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Background: Muscle mass depletion and functional decline in hemodialysis (HD) patients are associated
with an increased risk of mortality. This study systematically assessed the effectiveness of nutritional
and exercise interventions on muscle status in HD patients.

Methods: We conducted a network meta-analysis of 89 randomized controlled trials retrieved from four

KeJ’W"rfkf . databases, including 6,128 HD patients across 26 intervention arms. Data on muscle mass, strength,
Hemodialysis function, and quality of life were extracted from primary studies. Results were presented as mean
g}?;gl;;n difference (MD) with 95 % credible interval (Crl).

Skeletal muscle Results: Combined aerobic exercise (AE) and resistance exercise (RE) significantly improved 6-min walk
Sarcopenia test (6BMWT) (MD = 52.2 m; 95 % Crl, 31.7-73.0). Multi-modality exercise (MME) performed best in

enhancing the handgrip strength (MD = 9.1 kg; 95%Crl, 1.8-16.4), also showed potential superiority over
AE + RE in improving 6MWT and 30STS performance. Protein oral nutritional supplements positively
affected lean body mass (MD = 0.3 kg; 95%Crl, 0.1-0.45).
Conclusion: Our research validates the role of AE + RE in improving muscle function and reveals the
potential of MME to surpass AE + RE in enhancing muscle strength and function. Protein supplemen-
tation may improve muscle mass. These findings support clinical decisions regarding effective exercise
and nutritional interventions for HD patients and provide a foundation for exploring optimal combi-
nation strategies. Larger-scale, high-quality studies are needed in the future to expand and strengthen
our conclusions.
© 2025 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights are reserved,
including those for text and data mining, Al training, and similar technologies.

1. Introduction

End-stage renal disease represents a critical phase of kidney
failure characterized by near or complete loss of renal function. At
this stage, patients require renal replacement therapy, such as
dialysis or kidney transplantation, to sustain life. The increasing
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prevalence of end-stage renal disease poses a substantial burden
on public health systems worldwide [1-4]. Among renal replace-
ment therapy options, hemodialysis (HD) emerges as the pre-
dominant method, with approximately 90 % of dialysis patients
receiving this treatment [5,6]. Despite significant advancements in
dialysis techniques and patient care, individuals undergoing HD
continue to face a substantially higher mortality risk compared to
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the general population [7]. Several factors contribute to these
suboptimal outcomes, including advanced age, comorbidities,
malnutrition, inadequate dialysis, muscle wasting, and diminished
physical function [8-10].

Skeletal muscle plays a pivotal role in metabolism, facilitating
glucose uptake and storage while directly influencing physical
performance. Sarcopenia, a musculoskeletal condition character-
ized by decreased muscle mass accompanied by reduced muscle
strength and/or function, has gained recognition in recent years
[11]. Initially described as an age-related phenomenon, sarcopenia
is now understood as a multifactorial condition influenced by
sociodemographic, behavioral, and disease-related factors [12,13].
The prevalence of sarcopenia is notably elevated among chronic
kidney disease patients undergoing HD, primarily due to meta-
bolic disturbances and systemic inflammation associated with
kidney failure [14-17]. As reported, in the general population
without CKD, the prevalence of sarcopenia varying form 10-27 %,
and the which was 24.5 % (95%CI 20.9-28.3) among CKD patients,
and even higher for patients on dialysis (26.2 %, 95 % CI: 16.6-37.1)
[16]. Contributory factors include nutritional deficiencies, insulin
resistance, diabetic nephropathy, and disruptions in acid-base and
electrolyte balance [18]. The inflammatory response involves
persistent pro-inflammatory cytokine release and oxidative stress-
induced damage [19]. Moreover, the dialysis process itself may
exacerbate protein catabolism and suppress protein synthesis,
potentially leading to progressive muscle mass loss [20], which
partially affects muscle strength and physical function. Impor-
tantly, muscle strength and function may decline before muscle
mass loss occurs [21], indicating that muscle dysfunction can also
exist independently of muscle mass loss. Notably, studies have
demonstrated a significant association between diminished mus-
cle strength, impaired physical function in HD patients, and
increased mortality risk [13,17,22,23]. For example, sarcopenia was
related to a higher mortality risk [HR 1.82 (95 % CI 1.38-2.39)] [17].
Moreover, sarcopenia has been shown to negatively impact quality
of life, as muscle wasting impairs physical function and reduces
independence. Improvements in muscle status may help reduce
fatigue, thereby enhancing quality of life, which reflects the
patient-perceived benefit of the intervention.

An observational study reported that rehabilitation in-
terventions for patients with chronic kidney disease (including
dialysis and non-dialysis patients), particularly those who target-
ing improved exercise capacity, may significantly reduce
morbidity and mortality risks [24]. A substantial body of research
has investigated the impact of exercise training and nutritional
supplementation on various aspects of physical health, including
muscle mass, strength, function, physical activity levels, and
nutritional status [25]. These studies indicate that nutritional in-
terventions and exercise regimens have the potential to enhance
not only nutritional intake but also muscle mass and overall
physical capacity in patients with advanced chronic kidney disease
or those undergoing dialysis [25].

Despite recognition of the potential benefits of nutritional and
exercise interventions in mitigating muscle mass loss and
improving muscle function in HD patients, a consensus on the
most efficacious intervention strategies remains elusive due to the
absence of head-to-head comparisons on different intervention
approaches. This lack of agreement has resulted in a discrepancy
between the research community's understanding of these
methods' benefits in treating sarcopenia and its associated
symptoms in HD patients and the systematic implementation of
these strategies in clinical practice. Network meta-analysis is a
method integrating both direct and indirect evidence to generate a
comprehensive ranking of interventions, and also produce
probability-based rankings of interventions effectiveness to
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inform clinical decision-making. Therefore, this study aimed on
comprehensively evaluating the effects of various nutritional and
exercise interventions on muscle mass, strength, function, and
quality of life among HD patients, comparing these interventions
both with usual care and with each other via network meta-
analysis.

2. Methods

We conducted our network meta-analysis in accordance with
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) extension guidelines for network meta-
analysis reporting [26]. Full details are available in
Supplementary Tables 3 and in our PROSPERO-registered proto-
col (CRD42023451040).

2.1. Data sources, search strategy and selection criteria

We systematically searched the electronic databases of
PubMed, Embase, Web of Science, and the Cochrane Library from
their inception to March 9, 2024, and subsequently updated the
search on May 20, 2025, to identify published randomized
controlled trials (RCTs) evaluating the efficacy of nutritional and/or
exercise interventions in hemodialysis (HD) patients. The updated
search yielded three additional studies, which were included in
the qualitative analysis [27-29]. The search strategy, detailed in
Supplementary Table 1, employed key terms including ‘hemodi-
alysis’, ‘renal replacement therapy’, ‘nutrition’, ‘macronutrients’,
‘micronutrients’, ‘exercise’, ‘aerobic exercise’, ‘resistance exercise’,
and ‘physical activity’. We limited our search to English-language
publications and supplemented it with manual screening of
reference lists. EndNote software facilitated reference
management.

Eligible RCTs assessed one or more of the following outcomes:

1. Physical function: 6-min walk test (6MWT), 30-s sit-to-stand
test (30-STS), 60-s sit-to-stand test (60-STS), 5-repetition sit-
to-stand test (5-STS); 10-repetition sit-to-stand test (10-STS),
gait speed, timed up-and-go (TUG), and short physical perfor-
mance battery (SPPB).

. Muscle strength: handgrip strength.

. Muscle mass: lean body mass and leg lean mass.

4. Quality of life: SF-36 physical composite summary (PCS) and

mental composite summary (MCS).

w N

Aiming to explore the effects of active interventions rather than
modification to baseline dietary pattern or optimizing subtypes of
the same intervention on dialysis-related sarcopenia, and avoid
excessive heterogeneity of various dietary adjustments, our in-
terventions of interest included nutritional supplementation
(beyond diet pattern), exercise programs, or their combination. We
excluded trials comparing different forms of the same interven-
tion, identical supplements, or purely dietary modifications.
Comprehensive inclusion and exclusion criteria are provided in
Supplementary Table 2.

2.2. Risk of bias assessment

Two researchers (FW and PJL) independently assessed the risk
of bias using the Cochrane Collaboration's Risk of Bias Tool [30].
They resolved discrepancies through discussion with the other two
researcher (LZ and ST). In cases of persistent disagreements, a third
researcher (LZ) made the final determination. Inter-rater reliability
(e.g., kappa statistic) was not calculated in this study. The
Cochrane tool evaluates studies across several domains, including
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random sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment,
incomplete outcome data, and selective reporting. For each
domain, the level of bias is categorized as ‘high risk,’ ‘low risk,” or
‘unclear risk. Publication bias was qualitatively assessed using a
funnel plot.

2.3. Quality of evidence

We employed the GRADE approach, as recommended by the
GRADE Working Group [31-33], to assess the quality of evidence.
All RCTs were initially assigned a score of 4, subject to down-
grading based on five criteria: limitations, indirectness, inconsis-
tency, imprecision, and publication bias. The GRADE system
categorizes the quality of evidence into four levels: HIGH (4),
MODERATE (3), LOW (2), and VERY LOW (1).

2.4. Data extraction

Two investigators (LZ and FW) systematically extracted data
from eligible studies using a predesigned form independently. If
there were data discrepancies, the information was discussed with
a third researcher (PJL) to evaluate and reach an agreement. The
following information was collected:

1. Study characteristics: first author, year of publication, country
of study, study design, settings.

2. Participant characteristics: sample size, sex ratio, mean age or
age range, mean BMI values.

3. Interventions: type, duration, descriptions of intervention in
case and control groups.

4. Outcomes: 6MWT, 30- and 60-STS, TUG, handgrip strength, 5-
and 10-STS, SPPB, gait speed, lean body mass, leg lean mass, SF-
36 quality of life

2.5. Data synthesis and network meta-analysis

We utilize mean differences (MD) and standard deviations (SD)
for data synthesis. The formulas used for these calculations can be
found in the Supplementary Materials S4.

We extracted and analyzed all pre-designed metrics using
network meta-analysis. Due to disconnected networks in some
metrics, our final outcome analysis focused on measures that
maintained network connectivity. These included the 6MWT, the
30-STS, gait speed, handgrip strength, lean body mass, leg lean
mass, the Short Form-36 Mental Component Summary (SF-36
MCS), the Short Form-36 Physical Component Summary (SF-36
PCS), SPPB, and the TUG.

As recommended by the Cochrane Handbook [27], we con-
ducted the network meta-analysis within a Bayesian framework,
which allows for flexible modeling of multi-arm trials and indirect
comparisons through Markov Chain Monte Carlo simulation
techniques [34] with non-informative priors, and provides poste-
rior probability distributions for treatment effects. The analysis
utilized four chains with a thinning interval of 10, performing
50,000 simulation iterations, including a 10,000 iteration burn-in
period. Model convergence was assessed using trace-density
plots and Gelman-Rubin-Brooks diagnostic figures.

Heterogeneity using the I statistic, interpreting as follows:
I? < 50 % indicated moderate and acceptable heterogeneity; 50 % <
12 < 75 % suggested high heterogeneity; and I? > 75 % denoted very
high heterogeneity. In cases of excessive heterogeneity, sensitivity
analyses were conducted to pinpoint its source and evaluate result
robustness.
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Model selection was based on heterogeneity assessment and
the Deviance Information Criterion (DIC) (Supplementary Table 6).
In instances of high heterogeneity (I> > 50 %), random-effect
models were employed for network analysis. When heterogene-
ity was acceptable but the DIC values differed by more than 3,
models with lower DIC values were favored for analysis.

We assessed local inconsistency using the node-splitting
method, and global inconsistency was evaluated using the DIC.
Global inconsistency was considered present if the difference in
DIC values between consistency and inconsistency models
exceeded 3. Transitivity was evaluated qualitatively. Treatment
interventions were ranked using Surface Under the Cumulative
Ranking (SUCRA) values. Sensitivity analyses were performed us-
ing a “leave-one-arm-out approach”. Results were considered
robust if, post-analysis: (1) the network structure remained stable,
(2) effect estimates did not change significantly, and (3) inter-
vention rankings remained largely consistent. Substantial changes
in these aspects indicated a lack of robustness. In cases where
study removal resulted in disconnected networks, we analyzed
each remaining connected component separately, excluding those
lacking sufficient data for meaningful analysis.

We evaluated the impact of specific study characteristics on our
network meta-analysis results using a network meta-regression
with a random-effects model. The impact was quantified
through 95 % credible intervals (95 % Crl) and the I2 statistic.

All data analysis was performed using the gemtc package in R
(ver. 4.3.1) and Stata (ver. 14) software, with results reported using
95 % credible intervals (Crl).

3. Results

After identifying and screening 15,626 studies from 4 data-
bases, we analyzed the full text of 462 studies to assess their
eligibility. Ultimately, we included 92 randomized controlled trials
(RCTs) for qualitative and 89 for quantitative analysis (Fig. 1). These
studies, conducted between 2002 and 2025, involved 6,128 par-
ticipants from 24 countries.

3.1. Characteristics of included studies

A summary of the detailed characteristics of all included
studies can be found in Supplementary Table 5. Overall, exercise
therapy was more frequently employed as an intervention protocol
compared to nutrition. Aerobic exercise (AE) was utilized in 24
studies [35-58], closely followed by resistance exercise (RE) in 20
studies [27,35,47,55,59-74]. Combination protocols were also
common, with 17 studies [47,54,55,69,75-87] employing both AE
and RE. Six studies [37,78,88-91] explored multi-modality exercise
(MME) programs, while one investigated the combined effects of
RE and stretching [92]. Additionally, six studies each examined
low-intensity exercise (LIE) [27,39,71,72,76,93] and stretching
[55,61,65-67,92]. Less common interventions included respiratory
muscle training (RME) (3 studies [70,94,95]), virtual reality (VR) (2
studies [85,96]), and yoga (1 study [97]).

Nutritional therapy studies were fewer and more diverse.
Protein-containing oral nutritional supplements (ONS) were the
most prevalent, used in 8 studies [98-105]. L-carnitine was also
frequently studied (5 studies [58,106-109]). Other nutritional in-
terventions included non-protein ONS (3 studies [110-112]), amino
acids (2 studies [113,114]), and protein alone (3 studies
[113,115,116]). Single studies explored various supplements such
as selenium [117], B-hydroxy p-methyl butyrate (HMB) [118],
multi-vitamins [119], parenteral nutrition [120], keto acids [121],
and fish oil [122].
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Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.

Notably, some studies investigated combined exercise and
nutritional interventions. The most common combination was
protein-containing ONS with exercise (RE in 4 studies
[99-101,104], and AE in 1 study [100]). Only one study examined
the combination of protein-only ONS with aerobic exercise [116].

These RCT studies were conducted across 24 countries and re-
gions. Brazil had the highest number with 15 RCT studies
[40,41,59,63,65,67-71,88,89,92,94,105], closely followed by China
with 14 [50,51,57,62,64,74,81,87,91,110-112,121,122]. The United
States [47,61,84,93,104,106,115,116,118] and Iran [52,80,82,109,117]
contributed 9 and 5 studies, respectively. Italy [36,53,113,114],
Thailand [27,95,102,120], Japan [58,86,108,119], and the United
Kingdom [42,48,66,79] each contributed 4 studies. South Korea
[44,45,73], Mexico [99-101], Greece [56,72,90], Slovenia [37,38,49],
and Canada [39,55,76] each contributed 3 studies. Spain [85,96],
Egypt [35,103], Tunisia [77,78], and Australia [46,60] contributed 2
studies each, while there were individual studies from India [107],
Malaysia [98], Indonesia [54], Turkey [97], Oman [83], France [43],
and Germany [75].

The most commonly used intervention timing for exercise and
nutrition was intra-dialysis, employed in 57 studies
[27,37-46,48-52,54-62,64-67,69-72,74-76,79,81,85-90,92,95,96,99-
-101,103,105,107,108,115,116,120], followed by inter-dialysis, utilized
in 23 studies [35,36,47,53,58,63,68,73,77,78,82-84,91,97,102,104,106,
110-112,117,119]. Additionally, both intra-dialysis and inter-dialysis
timings were combined in 3 studies [80,93,94]. Daily supplementa-
tion was utilized for nutritional interventions in 6 studies
[98,109,113,114,121,122], while timing interference was not reported
in one study [118].

Regarding intervention duration, the studies can be categorized
as follows: Short-term interventions (up to 12 weeks): 50 studies
[27,35,38,40,41,43-45,49,50,52,54,55,57-60,64-67,69-71,73,74,76,
80,82-84,87,91,92,94-97,100-103,105,107,110,112,114,117,119,120]

in total: 37 exercise interventions; 13 nutritional interventions.
Medium-term interventions (12-24 weeks): 31 studies

38

[36,37,39,42,46,47,51,53,56,61,63,68,72,77-79,81,85,86,88,93,98,99,
106,109,111,113,115,118,121,122] in total: 22 exercise interventions; 10
nutritional interventions. Long-term interventions (over 6 months):
7 studies in total, with a balanced distribution between exercise and
nutritional interventions: 5 studies [48,75,90,104,108] lasting be-
tween 6 months and 1 year; 2 studies [62,116] extending beyond 1
year.

The majority of studies focused on short-term interventions,
with exercise protocols being predominant. This trend continued
in medium-term studies, albeit with a smaller sample size. Long-
term studies were less common, with a more balanced represen-
tation of exercise and nutritional interventions.

3.2. Risk of bias and certainty of evidence assessment

We conducted a risk of bias assessment, presented in
Supplementary Tables 4-1 and 4-2, which revealed that 80 %
(71/89) of the studies included in the analysis had a high overall
risk of bias (at least 1 high risk score). Among these high-risk
studies, 94 % (67/71) were primarily due to ‘Blinding of partici-
pants and personnel,’ attributed to the relative difficulty of
blinding the interventions in our analysis, which mainly consisted
of exercise and dietary interventions. Other sources of high risk
included ‘Blinding of outcome assessment’ (11/89) and ‘Incom-
plete outcome data’ (28/89). Additionally, ‘Allocation conceal-
ment’ (2/89), ‘Selective reporting’ (2/89), and ‘Other sources of
bias' (6/89) were identified in some high-risk studies, albeit less
frequently. Notably, only one study, Emami Nani (2012) [109],
demonstrated a low risk of bias across all categories. Our analysis
did not reveal significant publication bias (Supplementary Fig. 7).

To strengthen the interpretation of our findings, we conducted
a comprehensive evaluation of the evidence quality using the
GRADE approach for all included studies. Given that our study
focused on motor interventions, implementing a blinded group
design proved challenging. This resulted in a high risk of bias
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across many studies, leading to significant downgrades in the
'limitations' category. Consequently, the majority of our evidence
was classified as LOW or VERY LOW quality (Supplementary
Table 10).

3.3. Convergence assessment

We evaluated the goodness of fit of our network analysis model
by examining the stability and convergence of the posterior dis-
tributions throughout the Markov Chain Monte Carlo process. Our
trace-density plots revealed no visible single-chain fluctuations,
and all four chains exhibited characteristics of a normal distribu-
tion (Supplementary Fig. 1). In the Brooks-Gelman-Rubin diag-
nostic plot, both the median and the 97.5 % shrink factors
converged to 1 (Supplementary Fig. 2). Additionally, all Potential
Scale Reduction Factor values equaled 1 after our simulation iter-
ations. These results collectively indicate that our model achieved
stable convergence and demonstrates a satisfactory fit.

3.4. Outcome measures

3.4.1. Primary outcome measures

3.4.1.1. 6-Minute Walk Test (6MWT). Thirty-eight studies reported
results from the 6MWT, including 20 direct comparisons, 25 in-
direct comparisons, and a total of 2,725 participants. This outcome
measure solely focused on motor interventions. The results are
presented in Figs. 2A and 3A (Bottom-Left). Compared to the
control group, several treatments showed significant differences:
AE (MD 45.9, 95 % Cr1 [26.32, 64.2]), RE (MD 33.39,95 % Crl [12.88,
53.45]), AE + RE (MD 52.18, 95 % Crl [31.67, 73.02]), MME (MD
69.37, 95 % Crl [29.09, 109.61]), RME (MD 55.4, 95 % Crl [11.64,
96.33]), and VR (MD 98.6, 95 % Crl [21.89,172.62]) (Fig. 3A, Bottom-
Left). The quality of the evidence was very low. Among these
treatments, VR ranked the highest with a SUCRA value of 0.88,
followed by MME with a SUCRA value of 0.77 (Fig. 4A,
Supplementary Table 9 and Supplementary Fig. 6). There was no
evidence of inconsistency or global heterogeneity (Supplementary
Table 7). However, local heterogeneity was observed in AE vs.
control, RE vs. control, MME vs. AE, MME vs. control, RME vs.
control, RME vs. RE, and STR vs. RE (Supplementary Fig. 5).

3.4.1.2. Gait speed. Gait speed data were extracted from 13 RCT
studies, involving network analyses comprising 11 direct and 25
indirect comparisons with 982 participants (Fig.2B and Fig.3A Top-
Right). None of the comparisons yielded significant differences. RE
ranked first and AE second in SUCRA values (0.78 and 0.64,
respectively) (Fig. 4C, Supplementary Table 9 and Supplementary
Fig. 6). Localized heterogeneity was observed in AE vs. control
and AE + RE vs. control (Supplementary Fig. 5).

3.4.1.3. 30-Second Sit-to-Stand Test (30-STS). The 30-STS was re-
ported in 11 RCT studies, encompassing 16 direct comparisons and
39 indirect comparisons, and a total of 487 participants. The results
are presented in Figs. 2C and 3B (Bottom-Left). Notably, MME (MD
6.3,95 % Crl [4.03, 8.53]) and AE + RE (MD 1.76, 95 % Crl [0.27, 3.26])
not only demonstrated significant differences compared to the
control group, but also outperformed other interventions, such as
AE, RME, LIE, and P-AL, in indirect comparisons. Interestingly,
AE -+ RE also showed a significant difference compared to MME (MD
-4.53, 95 % Crl [-7.23, —1.82]). The quality of evidence was generally
low, except for AE + RE vs. control, which was very low. MME
ranked first (SUCRA value = 1.00) while AE + RE ranked second
(SUCRA value = 0.82) (Fig. 4B, Supplementary Table 9 and
Supplementary Fig. 6). No global inconsistency or heterogeneity
was found in the studies (Supplementary Table 7). However, local

39

Clinical Nutrition 53 (2025) 35-48

inconsistency was observed in RE vs. control (p = 0.046), AE + RE vs.
control (p = 0.046), and AE + RE vs. AE (p = 0.02) (Supplementary
Fig. 4), and local heterogeneity was noted in P-AL vs. control
(Supplementary Fig. 5).

3.4.1.4. Handgrip strength. The network analysis of outcome
measures for handgrip strength was completed with 23 studies,
comprising 10 direct comparisons and 45 indirect comparisons,
which included 2,364 participants (Fig. 2D and Fig. 3B, Top-Right).
Both MME (MD 9.14, 95 % Crl [1.76, 16.39]) and RE (MD 3.81,95 %
Crl [1.33, 6.27]) were significantly better than the control group.
Additionally, MME was significantly better than the AE, PN, and P-
ONS groups. The quality of evidence was generally low, except for
RE vs. control, which was very low. MME ranked first in SUCRA
(0.95), while RE ranked second (0.73) (Fig. 4D, Supplementary
Table 9 and Supplementary Fig. 6). No global inconsistency or
heterogeneity was found across all studies (Supplementary
Table 7). However, local heterogeneity was observed in P-ONS vs.
control, RE vs. control, and AE + RE vs. control (Supplementary
Fig. 5).

3.4.1.5. Medical outcomes study 36-Item Short Form Health Survey
Mental Component Summary (SF36-MCS). SF-36 was measured in
13 studies, comprising 12 direct and 16 indirect comparisons with
546 participants (Fig. 2E and Fig. 3C, Bottom-Left). In this network
analysis, both RE (MD 5.32, 95 % Crl [0.88, 9.86]) and L-carnitine
(MD 3.66, 95 % Crl [1.55, 5.81]) demonstrated significantly higher
scores than the control group. The results were all of low quality
grade. The SUCRA rankings had STR ranked first (0.76), RE ranked
second (0.72), and ti-carnitine ranked sixth (0.53) (Fig. 4E,
Supplementary Table 9 and Supplementary Fig. 6). This measure
did not show inconsistency or global heterogeneity
(Supplementary Table 7). Local heterogeneity was observed only
in L-carnitine vs. control (Supplementary Fig. 5).

3.4.1.6. Medical outcomes study 36-Item Short Form Health Survey
Physical Component Summary (SF36-PCS). Network analyses for
SF36-PCS involved 16 RCTs, comprising 13 direct and 15 indirect
comparisons (Fig. 2F) with 710 participants. No significant differ-
ences in outcomes were observed (Fig. 3C Top-Right). MME and RE
ranked highest (SUCRA value = 0.73 and 0.71, respectively) (Fig. 4F,
Supplementary Table 9 and Supplementary Fig. 6). The study
identified local inconsistencies only in comparisons involving L-
carnitine vs. control, AE vs. control, RE vs. control, MME vs. control,
and STR vs. control (Supplementary Fig. 5).

3.5. Secondary outcome measures

Lean Body Mass (19 RCTs, 18 direct, 73 indirect comparisons, 882
participants), Timed Up and Go (14 RCTs, 12 direct, 43 indirect
comparisons, 1651 participants), Leg Lean Mass (5 RCTs, 11 direct, 17
indirect comparisons, 324 participants), and the Short Physical Per-
formance Battery (5 RCTs, 8 direct, 7 indirect comparisons, 253
participants) were analyzed as secondary outcomes (Supplementary
Fig. 3 and Supplementary Table 8). For Lean Body Mass, P-ONS (MD
0.28, 95 % Crl [0.1, 0.45], low certainty of evidence) showed a sig-
nificant difference compared to the control group. In the SPPB
outcome measure, AE (MD 0.84, 95 % Crl [0.17, 1.51], very low cer-
tainty of evidence) also showed a significant difference from the
control group (Supplementary Table 8). The top-ranked in-
terventions according to SUCRA scores for these four outcomes were
RE (0.73), MME (0.73), AE + RE (0.72), and VR (0.81), respectively
(Supplementary Table 9). There was no evidence of inconsistency or
global heterogeneity. Local heterogeneity was observed in TUG for
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Fig. 2. Network plots for primary outcomes. A. Network comparison of various treatments for the Six-Minute Walk Test (6MWT) outcome. B. Comparative network of different
interventions for gait speed. C. Network plots of different interventions for the 30-Second Sit-to-Stand Test (30-STS). D. Network representations of various treatments for
Handgrip Strength (HGS). E. Network illustrations of interventions for the Short Form-36 Mental Component Summary (SF-36 MCS). F. Network comparison of multiple in-
terventions for the Short Form-36 Physical Component Summary (SF-36 PCS). AE: Aerobic Exercise; RE: Resistance Exercise; MME: Multi-Modality Exercise; VR: Virtual Reality;
HMB: g-Hydroxy p-methylbutyrate; RMT: Respiratory Muscle Training; LIE: Low Intensity Exercise; P ONS: Protein-containing Oral Nutritional Supplements. NP ONS: Non-

Protein-containing Oral Nutritional Supplements.

comparisons involving AE vs. control, AE + RE vs. control, MME vs.
control, and MME vs. AE + RE (Supplementary Fig. 5).

3.6. Sensitivity analysis and regression analysis
We observed significant localized heterogeneity across multi-

ple outcome metrics. To ensure the robustness of our conclusions,
we conducted sensitivity analyses by systematically excluding

highly heterogeneous arms. The results of these sensitivity ana-
lyses are presented in Supplementary S1.

In the 6MWT, after sequentially excluding highly heterogeneous
arms, we encountered broken loops in the network structure, which
affected the support of indirect evidence for certain treatment
comparisons. To maintain network integrity, we further excluded
studies causing broken loops and reanalyzed the data. The rean-
alysis confirmed the robustness of VR, maintaining its top-ranked
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A.  Bottom-Left: 6-Minute Walk Test (6MWT) (m) / Top-Right: Gait Speed (m/s)
0.08 0.06 0.09 0.03 0.02 001 0.13
(0.12,0.3) (:021,0.35) (:0.28, 0.48) (:0.25,0.33) (:031,0.37) (:0.3,0.34) (-0.03,0.32)
0.18 0.16 0.19 0.13 0.11 0.11 023
(:0.2,0.55) (:0.24,0.56) (-03,0.67) (029, 0.54) (:0.33,0.55) (:0.33,0.55) (0.1, 0.57)
64 -19.01 -0.02 0.01 2005 0.07 0.08 0.05
(:33.99,19.92) | (-45.76,7.92) -0.29, 0.25 (036, 0.38) (:0.33,0.23) (039, 0.26) (036, 0.22) (0.1, 0.22)
2335 -36.06 -17.05 o 0.03 0.03 -0.05 0.0 007
(-66.84,1884) | (-80.41,828) | (-57.15,2321) i (:0.37,0.43 (:0.35,0.28) (:0.41,032) (:0.41,031) (-0.15, 0.29)
93 22.11 308 14.17 0.06 0.08 0.08 0.04
(-54.16,36.46) | (-6436,22.22) | (-4836,44.54) | (-43.16,73.11) -0.47,0.34 (:0.52,0.37) (-:0.52,036) (029, 0.38)
21.09 8.4 275 44.36 30.36 p -0.01 -0.02 0.1
(22.36,62.86) | (-32.91,4898) | (-1692,70.55) | (-12.49,100.74) | (-28.91,87.09) -03,028 (-:0.38,035) (-0.13,0.33)
19.01 6.56 25.09 253 29.03 -1.83 p-AL+A 20.01 0.12
(:29.42,6583) | (-36.66,49.97) | (2233,73.06) | (-167,101.74) | (-32.76,87.81) | (-59.83,57.06) R -0.41,0.4 (-:0.16,0.41)
5244 -65.05 -46.33 2926 4357 7347 -72.18 i 012
(-129.6,24.45) | (-142.13,1341) | (-121.14,30.17) | (-113.88,56.15) | (-129,43.53) | (-158.56,12.45) | (-158.19, 16.69) -0.16,0.41
2298 35.32 -16.57 0.54 -13.72 443 4172 29.89
(-102.44,53.79) | (-113.49,39.99) | (-94.96,61.7) | (-86.83,85.59) | (-102.45,71.05) | (-129.44,42.32) | (-104.22,19.57) | (-78.13, 135.86)
459 33.39 52.18 69.37 55.4 24.79 26.76 98.6 68.92
(26.32,642) | (12.88,5345) | (31.67,73.02) | (29.09,109.61) | (11.64,9633) | (-165,67.09) | (-18.77,72.84) | (21.89,172.62) | (-7.95,147.59)
B.  Bottom-Lefi: 30-Second Sit-to-Stand Test (30-STS) (repetitions) / Top-Right: Handgrip Strength (HGS) (kg)
-1.58 1 6.92 -1.18 128 3.1 128 2.08 0.08 225
(-5.38,231) | (-5.56,3.38) | (-13.63,-0.08) | (-8.16,575) | (-72,9.81) | (:3.98,1016) | (3.61,6.17) | (-2.83,684) | (-593,588) | (-0.74,5.15)
132 0.59 536 036 283 467 2381 3.64 151 3.81
(-3.04,0.47) (371,468) | (-13.04,251) | (-645,7.18) | (-6.39,1232) | (2.18,11.57) | (-1.72,749) | (-1.03,824) | (-428,7.19) | (1.33,6.27)
2.66 -135 -5.89 0.19 232 409 224 3.05 093 323
(-4.84,-047) | (-3.19,0.52) (1395,232) | (-736,7.08) | (-729,1213) | (3.11,115) | (2.81,744) | (-2.02,826) | (-5.14,7.18) | (-0.12,6.74)
721 5.87 -4.53 5.7 818 9.99 8.17 9 682 9.14
(-10.29,4.06) | (-8.62,-3.15) | (-7.23,-1.82) (4.11,15.53) | (-2.94,19.18) | (0.05,19.7) | (-021,1636) | (0.55,17.37) | (-2.14,15.86) | (1.76,16.39)
1.12 242 3.76 8.28 > YoG4 248 43 247 325 1.14 341
(2.78,5) (1.19,598) | (021,7.31) | (4.33,1221) (-8.54,1351) | (-4.73,1338) | (-4.87,9.80) | (-4.08,1084) | (-7.07,9.45) | (-2.83,9.76)
-0.11 1.19 2.53 7.08 -123 ; 1.82 -0.04 038 -137 0.94
(1.66,14) | (-0.61,293) | (0.19,489) | (3.84,1024) | (-5.17,2.72) (:924,1282) | (-10.01,9.71) | (-9.04,1053) | (-11.69,9.05) | (-8.14,9.89)
07 0.62 1.97 6.49 -1.78 0.58 -1.83 -1.02 318 -0.86
(325,188) | (-1.61,28) | (081,463) | (3.06,994) | (-595,236) | (-326,2.05) (9.32,559) | (-847,642) | (-1144,488) | (-7.35,5.56)
-1.6 0.28 1.07 5.61 271 -1.48 0.87 NP-ONS 0.81 -1.32 0.98
(494,172) | (328,271) | (-1.88,398) | (2.17,898) | (:674,139) | (4.87,194) | (455272 W] W (465,629 | (772,507 | (287,483
-0.86 045 1.8 6.34 -1.97 075 20.17 0.73 P-ONS 216 0.16
(3.14,145) | (-1.28,219) | (0.11,349) (39,872) | (526,137 | (3.12,1.68) | (-2.85,26) | (-1.94,342) (-8.53,424) | (3.64,4.03)
224 0.92 042 496 335 200 -155 0.64 -138 229
(-478,038) | (3.04,1.18) | (-1.62,251) | (2.28,7.63) | (-683,0.19) | (-476,057) | (451,145 | (-355,229) | (-287,0.1) (:2.9,746)
09 041 1.76 63 201 078 -021 0.69 -0.04 133
(304,125) | (111,195 | (027,326) | (4.03,853) | (516,123) | (-301,149) | (-275,243) | (-1.84,327) | (-0.85,0.77) | (-0.09,2.77)
C. Bottom-Left: SF36-Mental Component Summary (MCS) (score) / Top-Right: SF36-Physical Component Summary (PCS) (score)
108 245 255 236 402 312 5.28
-13.51,10.66 (1299,17.43) | (-1916,1372) | (-1327,1744) | (-1131,1874) | (-13.34,17.57) (-5.82,16.05)
-14 ] 349 -149 352 5.14 416 635
-7.02,4.11 -10.59,17.71 (-16.29, 13.56) (-7.61,14.39) (-7.36,17.42) (-10.03, 16.98) (:2.21,14.84)
-1.05 0.34 ] 493 0.02 1.59 0.56 2381
(-8.09,5.91) (-5.73,6.51) 236, 13.65 (17.12,17.09) | (1422,1735) | (-1761,17.77) | (-1121,17.02) A
463 6.08 572 496 6.67 567 7.79 o
(-1.62,10.87) (-032,123) (:2.49,13.71) -12.01,21.92 (12.07,24.88) | (-11.53,20.92) (-4.35,19.88) =
028 117 0.77 491 1.58 0.65 286 h
(-6.24,5.71) (-3.7,5.98) (-6.69, 8.13) (-10.99,123) -14.43,17.81 (-16.08, 15.9) (-89, 14.67) e
2.03 20.62 095 671 -1.74 . 093 125 =
(-8.55, 4.46) (-5.32,4.1) (-6.93, 5.06) (-14.15,0.85) (-821,4.75) -18.99, 15.76 -12.59,15.13 e
0.24 1.65 127 44 0.53 2.26 2.16 Low ®®
(-4.74,5.24) (:3.23,6.72) (-5.97,8.57) (:9.21,0.51) (-4.3,5.37) (-4.11,8.74) 7.8, 13.75 g
391 5.32 495 073 419 5.95 3.66 s
(-0.61, 8.44) (0.88, 9.86) (-1.93,11.94) (-5.04,3.64) (-0.11,8.51) (:0.08, 12.05) (1.55,5.81) o,

Fig. 3. League table for primary outcomes. A. This section describes the network analysis results for the 6-Minute Walk Test (6MWT) (Bottom-Left) and Gait Speed (Top-Right). B.
This section presents the network analysis results for the 30-Second Sit-to-Stand Test (30-STS) (Bottom-Left) and Handgrip Strength (HGS) (Top-Right). C. This section shows the
network analysis results for the SF-36 Mental Component Summary (SF-36 MCS) and the SF-36 Physical Component Summary (SF-36 PCS). All data are displayed using mean
differences and 95 % credible intervals. Red numbers indicate statistical significance. The tables use different colors to represent varying levels of certainty in the evidence, with
yellow indicating low certainty and pink indicating very low certainty. Data should be read and interpreted from left to right, where higher numbers indicate better outcomes.
Negative values imply that the intervention in the left cell is less effective than the one in the right cell, whereas positive values suggest that the intervention in the left cell is
more effective. AE:Aerobic Exercise; RE: Resistance Exercise; MME: Multi-Modality Exercise; RME: Respiratory Muscle Exercise; LIE: Low Intensity Exercise; STR: Stretching; VR:
Virtual Reality; CON: Control; HMB: p-Hydroxy g-methylbutyrate; P-AL: Protein Alone; L-C: 1-Carnitine; PN: Parenteral Nutrition.

position, while LIE and the control remained lower in rank. Some
results, such as MME, showed minor variations in order and sig-
nificance, suggesting potential influence from study design or
intervention specifics. Further research is needed to validate these
findings. Notably, AE + RE did not show significant changes.

In the 30STS, after excluding inconsistent and heterogeneous
studies, MME's original top ranking remained robust, although it
became statistically insignificant in indirect comparisons with

41

other treatments. It continued to demonstrate significant efficacy
compared to the control group, supporting its therapeutic
advantage in the 30STS.

Regarding walking speed, while the results were stable with RE
ranking first, no treatment reached statistical significance, neces-
sitating further study expansion to validate these findings.

For handgrip strength, after sensitivity analysis, although
rankings shifted slightly, our results remained robust overall. MME
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A. 6MWT Mean Diffrence (95% Crl) SUCRA  NO. of Comparisons
Compared with Control
VR i S 97.( 23.,1.7e+02) 0.88 1
Multi-Modality Exercise —O0— 69.( 29, 1.1e+02) 0.77 1
Resistance+Stretching +—Oo— 69.(—9.0, 1.5¢+02) 0.70 Indirect
Respiratory Muscle Exercise —O0— 55.(11.,96.) 0.62 2
AerobictResistance Exercise —Oo— 52.(31.,73.) 0.61 7
Aerobic Exercise —Oo— 46. (26.,64.) 0.51 11
Resistance Exercise —0— 33.( 13, 54) 0.33 6
Stretching Exercise ——0— 26.(—20., 72.) 0.28 Indirect
Low Intensity Exercise —1—O0— 25.(-18.,66.) 0.26 Indirect
[ 1
-30 0 200 Control 0.03
B. 30STS Mean Difference (95% Crl) SUCRA  NO. of Comparisons
Compared with Control
Multi-Modality Exercise —O0— 6.3(4.0,85) 1 1
Aerobict+Resistance Exercise —0— 1.8(0.27,3.3) 0.82 1
Protein alone+Aerobic Exercise —Oo— 1.3 (—0.094, 2.8) 0.75 1
B-Hydroxy B—Methylbutyrate —to— 0.69 (-1.8,3.3) 0.58 1
Resistance Exercise —o— 041 (-1.1, 2) 0.55 1
Protein alone —0.043 (—0.85, 0.77) 0.40 2
Stretching Exercise —_ch -0.21(-2.7,2.4) 0.39 Indirect
Low Intensity Exercise —OT— —0.78 (-3.0, 1.5) 0.25 Indirect
Aerobic Exercise —O —0.90 (-3.0, 1.2) 0.22 Indirect
Respiratory Muscle Exercise —O0—— —2.0(-52,1.2) 0.12 Indirect
[ 1
-6 0 9 Control 0.42
C. Gait speed Mean Difference (95% Crl) SUCRA  NO. of Comparisons
Compared with Control
Resistance Exercise ——O0— 0.23(-0.11,0.57) 0.78 1
Aerobic Exercise T—0— 0.13 (-0.028, 0.32) 0.64 3
VR — 10— 0.12 (-0.16, 0.41) 0.58 1
Protein alonet+Aerobic Exercise — 00— 0.12 (-0.16, 0.41) 0.57 1
Protein alone —T 00— 0.10(-0.13, 0.33) 0.54 2
Multi-Modality Exercise —t0— 0.071 (-0.15, 0.29) 0.45 2
Aerobict+Resistance Exercise —To— 0.049 (—0.11, 0.22) 0.37 3
B-Hydroxy B—Methylbutyrate —_———— 0.041 (-0.29, 0.38) 0.38 1
[ 1
-0.5 0 0.6 Control 0.19
D. HGS Mean Difference (95% Crl) SUCRA  NO. of Comparisons
Compared with Control
Multi-Modality Exercise —O0— 9.1(1.8,16.) 0.95 Indirect
Resistance Exercise —0— 3.8(1.3,6.3) 0.73 5
Yoga ——o— 3.4(-2.8,9.8) 0.63 1
Aerobict+Resistance Exercise —Oo— 3.2(-0.12,6.7) 0.65 3
Aerobic Exercise T—0— 23(-0.74,5.1) 0.53 6
Fish oil —fo— 23(-2.9,7.5) 0.53 1
Non—Protein ONS —0— 0.98 (—2.9,4.8) 0.37 2
L—Carnitine —_—— 0.94 (-8.1,9.9) 0.40 1
Protein—containing ONS 0.16 (-3.6, 4.0) 0.27 2
Parenteral Nutrition —0.86 (7.4, 5.6) 0.22 1
[ I 1
-10 0 17 Control 0.22
E. SF36 MCS Mean Difference (95% Crl) SUCRA  NO. of Comparisons
Compared with Control
Stretching Exercise ——O0——— 5.9(-0.084,12)) 0.76 Indirect
Resistance Exercise —O0— 5.3(0.88,9.9) 0.72 1
AerobictResistance Exercise ——O0—  5.(-19, 12) 0.64 Indirect
Low Intensity Exercise —Oo— 4.2(-0.11, 8.5) 0.58 1
Aerobic Exercise —Oo— 3.9(-0.61,8.4) 0.55 2
L~Caitine —o— 3.7(1.5,5.8) 0.53 3
Multi-Modality Exercise —Oor— -0.73 (-5.0, 3.6) 0.10 2
[ 1
-6 13 Control 0.12
F. SF36 PCS Mean Difference (95% CrI) SUCRA  NO. of Comparisons
Compared with Control
Multi-Modality Exercise —T— 00— 7.8(-4.3, 20) 0.73 2
Resistance Exercise 00— 6.4(-2.2, 15.) 0.71 3
Aerobic Exercise —O— 53(-5.8,16.) 0.61 2
Low Intensity Exercise — T 29(-89, 15) 0.46 1
Aerobict+Resistance Exercise —o——— 2.8(-11.,17.) 0.46 1
L—Camitine —to——— 22(-78, 14) 042 3
Stretching Exercise jo—— 1.3(-13,15) 0.36 Indirect
[ 1
—14 0 21 Control ~ 0.24

Fig. 4. Forest plots of primary outcomes and SUCRA summaries with comparison counts. The forest plots illustrate both direct and indirect evidence comparing various in-
terventions to the control group, along with their SUCRA values and the number of direct comparison arms. Statistical significance is indicated in red. A. Forest plot results for the
6-Minute Walk Test (6MWT). B. Results for the 30-Second Sit-to-Stand Test (30-STS). C. Results for Gait Speed. D. Results for Handgrip Strength (HGS). E. Results for the SF-36
Mental Component Summary (SF-36 MCS)

F. Results for the SF-36 Physical Component Summary (SF-36 PCS).
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demonstrated efficacy in enhancing handgrip strength, whereas
nutritional therapy generally ranked lower and showed poor
performance.

In terms of quality of life (SF36-PCS and MCS), sensitivity an-
alyses revealed significant differences and unstable rankings. After
removing the L-carnicine arm with high local heterogeneity, the RE
results showed substantial changes. This suggests that L-carni-
cine's local heterogeneity had a significant impact on the out-
comes and may be a key factor contributing to the instability of the
findings, thereby precluding definitive recommendations at this
time. Larger studies are needed to better assess the efficacy of
different interventions on quality of life.

Regarding our secondary outcomes, sensitivity analyses yielded
robust results.

Additionally, given the conclusions drawn from indirect com-
parisons in our handgrip strength and other indicators, we con-
ducted a Bayesian regression analysis to assess transitivity. The
results demonstrate that the model exhibited good convergence
(see Supplement S2), indicating that our findings align closely
with the expected posterior distribution. Although the 95 % CrI for
some variables did not fully encompass zero, suggesting that these
variables may influence the effect size to some extent, the poste-
rior distributions were very close to zero (see Supplement S2),
which we consider to be statistically and clinically reasonable.
Furthermore, the results of the indirect comparisons revealed no
significant inconsistency or heterogeneity (see Supplement Figs. 4
and 5), further supporting our conclusion. Therefore, our findings
are consistent with the principle of transitivity.

4. Discussion

This network meta-analysis comprehensively evaluated nutri-
tional and exercise interventions for hemodialysis (HD) patients,
synthesizing evidence from 89 RCTs involving 6,128 patients
across 26 intervention arms. Our analysis indicates that for pa-
tients with end-stage renal disease on HD, aerobic exercise (AE)
and resistance exercise (RE) demonstrated beneficial effects on the
6-min walk test (6MWT), while multi-modality exercise (MME)
showed promise in improving muscle strength. Protein oral
nutritional supplements (ONS), on the other hand, positively
impacted lean body mass.

The significance of this research is underscored by the well-
documented lower physical activity levels in HD patients
(compared with healthy controls) [123,124], which correlate with
increased mortality risk [125,126]. A longitudinal study showed
that each 10-min increase in daily physical activity was associated
with a 22 % reduction in mortality rates among HD patients [127],
emphasizing the importance of integrating exercise interventions
into the standard care protocols. The 6MWT is a key measure for
assessing physical function and predicting mortality in HD pa-
tients [128]. Notably, for HD patients, a 20-m improvement in the
6MWT has been associated with significant health benefits,
including a 12 % decrease in all-cause mortality, a 4 % reduction in
hospitalizations, and a 7 % decrease in cardiovascular event inci-
dence [129].

Our study confirmed most exercise modalities, including AE,
RE, AE + RE, MME, VR, and RME, improved 6MWT performance
beyond the clinically significant 20-m threshold with no signifi-
cant inter-modality differences, aligning with previous network
meta analyses [130-132]. VR and MME ranked high on SUCRA
values but warrant caution due to limited trials. VR's positive effect
was corroborated by a recent pair-wise meta-analysis [133].
Notably, AE + RE showed promise, supported by Song's study
[134]. Subgroup analyses of exercise intensity were not conducted,
as moderate-vigorous exercise is considered optimal for
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enhancing physical function and outcomes [134-136]. It is note-
worthy that no nutritional interventions reported 6MWT results,
highlighting a critical area for future research. Encouragingly,
Matsuzawa et al. [137] suggested amino acid/protein supplemen-
tation positively affects physical function in HD patients.

Previous network meta-analysis shows benefits from both
intradialytic and home-based training for HD patients [132]. While
the current regression analysis did not reveal a significant impact
of variation, existing studies suggest that interventions lasting 12
weeks or longer are more effective in enhancing functional ca-
pacity [132]. Future research should continue evaluating dura-
tion's influence to improve understanding of effective
interventions for HD patients.

Our analysis expanded on previous network meta-analyses
[130-132,134] by including 30STS and gait speed as additional
physical function indicators. Prior pair-wise meta-analyses have
consistently demonstrated that exercise generally enhances sit-to-
stand repetitions, irrespective of the specific modality [138,139].
Building upon these findings, our study revealed that both MME
and AE + RE outperformed other interventions (Control, AE, RME,
LIE, and protein ONS) in improving 30STS performance, with MME
showing greater efficacy than the AE + RE combination in indirect
analyses. These findings align with recent pair-wise meta-analyses
suggesting intradialytic exercise improves sit-to-stand 30 scores
[140] or repetitions [141]. Notably, our study identified AE + RE
was associated with improvements in both 6MWT and 30-STS
performance.

Beyond poor physical function, HD patients with low muscle
strength also link a higher risk of all-cause mortality [142]. Our
study found MME and RE significantly improved handgrip
strength compared to control, with MME showing priority in in-
direct analyses. The effect of RE on handgrip strength, supported
by five trials, aligning with previous research findings [138,141]
but has high heterogeneity. While our current study did not find
significant effects of nutritional interventions on handgrip
strength, a previous pair-wise meta-analysis showed energy- or
protein-based ONS increased handgrip strength in dialysis pa-
tients [143].

To elucidate the relationship between muscle function im-
provements and muscle mass changes, we analyzed various in-
terventions. Our findings revealed that protein ONS alone
improved lean body mass (supported by 3 trials). In contrast,
exercise-induced improvements in physical function and muscle
strength occurred without significant increases in muscle mass,
suggesting non-hypertrophic mechanisms. Our results corrobo-
rate a meta-analysis from the Cochrane Database, which indicates
that protein-based ONS may elevate serum pre-albumin levels and
increase mid-arm muscle circumference, particularly in
malnourished HD patients [144]. This suggests that protein-based
ONS could be especially efficacious in improving muscle mass
among malnourished dialysis patients [143]. These insights un-
derscore the need for further research to compare nutritional in-
terventions, explore potential synergies between nutrition and
exercise, and identify optimal strategies for improving muscle
function in HD patients, considering their specific nutritional
needs and the broader benefits of exercise.

Our study found no significant effect of nutritional or exercise
interventions on the physical component summary (PCS) in he-
modialysis patients, but resistance exercise (RE) and L-carnitine
(LC) were more effective for the mental component summary
(MCS). However, high local heterogeneity impacted the stability
of these findings. Discrepancies among studies may stem from
varying baseline quality of life (QOL) scores, intervention types,
study heterogeneity, or intervention durations [131,134,
145-148].
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Based on the included studies, combined aerobic and resistance
exercise appears to be most effective for improving muscle func-
tion, while multi-modal exercise (MME) is particularly beneficial
for enhancing muscle strength. Additionally, oral protein supple-
mentation (PONS) shows positive effects on increasing lean body
mass. These findings provide a foundation for informed clinical
decision-making and future intervention strategies.

In terms of practical application, we suggest the following:

e Individualized approaches are crucial, as haemodialysis pa-
tients vary greatly in age, comorbidities, and nutritional status.
Exercise and nutritional plans should be tailored accordingly.

e Integrated interventions combining exercise with protein sup-
plementation may have synergistic effects on muscle mass and
function.

e Ongoing monitoring and adjustment are essential to ensure
safety and responsiveness, with interventions adapted based
on the patient's progress and tolerance.

From these studies, we have learned that a combination of
targeted exercise modalities and appropriate nutritional support
can yield measurable improvements in physical outcomes in
haemodialysis patients. Drawing on evidence from the general
population, we would expect similar benefits—such as improved
muscle function, greater independence in daily activities, and
potentially better quality of life—although these effects may vary
due to CKD-related complications.

Overall, these findings highlight the importance of personal-
ized, multidisciplinary rehabilitation strategies, and underscore
the need for future studies to explore optimal combinations and
implementation pathways in this vulnerable population.

4.1. Strengths and limitations

To our knowledge, this network meta-analysis provides the
first comprehensive evaluation of nutrition and exercise in-
terventions on muscle mass, function, and quality of life in HD
patients. The analysis showed no global inconsistency or hetero-
geneity across studies, and sensitivity analysis confirmed the sta-
bility of intervention rankings. These findings can guide clinicians
in managing HD patients through exercise and nutrition. More-
over, our findings suggest that MME may exhibit more pronounced
physiological benefits compared to AE + RE approach. Notably, the
current literature demonstrates a significant research gap
regarding comprehensive interventions that simultaneously inte-
grate nutritional strategies with multi-modal exercise protocols.
These observed research limitations underscore critical directions
for future scientific investigation in this domain.

However, most reviewed studies have methodological risks,
particularly in blinding and allocation concealment, resulting in
‘low’ to ‘very low’ evidence levels. The study's scope is limited by
single-center research and small patient populations, potentially
affecting generalizability. The efficacy ranking may be biased due
to the limited number of studies on diverse exercise modalities
and nutritional interventions. Moreover, in order to maintain a
clinically relevant and statistically coherent network, we excluded
trials comparing identical supplements or purely dietary modifi-
cation, which may introduce potential bias, and future studies
could conduct more detailed analyses on specific intervention
subtypes. Furthermore, there are other anthropometric and
angular measurements that exist for assessing muscle strength
and function (e.g. chair stand, leg press, etc.), but these were not
included in our current analysis due to limited available literature
data. Future studies could specifically investigate these parame-
ters to better understand the effects of interventions on muscle
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status. Notably, the impact of the exercise environment was not
considered.

5. Conclusion

Nutritional and exercise interventions significantly benefit HD
patients, improving muscle function and mass. Combined aerobic
and resistance exercise effectively enhance muscle function.
Multimodal exercise programs improve strength, even without
increasing muscle mass. Protein supplementation improves mus-
cle mass, crucial for HD patients' health.

VR and MME demonstrate potential for improving muscle
function, albeit requiring large-scale studies to confirm their
effectiveness. Currently, there is a notable lack of research
exploring interventions that comprehensively integrate nutri-
tional strategies with exercise programs involving multiple exer-
cise modes, thereby constraining our understanding of such
combined approaches.

This study highlights the importance of a comprehensive
approach to HD patient care. Future research should explore
optimal strategies integrating these interventions for improved
patient outcomes.
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