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Key points summary

• Twitch transdiaphragmatic pressure elicited by cervical magnetic stimulation of the phrenic nerves is a fully non-volitional method for assessing diaphragm contractility in humans, yet it requires invasive procedures such as esophageal and gastric catheterballoons.

• Ultrafast ultrasound enables a very high frame rate allowing the capture of transient events, such as muscle contraction elicited by nerve stimulation (twitch). Whether indices derived from ultrafast ultrasound can be used as an alternative to the invasive measurement of twitch transdiaphragmatic pressure is unknown.

• Our findings demonstrate that maximal diaphragm tissue velocity assessed using ultrafast ultrasound following cervical magnetic stimulation is reliable, sensitive to change in cervical magnetic stimulation intensity, and correlates to twitch transdiaphragmatic pressure.

• This approach provides a novel fully non-invasive and non-volitional tool for the assessment of diaphragm contractility in humans.

Ultrafast ultrasound imaging of the diaphragm

Introduction

Sixty years ago, [START_REF] Agostoni | Abdominal and thoracic pressures at different lung volumes[END_REF] introduced a novel method to measure the specific contribution of the diaphragm to the intrathoracic pressure generated during inspiratory efforts, namely, transdiaphragmatic pressure (Pdi). Pdi is defined as the difference between gastric (Pga) and esophageal (Pes) pressures measured using gastric and esophageal probes. Twitch Pdi (Pditw) elicited by cervical magnetic stimulation (CMS) was introduced 30 years ago and is considered as a reference method for the non-volitional assessment of diaphragm contractility [START_REF] Similowski | Cervical magnetic stimulation: a new painless method for bilateral phrenic nerve stimulation in conscious humans[END_REF]). Yet, measuring Pditw is considered invasive and requires a high level of expertise [START_REF] Laveneziana | ERS Statement on Respiratory Muscle Testing at Rest and during Exercise[END_REF]. Twitch mouth pressure (Pmotw) or nasal mask twitch pressure have been developed as an alternative to Pditw [START_REF] Yan | Evaluation of human diaphragm contractility using mouth pressure twitches[END_REF][START_REF] Teixeira | Superiority of nasal mask pressure over mouth pressure, as a surrogate of diaphragm twitch-related esophageal pressure, in healthy humans[END_REF]. However, this approach requires some degree of cooperation from the subjects because small inspiratory/expiratory efforts [START_REF] Similowski | Cervical magnetic stimulation: a new painless method for bilateral phrenic nerve stimulation in conscious humans[END_REF][START_REF] Hamnegaard | Mouth pressure in response to magnetic stimulation of the phrenic nerves[END_REF][START_REF] Windisch | Influence of different trigger techniques on twitch mouth pressure during bilateral anterior magnetic phrenic nerve stimulation[END_REF]Kabitz et al., 2007) are required prior the stimulation to prevent upper airway collapse and/or glottis closure and ensure adequate transmission. Moreover, these procedures required proper mouth occlusion, which cannot be performed in many patients such as patients with neuromuscular disorders. Ultrasound (US) imaging has emerged as a tool for assessing the diaphragm [START_REF] Ueki | In vivo assessment of diaphragm contraction by ultrasound in normal subjects[END_REF] and is increasingly used in clinical settings such as the intensive care unit (Dres & Demoule, 2020). Imaging of the zone of apposition of the right-hemidiaphragm is classically performed to investigate diaphragm behavior. Various indices can be derived from diaphragm US such as diaphragm excursion or thickening fraction [START_REF] Goligher | Measuring diaphragm thickness with ultrasound in mechanically ventilated patients: feasibility, reproducibility and validity[END_REF][START_REF] Tuinman | Respiratory muscle ultrasonography: methodology, basic and advanced principles and clinical applications in ICU and ED patients-a narrative review[END_REF], diaphragm strain [START_REF] Oppersma | Functional assessment of the diaphragm by speckle tracking ultrasound during inspiratory loading[END_REF], or more recently changes in diaphragm stiffness assessed with US shear wave elastography [START_REF] Bachasson | Diaphragm shear modulus reflects transdiaphragmatic pressure during isovolumetric inspiratory efforts and ventilation against inspiratory loading[END_REF].

However, these methods offer limited frame rate (i.e. a few tens of frames per second for standard US and a few frames per second for US shear wave elastography). Therefore, these methods cannot be used for capturing fast transient phenomena, such as diaphragm response elicited by CMS (~300 ms).

Ultrafast US is a fairly recent imaging technique enabling very high frame rates (up to 20 kHz, [START_REF] Sandrin | Time-resolved pulsed elastography with ultrafast ultrasonic imaging[END_REF]. This technique has previously been used in the biceps Ultrafast ultrasound imaging of the diaphragm brachii to visualize muscle behavior during short-lasting contractions (Deffieux et al., 2008;[START_REF] Gronlund | Imaging two-dimensional mechanical waves of skeletal muscle contraction[END_REF]. By performing a radio frequency-based speckle tracking, ultrafast US allows the quantification of transient velocities of mechanical waves induced by transcutaneous electrical stimulation (Deffieux et al., 2008). Maximal tissue velocity has been reported to increase linearly with stimulation intensity. However, the relationship between tissue velocity and the force generated by the muscle during stimulation is unknown.

In a recent pilot work, we reported that diaphragm response elicited by CMS can be imaged using ultrafast US and that responses elicited at high and low stimulation intensity can be discriminated [START_REF] Bachasson | Ultrafast Ultrasound Imaging Grants Alternate Methods for Assessing Diaphragm Function[END_REF]. However, the relationship between diaphragm pressure generation and indices derived from ultrafast US during CMS remains to be thoroughly investigated.

Therefore, this study aimed at imaging the diaphragm during CMS at different intensity levels using ultrafast US. By investigating the relationships between Pditw and indices derived from ultrafast US imaging (i.e. thickening fraction, maximal tissue velocity), we hypothesized that diaphragm thickening fraction and diaphragm tissue velocity following CMS were correlated to Pditw, and that these indices may be used as a surrogate to Pditw.

Methods

Ethical approval

This study conformed to the Declaration of Helsinki. It was approved by the local ethics committee (Comité de Protection des Personnes Île-de-France VI, France, February 22 nd 2016, ID-RCB 2015-A00949-40) and was publicly registered before the first inclusion (ClinicalTrials.gov, NCT03313141). All participants gave written informed consent. Some of the data from this study have already been published elsewhere, regarding the use of diaphragm shear wave elastography in healthy subjects during ventilation [START_REF] Bachasson | Diaphragm shear modulus reflects transdiaphragmatic pressure during isovolumetric inspiratory efforts and ventilation against inspiratory loading[END_REF].

Participants

Ultrafast ultrasound imaging of the diaphragm Thirteen healthy participants (5 males and 8 females, median (Q1-Q3) -age = 24 (22)(23)(24)(25)(26)(27)) kg.m -2 ) were studied.

Participants had to be 18 and over with no history of respiratory or neuromuscular disorders, and no contraindication to CMS [START_REF] Rossi | Screening questionnaire before TMS: an update[END_REF].

Pressure measurements

Participants were studied in a semirecumbent position (~45 degrees) with uncast abdomen. Pes and Pga were measured using 8 cm balloon catheters (Marquat Genie Biomedical, Boissy-Saint-Léger Cedex, France). Balloons were introduced through the participant's nostril and both placed in the stomach so that a positive pressure deflection was monitored when gently pressing the participant's stomach. Subsequently, one balloon was slowly withdrawn toward the esophagus until the pressure deflection was no more monitored when pressing the participant's stomach, and was then withdrawn an additional 10 cm.

Esophageal balloon position was adjusted using the Baydur maneuver [START_REF] Baydur | Assessment of the mechanical properties of the musculoskeletal system using 2-D and 3-D very high frame rate ultrasound[END_REF].

Balloons were then connected to differential pressure transducers (MLT0380/D, ADInstruments, Bella Vista, Australia) and filled with 4 and 5.5 ml of air in the esophageal and gastric balloons, respectively [START_REF] Mojoli | Esophageal pressure measurements under different conditions of intrathoracic pressure. An in vitro study of second generation balloon catheters[END_REF]. All signals were digitized at a 4 kHz frequency using a PowerLab system (16/35, ADInstruments, Bella Vista, Australia) and recorded on the LabChart software. Pdi was computed as the difference between Pga and Pes.

Cervical Magnetic Stimulation

CMS was performed using a Magstim 200 stimulator (Magstim, Whitland, Dyfed, UK) driving a 90-mm circular coil (1 Tesla maximum output) as previously described [START_REF] Similowski | Cervical magnetic stimulation: a new painless method for bilateral phrenic nerve stimulation in conscious humans[END_REF]. Briefly, participants were asked to bend their neck forward and the central hole of the coil was positioned on the spinous process of the seventh cervical vertebra.

Optimal coil position was determined by performing a series of stimulation at 100 % of stimulator intensity. The spot where Pditw was the highest was skin-marked and kept constant during the whole experiment.

Ultrafast ultrasound imaging

Ultrafast ultrasound imaging of the diaphragm The zone of apposition of the right hemidiaphragm was imaged using a 6 MHz central frequency linear transducer (SL 10-2) driven by an ultrafast ultrasound device (Aixplorer V12, Supersonic Imagine, Aix-en-Provence, France). The probe was placed on the midaxillary line, vertical to the chest wall, at the 8th-10th intercostal space. The site of the probe placement was skin-marked to ensure that the same region of interest was imaged during the whole protocol. The diaphragm was identified as a three-layers structure superficial to the liver, with two hyperechoic layers (i.e. the pleura and peritoneum) surrounding a hypoechoic muscular layer (Figure 1). As the duration of Pditw is ~300 ms, a custom ultrafast US sequence was designed to track diaphragm movements during this time window. The sequence was composed of 9 plane-wave US with different angles (-7° to 7° with a 2° incremental steps) at 9 kHz frame rate, yielding a compounded frame rate of 1 kHz and a 500 ms [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF]. This sequence followed the Food and Drugs Administration guidelines for acoustics norms (Mechanical index = 0.5, Thermal index = 0.2). Because diaphragm depth rarely exceed 4 cm [START_REF] Shahgholi | Diaphragm depth in normal subjects[END_REF], the US sequence was developed in order to maintain the same spatial and temporal resolution of to this depth of 4 cm. Such sequence allows the imaging of the diaphragm in overweight patients. Signals were synchronized using an output trigger sent from the ultrafast US device to the Powerlab system. A fixed delay of 100 ms was set between the onset of US recordings and CMS, after which the stimulator was triggered by the Powerlab for delivering the stimulation. Recording of pressure signals was started 1 s before the US trigger. The experimental setup and procedure for recording pressure and US frames is displayed in Figure 2. Of note, we investigated whether diaphragm excursion elicited by CMS may be imaged during subcostal scanning during pilot works. We measured very small excursion values that were highly variable between trials. This finding was expected as diaphragm response elicited by CMS is not associated with substantial change in pulmonary volume. This may be mainly explained by glottis closure. Consequently, the measurement of diaphragm excursion during CMS was not further explored.

Experimental protocol

Ultrafast ultrasound imaging of the diaphragm Cervical magnetic stimulations. Participants were stimulated on the predefined optimal stimulation spot from 30 to 100 % of stimulator intensity in units of 10 %, in a randomized order. All stimulations were delivered at functional residual capacity (FRC). Lung volume prior stimulation, estimated through Pes, was checked to be consistent across all stimulations.

A minimum of three stimulations, separated by at least one minute, were performed at each stimulation intensity. Two to three validated trials (i.e. as indicated by appropriate Pes before CMS) per intensity were considered for further analysis.

Maximal voluntary maneuvers.

Participants were asked to perform maximal inspiratory effort at residual volume. Maximal Pdi (Pdimax) was measured using a unidirectional valve allowing expiration only. Participants were asked to empty their lungs before being strongly encouraged to generate maximal inspiratory effort. Visual feedback of Pdi was provided during the maneuver. Three to five trials were performed and maximal pressure measured over a 1 s period was recorded as Pdimax. Sniff nasal inspiratory pressure (SNIP) was determined as follows. Participants were asked to make a short and maximal sniff at FRC.

As recommended (American Thoracic Society/European Respiratory, 2002), participants performed 8-10 attempts with a ~30-s rest in-between sniffs until a plateau of peak pressure values was reached.

Data analysis

All data were analyzed offline using standardized Matlab scripts (Mathworks, Natick, MA, USA). Pes, Pga, and Pdi signals were low-pass filtered (30 Hz) using a second-order Butterworth filter. Esophageal twitch pressure (Pestw), gastric twitch pressure (Pgatw), and Pditw following stimulation were calculated as the difference between maximal (for Pdi and Pga) or minimal (for Pes) pressure and pressure at the onset of CMS.

Vertical speckle tracking was performed by computing the axial (i.e. perpendicular to the ultrasound probe) relative displacements within the diaphragm. This technique consists in comparing consecutive images using one-dimensional cross-correlations to measure the relative displacement of a pixel between two consecutive frames [START_REF] Loupas | An axial velocity estimator for ultrasound blood flow imaging, based on a full evaluation of the Doppler equation by means of a twodimensional autocorrelation approach[END_REF].

Diaphragm tissue velocity profile is then computed by dividing the measured displacement by the time difference between two frames (i.e. 1 ms). As an example, Figure 3 shows how Ultrafast ultrasound imaging of the diaphragm the velocity within the diaphragm evolves over time. Diaphragm velocity was computed over each column of pixels within the diaphragm. The central third of each image was then averaged to obtain a single value of diaphragm velocity over time. This value was assumed to be representative of the whole diaphragm. Maximal diaphragm velocity (Vdimax) was then determined as the maximal (i.e. positive) velocity within this signal.

For each trial, a time-motion image was generated using the central pixel line of each ultrasound image, referred to as M-Mode in the following. The position of the pleura and peritoneum layers was then drawn manually over the full length of the M-Mode image. By doing so, diaphragm thickness (i.e. the difference between the peritoneum and pleura positions) was computed at each time of the US acquisition. Maximal diaphragm thickening fraction (TFditw) was computed using resting diaphragm thickness prior stimulation (Tdirest) and maximal diaphragm thickness following stimulation (Tdimax) as follows:

TFditw (%) = × 100 [1]
All TFditw measurements were performed by a single trained operator (TP), blinded to the Standard errors of measurement (SEM) and intraclass correlation coefficients (ICC) were used to study absolute and relative reliability, respectively [START_REF] Hopkins | Controlled twitch mouth pressure reliably predicts twitch esophageal pressure[END_REF]. The overall relationship between variables (R) was determined using repeated measure correlation [START_REF] Bakdash | Repeated Measures Correlation[END_REF]. This technique considers the independence of repeated measures between individuals, so that potential confounding factors, such as betweenparticipant variability, do not interfere. Data are presented as R [95 % CI]. Spearman

Ultrafast ultrasound imaging of the diaphragm correlation coefficients (ρ) were calculated to investigate within-individual relationships between variables. ANOVAs were used to assess the effect of stimulation intensity on Pditw, Vdimax, and TFditw. Tukey's post-hoc tests were conducted if a significant main effect of intensity was found. Within individuals, Pditw, Vdimax, and TFditw were considered supramaximal if the average Pditw, Vdimax or TFditw at submaximal and maximal stimulation intensities was inferior or equal to the coefficient of variation of the variable at each stimulation intensities [START_REF] Welch | Sex differences in diaphragmatic fatigue: the cardiovascular response to inspiratory resistance[END_REF][START_REF] Geary | Diaphragm fatigue and inspiratory muscle metaboreflex in men and women matched for absolute diaphragmatic work during pressure-threshold loading[END_REF]. Supramaximality was reached if greater stimulation intensity did not result in further increase in Pditw, Vdimax or TFditw.

Analyses were performed in the computing environment R (R Core Team, 2020).

Significance was set at p<0.05 for all tests.

Results

All Vdimax correlated to stimulation intensity in all participants (ρ ranged from 0.79 to 1.00, all p<0.0500; R = 0.83, 95 % CIs [0.75 0.89], p<0.0001). At the group level, there was a significant main effect of stimulation intensity on Vdimax. Post-hoc tests indicated that Vdimax did not significantly differ between 90 and 100 % of stimulation intensity (p=0.9997).

No significant differences in Vdimax was found between consecutive stimulation intensities, except between 80 and 90 % of stimulation intensity (p=0.0080). Within individuals, Vdimax plateaued at 90 % of stimulation intensity in 6 participants, at 80 % in one participant, and at 70 % in one participant.

TFditw correlated to stimulation intensity (R = 0.72, 95 % CIs [0.60 0.80], p<0.0001).

Individual correlations were significant in 10 out of 13 subjects (ρ ranged from 0.67 to 0.95, all p<0.05; ρ ranged from 0.33 to 0.52 in the three remaining participants, all p>0.2200). At the group level, there was a significant main effect of stimulation intensity on TFditw. Posthoc tests showed that TFditw did not significantly differ between 60 to 100% of stimulation intensity (all p>0.1155). No significant differences in TFditw was found between consecutive stimulation intensities. Within individuals, TFditw plateaued at 90 % of stimulation intensity in 5 participants, at 80 % in two participants, at 70 % in two participants, at 50 % in one participant and at 30 % in one participant. TFditw and Vdimax at all stimulation intensities are shown in Figure 6B and 6C, respectively.

Relationships between Pditw and indices derived from ultrafast ultrasound

Within-individuals' relationships between Pditw and Vdimax, and between Pditw and TFditw are presented in 
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Discussion

This study is the first to image the diaphragm contraction induced by CMS using ultrafast US. The main results are as follow: i) maximal tissue velocity within the diaphragm significantly increased with stimulation intensity while diaphragm thickening fraction plateaued at low stimulation intensity, ii) intra-session reliability of maximal tissue velocity within the diaphragm was high and intra-session reliability of diaphragm thickening fraction was poor iii) twitch transdiaphragmatic pressure strongly correlated with maximal tissue velocity within the diaphragm and moderately correlated with diaphragm thickening fraction.

Vdi max is sensitive to changes in stimulation intensity and correlates to twitch transdiaphragmatic pressure

We found that Vdimax increased with stimulation intensity in all participants. These results are in line with previous works that reported a gradual increase in tissue velocity with stimulation intensity during contractions elicited in the biceps brachii (Deffieux et al., 2008;[START_REF] Gronlund | Imaging two-dimensional mechanical waves of skeletal muscle contraction[END_REF]. To the best of our knowledge, this study is the first to report the relationship between a muscle's tissue velocity and the force/pressure it produces. We found that Vdimax correlated to Pditw in all participants, supporting that the magnitude of Vdimax is associated with the diaphragm contractility. Interestingly, Pditw was supramaximal in two subjects only, whereas Vdimax was supramaximal in 8 subjects. The inability to reach supramaximal Pditw values in some subjects has been addressed before [START_REF] Man | Magnetic stimulation for the measurement of respiratory and skeletal muscle function[END_REF][START_REF] Spiesshoefer | Transdiapragmatic pressure and contractile properties of the diaphragm following magnetic stimulation[END_REF]. This may be partly explained by insufficient magnetic stimulation power to fully activate the phrenic nerves. It cannot be ruled out that supramaximality of Pditw occurred between 90 and 100 % of stimulation intensity. Nonetheless, it is known that CMS at highest stimulation intensities stimulates neck muscles [START_REF] Attali | Influence of neck muscles on mouth pressure response to cervical magnetic stimulation[END_REF]. Thus, Pditw is likely to increase not because of a higher activation of the diaphragm, but because the recruitment of neck muscles increases the deflation of twitch Pes [START_REF] Wragg | Comparison of cervical magnetic stimulation and bilateral percutaneous electrical stimulation of the phrenic nerves in normal subjects[END_REF][START_REF] Laghi | Comparison of magnetic and electrical phrenic nerve stimulation in assessment of diaphragmatic contractility[END_REF]. Regarding Vdimax, supramaximality was reached in 8 out of 13 participants. The fact that Vdimax plateaued while Pditw continued to increase may be related to specificity of Vdimax measurement, which directly probe the diaphragm. Therefore, Vdimax may be considered as a specific index of diaphragm contractility following CMS, ruling out Ultrafast ultrasound imaging of the diaphragm the confounding effects related to the recruitment of extra diaphragmatic muscle. Vdimax did not meet supramaximality criteria in 5 subjects. Interestingly, 4 out of these 5 subjects did not reach supramaximality for Pditw either. It can thus be suggested that the absence of Vdimax supramaximality is directly related to the absence of Pditw supramaximality. Also, one may observe that Vdi increases in the milliseconds following stimulation, while Pdi peaks ~150 ms after stimulation (Figure 4). This supports that the rapid change in Vdi correspond to diaphragm contraction and that this lag reflects the time needed for the diaphragm to transfer its force generation into an actual pressure generation. Importantly, Vdimax was found to be strongly reproducible, as indicated by low SEM and high ICC that were comparable to those observed for Pditw (Table 1). This high reliability build confidence regarding the potential of Vdimax for non-volitional monitoring of diaphragm contractility over time. This study is also the first to report TFditw values during CMS. Repeated measure correlations showed a significant correlation between TFditw and stimulation intensity. Within individuals, 10 (77 %) participants presented with a significant relationship between TFditw and stimulation intensity. As compared to Vdimax, TFditw was shown to be less sensitive to changes in stimulation intensity. At the group level, TFditw was moderately correlated to Pditw. Our results are in line with previous studies that reported significant relationship between diaphragm thickening fraction and changes in Pdi during spontaneous breathing, inspiratory efforts, or in mechanically ventilated patients [START_REF] Ueki | In vivo assessment of diaphragm contraction by ultrasound in normal subjects[END_REF][START_REF] Vivier | Diaphragm ultrasonography to estimate the work of breathing during noninvasive ventilation[END_REF][START_REF] Goligher | Measuring diaphragm thickness with ultrasound in mechanically ventilated patients: feasibility, reproducibility and validity[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]. However, when looking at individual relationship, the correlation between TFditw and Pditw reached significance in 8 subjects (62%) only. We also found that TFditw plateaued at low stimulation intensity (60%). Importantly, the intra-session reliability of TFditw was rather poor. There are several potential explanations for these findings. First, TFditw was computed manually by drawing the position of the pleura and peritoneum. Imprecisions during this manual step might also be amplified by the lower image quality found using ultrafast US as compared to that of conventional US imaging. More specifically, conventional US imaging uses focused pulses, allowing for high image quality but a relatively low sampling rate (a few tens per second). On the other hand, ultrafast US plane wave imaging allows very high sampling rate (here, 1 kHz) but image quality is lower [START_REF] Montaldo | Coherent plane-wave compounding for very high frame rate ultrasonography and transient elastography[END_REF]. Indeed, ultrafast US prevents the focusing of US beams to a specific Ultrafast ultrasound imaging of the diaphragm tissue (i.e. in this case, the diaphragm) and negatively impacts the signal to noise ratio of the resulting image. As a result, the ultrafast US sequence developed for the current experiment does not allow strong contrast of anatomic structures in comparison to standard US imaging (Figure 1A). This may disrupt the measurement of TFditw (Figure 1B) and contribute to explain the low intra-session reliability of TFditw indicated by the substantial SEM (~10%)

and moderate ICC (<0.6). Noteworthy, TFdi during ventilation was previously shown to be moderately reliable using traditional ultrasound imaging [START_REF] Goligher | Measuring diaphragm thickness with ultrasound in mechanically ventilated patients: feasibility, reproducibility and validity[END_REF]. This low reliability may explain, at least in part, the absence of increase in TFditw with increasing stimulation intensity and increasing Pditw in some participants. Indeed, we found in some participants that TFditw plateaued at intensities as low as 40-60 %. Because of the large increase in Pditw between 60 and 100 % of stimulation intensity, it is very unlikely that supramaximal TFditw values depicts full diaphragm recruitment. All together, these findings suggest that TFditw may be of limited help to assess diaphragm contractility in response to CMS.

Perspectives and limitations

We demonstrated that Vdimax was strongly related to Pditw in all subjects. This could have important implications for monitoring temporal changes in diaphragm contractility in patients presenting with diaphragm dysfunction. In other words, Vdimax elicited by CMS could be monitored over time using ultrafast US, allowing iterative, specific, fully noninvasive and non-volitional assessment of diaphragm contractility. It is worth noting that between-subject variability was relatively important. In turn, one may question how Vdimax may be used to identify diaphragm dysfunction. Further studies will focus on this specific point, with the perspective that Vdimax may be one parameter, among others, guiding clinicians through the assessment of diaphragm contractility. Inter-operator and between day reliability of Vdimax remains to be investigated. Assessing the delay between CMS and diaphragm response as assessed using Vdimax may also be promising to investigate both phrenic conduction and electromechanical delay. Unfortunately, EMG was not available in the current study and this shall be investigated in future works. As mentioned above, we cannot ensure that supramaximality was achieved in all subjects. It is possible that

Ultrafast ultrasound imaging of the diaphragm maximality occurred between 90 and 100 % of stimulation intensity in some subjects. This problem has been addressed before [START_REF] Man | Magnetic stimulation for the measurement of respiratory and skeletal muscle function[END_REF][START_REF] Spiesshoefer | Transdiapragmatic pressure and contractile properties of the diaphragm following magnetic stimulation[END_REF], but can be considered negligible if a rigorous and standardized study-design is routinely used. Also, as the primary aim of this study was to detect changes in diaphragm contractility according to stimulation intensity and relationships between variables, supramaximality should not be considered as an important concern. We also emphasize that only the right hemidiaphragm was imaged in this study and that future works shall thoroughly investigate this approach in the left hemidiaphragm. Lastly, the ultrafast US sequence used in this study was custommade so that the present approach cannot be readily generalized to clinical environments as it required a specific US scanner, US sequences that are not available commercially, specific training, and represent a non-negligible costs.

Conclusion

These study shows that ultrafast US may be used to image diaphragm behavior following CMS. Diaphragm tissue velocity is strongly correlated with twitch transdiaphragmatic pressure and appears to be highly specific to diaphragm contractility. The range over which the data spread out is defined by the whiskers.

Ultrafast ultrasound imaging of the diaphragm 

  stimulation intensity. A movie clip showing pressure signals, M-mode images, and indices derived from ultrafast US is available in supplementary materials S1. Statistics Results are presented as median (Q1-Q3) unless otherwise stated. Normality was assessed by visual inspection (QQ plots and density distributions) and by significance tests (Shapiro-Wilk test). Because all variables failed the normality test, Friedman repeated measures ANOVAs were used. ANOVAs were conducted to compare Pes prior to each stimulation at all stimulation intensities. Within-day reliability of Pditw, Vdimax, and TFditw was investigated.

  participants completed the protocol. Pdimax was 113 (71-115) cmH2O 90 cmH2O in men and women, respectively. Overall, Pdimax was 108 (71-117) cmH2O. SNIP was 116 (109-130) cmH2O in men and 103 (90-118) cmH2O in women. Overall, SNIP was 109 (96-123) cmH2O. The one-way repeated measures ANOVA showed that Pes at the onset of CMS was similar across all stimulations at all intensities (p=0.2430). Within-day SEM and ICC of Pditw, Vdimax, and TFditw are presented in Table1. Typical B-Mode images over the course of the 500 ms US acquisition are presented in supplementary materials S2.Effect of stimulation intensity on indicesderived from ultrafast ultrasound M-Mode images and temporal evolution of the displacements of the pleura and peritoneum, Vdimax, and recorded pressures in one individual are displayed in Figure 4 (also see movie clip in Supporting Information S1). Pestw, Pgatw, and Pditw at all tested stimulation intensities are shown in Figure 5 and Figure 6A. Vdimax and TFditw at all tested stimulation intensities are displayed in Figure 6B-C. Within individual relationships between stimulation intensity and Pditw, Vdimax, and TFditw are shown in Figure 6D-F.Pditw was significantly related to stimulation intensity in all subjects (ρ ranged from 0.83 to 1.00, all p<0.0100; R = 0.91, 95 % CIs [0.86 0.94], p<0.0001). At the group level, there was a significant main effect of stimulation intensity on Pditw. Post-hoc tests indicated Ultrafast ultrasound imaging of the diaphragm that Pditw significantly increased up to 100 % of stimulation intensity (all p<0.05). Within individuals, Pditw plateaued at 90 % of stimulation intensity in two participants. In other participants, Pditw increased until 100 % of stimulation intensity.

Figure 7 .

 7 Vdimax correlated to Pditw in all participants (ρ ranged from 0.64 to 1.00, all p<0.05; R = 0.75, 95 % CIs [0.65 0.83], p<0.0001). TFditw positively correlated to Pditw (R = 0.69, 95 % CIs [0.57 0.79], p<0.0001) and individual correlation coefficients were significant in 8 out of 13 participants (ρ ranged from 0.85 to 0.93, all p<0.05; ρ ranged from -0.27 to 0.70, in the five remaining participants, all p>0.06).

FurtherFiguresFigure 1 .

 1 FiguresFigure1.A. Typical B-Mode image of the diaphragm using conventional ultrasound imaging. Conventional ultrasound uses focused pulses, allowing high image quality but relatively low sampling rate (a few tens per second). The diaphragm can be identified as a three-layers structure superficial to the liver. The echogenic pleura and peritoneum layers surround the muscular layer of the diaphragm. B. The diaphragm is imaged using the custom ultrafast ultrasound sequence used in this study. Noteworthy, ultrafast ultrasound allows very high frame rate but limited contrast of anatomic structures in comparison to standard US imaging.

Figure 2 .

 2 Figure 2. Experimental setup and procedure for recording pressure and ultrafast ultrasound images. The participants were asked to bend their neck forward and the central hole of the coil was positioned on the spinous process of the seventh cervical vertebra. Recording of pressure signals was initiated 1000 ms before the onset of ultrasound recording. Cervical magnetic stimulation was applied 100 ms after the onset of a 500-ms ultrafast ultrasound acquisition.

Figure 3 .

 3 Figure 3. Diaphragm tissue velocity (Vdi) over time along the longitudinal axis of the ultrasound probe. Cervical magnetic stimulation occurs at 100 ms and is indicated by the grey ribbon.

Figure 4 .

 4 Figure 4. Typical ultrasound and physiological recordings at 40 (left), 70 (center) and 100 % (right) of stimulator intensity. The central pixel of each B-Mode image was used to generate the M-Mode images (upper panel). Pleura (dashed) and peritoneum (solid) layers displacement are presented in the second panel. Diaphragm tissue velocity (Vdi) is presented in the third panel. Lastly, the transdiaphragmatic (Pdi), esophageal (Pes) and gastric (Pga) pressures are displayed in the bottom panel. The dotted vertical lines at 100 ms indicate the onset of cervical magnetic stimulation.

Figure 5 .

 5 Figure 5. Esophageal (Pestw, A.) and gastric (Pgatw, B.) twitch pressures at different stimulation intensities. Box plots present first and third quartiles, in addition to the median.

Figure 6 .

 6 Figure 6. Twitch transdiaphragmatic pressure (Pditw, A.), maximal diaphragm tissue velocity (Vdimax, B.), and diaphragm thickening fraction (TFditw, C.) according to stimulation intensities. Box plots present first and third quartiles, in addition to the median. The range over which the data spread out is defined by the whiskers. Repeated measure ANOVAs were used to assess the effect of stimulation intensity on Pditw, Vdimax, and TFditw. Tukey's posthoc tests were conducted if a significant main effect of intensity was found. *, significant difference with the preceding stimulation intensity (i.e. -10 %); #, significant difference with the second preceding stimulation intensity (i.e. -20 %). Averaged data points for each participant are displayed for Pditw (D.), Vdimax (E.), and TFditw (F.). Red points on panels D, E, and F indicate supramaximality for the given parameter.

Figure 7 .

 7 Figure 7. Averaged data points for each participant regarding the relationships between twitch transdiaphragmatic pressure (Pditw) and maximal diaphragm tissue velocity (Vdimax, A.) and between Pditw and diaphragm thickening fraction (TFditw, B.).
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