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Abstract
Background: Respiratory muscle dysfunction is common in dialysis-dependent chronic kidney disease (CKD), but the structural and
functional status of the diaphragm and its responsiveness to rehabilitation have not been consistently characterised using ultrasound.
Obijective: To synthesise evidence on ultrasound-derived diaphragm thickness, thickening fraction, excursion, and stiffness in adults
receiving dialysis and to examine whether rehabilitation interventions are associated with changes in these imaging outcomes.
Methods: A systematic review was conducted in accordance with PRISMA 2020. MEDLINE, Embase, CENTRAL, CINAHL, Web of
Science Core Collection, Scopus, and PEDro were searched from inception to the final search date, supplemented by trial registries,
citation tracking, reference list screening, and grey literature searches. Eligible studies included adults with dialysis-dependent CKD
or advanced CKD reporting ultrasound-derived diaphragmatic outcomes. Two reviewers independently screened studies and
extracted data. Randomised trials were assessed using RoB 2, and observational studies using design-appropriate Joanna Briggs
Institute appraisal tools. Because of substantial clinical and methodological heterogeneity, findings were synthesised narratively in
accordance with SWiM principles, and certainty was assessed using GRADE.
Results: Four studies involving 478 participants were included. Three were observational, and one was a small randomised trial.
Ultrasound-derived diaphragm thickness during deep inspiration was lower in haemodialysis populations than in healthy controls or
preserved-function subgroups. The thickening fraction was also consistently lower in the two studies reporting it. Excursion and
velocity were directionally reduced, although statistical significance was not consistent. One study using shear-wave elastography
reported substantially lower diaphragmatic stiffness in haemodialysis patients than in healthy controls, with excellent diagnostic
discrimination, but this finding has not been replicated. The only interventional study evaluated intradialytic cycle ergometry rather
than targeted respiratory muscle training and found no significant change in diaphragm thickness after four weeks, despite reported
improvements in respiratory muscle strength. Overall certainty was low to very low for the principal outcomes.
Conclusion: Ultrasound provides convergent descriptive evidence of impaired diaphragmatic structure and function in dialysis-
dependent CKD. However, evidence that targeted respiratory muscle training reverses ultrasound-defined structural abnormalities
is absent. Future multicentre studies should harmonise ultrasound acquisition, validate diagnostic thresholds, and evaluate targeted
respiratory muscle training with serial imaging alongside functional and patient-reported outcomes.

Keywords: chronic kidney disease; haemodialysis; diaphragm; ultrasonography; respiratory muscle; diaphragm thickness;
thickening fraction; shear-wave elastography; rehabilitation; systematic review.

1. Introduction

Chronic kidney disease (CKD) is a major and growing cause of morbidity, mortality, and healthcare utilisation worldwide.
The burden is particularly substantial among people who progress to kidney failure and require renal replacement
therapy. Haemodialysis (HD), the most widely used renal replacement modality, is associated with systemic
complications that extend beyond renal function, including reduced physical capacity, skeletal muscle wasting,
respiratory muscle weakness, and exercise intolerance[1].

Several mechanisms may contribute to respiratory muscle impairment in dialysis-dependent CKD, including uraemic
myopathy, chronic inflammation, metabolic acidosis, anaemia, oxidative stress, protein-energy wasting, and coexisting
cardiovascular and metabolic disease. These processes may compromise diaphragm mass, contractile performance, and
ventilatory reserve. [2]The resulting phenotype may manifest clinically as dyspnoea, fatigue, reduced exercise tolerance,
and impaired health-related quality of life.[3]

Diaphragm ultrasonography provides a non-invasive method for evaluating respiratory muscle morphology and
movement. Commonly reported parameters include diaphragm thickness during expiration and inspiration, thickening
fraction, excursion, movement velocity, and, more recently, tissue stiffness assessed by shear-wave elastography.
[4]These measures may provide complementary information on diaphragm structure and function; however, acquisition
protocols, breathing manoeuvres, measurement sites, and analytic approaches vary considerably between studies.[5]
Given the inherent limitations of conventional assessments such as fluoroscopy or trans-diaphragmatic pressure
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measurement—including ionizing radiation exposure and procedural mvasweness—ultrasound has emerged as
preferred tool for real-time monitoring [6]. :

Respiratory muscle training (RMT), particularly inspiratory muscle training, has been |nvest|gated in dialysis populations

and has demonstrated improvements in functional measures, including maximal inspiratory pressure and pulmonary
function. [7]Exercise-based and technology-assisted rehabilitation, including virtual reality, has also been explored as a
strategy to improve adherence and physical function. Nevertheless, improvements in functional outcomes do not
necessarily demonstrate structural remodelling of the diaphragm.[8] Although exercise improves respiratory muscle
strength, the underlying physiological impact on the diaphragm's contractile proteins and structural morphology in
patients with end-stage renal disease remains largely unelucidated [9,10]. This gap in understanding is particularly
notable given that diaphragmatic stiffness, as quantified by shear-wave elastography, exhibits marked reductions in
dialysis patients compared to healthy controls [11].

The present review was therefore undertaken to determine what is currently known about ultrasound-derived
diaphragmatic structure and function in adults with dialysis-dependent CKD, and to assess whether rehabilitation
interventions have been shown to modify these imaging outcomes.[12] A secondary objective was to identify
methodological gaps that must be addressed before diaphragm ultrasound can be used as a validated biomarker for
rehabilitation response.[13]

2. Methods

2.1 Protocol and reporting

This systematic review was conducted and reported in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 statement. The review protocol was prospectively registered in PROSPERO
[CRD420261365280]. The Synthesis Without Meta-analysis (SWiM) reporting framework was used to guide the narrative
synthesis. Because the review synthesised previously published evidence, institutional ethical approval was not
required.

2.2 Eligibility criteria

Eligibility was defined using Population, Intervention, Comparator, and Outcome concepts. Adults (18 years) receiving
maintenance HD, home HD, peritoneal dialysis, or with CKD stages 3-5 not yet receiving dialysis were eligible. Studies
involving acute kidney injury in intensive care, mechanical ventilation, or neurological or neuromuscular conditions
known to independently impair diaphragm function were excluded[11].

Eligible interventions included RMT, breathing exercises, combined aerobic and respiratory training, diaphragmatic or
pursed-lip breathing, yoga-based breathing, biofeedback respiratory training, virtual-reality-assisted respiratory
training, and mixed rehabilitation programmes containing a respiratory component. Eligible comparators included usual
care, no intervention, sham or attention control, active respiratory-training comparators, and non-respiratory
exercise.[14] Outcome measures focused on diaphragmatic morphology, including end-expiratory and end-inspiratory
thickness and the calculated thickening fraction, alongside functional metrics derived from ultrasound. [15]

The primary outcomes were ultrasound-derived diaphragm thickness at end expiration and peak inspiration, diaphragm
thickening fraction, and sonographic stiffness measures including shear-wave elastography. Secondary outcomes
included maximal inspiratory and expiratory pressure, spirometric indices, six-minute walk distance, dyspnoea,
respiratory muscle endurance, health-related quality of life, and adverse events. Randomised controlled trials were
prioritised; quasi-randomised, non-randomised, prospective interventional, and cross-sectional studies were eligible
when they reported relevant ultrasound-derived diaphragmatic outcomes.[16]

2.3 Information sources and search strategy

MEDLINE via PubMed, Embase, the Cochrane Central Register of Controlled Trials, CINAHL, Web of Science Core
Collection, Scopus, and PEDro were searched from database inception to the final search date. ClinicalTrials.gov, the
WHO International Clinical Trials Registry Platform, the EU Clinical Trials Information System, the Clinical Trials Registry—
India, and PROSPERO were searched for ongoing or unpublished evidence. Reference lists of included studies and
relevant reviews were screened; forward citation tracking was performed using Web of Science and Scopus; and grey
literature was sought through ProQuest Dissertations and Theses, OpenGrey, the Grey Literature Report, and relevant
nephrology society websites.

2.4 Study selection

Records were exported to a reference-management system, deduplicated, and screened in Covidence. Two reviewers
independently screened titles and abstracts, followed by full texts. Disagreements were resolved through discussion
and, where necessary, consultation with a third reviewer. Multiple reports of the same study were linked and counted
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as a single study. Reasons for exclusion at full-text screening were réfiord\éﬁ ‘and should be presented in the PRIS
2020 flow diagram.[17] 0.
2.5 Data extraction g ——
A pilot-tested extraction form was used by two independent reviewers. Extracted infbrmation included study design,
country, sample size, participant characteristics, dialysis modality and duration, inf’enyention and comparator
characteristics, ultrasound equipment and acquisition protocol, respiratory outcomes, functional outcomes, patient-
reported outcomes, adverse events, funding, conflicts of interest, and numerical results. Where data were available
only in graphical form, values were digitised and checked against the original reports. The final supplementary extraction
table should accompany the submitted manuscript.[18]

2.6 Risk of bias and methodological quality

The methodological quality of the included randomised clinical trial was additionally assessed using the PEDro scale. The
trial received a PEDro score of 5/10 based on the item-level assessment presented in Supplementary Table S4. Criterion
1 (eligibility criteria specified) was not included in the total score, consistent with the PEDro scoring system.[19]

The included randomised trial was assessed using the Cochrane Risk of Bias 2 tool. Observational studies were assessed
with design-appropriate Joanna Briggs Institute appraisal checklists. Two reviewers independently completed
assessments, with disagreements resolved through discussion or arbitration by a third reviewer. Risk-of-bias judgements
were incorporated into the interpretation of the narrative synthesis and certainty assessment.[20]

2.7 Data synthesis and certainty of evidence

Quantitative pooling was not undertaken because the included studies differed substantially in population, comparison
framework, ultrasound modality, measurement site, breathing manoeuvre, outcome definitions, and intervention
characteristics. Findings were therefore synthesised narratively, grouped by outcome and study design. Effect
estimates, confidence intervals where available, direction of effect, statistical significance, and methodological
limitations were considered together. Certainty of evidence was assessed using GRADE, considering risk of bias,
inconsistency, indirectness, imprecision, and publication bias.[21]

3. Results

3.1 Study selection

Four studies met the eligibility criteria and were included in the qualitative synthesis. The included evidence comprised
two cross-sectional studies, one prospective cohort study, and one randomised clinical trial. The four studies enrolled a
combined 478 participants. The exact numbers of records identified, duplicates removed, records screened, full texts
assessed, and reasons for exclusion should be inserted directly from the final PRISMA flow diagram before
submission.[22]
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3.2 Characteristics of included studies

Figure 1. PRISMA 2020 flow diagram of study identification, screeniﬁg; 'el.igfi'bility»arssessment, and inclusion.

The included studies were conducted in China, Tiirkiye, and Brazil. Three studies focused principally on maintenance
HD, while one included both HD and peritoneal dialysis. Sample sizes ranged from 40 participants in the randomised
trial to 206 participants in the largest cross-sectional study. The observational studies compared dialysis populations
with healthy controls or stratified HD participants according to ultrasound-defined diaphragmatic dysfunction; the
randomised trial compared intradialytic cycle ergometry with no exercise

Study Design Sample Population Ultrasound Main purpose sPcEc?r;o
. B-mode; right Structural and
Maint HD
Wangetal.,, Cross- 206 (103 HD; aintenance hemidiaphragm; functional
. and matched . . -
2019 sectional 103 controls) thickness, TF, diaphragm
healthy controls . . .

excursion/velocity comparison

B-mode; right Diaphragm
Zhengetal.,, Prospective 103 recruited; . hemidiaphragm; i
2022 cohort 98 analysed Maintenance HD thickness, TF, dysfunction anc! 36-
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3.3 Diaphragm thickness
Ultrasound-derived diaphragm thickness was reported in all four studies. During deep inspiration, Wang et al. reported
lower thickness in HD patients than in matched healthy controls (0.386 + 0.144 cm vs 0.439 + 0.134 cm; p=0.007). Zheng
et al. reported substantially lower maximal inspiratory thickness in participants classified as having ultrasound-defined
diaphragmatic dysfunction than in those with preserved function (p<0.001). Dag et al. also reported lower inspiratory
thickness in HD than in healthy controls (2.24 + 0.25 mm vs 2.86 + 0.29 mm; p<0.001). In contrast, the Armando trial
found no significant change in diaphragm thickness following four weeks of intradialytic cycle ergometry: contracted-
phase MD -0.08 cm (95% Cl -1.61 to 1.46; p=0.99) and relaxed-phase MD -1.21 cm (95% ClI —2.60 to 0.19; p=0.10).[23]
3.4 Thickening fraction, excursion and velocity
Thickening fraction was reported by Wang et al. and Zheng et al., and was directionally lower in HD or ultrasound-
defined diaphragmatic dysfunction. Wang et al. reported a lower thickening fraction in HD than in healthy controls
(0.838 + 0.618 vs 1.127 + 0.757; p=0.003). Excursion and movement velocity were also reduced in the Wang cohort,
whereas the Zheng cohort showed a similar effect direction without statistically significant differences in excursion
(p=0.095) or velocity (p=0.173). These findings suggest convergent impairment of the diaphragm's contractile response,
although statistical consistency is incomplete.[24]
3.5 Shear-wave elastography
Dag et al. provided the only evidence using shear-wave elastography. Inspiratory stiffness was 25.61 + 6.15 kPa in HD
patients compared with 47.68 + 6.67 kPa in healthy controls, while expiratory stiffness was 19.46 + 4.37 kPa versus
33.26 + 4.62 kPa, respectively. Diagnostic discrimination was excellent, with reported AUCs of 0.980 during inspiration
and 0.987 during expiration. Because these estimates originate from a single study, they should be considered
preliminary and require external validation.[25]
3.6 Interventional evidence
Only one included study was interventional. The randomised Brazilian trial evaluated progressive intradialytic lower-
limb cycle ergometry three times per week for four weeks. No significant change in diaphragm thickness was observed
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despite reported improvements in maximal inspiratory and explratory pressures Importantly, this was a peripher
aerobic intervention rather than targeted RMT. Therefore, the current review- prowdes -no_direct randomised evidence
that IMT, diaphragmatic breathing, or technology-assisted respiratory tralnlng produces ultrasound-detectable
diaphragm remodelling in dialysis-dependent CKD.[26] "

3.7 Prognostic evidence ‘

The Zheng prospective cohort provided the only longitudinal prognostic evidence. Part|C|pants with ultrasound-defined
diaphragmatic dysfunction had worse 36-month clinical outcomes than those with preserved function. Of 103 recruited
participants, 98 were analysed, and 81 completed the full 36-month follow-up. Attrition included loss to contact,
transplantation, and change to peritoneal dialysis. The prognostic findings, therefore, remain promising but require
replication in larger, multicentre cohorts.[27]

3.8 Secondary outcomes

Maximal inspiratory and expiratory pressures were reported only in the interventional study. Six-minute walk distance,
health-related quality of life, spirometric indices, and adverse events were not reported as outcomes in the included
ultrasound studies. Symptom associations, including dyspnoea, fatigue, and hiccups, were reported descriptively in
Wang et al., but quantitative intervention effects were not reported.[28] While evidence for specific respiratory muscle
training remains limited in this context, previous research suggests that targeted inspiratory muscle training may yield
measurable improvements in dyspnea, forced vital capacity, and maximal inspiratory pressure for hemodialysis patients
[29]. However, establishing a definitive link between structural ultrasound markers of diaphragmatic atrophy and long-
term improvements in functional capacity requires further investigation through standardized, high-intensity
respiratory muscle training protocols [30,31].

The included randomised clinical trial received a PEDro score of 5/10. The score reflected positive ratings for random
allocation, baseline comparability, adequate outcome availability, between-group statistical comparisons, and reporting
of point estimates with variability; allocation concealment, participant and therapist blinding, assessor blinding, and
intention-to-treat/retention criteria were not awarded points based on the supplied assessment. These limitations
highlight the current lack of high-quality, blinded randomized controlled trials, leaving the clinical utility of
ultrasonography as a primary diagnostic tool for respiratory sarcopenia in dialysis patients subject to future larger-scale
validation.[32]

3.9 Risk of bias

The sole randomised trial was judged to have some concerns overall using the RoB 2 tool. The principal concerns related
to insufficient reporting of allocation concealment and randomisation procedures, assessor blinding, completeness of
outcome data, ultrasound measurement reliability, and a prespecified analysis plan. The three observational studies
were assessed using design-appropriate appraisal tools, which raised concerns about selection bias, single-centre
recruitment, attrition, limited generalisability, and incomplete integration of ultrasound with conventional respiratory
function measures.

The domain-level and overall risk-of-bias judgements are summarised graphically below. The first figure presents study-
level judgements across the RoB 2 domains, while the second figure presents the distribution of judgements across
domains.[33]

Risk of Bias 2 (RoB 2) Summary
Study ID D1 D2 D3 Da D5  Overall

Gongalves et al. 2025 ] 1 . ) 1 1

Bin Wang et al. 2019 ’ ‘ (g% B 1 !
Zheng et al. 2022 ® & H @ 1 1
Dag et al, 2025 ® © 1 ! -

@ ‘lowrsk Domains:
D1 - Randomization process
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Figure 2. Risk of bias 2 (RoB 2) summary across the included studies
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Figure 3. Distribution of risk-of-bias judgements across RoB 2 domains.

3.10 Certainty of evidence

Certainty was low for inspiratory diaphragm thickness and thickening fraction, very low for end-expiratory thickness and
shear-wave elastography, and very low for single-study secondary outcomes. Downgrading was principally attributable
to the small evidence base, predominance of observational designs, methodological heterogeneity, imprecision, and
risk of bias in the only randomised trial. No outcome was upgraded because the evidence base was insufficient to
support robust large-effect or dose-response judgements.[34]

4. Discussion

4.1 Principal findings

Four studies involving 478 participants met the inclusion criteria. Overall, the evidence indicates that dialysis-dependent
CKD is associated with measurable abnormalities in diaphragm morphology and function on ultrasound. Inspiratory
thickness and thickening fraction were consistently reduced, while excursion and velocity generally showed the same
direction of impairment. Shear-wave elastography provided promising but single-study evidence of reduced diaphragm
stiffness. In contrast, interventional evidence was extremely limited: the only randomised study evaluated peripheral
cycle ergometry and did not demonstrate any structural change in the diaphragm.[35]

4.2 Interpretation of ultrasound findings

The convergence of reduced inspiratory thickness and thickening fraction across studies suggests that ultrasound can
detect clinically relevant diaphragmatic impairment in dialysis populations. However, differences in acquisition
protocols limit direct comparison. The divergence in end-expiratory thickness between Wang and Dag is an example of
how measurement zone, breathing manoeuvre, equipment, and participant characteristics may influence absolute
values. Consequently, ultrasound thresholds derived from a single cohort should not yet be treated as universal
diagnostic reference values.[36]

4.3 Structure versus function

The available evidence suggests that functional impairment may not map directly onto structural thickness. The
randomised cycle-ergometry study reported improvements in respiratory muscle strength without a corresponding
increase in ultrasound-derived thickness. This may indicate that short-term functional adaptation can occur without
measurable hypertrophy, although the small sample size, short intervention period, and risk-of-bias concerns preclude
a definitive conclusion. Future studies should measure structural, functional, and clinical endpoints concurrently.[37]
4.4 Prognostic significance

The 36-month Zheng cohort suggests that ultrasound-defined diaphragmatic dysfunction may have prognostic
relevance. However, this evidence is observational and derived from a single centre. In addition, attrition occurred
during follow-up, and some reasons for loss were clinically related to transplantation or modality change. Therefore,
the association should be interpreted as hypothesis-generating rather than as evidence that ultrasound-defined
dysfunction independently causes adverse outcomes.[38]
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4.5 Implications for respiratory muscle training

The broader dialysis rehabilitation literature supports functional benefits from resplratory muscle training, but the
present ultrasound-focused review demonstrates an important mechanistic eV|dence gap. None of the included studies
evaluated targeted RMT with serial ultrasound assessment of diaphragm thickness or thickening fraction. Thus, it
remains uncertain whether functional improvements produced by IMT or breathing interventions are accompanied by
structural remodelling. This distinction is important because ultrasound should not yet be used to prescribe or titrate
RMT dose on the assumption that thickness changes represent treatment response.[39]

4.6 Clinical implications

Diaphragm ultrasound is attractive because it is non-invasive, repeatable, and potentially feasible during dialysis.
Nevertheless, current evidence supports its use primarily as an adjunctive research or assessment tool rather than as a
validated standalone clinical decision-making biomarker. Functional measures such as MIP, MEP, spirometry, exercise
capacity, symptoms, and quality of life remain necessary for comprehensive rehabilitation assessment.[40]

4.7 Strengths

Strengths of this review include a broad database search, supplementary registry and citation searching, independent
study selection and extraction, design-appropriate risk-of-bias appraisal, and explicit assessment of certainty. The
narrative synthesis was selected a priori because of substantial clinical and methodological heterogeneity.[41]

4.8 Limitations

The principal limitation is the small evidence base: only four studies met the inclusion criteria, and only one was
randomised. All included studies were single-centre investigations, limiting external validity. Ultrasound acquisition
protocols differed in measurement site, breathing manoeuvre, imaging modality, and reporting. Most studies used
observational designs and therefore cannot establish causality. The only intervention study lasted four weeks and tested
peripheral aerobic exercise rather than targeted RMT. Furthermore, simultaneous pulmonary function testing and
ultrasound were not consistently performed, and gold-standard measures of diaphragm contractile strength were
absent. These limitations reduce certainty and preclude quantitative pooling.[42]

4.9 Research priorities

Future studies should be multicentre and adequately powered; use harmonised ultrasound acquisition and reporting
protocols; validate diagnostic thresholds against established measures of diaphragm function; and evaluate targeted
RMT with serial ultrasound. Trials should measure diaphragm thickness, thickening fraction, excursion, MIP, MEP,
spirometry, exercise capacity, symptoms, quality of life, and adverse events in the same participants. Longitudinal
prognostic studies should also evaluate whether ultrasound-derived abnormalities independently predict
hospitalisation, cardiovascular events, infection-related admissions, or other clinically meaningful outcomes.[43]
Ultimately, establishing a robust evidence base requires integrating these imaging parameters within the broader
context of multi-organ assessments to better delineate the complex pathophysiology of respiratory decline in patients
with end-stage kidney disease.[44]

5. Conclusion

Current evidence indicates that dialysis-dependent CKD is associated with reduced ultrasound-derived diaphragm
thickness during inspiration, reduced thickening fraction, and impaired excursion or movement velocity. Shear-wave
elastography also shows promise for identifying diaphragmatic abnormalities, although evidence is currently limited to
a single study. The prognostic significance of ultrasound-defined dysfunction is suggested by a single prospective cohort
study but remains insufficiently validated. Most importantly, there is no direct randomised evidence demonstrating that
targeted respiratory muscle training reverses ultrasound-defined diaphragmatic structural abnormalities in dialysis-
dependent CKD. Ultrasound should therefore be considered a promising adjunctive biomarker that requires validation,
rather than an established tool for monitoring or titrating respiratory rehabilitation.
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