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Introduction

The evaluation and monitoring of respiratory muscle function in general and of diaphragm function in particular are clinically relevant in a variety of clinical settings, among which weaning from mechanical ventilation [START_REF] Laghi | Disorders of the respiratory muscles[END_REF].

Routine measurements of respiratory function like those of volumes, flows, and gas exchange, are nonspecific and only give indirect information about respiratory muscle function. A more specific approach to quantitatively asses respiratory muscle function relies on the measurement of their force producing capacity [START_REF] Thoracic Society/European Respiratory | ATS/ERS Statement on respiratory muscle testing[END_REF].

Yet there is currently no method directly giving access to respiratory muscle force in humans, hence the reliance on pressure differences to assess respiratory muscle function. Likewise, the reference method for the assessment of diaphragm function is the measurement of the transdiaphragmatic pressure (Pdi). Pdi is defined as the difference between pleural and abdominal pressures that are inferred from esophageal pressure (Pes) and gastric pressure (Pga), respectively [START_REF] Thoracic Society/European Respiratory | ATS/ERS Statement on respiratory muscle testing[END_REF]. As the diaphragm is the only muscle that simultaneously lowers Pes and increases Pga, Pdi is considered as the most specific approach to assess diaphragm function. Pdi is not a direct reflection of diaphragm strength insofar as it depends on an array of factors governing the transformation of force into pressure (such as lung volume as a determinant of diaphragm length, thoracic and abdominal compliances, and thoracoabdominal configuration that can critically affect Pdi irrespective of any change in diaphragm strength [START_REF] Chen | Twitch transdiaphragmatic pressure depends critically on thoracoabdominal configuration[END_REF].Yet Pdi is clinically relevant in that it represents the actual force that drives lung volume changes and therefore, ultimately, alveolar ventilation. Of note, measuring Pdi requires the use of esophageal and gastric probes, which impedes its generalization as a clinical tool.

Diaphragm ultrasound imaging allows the noninvasive measurement of diaphragm excursion, thickness and thickening [START_REF] Sarwal | Neuromuscular ultrasound for evaluation of the diaphragm[END_REF][START_REF] Zambon | Assessment of diaphragmatic dysfunction in the critically ill patient with ultrasound: a systematic review[END_REF]. Diaphragm thickening fraction has been shown to be an efficient tool for identifying diaphragm dysfunction, monitoring its temporal changes, and predicting weaning outcomes in ventilated patients [START_REF] Dres | Diaphragm function and weaning from mechanical ventilation: an ultrasound and phrenic nerve stimulation clinical study[END_REF][START_REF] Dube | Diaphragm Dysfunction: Diagnostic Approaches and Management Strategies[END_REF]. However, equivocal relationships between Pdi and diaphragm thickening fraction have been reported [START_REF] Dube | Ultrasound evaluation of diaphragm function in mechanically ventilated patients: comparison to phrenic stimulation and prognostic implications[END_REF][START_REF] Oppersma | Functional assessment of the diaphragm by speckle tracking ultrasound during inspiratory loading[END_REF][START_REF] Umbrello | Diaphragm ultrasound as indicator of respiratory effort in critically ill patients undergoing assisted mechanical ventilation: a pilot clinical study[END_REF],. Ultrasound shear wave elastography (SWE) is a recently available imaging method allowing direct and real-time quantification of tissue mechanical properties [START_REF] Gennisson | Ultrasound elastography: principles and techniques[END_REF]. Briefly, SWE relies on the measurement of propagation velocity of shear waves remotely generated inside tissues by ultrasonic focused beams. Shear modulus can be readily estimated from the measured shear wave propagation velocity and tissue density [START_REF] Bercoff | Supersonic shear imaging: a new technique for soft tissue elasticity mapping[END_REF]. Local muscle stiffness measured using SWE has been shown to provide reliable estimates of muscle force in locomotor muscles [START_REF] Gennisson | Human muscle hardness assessment during incremental isometric contraction using transient elastography[END_REF][START_REF] Hug | Elastography for Muscle Biomechanics: Toward the Estimation of Individual Muscle Force[END_REF]. Recently, Chino et al. [START_REF] Chino | Diaphragmatic shear modulus at various submaximal inspiratory mouth pressure levels[END_REF] reported that the shear modulus of the diaphragm (SMdi) increases along with mouth pressure (Pmo) during isovolumetric inspiratory efforts. However, the relationship between SMdi and Pdi remains to be investigated.

Therefore, the aim of this study was to investigate the potential of ultrasound shear wave elastography to evaluate diaphragm function in healthy subjects during isovolumetric inspiratory efforts and during ventilation against inspiratory loads. We hypothesized that changes in SMdi would reflect changes in Pdi.

Materials and Methods

Participants

All participants gave written informed consent. This study conformed to the Declaration of Helsinki and was approved by the local ethics committee (Comité de Protection des Personnes iIe-de-France VI, France). The study was publicly registered prior to the first inclusion (ClinicalTrials.gov, NCT03313141).

Experimental setup

Participants were studied in a semirecumbent position (40 degrees) with uncast abdomen, breathing through a mouthpiece while wearing a nose clip. The mouthpiece was connected to a two-way valve and pneumotachograph (3700 series, linearity range 0-160 L*min-1; Hans Rudolph, Kansas City, MO) for flow measurement. Pmo was recorded using a differential transducer (model DP45-18, Validyne, Northridge, CA).

Pes and Pga were measured using 8-cm balloon catheters (C76080U; Marquat Génie Biomédical, Paris, France), connected separately to differential pressure transducers (model DP45-32; Validyne, Northridge, CA) as previously described [START_REF] Verges | Effect of acute hypoxia on respiratory muscle fatigue in healthy humans[END_REF]. Flow and pressures signals were digitized (Powerlab, ADInstruments, Sydney, Australia) and recorded at a sampling frequency of 2 kHz (Labchart, ADInstruments). Pdi was obtained by online subtraction of Pes from Pga.

Ultrasound measurements. Diaphragm ultrasound imaging and shear wave elastography were performed using an Aixplorer Ultrasound scanner (V11.2, Supersonic Imagine, Aix-en-Provence, France) driving a 10-2 MHz linear transducer array (SL10-2, Supersonic Imagine). Settings were defined as follow: B-mode enabled; supersonic shear wave imaging mode enabled (SWE); penetration mode enabled; tissue tuner at 1540 m•s -1 ; dynamic range at 80 dB. Gain and time gain compensation were tailored for each patient. Sampling rates for Bmode imaging and SWE were 12 and 2 Hz, respectively. A generous amount of ultrasound gel was used during scanning for optimal acoustic coupling and minimal pressure was applied to the transducer in order to limit tissue deformation and modification of ventilatory mechanism. The right hemi-diaphragm was scanned at the zone of apposition, on the posterior axillary line vertical to the chest wall at the 8 th -10 th intercostal space. The right hemi-diaphragm was identified as a three-layered structure comprising two hyperechoic lines representing the pleural and peritoneal membranes and a middle hypoechoic layer representing the diaphragmatic muscle fibers. The rotation and angle of the transducer was then finely adjusted to obtain maximal echo intensity from diaphragmatic pleura and peritoneal membrane. The location of the probe was carefully marked on the skin to ensure reliable positioning of the probe within the protocol. Ultrasound acquisition were triggered with the Powerlab for synchronizing ultrasound, flow, and pressures recordings. Ultrasound measurements were performed by a trained operator (MD). An overview of the setup and samples of diaphragm ultrasound imaging is provided in Figure 1.

Study protocol

The study was carried out as follows: i) measurement of maximal isovolumetric inspiratory pressure (PImax), ii) recordings during apnea at functional residual capacity (FRC), iii) recordings during inspiratory efforts against closed airways, iv) recordings during ventilation against inspiratory threshold loading. Each step of the protocol was performed twice.

Maximal isovolumetric inspiratory pressure. PImax was measured at FRC. At least five trials were performed until three reproducible efforts, with less than 10% variance, were obtained [START_REF] Thoracic Society/European Respiratory | ATS/ERS Statement on respiratory muscle testing[END_REF]. Maximal Pmo generated amongst the three reproducible trials was defined as PImax.

Apnea at FRC and isovolumetric inspiratory efforts against closed airways. During these tasks, the mouthpiece was disconnected from the three-way valve and flow was not monitored. Pressures and SMdi were measured during ~5s open glottis apnea and during inspiratory efforts against closed airways at 10, 20, 30, 40, 50, and 60 % of PImax. Both apnea and inspiratory efforts were performed at FRC. Participants were asked to reach progressively the target Pmo and to maintain their effort during ~10s. Visual feedback of generated Pmo and guidelines were provided to participants using the built-in software option. Each task was repeated twice. Tasks were alternated with 1-2 min of unloaded breathing.

Ventilation against inspiratory threshold loading. An in-house developed apparatus (23) modified from Chen et al. ( 6) was used to perform ventilation against inspiratory threshold loads. Briefly, the device consisted of a cylindrical adjustable pressure chamber connected to a non-rebreathing valve. The negative pressure was generated by a commercially available vacuum cleaner. Pressure in the chamber (Pch) was measured continuously using a differential pressure transducer (model DP45-32; Validyne, Northridge, CA). The dead space of the device was estimated at ~600 ml. Participants underwent a step-wise inspiratory threshold loading protocol at 10, 20, 30, 40 and 50% of PImax. Each task was repeated twice. During each task, at least six regular respiratory cycles were recorded. Tasks were alternated with 1-2 min of unloaded breathing.

Data analysis

Pes, Pga, Pdi, Pmo, Pch and flow were analyzed offline using standardized scripts in MATLAB (Mathworks, Natick, MA, USA). Frames from B-mode and SWE recordings were exported using the ultrasound scanner research pack (Soniclab, v12, Supersonic imagine) and each clips were processed offline using standardized scripts in MATLAB (Mathworks). A square region of interest (ROI) was drawn within the shear modulus map (see Figure 1) of the first frame of each clip between the diaphragmatic pleura and peritoneal. The latter ROI was replicated on other frames. SMdi was calculated assuming a linear elastic behavior in muscle tissue (4) as

SMdi = ρ•V s 2
where ρ is the density of muscle (1000 kg•m -3 ), and Vs is the shear wave speed in m•s -1 . Values with each ROI were averaged and reported as SMdi. For measurements during isovolumetric inspiratory efforts, signals were manually selected when Pmo was stabilized at the targeted levels. Pressures and SMdi where then averaged over the duration of the selected period. During ventilation against inspiratory threshold loading, maximal SMdi and pressures variations (i.e. Pmo, Pes, Pga, Pdi) within inspiratory time were computed for each cycle. Cycles were discarded if diaphragm visualization was lost during the acquisition, or in the presence of lung artefacts. Mean SMdi at functional residual capacity during apnea was subtracted from mean SMdi or maximal SMdi (within inspiratory time) during isovolumetric efforts and ventilation, respectively.

Statistics

Data within text and tables are presented as mean ± SD and mean [95% CIs] for correlation coefficients. The assumptions of normality and sphericity were confirmed using the D'Agostino's K-squared and Mauchly's tests, respectively. Repeated measures ANOVAs were conducted to evaluate change in variables depending on conditions. Tukey's HSD post-hoc tests were conducted when significant effect was found. Pearson correlation coefficients (r) were used for determining within-individual relationships between variables. For isovolumetric efforts, coefficients of variation were computed to assess the variability of Pdi and SMdi within the selected periods. Repeated measures correlation coefficient (R) were used for determining overall relationships between variables (3). This statistical technique is used for determining the common within-individual association for paired measures assessed on two or more occasions for multiple individuals. This allows removing biases caused by violation of independence and/or differing patterns between-participants versus within-participants when performing simple correlation on aggregated data. All analyses were performed in the computing environment R version 3.2.4 [START_REF] Team | A Language and Environment for Statistical Computing[END_REF]. Statistical significance was set at p < 0.05 for all tests.

Results

Fifteen [https://figshare.com/s/eb987ad33ec4218e2cae]). Two participants did not perform isovolumetric inspiratory efforts against closed airways and two participants did not performed 60% PImax. Ultimately, the 89 available acquisitions were used for analysis. Mean selection duration for averaging data was 8.7 s (SD 3.9). Within selected data, mean of coefficient of variation for Pmo, Pes, Pga, Pdi, and SMdi were 14.2, 9.0, 6.3, 5.4, and 16.2 %, respectively. Pressures, and SMdi for all levels of inspiratory effort are displayed in Table 1 and Figure 3A. Repeated measures ANOVA showed significant effect of inspiratory effort levels on SMdi and Pdi.

Relationship between mean Pdi swing and mean SMdi during all tasks for all data points is displayed in Figure 3B. Mean Pdi significantly correlated to mean SMdi in all participants (r ranged from 0.77 to 0.96, all p < 0.01; 

R = 0.

Discussion

The aim of the present study was to investigate the potential of ultrasound shear wave elastography for evaluating diaphragm function in healthy subjects. We found that shear wave modulus of the diaphragm (i.e.

stiffness) was strongly correlated with transdiaphragmatic pressure during both isovolumetric inspiratory efforts and inspiratory threshold loading.

As expected, increasing the inspiratory load during both isovolumetric inspiratory efforts and ventilation against inspiratory threshold loading resulted in an increase in Pdi (Table 1 and Figure 3; Table 3 and Figure 6, respectively). It should be noted that during unloaded breathing, Pdi and tidal volume were larger than expected for healthy subjects (Table 3) (9). This is most likely the result of the additional resistance and instrumental dead space imposed by the experimental device. Accordingly, variations in Pmo expressed as a percentage of PImax were greater than pressure within the inspiratory loading device. Our data showed strong linear relationship between mean SMdi and Pdi during submaximal isovolumetric inspiratory efforts (Figure 3). These findings demonstrate that diaphragm stiffening is strongly related to the level of diaphragm activation as assessed by Pdi measurements. These findings are in line with the repeatedly demonstrated linear relationship between muscle shear modulus and active muscle force in locomotor muscles [START_REF] Ates | Muscle shear elastic modulus is linearly related to muscle torque over the entire range of isometric contraction intensity[END_REF][START_REF] Gennisson | Human muscle hardness assessment during incremental isometric contraction using transient elastography[END_REF][START_REF] Hug | Elastography for Muscle Biomechanics: Toward the Estimation of Individual Muscle Force[END_REF][START_REF] Lapole | Contracting biceps brachii elastic properties can be reliably characterized using supersonic shear imaging[END_REF]. These results are also in agreement with the recent work by Chino et al. [START_REF] Chino | Diaphragmatic shear modulus at various submaximal inspiratory mouth pressure levels[END_REF] that reported significant correlation between SMdi and Pmo during similar isovolumetric inspiratory efforts at FRC. However, we reported lower SMdi values for given isovolumetric inspiratory efforts e.g. mean SMdi was 63 kPa (SD 16) at 50% of PImax versus 29 kPa (SD 13) in the present work. Diaphragm recruitment is known to be reduced during voluntary inspiratory efforts in the semirecumbent position compared to the sitting position that was used in the study by Chino et al. [START_REF] Koulouris | The effect of posture and abdominal binding on respiratory pressures[END_REF]. A lower ability of the participants to efficiently recruit their diaphragm may also contributed to explain these results. Our data also show strong linear relationship between max SMdi and Pdi swing during ventilation against inspiratory threshold loading. These findings demonstrate for the first time that diaphragm function can be noninvasively monitored using SWE during breathing. Besides one report in the cardiac muscle [START_REF] Couade | In vivo quantitative mapping of myocardial stiffening and transmural anisotropy during the cardiac cycle[END_REF], this is also the first report supporting that SWE may be used to monitor dynamic muscle contractions. Although we found high individual correlation coefficients between SMdi and Pdi in most participants, our data showed that SMdi may fail to increase along with Pdi during both isovolumetric inspiratory efforts (i.e. participants 5, 11, 12; Figure 4 and Table 2) and during ventilation against inspiratory threshold loading (i.e. participants 5, 12, 15;

Figure 7 and Table 4). These findings may be explained, at least in part, by misalignment of the transducer according to the direction of diaphragm fascicles. This factor has been repeatedly identified as critical given the highly anisotropic nature of the skeletal muscle [START_REF] Gennisson | Viscoelastic and anisotropic mechanical properties of in vivo muscle tissue assessed by supersonic shear imaging[END_REF]. Slight offset of transducer angle in reference to the direction of muscle fascicles reduces shear modulus value [START_REF] Gennisson | Viscoelastic and anisotropic mechanical properties of in vivo muscle tissue assessed by supersonic shear imaging[END_REF]. Therefore, quality criteria for SMdi measurements must be established and adjustment of transducers in the three-dimensional space shall be assisted programmatically to obtain largest SMdi changes during ventilation. Another potential explanation is that Pdi is an indirect reflect of diaphragm force, insofar as the its generation is influenced by factors such as lung volume, thoracoabdominal compliances and thoracoabdominal geometrical configuration (see introduction). Also, Pdi can be contributed to by extra diaphragmatic inspiratory muscles or by expiratory muscles if the transmission of the pressure that these muscle generate across the diaphragm is incomplete, which can occur in the presence of concomitant contraction of the diaphragm with other respiratory muscles [START_REF] Gandevia | Activation of human respiratory muscles during different voluntary manoeuvres[END_REF][START_REF] Similowski | Assessment of the voluntary activation of the diaphragm using cervical and cortical magnetic stimulation[END_REF]. Thus, high Pdi values can be reached in certain circumstances with limited contribution of the diaphragm. Interestingly, we observed less steep relationship between SMdi and Pdi during isovolumetric effort as compared to ventilation against threshold inspiratory loading. This may be explained, at least in part, by the fact that efforts were performed at functional residual capacity during submaximal isovolumetric effort i.e.

closer to diaphragm optimal length as compared to ventilation against threshold inspiratory loading where peak

Pdi is reached at higher pulmonary volume. skin-transducer interfaces and optimized post processing methods for reducing these confounding effects. In addition, both intra-and inter-operator reliability of SMdi measurements remain to be evaluated. The limited frame rate of SWE mentioned above also prevent the use of SWE during electrical/magnetic phrenic nerve stimulation or brief volitional maneuvers such as the sniff test [START_REF] Thoracic Society/European Respiratory | ATS/ERS Statement on respiratory muscle testing[END_REF]. Although SWE frame rate may be substantially increased (8), it will most likely remain too low for capturing such short events because shear waves must first travel through the tissue to be filmed [START_REF] Gennisson | Ultrasound elastography: principles and techniques[END_REF]. Similarly to conventional ultrasound methods, lung sliding may block a good view on the diaphragm when tidal volume increases [START_REF] Sarwal | Neuromuscular ultrasound for evaluation of the diaphragm[END_REF]. This may therefore prevent us from using diaphragm SWE when ventilatory demand is increased e.g. during exercise and/or with higher inspiratory volume. This will be investigated in future works. At last, increase diaphragm depth caused by thicker subcutaneous tissue in overweighed patients may also affect SMdi measurements [START_REF] Ewertsen | Evaluation of healthy muscle tissue by strain and shear wave elastography -Dependency on depth and ROI position in relation to underlying bone[END_REF].

Perspective and clinical implications. Diaphragm SWE appears to have a strong potential for direct, noninvasive, and specific assessment of diaphragm effort. SMdi coupled with functional respiratory investigations may help to detect diaphragm dysfunction [START_REF] Pirompanich | Use of diaphragm thickening fraction combined with rapid shallow breathing index for predicting success of weaning from mechanical ventilator in medical patients[END_REF]. Although feasibility of diaphragm SWE in the left zone of apposition (and other approaches) remain to be investigated, it might be particularly useful for detecting diaphragm hemi-paralysis. Diaphragm SWE might also be particularly relevant within spontaneous breathing trials and/or pressure support ventilation in ventilated patients during the weaning phase [START_REF] Magalhaes | Weaning failure and respiratory muscle function: What has been done and what can be improved?[END_REF][START_REF] Pirompanich | Use of diaphragm thickening fraction combined with rapid shallow breathing index for predicting success of weaning from mechanical ventilator in medical patients[END_REF].

Diaphragm stiffening-time index may also be computed during spontaneous breathing trial similarly to the diaphragm excursion-time index recently proposed by Palkar et al. [START_REF] Palkar | Diaphragm Excursion-Time Index: A New Parameter Using Ultrasonography to Predict Extubation Outcome[END_REF]. Hence the feasibility and the performance of SMdi measurements in critically ill patients shall be assessed in future studies. Pediatric use of diaphragm SWE also remain to be addressed. The current offline setting of the data analysis impedes the use of diaphragm SWE at the bedside. Built-in mode must be developed within ultrasound scanners to allow on-site SMdi measurements. The development of a device specifically designed for this purpose may also help to apply and disseminate the use of diaphragm SWE.
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In conclusion, diaphragm SWE may be used as a noninvasive and specific method for detecting stepwise increases in diaphragm effort during submaximal isovolumetric inspiratory efforts and during ventilation against inspiratory threshold loading. SMdi was strongly correlated to Pdi within both models. Further research and technological developments are required to optimize diaphragm SWE and its conditions of use for the diagnosis and follow up of diaphragm dysfunction as well as its potential for predicting weaning outcome in the ventilated patient. Pch, chamber pressure with the inspiratory threshold loading device; Pmo, mouth pressure; Pes, esophageal pressure; Pga, gastric pressure; Pdi, transdiaphragmatic pressure, SMdi, diaphragm shear modulus.
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Limitations.

  Participants were free to use any strategy to reach the target during isovolumetric inspiratory effort (with a Pmo rather that a Pdi target) or to overcome inspiratory loads during ventilation tasks. This may have led to poor diaphragm recruitment. Within the present study, SWE frame rate was limited to 2 Hz and this may contribute, at least in part, to reduce the amplitude of SMdi variations. Increase in SWE frame rate represents a critical challenge to fully exploit the potential of SMdi measurements. Oppersma et al.[START_REF] Oppersma | Functional assessment of the diaphragm by speckle tracking ultrasound during inspiratory loading[END_REF] recently demonstrated that diaphragm strain and strain rate assessed using speckle tracking outperform conventional ultrasound methods. Comparison of SMdi with strain-derived metrics and conventional thickening fraction remain to be investigated. Ultrasound muscle imaging is highly operator dependent. Change in transducer position might have occurred, in particularly with large thorax movement and this may contribute to explain inferior SWE performance in some participants. As previously observed during pretests, SMdi could not be assessed during maximal inspiratory maneuvers. It is unlikely that diaphragm SWE may be accurately used as performed within this study during maximal inspiratory maneuvers because of sudden thorax movement and large diaphragm deformation. Collectively, these findings emphasize the need to develop specifically designed Diaphragm shear modulus reflects transdiaphragmatic pressure 13
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 2263 Figure 2. Typical measurements during isovolumetric inspiratory efforts against closed airways in participant #3.

Figure 4 .

 4 Figure 4. Individual data points illustrating relationship between transdiaphragmatic pressure and diaphragm shear modulus during submaximal isovolumetric inspiratory efforts against closed airways.
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 5 Figure 5. Typical measurements during ventilation against inspiratory threshold loading in participant #1.
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 6 Figure 6. Relationship between transdiaphragmatic pressure and diaphragm shear modulus during unloaded ventilation and ventilation against inspiratory threshold loading (n=15).

Figure 7 .

 7 Figure 7. Individual data points illustrating relationship between transdiaphragmatic pressure and diaphragm shear modulus during unloaded ventilation and ventilation against inspiratory threshold loading.

  

  

  

  

  //figshare.com/s/28abd0263f7df2285b65]). Two participants[START_REF] Chen | Twitch transdiaphragmatic pressure depends critically on thoracoabdominal configuration[END_REF][START_REF] Dres | Diaphragm function and weaning from mechanical ventilation: an ultrasound and phrenic nerve stimulation clinical study[END_REF] did not performed 50% PImax, one participant did not performed 40% PImax, and one participant additionally performed 60% PImax). Ultimately, 66 cycles were discarded over 970-recorded cycles because of aberrant SMdi values caused by loss of diaphragm visualization or lung artefacts during the acquisition. The number of cycles analyzed per loading level was 11.8 (SD 3.0). Flow, Pressures, and SMdi for unloaded breathing and all levels of inspiratory levels are displayed in Table3and Figure6A. Repeated measures ANOVA showed significant effect of inspiratory threshold loading levels on SMdi and Pdi. Relationship between Pdi swing and maximal SMdi for all analyzed cycles and all loading tasks is displayed in Figure6B. Maximal SMdi correlated to Pdi swing in all participants
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Table 3 .

 3 Flow, pressures, and diaphragm shear modulus during unloaded ventilation and ventilation against inspiratory threshold loading.

				threshold loading (% PImax)	
	variables	0	10	20	30	40	50
	Bf (breaths/min)	12.0 (2.2) 13.3 (2.8)	12.3 (2.8)	12.9 (3.1)	12.3 (3.0)	12.9 (4.2)
	EE Pes (cmH 2 0)	4.3 (2.8)	2.8 (2.0)	2.4 (2.6)	4.1 (1.8)	6.3 (4.0)	7.1 (3.7)*
	VT (l)	0.5 (0.7)	0.8 (0.7)	0.8 (0.8)	0.6 (0.7)	0.6 (0.8)	0.5 (0.7)
	TI (s)	2.1 (0.3)	2.5 (0.5)	2.8 (0.6)	2.8 (0.6)	2.9 (0.8)	3.0 (1.0)
	VT/TI	0.2 (0.3)	0.4 (0.4)	0.3 (0.3)	0.2 (0.3)	0.2 (0.3)	0.2 (0.3)
	TI/TT	0.4 (0.0)	0.5 (0.1)	0.6 (0.1)	0.6 (0.1)	0.6 (0.1)	0.6 (0.1)
	mean Pch (cmH 2 0) 4.1 (1.3)	-12.9 (2.7)* -24.4 (5.8)*	-36.4 (9.2)*	-48.2 (10.8)* -59.2 (14.4)*
	Δ Pmo (% PImax) 1.7 (0.5)	19.6 (2.6)*	29.6 (3.6)*	39.0 (4.5)*	46.6 (6.6)*	54.2 (9.3)*
	Δ Pes (cmH 2 0)	-8.5 (2.6) -27.2 (9.9)	-38.4 (14.6)* -48.2 (16.1)* -60.4 (18.9)* -67.8 (21.5)*
	Δ Pga (cmH 2 0)	6.3 (2.2)	7.6 (5.2)	9.9 (6.1)*	10.1 (4.7)*	8.8 (2.6)*	8.7 (2.2)*
	Δ Pdi (cmH 2 0)	10.4 (4.4) 29.8 (13.8)* 42.3 (18.3)* 49.4 (17.9)* 59.1 (20.9)* 63.6 (23.1)*
	max SMdi (kPa)	6.2 (3.6)	16.0 (8.5)*	24.3 (10.0)* 27.8 (13.8)* 32.5 (13.8)* 35.7 (13.4)*
	Data are shown as mean (SD). Data from each cycle for a given loading level were averaged. Threshold loading
	(% PImax), inspiratory threshold loading expressed as a percentage of maximal voluntary isovolumetric
	inspiratory pressure with 0% PImax corresponding to unloaded ventilation; Bf, breathing frequency; EE Pes,
	end-expiratory esophageal pressure; VT, tidal volume; TI, inspiratory time; VT /TI, tidal volume to inspiratory
	time ratio i.e inspiratory flow; TI/TT, ratio of inspiratory to total time of the respiratory cycle i.e. duty cycle;
	mean Pch, mean chamber pressure within the inspiratory loading device. Pmo, variation of mouth pressure
	during inspiratory time; Δ Pmo, variation of mouth pressure during inspiratory time; Δ Pes, variation of
	esophageal pressure during inspiratory time; Δ Pga, variation of gastric pressure during inspiratory time; Δ Pdi,
	variation of transdiaphragmatic pressure during inspiratory time; max SMdi, maximal diaphragm shear modulus

Table 4 .

 4 Relationship between diaphragm shear modulus during unloaded ventilation and ventilation against inspiratory threshold loading in all participants.

	Participants r [95% CI]	p value
	1	0.73 [0.59-0.83] < 0.001
	2	0.85 [0.76-0.90] < 0.001
	3	0.90 [0.84-0.94] < 0.001
	4	0.90 [0.84-0.94] < 0.001
	5	0.40 [0.18-0.59] < 0.001
	6	0.79 [0.68-0.86] < 0.001
	7	0.86 [0.77-0.91] < 0.001
	8	0.87 [0.80-0.92] < 0.001
	10	0.55 [0.21-0.78] < 0.01
	12	0.44 [0.22-0.61] < 0.001
	13	0.67 [0.47-0.80] < 0.001
	14	0.82 [0.73-0.89] < 0.001

0.76 [0.64-0.85] < 0.001 r [95% CI], Pearson correlation coefficient with lower and higher 95% confidence intervals.
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