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ABSTRACT
Objective: To assess if diaphragmatic ultrasound (DU) reflects diaphragmatic muscle 
strenght when compared to respiratory tests and neurophysiological studies.
Methods: A systematic literature review was conducted on adults undergoing DU, 
compared to any respiratory or neurophysiological technique. The search strategy was 
applied in PubMed, Scopus, and Web of Science, and the analysis was conducted using 
the PRISMA methodology. Three eligibility assessment stages were performed: title, 
abstract, and full-text reading. The risk of bias was evaluated using the RoB 2.0, 
ROBINS-I, and Newcastle-Ottawa Scale tools.
Results: Out of 155 identified articles, 25 were selected for full-text review (14 non- 
randomised studies, 8 case-control studies, and 3 randomised studies). The overall risk of 
bias was moderate, with the main biases related to population selection and interven
tion assessment.
Twenty-three articles used maximal inspiratory pressure measurement as a comparator 
which showed a weak-to-moderate correlation, significant in 10 studies, with diaphrag
matic excursion. Three studies reported a weak association between diaphragmatic 
thickening and sniff pressure.
Five articles reported a concordant correlation between diaphragmatic thickening and 
compound muscle action potential amplitude, significant only in one study.
Conclusion: The variability of results obtained across different pathologies does not 
support the use of DU alone to predict diaphragmatic muscle strength.
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Introduction

The diaphragm plays a preponderant role in ventilatory mechanics as it is the main inspiratory muscle. It’s 
a striated skeletal dome-shaped muscle and inserts into the tendons of the lower ribs bilaterally, an area 
called the apposition zone, being supported by the aortic and hepatic pillars.1,2 This muscle is innervated 
bilaterally by the phrenic nerve, originating from cervical motor roots 3 to 5.1 During the respiratory cycle, 
when the diaphragm contracts, the apposition zone shortens and the muscle performs a caudal and anterior 
movement.1,3 This movement increases abdominal pressure and decreases pleural pressure, resulting in lung 
inflation.2 During passive expiration, the diaphragm moves in the cranial direction.1 The loss of function of 
the diaphragm, i.e., the decrease in its contraction force, promotes a lower pressure differential between the 
pleural pressure, and therefore, the alveolar pressure, and the atmospheric pressures, which results in 
alveolar hypoventilation and muscle fatigue.

Diaphragmatic dysfunction (DD) can occur due to phrenic nerve neuropathy, neuromuscular junction 
disorder or myopathy and is characterised by the loss of partial or total capacity of the diaphragm to 
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generate muscle force.3 In this situation, the diaphragmatic domes perform a cranial movement (i.e., 
paradoxical) during inspiration.1–3

The method considered by several authors as the gold-standard to evaluate DD is the measurement 
of transdiaphragmatic pressure (Pdi), which consists of the difference between gastric (abdominal) 
pressure and oesophageal (pleural) pressure during a voluntary contraction or during magnetic 
stimulation of the phrenic nerve.2 However, it’s an invasive method.2 Alternatively, non-invasive 
methods for the diagnosis of DD are proposed: i) the amplitude of the compound muscle potential 
(CMAP) of the diaphragm after electrical or magnetic stimulation of the phrenic nerve translates the 
muscle strength during contraction;2,4 ii) maximal inspiratory pressure (MIP) and inspiratory nasal sniff 
pressure allow estimating the muscle strength performed by the inspiratory muscles during 
a voluntary maximal inspiration;2,4 iii) the variation in vital capacity, between the sitting and supine 
positions, which evidences the repercussion of diaphragmatic dysfunction on lung volume.5 However, 
these tests are highly dependent on subject compliance and may therefore fail to reflect the true 
capacity for diaphragmatic contraction.

DD is also identifiable by diaphragmatic ultrasonography (DU). This non-invasive, independent on subject 
compliance and fast-performing technique allows the dynamic evaluation of the excursion and thickness of the 
diaphragm at rest or during respiration. At total lung capacity (TLC), the diaphragm shortens and presents its 
maximum thickening, compared to the end of passive expiration at the level of functional residual capacity 
(FRC) and minimal thickness. From these measurements, it’s possible to calculate the diaphragm thickening 
fraction (DTF), which translates the muscle shortening index.6 However, despite the applicability of DU in the 
biomechanical study of the diaphragm, there are divergent outcomes in the literature regarding the relation
ship between DU and diaphragmatic motor function when compared to other techniques, which may be 
related to the fact that this is an operator-dependent and a non-standardised technique.4,7

In light of the above, this study’s objective was to evaluate the predictive value of DU in the assessment of 
diaphragmatic function when compared with pulmonary function tests and neurophysiological studies.

Methods

A systematic review of the literature was carried out in order to answer the following research question: 
‘What is the diagnostic accuracy of DU in the evaluation of diaphragm muscle function when compared with 
pulmonary function tests and neurophysiological studies, in various clinical contexts?’ The following studies 
were considered: those: i) conducted in adults; ii) involving participants who had performed a DU; iii) that 
described an another technique as a comparator performed in addition to the DU; and iv) those studies that 
aimed to extrapolate diaphragmatic muscle function through DU.

Then, the inclusion criteria were defined: i) studies using DU and another study method as baseline for 
comparison, in particular: diaphragmatic electromyography, phrenic nerve conduction studies, inspiratory 
nasal sniff pressure, MIP; ii) articles written in Portuguese, English or Spanish; iii) studies published in scientific 
journals. Studies were excluded if they: (i) were conducted on individuals under 18 years of age; ii) had been 
performed on pregnant women; iii) had been carried out on animals; iv) presented insufficient data related to 
the intervention and comparator techniques; v) were systematic reviews or meta-analyses.

The search strategy was applied in three databases, PubMed, Scopus and Web of Science. Advanced 
research was used in each of them, inserting the research equation presented in the supplementary material 
(Table 1). The search and selection of articles was carried out using the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) methodology.

The total number of articles retrieved in the three databases was included in the Mendeley® software 
(Elsevier, Europe), in order to identify and eliminate duplicates. The remaining articles were imported to the 
Rayyan® platform (Cambridge, USA), in order to perform the screening and selection of articles with the 
defined research strategy. The following evaluation stages were carried out: 1) title, 2) abstract and 3) reading 
the full article for assessment and eligibility criteria. The different stages of evaluation were carried out by 
three researchers through the dichotomous classification of ‘Included’/‘Excluded’. In case of disagreement, 
two investigators with at least five years of clinical research (JL, MLA) evaluated the study methodology and 
results, deciding in agreement on its inclusion or exclusion.
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The included articles were assessed for risk of bias using the following Cochrane tools (The Cochrane 
Collaboration, United Kingdom): randomised studies using the risk of bias scale – RoB 2.0; non-randomised 
intervention studies by ROBINS-I; and case studies controlled by the Newcastle-Ottawa scale. The risk of bias 
was also calculated in each type of study (randomised and non-randomised). Two investigators (MM, MLA) 
were responsible for evaluating the quality of the studies and, in the event of disagreement between the 
two, a third researcher (JL) was consulted, and a consensus decision was reached by all three. The data was 
extracted to Excel® (Microsoft, USA).

The studies included demonstrated some variability in the techniques employed for the assessment of 
respiratory muscle function when compared with diaphragmatic ultrasound (DU). In the majority of studies, 
evaluations were conducted sequentially; in two studies,8,9 assessments were performed concurrently with 
DU, and in one study10 the interval between evaluations did not exceed one month.

Results

A total of 155 references were identified in the PubMed, Scopus, and Web of Science databases (Figure 1). After 
removing the duplicate articles, the titles of 106 articles were read, of which 91 were selected for review of 
the abstracts. Of these, 45 articles were selected by the authors to assess the eligibility criteria, and 25 studies 
were included, briefly described in Table 2 of the supplementary material. The reviewed studies presented 
different methodologies, with mostly non-randomised observational prospective studies (n = 14), followed 
by three randomised observational studies and eight case-control studies.

The risk of bias of the randomised trials was moderate. Figure 2 shows the results of the risk assessment. 
The most relevant were related to the authors’ intention to obtain an expected result (D2), mostly associated 
with training sessions prior to the DU assessment and the existence of omitted results (D3). Regarding to 
non-randomised studies, the risk of bias was also moderate (Figure 2B). These were hampered by the 
selection of participants and by confounders of interpretation of the DU related to methodological aspects 
of the technique and consequent missing data. Overall, the risk of bias was higher than in randomised trials. 
Case-control studies had an average score of 6 stars and a moderate risk of bias. The main risk was the 
comparative study method with the DU and its consequent extrapolation to the discussion of results. The risk 
of bias assessment of the three types of studies included is presented in the supplementary material 
(Table 3 to 5).

Discussion

Diaphragmatic ultrasound studies and pulmonary function tests

Twenty-three articles included in the systematic review assessed the correlation between MIP, as 
a representative parameter of inspiratory muscle strength, and the diaphragm thickening fraction (DTF) 
and diaphragmatic excursion assessed by DU

In two studies, healthy subjects were studied. On 63 healthy subjects with a mean age of 34 years old 
showed a predicted forced vital capacity of 107% (±15%), a mean MIP of 94 cmH20 (±27cmH20) and a MEP of 
130 cmH20 (±31cmH20). On these subjects, the mean DU excursion during Psniff was 2.6 cm (±1.0 cm) and 
during maximal inspiration was 8.1 cm (±1.0). Whereas DU inspiration thickness was 0.5 cm (±0.2 cm) and 
expiration was 0.2 cm (±0.1 cm)9,11 Regarding DTF, the majority of the studies used a cut of < 20% to define 
diaphragm paralysis or dysfunction.

MIP and DU was also evaluated in obese patients with low mobility.12 On these patients, DU excursion also 
was moderately associated with MIP. Although, this positive association, the increase thick of subcutaneous 
tissue between the probe and the diaphragm cupula may promote a high variability of the DU measure
ments within ultrasound operators. In fact, the deep position of the diaphragm makes challenging the 
muscle identification and DTF measurements with a linear probe. In such a way, that to reduce inter- and 
intra-operator variability, the right hemidiaphragm is commonly assessed due to the more predictable 
location and movement between the lung and liver.

As reported in the results, numerous studies have demonstrated a positive association between MIP 
and diaphragmatic excursion, as well as between DTF and MIP, suggesting that the force generated by 
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inspiratory muscles can be assessed by movement and anatomical-structural changes in the diaphragm. In 
healthy studies, a significant relationship was found between diaphragm thickness by DU during MIP and 
MIP itself (r = −0.71; p < 0.01), and DTF and MIP. (r = −0.82; p < 0.01).8 However, the correlations presented 
showed variable statistical degrees between studies. In addition, the majority of the studies did not show 
significant differences between patients and controls groups (Table 2).

One factor to be taken into consideration is that the MIP manoeuvre translates the strength of several 
inspiratory muscles.13 Although, MIP measurements are mainly performed with patients in the sitting 
position, DU scanning position wasn’t described in some manuscripts which could contribute to the 
variation of these correlations. This is because in the supine position the diaphragm is elevated due to the 
abdominal contents.14

On the other hand, the pathophysiology of each disease can also add variability in the association 
of techniques. COPD leads to several changes in the inspiratory muscles, e.g., cachexia, muscle 
weakness and lung hyperinflation. Cachexia and muscle weakness in COPD are the result of altera
tions in muscle energy metabolism, including reduced oxidative capacity, increased protein catabo
lism, altered amino acid metabolism and insulin resistance which lead to muscle mass loss and 

Figure 1. Fluxogram prisma.
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deterioration of muscle function, both peripheral and respiratory, thereby affecting the diaphragm. 
In more severe cases (GOLD stage 3 and stage 4), a greater component of hyperinflation, i.e., an 
increase in residual volume, impairs diaphragmatic contraction even more.15 However, in COPD of 
lower stages, MIP demonstrated a weak positive relationship with diaphragmatic excursion (r = 0.496, 
p = 0.022).12

In neuromuscular diseases, the first changes occur at the axonal or muscular level. Respiratory changes in 
these patients are subtle and usually appear in advanced stages of the disease. In the study carried out in 
patients with Friedreich’s ataxia,16 the loss of motor coordination may justify the decrease in diaphragmatic 
excursion by dissynchronous contraction, so DD will depend on the phenotype of the neuromuscular 
disease, the stage and physical conditions of the patient.

Yetkin et al.16 found a moderate negative correlation between diaphragm excursion and SARA (Scale for the 
Assessment and Rating of Ataxia) score and between DTF and SARA score. In fact, patients with Friedreich’s 
ataxia showed differences in DU inspiratory thickness (18 vs 20 mm), thickness fraction (21.5% vs 33.5%) and DU 

Figure 2. Assessment of methodological bias of non-randomised studies (A, n = 14) and randomised studies (B, n = 3) 
included in literature review.
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excursion (1.1 cm vs 1.7 cm) in comparison with controls.16 However, in this study, diaphragmatic excursion was 
only measured during deep inspiration and not compared with measurement at tidal volume.

In the studies that evaluated the association of changes in DU and the Psniff manoeuvre in patients with 
ALS, DU was suggested as a complementary technique in the assessment of diaphragmatic muscle strength, 
being an asset in the population studied since it does not require so much effort and muscle 
coordination.17,18 However, Pinto et al.17 did not find significant changes in thickness (in TLC and RV) 
between the initial and four-month DU evaluation among patients with spinal and bulbar ALS phenotype, 
in disagreement with the Psniff, which showed a significant decline between measurements. The authors 
considered that the findings were influenced by the study population, consisting of individuals with ALS at 
an early stage.19 Respiratory function was considered preserved taking into account that the patients had 
a combination of the following factors: percentage of the reference value of forced vital capacity > 60%, 
maximum voluntary ventilation ≥15%, MIP ≥19%, maximum expiratory pressure ≥20% and functional scale 
(ALSFRS) ≥35 points. However, between evaluations, Psniff showed a significant decrease after four months in 
the two ALS phenotypes. In fact, about 20–30% of the participants in the three studies analysed had ALS with 
bulbar phenotype, which may explain the decline in Psniff, rather than other pressures (namely MIP).17–19 The 
authors explain these findings by noting that Psniff measures inspiratory pressure during a more natural, 
spontaneous and brief effort which is less affected by fatigue or lack of coordination and so is more 
representative of actual respiratory function. However, MIP is a test that is more difficult to perform and 
requires a proper seal around the mouthpiece which is a challenge to those patients. Thus, when compared 
with a more natural effort, one would not expect MIP to appear less reduced. Like MIP, the performance of 
the sniff manoeuvre does not depend exclusively on the muscle strength of the diaphragm, but on the entire 
set of inspiratory muscles. However, the speed of shortening is higher than in the MIP manoeuvre. The 
change in the strength-velocity relationship, related to the decrease in the length of muscle fibres, leads to 
a decrease in muscle strength in patients with muscle atrophy13 and, therefore, in the maximum pressure 
that can be measured.

Of the studies included, few addressed the relationship between DU and Psniff, and the results suggest the 
existence of a variable relationship, therefore, only complementary in the specific case of ALS. In addition, in 
the three studies analysed, no measurements of diaphragmatic excursion were performed. In a study 
conducted by Fayssoil et al, in individuals with various neuromuscular pathologies, the authors found 
a significant correlation between diaphragm excursion and sniff nasal pressure, a significant association 
between maximum diaphragmatic excursion velocity and forced vital capacity (FVC) and sniff nasal pressure, 
and concluded that DU, during sniff, demonstrated a high diagnostic accuracy to predict a FVC < 60%,20 an 
indicator of greater degradation of respiratory function. The studies by Pinto et al.18,19 and Fantini et al.17 

focused specifically on ALS, while Fayssoil et al. focused on a broader spectrum of neuromuscular diseases. 
Although they are not fully comparable, in view of the techniques chosen to relate to the DU and the 
difference in the samples, they all support the use of the DU in the evaluation of DD.

Diaphragmatic ultrasound and neuromuscular function studies

Five studies tested the association between DU and CMAP of the phrenic nerve. The analysed articles 
suggest the possibility of a positive association between excursion and diaphragm thickening parameters 
evaluated by DU and parameters evaluated by phrenic nerve conduction studies, namely its CMAP.18,21,22 

However, Spiesshoefer et al.23 in the study of patients with late-onset Pompe disease previously mentioned, 
did not identify a decline in CMAP amplitude associated with decreased excursion and DTF by DU. However, 
patients with showed a smaller predicted FVC (64% vs 110%), MIP (37.5.5 cmH20 vs 97.5 cmH20), MEP (74.2 
vs 130.1), maximum voluntary DU excursion (4.3 vs 7.4 cm) and a DU ratio thickness (1.8 vs 2.6).

On the other hand, in overtime assessments in patients with ALS19 a significant decrease in CMAP was 
demonstrated and not in the diaphragm thickness evaluated by DU. Only one of the studies18 evidenced 
the existence of a significant correlation between CMAP and diaphragm thickening, which suggests that 
this correlation may not be as strong as with the respiratory function parameters evaluated in this 
systematic review. Although, in one study patients with ALS showed a lower predicted FVC (75% vs 
107%), weaker PSniff (46 cmH20 vs 85 cmH20), lower DU inspiratory thickness (0.38 cm vs 0.53 cm) as 
a lower DTF (90% vs 208%) in comparison with controls. The dispersion of results among the different 
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studies excludes a relationship between the DU and the diaphragm neurophysiological studies. 
Furthermore, it is possible to acknowledged that this variability may be due to the pathophysiology of 
each disease. Pompe disease is a pathology that primarily affects skeletal muscle and at the time of the 
neurophysiological study, despite structural changes, it could still be functionally preserved.24 On the 
other hand, ALS primarily affects the motor neuron and the decrease in phrenic nerve CMAP is usually 
noticed, prior to muscle atrophy.25

Conclusion

After reviewing the studies with moderate risk of bias, the dispersion of results in different pathologies does 
not allow us to support the use of DU alone to predict diaphragm muscle strength. The variability of results 
and strength of the statistical associations between the DU assessment and the muscle strength of the 
diaphragm is centred on: 1) the typology, pathophysiological process and stage of disease of the patients 
included with decreased muscle strength; 2) the absence of standardised DU assessment, including probe 
type, anatomical region of assessment and measured parameters; 3) the use of various techniques as 
comparators, namely, respiratory manoeuvres and neurophysiological tests, also without reference to 
technical criteria of good performance.

However, it is possible to recognise the potential of DU as a method of structural and complementary 
evaluation of pulmonary function tests when there is doubt about the patient’s ability to collaborate. 
Additionally, it can complement the neurophysiological evaluation in early stages of neuromuscular disease 
onset to elucidate the underlying pathophysiological process.

In the future, a consensus expert panel should suggest minimum requirements for performing DU, 
including ultrasound settings, technical and practical aspects. The DU measurements pitfalls should also 
be addressed to describe motion and anatomical perspective of the diaphragm. Regarding respiratory and 
neurophysiological testing, would be of interest to describe how DU behaves during respiratory manoeuvres 
to promote DU utility and clinical application.

Disclosure statement

No potential conflict of interest was reported by the author(s).

ORCID

Joao Leote http://orcid.org/0000-0001-9659-8438

References

1. West JB. Chapter 2: Ventilation—how gas gets to the alveoli. In: West J, Luks A, eds. West’s Respiratory Physiology: 
The Essentials. 10th ed. Philadelphia: Wolters Kluwer Health; 2016:15–30.

2. Polkey MI, Green M, Moxham J. Measurement of respiratory muscle strength. Thorax. 1995;50(11):1131–1135. doi:  
10.1136/thx.50.11.1131  .

3. Ricoy J, Rodríguez-Núñez N, Álvarez-Dobaño JM, Toubes ME, Riveiro V, Valdés L. Diaphragmatic dysfunction. 
Pulmonology. 2019;25(4):223–235. doi: 10.1016/j.pulmoe.2018.10.008  .

4. Papa GF, Pellegrino GM, Di Marco F, et al. A review of the ultrasound assessment of diaphragmatic function in 
clinical practice. Respiration. 2016;91(5):403–411. doi: 10.1159/000446518  .

5. Koo P, Oyieng’o DO, Gartman EJ, Sethi JM, Eaton CB, McCool FD. The maximal expiratory-to-inspiratory pressure 
ratio and supine vital capacity as screening tests for diaphragm dysfunction. Lung. 2017;195(1):29–35. doi: 10. 
1007/s00408-016-9959-z  .

6. Kaur A, Sharma S, Singh VP, Krishna MR, Gautam PL, Singh G. Sonographic assessment of diaphragmatic thickening 
and excursion as predictors of weaning success in the intensive care unit: a prospective observational study. Indian 
J Anaesth. 2022;66(11):776–782. doi: 10.4103/ija.ija_312_22  .

7. Laghi FA, Saad M, Shaikh H. Ultrasound and non-ultrasound imaging techniques in the assessment of diaphrag
matic dysfunction. BMC Pulm Med. 2021;21(1):85. doi: 10.1186/s12890-021-01441-6  .

8. Ueki J, De Bruin PF, Pride NB. In vivo assessment of diaphragm contraction by ultrasound in normal subjects. 
Thorax. 1995;50(11):1157–1161. doi: 10.1136/thx.50.11.1157  .

PULMONOLOGY 7



9. Spiesshoefer J, Herkenrath S, Henke C, et al. Evaluation of respiratory muscle strength and diaphragm ultrasound: 
normative values, theoretical considerations, and practical recommendations. Respiration. 2020;99(5):369–381. 
doi: 10.1159/000506016  .

10. Zeitoune R, Mogami R, Koifman AC, et al. Diaphragm ultrasonography in adults with sickle cell anemia: evaluation 
of morphological and functional aspects. Hematology. 2020;25(1):372–382. doi: 10.1080/16078454.2020.1833506  .

11. Souza RM, Cardim AB, Maia TO, Rocha LG, Bezerra SD, Marinho PE. Inspiratory muscle strength, diaphragmatic 
mobility, and body composition in chronic obstructive pulmonary disease. Physiother Res Int. 2019;24(2):e1766. 
doi: 10.1002/pri.1766  .

12. Troosters T, Gosselink R, Decramer M. Respiratory muscle assessment. In: Gosselink R, Stam H, eds. Lung Function 
Testing. United Kingdom: European Respiratory Society; 2005:57–71.

13. Froese AB. Gravity, the belly, and the diaphragm: you can’t ignore physics. Anesthesiology. 2006;104(1):193–196. 
doi: 10.1097/00000542-200601000-00026  .

14. Santana PV, Albuquerque AL. Respiratory muscles in COPD: attention to the diaphragm. J Bras Pneumol. 2018;44 
(1):1–2. doi: 10.1590/s1806-37562018000010001  .

15. Yetkin NA, Yetkin MF, Ketencioğlu BB, et al. Evaluation of diaphragm functions with diaphragm ultrasound and 
pulmonary function tests in individuals with Friedreich’s ataxia. Turk J Med Sci. 2023;53(5):1301–1311. doi: 10. 
55730/1300-0144.5696  .

16. Fantini R, Mandrioli J, Zona S, et al. Ultrasound assessment of diaphragmatic function in patients with amyotrophic 
lateral sclerosis. Respirology. 2016;21(5):932–938. doi: 10.1111/resp.12759  .

17. Pinto S, Alves P, Pimentel B, Swash M, Carvalho M. Ultrasound for assessment of diaphragm in ALS. Clin 
Neurophysiol. 2016;127(1):892–897. doi: 10.1016/j.clinph.2015.03.024  .

18. Pinto S, Alves P, Swash M, Carvalho M. Phrenic nerve stimulation is more sensitive than ultrasound measurement 
of diaphragm thickness in assessing early ALS progression. Neurophysiol Clin. 2017;47(1):69–73. doi: 10.1016/j. 
neucli.2016.08.001  .

19. Fayssoil A, Nguyen LS, Ogna A, et al. Diaphragm sniff ultrasound: normal values, relationship with sniff nasal 
pressure and accuracy for predicting respiratory involvement in patients with neuromuscular disorders. PLOS ONE. 
2019;14(4):e0214288. doi: 10.1371/journal.pone.0214288  .

20. López-Viñas L, Vega-Villar J, Rocío-Martín E, et al. Diaphragm impairment in patients admitted for severe COVID-19. 
Eur J Transl Myol. 2022;32(2):10460. doi: 10.4081/ejtm.2022.10460  .

21. Vivier E, Haudebourg AF, Le Corvoisier P, Dessap AM, Carteaux G. Diagnostic accuracy of diaphragm ultrasound in 
detecting and characterizing patient-ventilator asynchronies during noninvasive ventilation. Anesthesiology. 
2020;132(6):1494–1502. doi: 10.1097/ALN.0000000000003239  .

22. Spiesshoefer J, Henke C, Kabitz HJ, et al. The nature of respiratory muscle weakness in patients with late-onset 
Pompe disease. Neuromuscul Disord. 2019;29(8):618–627. doi: 10.1016/j.nmd.2019.06.011  .

23. Taverna S, Cammarata G, Colomba P, et al. Pompe disease: pathogenesis, molecular genetics and diagnosis. Aging. 
2020;12(15):15856–158574. doi: 10.18632/aging.103794  .

24. Salem A, Wilson CJ, Rutledge BS, et al. Matrin3: disorder and ALS pathogenesis. Front Mol Biosci. 2022;8:794646. doi:  
10.3389/fmolb.2021.794646  .

25. Spiesshoefer J, Henke C, Herkenrath SD, et al. Noninvasive prediction of twitch transdiaphragmatic pressure: 
insights from spirometry, diaphragm ultrasound, and phrenic nerve stimulation studies. Respiration. 2019;98 
(4):301–311. doi: 10.1159/000501171  .

26. Brault M, Gabrysz-Forget F, Dubé BP. Predictive value of positional change in vital capacity to identify diaphragm 
dysfunction. Respir Physiol Neurobiol. 2021;289:103668. doi: 10.1016/j.resp.2021.103668  .

27. Satış H, Cindil E, Salman RB, et al. Diaphragmatic muscle thickness and diaphragmatic function are reduced in 
patients with systemic lupus erythematosus compared to those with primary Sjögren’s syndrome. Lupus. 2020;29 
(7):715–720. doi: 10.1177/0961203320919848  .

28. Summerhill EM, El-Sameed YA, Glidden TJ, McCool FD. Monitoring recovery from diaphragm paralysis with 
ultrasound. Chest. 2008;133(3):737–743. doi: 10.1378/chest.07-2200  .

29. Ruggeri P, Lo Monaco L, Musumeci O, et al. Ultrasound assessment of diaphragm function in patients with 
late-onset Pompe disease. Neurol Sci. 2020;41(8):2175–2184. doi: 10.1007/s10072-020-04316-6  .

30. Aboelmagd MF, Hamada HA, Saab IM. Effect of inspiratory muscle training on diaphragm mobility and functional 
capacity in elderly: a randomized clinical trial. Fizjoter Pol. 2019;19:28–32.

31. Hafez MR, Abo-Elkheir OI. Sonographic assessment of diaphragm thickness and its effect on inspiratory muscles’ 
strength in patients with chronic obstructive pulmonary disease. Eurasian J Pulmonol. 2017;19(2):76–83. doi: 10. 
5152/ejp.2017.42104  .

32. Almeida IC, Clementino AC, Rocha EH, Brandão DC, Andrade AD. Effects of hemiplegy on pulmonary function and 
diaphragmatic dome displacement. Respir Physiol Neurobiol. 2011;178(2):196–201. doi: 10.1016/j.resp.2011.05.017  .

33. Sanchez-Ruiz R, de la Plaza San Frutos M, Sosa-Reina MD, Sanz-Esteban I, García-Arrabé M, Estrada-Barranco C. 
Associations between respiratory function, balance, postural control, and fatigue in persons with multiple 
sclerosis: an observational study. Front Public Health. 2024;12:1332417. doi: 10.3389/fpubh.2024.1332417  .

8 J. LEOTE ET AL.



34. Cho JE, Lee HJ, Kim MK, Lee WH. The improvement in respiratory function by inspiratory muscle training is due to 
structural muscle changes in patients with stroke: a randomized controlled pilot trial. Top Stroke Rehabil. 2018;25 
(1):37–43. doi: 10.1080/10749357.2017.1383681  .

35. Hii EY, Kuo YL, Cheng KC, Hung CH, Tsai YJ. Ultrasonographic measurement indicated patients with chronic neck 
pain had reduced diaphragm thickness and mobility along with declined respiratory functions. Musculoskelet Sci 
Pract. 2024;72:102951.

36. Saeed AM, Abdelfattah KH, Gomaa AA, Ahmed NO. Study of diaphragmatic mobility by chest ultrasound and 
changes in maximal respiratory pressures in patients with interstitial pulmonary fibrosis before and after pulmon
ary rehabilitation. Egypt J Chest Dis Tuberc. 2023;72(2):231–238. doi: 10.4103/ecdt.ecdt_66_22  .

37. Bernardinello N, Cocconcelli E, Boscolo A, et al. Prevalence of diaphragm dysfunction in patients with interstitial 
lung disease (ILD): the role of diaphragmatic ultrasound. Respir Med. 2023;216:107293. doi: 10.1016/j.rmed.2023. 
107293  .

38. Spiesshoefer J, Lutter R, Kabitz HJ, et al. Respiratory muscle function tests and diaphragm ultrasound predict 
nocturnal hypoventilation in slowly progressive myopathies. Front Neurol. 2021;12:731865. doi: 10.3389/fneur. 
2021.731865  .

39. Fayssoil A, Behin A, Ogna A, et al. Diaphragm: pathophysiology and ultrasound imaging in neuromuscular 
disorders. J Neuromuscul Dis. 2018;5(1):1–10. doi: 10.3233/JND-170276.

PULMONOLOGY 9


