-muscle-specific BBMs, in accordance 
with ESCEO guideline classifications (Ladang et  al.  (2023)). 
The muscle-specific BBMs recommended by the ESCEO 
guidelines that were included in this meta-analysis are GDF-
15, GDF-8 and follistatin. Based on data availability, follista-
tin and GDF-8 were included separately in this group even if 
the ESCEO recommendations advise to measure them as a 
couple. The meta-analysis performed for each of these BBMs 
did not demonstrate a significant impact of sarcopenia inter-
ventions on their concentrations in this preliminary investi-
gation. Among the non-muscle-specific BBMs recommended 
by the ESCEO guidelines, IGF-1, CRP, IL-6 and TNF-α were 
included in this meta-analysis. IGF-1 concentration was sig-
nificantly impacted by sarcopenia interventions while CRP, 
IL-6 and TNF-α concentrations were not. These results are in 
general contradiction with other papers assessing inflamma-
tion BBMs in sarcopenia (Bano et al. 2017; Picca et al. 2022). 
However, unlike this study, in the papers of Bano et al. (2017) 
and of Picca et al. (2022), the biomarkers concentrations were 
statistically different between individuals with sarcopenia 
and controls without sarcopenia. Several other BBMs recom-
mended by ESCEO were not assessed in any of the included 
RCTs, including adiponectin, leptin, dehydroepiandrosterone 
sulphate (DHEAS), and cortisol, whereas testosterone was 
measured in only one RCT (de Sa Souza et al. 2022). Similarly, 
no RCT in our analysis measured the amino terminal peptide 
of type III procollagen (PIIINP), brain-derived neurotrophic 
factor (BDNF) or the sarcopenia index (Ladang et  al.  2023). 
This highlights the need to further assess these BBMs in sar-
copenia RCTs.

Different factors should be taken into account when interpreting 
the results of the meta-analyses. Indeed, some meta-analytical 
models may lack statistical power due to the limited number of 
included studies and, consequently, the small number of par-
ticipants. Consequently, the quality of the included RCTs was 
considered as some concerns to high risk of bias in 9 out of 21 
RCTs. Yet, sensitivity analyses demonstrated that the RCTs of 
poorer quality were not driving the meta-analytical models. In 
addition, high heterogeneity was observed across models, which 
may be attributed to variations in intervention protocols, differ-
ences in BBM measurement methods, the differences in RCTs' 
duration, and disparities in the efficacy of the interventions on 
sarcopenia-related health outcomes. Moreover, the large num-
ber of primary endpoints reported per study further complicated 
the interpretation of BBM-specific effects.

Nevertheless, to further explore this aspect, we conducted a sec-
ondary analysis that restricted the body of evidence to studies 
demonstrating significant improvements in key clinical param-
eters of sarcopenia, namely, those showing at least a significant 
improvement in muscle strength or muscle mass. Among the 14 
RCTs reporting improvements in muscle mass and/or strength, 
several biomarkers displayed distinct patterns. Concentrations of 
GDF-8, TWEAK, CRP and IL-2 were found to decrease following 
intervention, while GDF-15, follistatin, CAF, Myf5, Myog, Pax3, 
Pax7, 25-(OH)-vitamin D, LDL, vitamin E and IGF-1 increased 
in association with clinical improvements. Still, the increase in 
25-(OH)-vitamin D concentration may only reflect an effective 
supplementation of vitamin D in RCTs' participants. Findings 
regarding albumin were inconsistent. Finally, when perform-
ing a meta-analysis of ESCEO-recommended BBMs within 
RCTs that demonstrated significant improvement in muscle 
mass and/or muscle strength, IL-6, CRP, TNF-α remained un-
affected by interventions specific to sarcopenia. Furthermore, 
although IGF-1 showed significant response when considering 
all included RCTs, this effect was no longer significant when the 
analysis was restricted to only those reporting improvements in 
muscle mass and/or muscle strength. This difference might be 
explained by the loss of RCTs with large sample sizes when in-
cluding only RCTs that demonstrated significant improvement 
in muscle mass and/or muscle strength in the meta-analysis. 
Further evidence is needed to better understand the diagnostic 
accuracy of IGF-1 for sarcopenia.

An important aspect of this work to take into account is the 
fact that it was often unclear whether certain biomarkers were 
measured for safety or efficacy purposes. Among the RCTs in-
cluded in this review, only the study of Yang et al. (2023) explic-
itly reported the use of biomarkers for safety monitoring. This 
lack of clarity is particularly notable for renal and hepatic bio-
markers, which are generally expected to remain stable when 
measured for safety purposes. Creatinine serves as a pertinent 
example. While it is conventionally used to assess renal function 
in clinical settings, it may also be used as a marker of muscle 
mass in the context of sarcopenia. This highlights the challenge 
of distinguishing safety and efficacy biomarkers in studies on 
sarcopenia, especially in non-pharmacological interventions. 
Furthermore, none of the included RCTs evaluated pharma-
cological interventions, which may explain the absence of bio-
markers classification related to safety outcomes.
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5   |   Limitations

This study presents several methodological limitations that 
must be acknowledged. First, as already discussed, a substantial 
heterogeneity was observed in the measurement of blood-based 
biomarkers across studies, arising from differences in assay tech-
niques, analytical platforms, reporting units and RCTs duration. 
To address this, we applied SMD in our meta-analytical models 
to facilitate cross-study comparisons. A GRADE analysis assess-
ment was not feasible due to the low number of RCTs included 
in the meta-analyses, which applies also for publication bias 
assessment. Second, the interpretation of biomarker responsive-
ness is complicated by the fact that many included RCTs failed 
to demonstrate significant improvements in their primary clin-
ical endpoints. Moreover, biomarkers were frequently reported 
as secondary outcomes, raising concerns about whether these 
trials were sufficiently powered to detect changes in biomarker 
levels. Although surrogate endpoints should ideally be included 
in adequately powered analyses, the limited reporting and vari-
ability in BBM measurement likely undermined statistical sen-
sitivity. Furthermore, it appears to be a considerable challenge 
to demonstrate a significant change in key measures of sarco-
penia with a median length of RCTs intervention of 12 weeks. 
No subgroup analyses were performed on this parameter. Lastly, 
our analyses did not establish the responsiveness of BBMs to 
sarcopenia-targeted interventions, which may reflect a combi-
nation of inadequate biomarker selection, heterogeneous study 
designs or limited efficacy of the interventions themselves.

6   |   Conclusions

This systematic review and meta-analysis underscore the limita-
tions in the use of BBMs in current sarcopenia research. None of 
the evaluated biomarkers demonstrated consistent sensitivity or 
specificity sufficient to support their routine use as surrogate ef-
ficacy endpoints or as a reliable outcome measure or diagnostic 
tool for sarcopenia (Beaudart et al. 2025). We therefore impor-
tantly advocate for further well-designed RCTs incorporating 
muscle-specific biomarkers to refine our understanding of their 
relevance and ultimately improve biomarker-driven approaches 
in the management of sarcopenia. Our findings emphasise the 
need to operationalise existing biomarkers guidelines and de-
velop a harmonised Core Outcome Set (COS) for sarcopenia 
intervention trials. Such standardisation efforts are essential to 
enhance inter-study comparability, support regulatory align-
ment and facilitate the identification of robust biomarker sig-
natures predictive of meaningful clinical outcomes. Ultimately, 
improving the methodological rigour in biomarker research will 
accelerate the development of targeted interventions and con-
tribute to more effective and resource-efficient management of 
sarcopenia.
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