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Résultats & Discussion

Une diminution significative du coefficient de variation du Vt à l'effort par rapport au repos est observée ainsi que du Vt/Ti. Les résultats obtenus sont similaires que le sujet porte le capteur et le masque de spirométrie simultanément ou le capteur seul. Les résultats obtenus avec le dispositif testés sont statistiquement corrélés aux données obtenues simultanément par spirométrie. Concernant l'analyse fréquentielle par FFT, la phase de repos est significativement corrélée à la phase de récupération. En revanche à l'effort, le spectre fréquentiel se différencie de celui du repos, provoquant ainsi une baisse significative du coefficient de corrélation.

Conclusion

La charge pulmonaire induite par l'effort entraine une baisse significative de la variabilité respiratoire mesurée par l'analyse du mouvement thoracique. Cette technique simple d'installation et d'utilisation, indépendante de l'interface respiratoire, pourrait se révéler intéressante pour le monitorage postopératoire chez des patients en ventilation spontanée sans support respiratoire.

ABSTRACT

Background and Goal of Study

Spontaneous ventilation is a non-linear and aperiodic activity, exhibiting a breath-by-breath variability. When the breathing work increases, the variability decreases. During ventilatory support, decreased respiratory rate variability is associated with increased mortality. Postoperative pulmonary complications are associated with an increase of morbi-mortality. However, the decrease of pulse oximetry is the consequence of insufficiency of compensatory mechanisms and decreases late in response to significant lung impairment. It could be interesting to have a continuous measurement of respiratory variability in post-operative room to identify early respiratory degradation. The aim of this study is to assess the effectiveness of measuring breathing variability by analyzing thoracic movement with a device composed of a single belt attached around the subject's chest.

Materials and Methods

This is a prospective, interventional, non-invasive study at the Fort-de-France hospital. 11 healthy volunteers were included. Thoracic movements were recorded by the thoracic belt device during rest, effort (70% of VO2 max) and recuperation, firstly with the device alone then simultaneously with a spirometry mask. After calibration, tidal volume (Vt) and breathing pattern were measured, and coefficient of variation (CV) for Vt and Vt/Ti (Ti = inspiratory Time), frequency analysis by Fast Fourier Transform (FFT) and correlation coefficient for each condition were calculated. Statistical Wilcoxon Test was used.

Results and Discussion

A significant decrease of the CV, of the Vt and Vt/Ti during effort compared to at rest was observed. Results obtained with the device correlated significantly to the spirometry data. The frequency analysis using the FFT was significantly different between rest and effort enhancing a change in the breathing comportment.

Conclusion(s)

The increase of respiratory work during effort led to a significant decrease of respiratory variability measured by analysis of the thoracic movement. The ease of use of this device, independent of respiratory interface, could be useful for postoperative monitoring for spontaneous breathing patients. 3) and an acute lung injury occurs in 2,6% to 3,4% after a high-risk surgery (4) [START_REF] Arozullah | Multifactorial Risk Index for Predicting Postoperative Respiratory Failure in Men After Major Noncardiac Surgery[END_REF]. Other authors relate a medium incidence of PPC between 5 and 10% including all types of surgeries and between 6 and 31% for abdominal surgeries, depending of the patient's history (5) [START_REF] Wong | Factors associated with postoperative pulmonary complications in patients with severe chronic obstructive pulmonary disease[END_REF]. In a recent study in the French Caribbean, PPC occurs in 19% after non cardiac surgery [START_REF] Rivet | Risk factors for Postoperative Pulmonary Complications in an Afro-Caribbean Population: the CaReCoI Score[END_REF]. PPC are associated with an increase of morbimortality and longer hospital stays (8) [START_REF] Mazo | Prospective external validation of a predictive score for postoperative pulmonary complications[END_REF]. Concerning patients with respiratory complication, thirty-day mortality reported by the ARISCAT Group was 19,5% and increased up to 24% at 90 days, whereas only 0,5% for patients without any PPC [START_REF] Canet | Prediction of Postoperative Pulmonary Complications in a Population-based Cohort[END_REF].

ARTICLE STATUS

Limits of actual monitoring

To identify patients at risk of PPC could improve their post-operative care. Validated prediction scores like the ARISCAT Score can be used (1) (table 2 in supplementary appendices). More recently, the CARECOI Score has been developed more specifically in the French Caribbean population, including Body Mass Index, Cardiac insufficiency and active smoking as independent risk factors of PPC [START_REF] Rivet | Risk factors for Postoperative Pulmonary Complications in an Afro-Caribbean Population: the CaReCoI Score[END_REF]. However, after surgery, few possibilities are available to detect theses complications. The clinical examination is weak to detect hypoxemia. An earlier study shows that, even in ideal conditions, 47% of the clinicians couldn't detect hypoxemia before SpO2 goes under 80% [START_REF] Comroe | The unreliability of cyanosis in the recognition of arterial anoxemia[END_REF].

When pulse oximetry appeared in the operative rooms, it permitted a reduction of unpredicted admissions in ICU from 64 to 25 for 10 000 patients after anesthesia [START_REF] Cullen | Effect of pulse oximetry, age, ASA physical status on the frequency of patients admitted unexpectedly to a postoperative intensive care unit and the severity of their anesthesia-related complications[END_REF]. As a matter of fact, pulse oximetry is a recommended and valuable clinical tool in anesthesia [START_REF] Dobson | Guidelines to the Practice of Anesthesia -Revised Edition[END_REF] but subject to artefacts and frequent false positive warnings [START_REF] Gupta | Surveillance de la dépression respiratoire due aux opiacés[END_REF]. The decrease of SpO2 is the consequence of increased ventilatory load and insufficiency of compensatory mechanisms. Thus, SpO2 decreases late in response to significant lung impairment whereas hypoxemia can lead to emergency situation, and any delay in treatment can have irreversible consequences [START_REF] Lynn | Patterns of unexpected in-hospital deaths: a root cause analysis[END_REF].

Moreover, it lacks of accuracy in patients with poor peripheral blood perfusion (cold extremities, hypotension and peripheral vasoconstriction). Besides, the administration of oxygen, which is a very common practice post operatively can delay the detection by SpO2 of respiratory degradation [START_REF] Niesters | High-inspired oxygen concentration further impairs opioid-induced respiratory depression[END_REF].

Obviously, clinical examination of the breathing movement is essential. But it gives an intermittent evaluation and is inconsistent, depending on the clinician's level of experience [START_REF] Taenzer | Impact of pulse oximetry surveillance on rescue events and intensive care unit transfers: a before-and-after concurrence study[END_REF]. The usual monitoring in post-operative room includes measurement of respiratory rate to help the clinician but could be insufficient. Some recent studies suggest that postoperative alveolar hypoventilation may not be recognized by monitoring respiratory rate alone [START_REF] Van Den Bosch | Variations in respiratory rate do not reflect changes in tidal volume or minute ventilation after major abdominal surgery[END_REF] and modifications of respiratory rate are smaller than in tidal volume, and mean inspiratory flow [START_REF] Georgopoulos | Respiratory response to CO2 during pressure-support ventilation in conscious normal humans[END_REF]. Pneumotachographs can be used to measure respiratory volumes in non-intubated, compliant patients but not with noncooperative patients, waking up after general anesthesia and is not appropriate for continuous monitoring.

Definition and influences of respiratory variability

To evaluate the pulmonary health, it could be useful to closely examine the breathing pattern, which is modified before the apparition of hypoxemia. Spontaneous ventilation is a cyclic, but non-linear and aperiodic activity, exhibiting a breath-by-breath variability modulated by an elaborate ventilatory control. Indeed, neuro-respiratory control, recruitment of muscles effectors and interaction between both is complex. Automatic breathing pattern is generated by the respiratory center located in brain stem (pons and bulb), which produces a neural signal directed to respiratory muscles to generate inspiratory effort and tidal breathing. This automatic breathing is modulated by central and peripheral chemoreceptors in response to carbon dioxide and pH modifications (19) [START_REF] Jubran | Effect of hyperoxic hypercapnia on variational activity of breathing[END_REF]. Cortical brain centers (primary motor cortex, supplementary motor area, pre-motor cortex and cingulair anterior cortex) provides a feed-forward pathway responsible for adaptative changes of breathing pattern during complex activities (physical exercise, mental tasks…) (21) (22) (figure 1). Moreover, cognitive and emotional factors, including pain and anxiety play a role in volitional modulation of automatic breathing patterns through the limbic system [START_REF] Plum | Breathing is controlled independently by voluntary, emotional, and metabolically related pathways[END_REF].

Thus, the breathing pattern, described by Tidal Volume (Vt), Respiratory Rate (RR), Inspiratory Time (Ti), Minute Ventilation (VE) and mean inspiratory flow (Vt/Ti), is variable over the course of the time. A large breathing variability is related to a good respiratory health and a low level of stress on the respiratory system (24) (25) [START_REF] Tobin | Variability of resting respiratory drive and timing in healthy subjects[END_REF]. On the contrary, when the breathing work increases, the variability decreases. As an example, when a resistive or an elastic load is applied to healthy subjects, as well as in patients with chronic resistive lung disease or chronic obstructive pulmonary disease, a decrease of the breathing variability is observed (27) (28) (29) [START_REF] Dames | Airflow pattern complexity during resting breathing in patients with COPD: Effect of airway obstruction[END_REF]. Breathing pattern is though influenced by many central and peripheric afferences, leading to a variable and complex pattern, and reflecting respiratory reserve capacity (31) [START_REF] Gallego | Classical conditioning of ventilatory responses in humans[END_REF]. 

Signal processing techniques

In order to evaluate breathing variability, simple and robust statistics such as coefficient of variation (CV=standard deviation/mean) after averaging over many breathing cycles can be used [START_REF] Tobin | Variability of resting respiratory drive and timing in healthy subjects[END_REF] FFT and CV are widely used to measure heart rate and breathing variability [START_REF] Tobin | Variability of resting respiratory drive and timing in healthy subjects[END_REF][START_REF] Brack | Effect of resistive loading on variational activity of breathing[END_REF][START_REF] Brack | Effect of Elastic Loading on Variational Adivity of Breathing[END_REF][START_REF] Brack | Dyspnea and Decreased Variability of Breathing in Patients with Restrictive Lung Disease[END_REF][START_REF] Dames | Airflow pattern complexity during resting breathing in patients with COPD: Effect of airway obstruction[END_REF][START_REF] Gallego | Respiratory behavior[END_REF][START_REF] Gallego | Classical conditioning of ventilatory responses in humans[END_REF][START_REF] Bolton | Neurology of Breathing[END_REF][START_REF] Benchetrit | A short-term memory in the respiratory centres: statistical analysis[END_REF][START_REF] Lombardi | Heart rate variability as an index of sympathovagal interaction after myocardial infarction[END_REF].

Respiratory variability in ICU

In Intensive Care Unit, the breathing pattern is measured by ventilators. Thus, studies demonstrate that breathing variability has a prognostic value [START_REF] Bradley | Impact of sedation and organ failure on continuous heart and respiratory rate variability monitoring in critically ill patients: a pilot study[END_REF]. A decrease of this variability reflects an increase of the respiratory system's charges during pulmonary stress situations, and is associated with an increase of mortality during mechanical ventilation. A larger respiratory rate variability is associated with a better prognostic. In frequency analysis, a weak variability of the respiratory frequency was an independent risk factor of mortality at day 28 [START_REF] Gutierrez | Decreased respiratory rate variability during mechanical ventilation is associated with increased mortality[END_REF]. 

Evaluation of breathing variability in post-operative room

After a surgery, the respiratory system is faced to several stresses. The pain, the elimination of the anesthesia products, the occurrence of atelectasis, the diaphragmatic dysfunction due to the surgical incision, opioid induced respiratory depression are some examples [START_REF] Nunn | Effects of anaesthesia on respiration[END_REF]. 

METHODS

Subjects

This study is approved by Ethics Committee of Ile de France XI on April 2019. All subjects gave their written informed consent. Inclusion criteria were voluntary men and women aged 18

to 99 years without any acute or chronic disease with a significant impact on daily life, particularly no cardio-respiratory disease. Smokers can be included. Exclusion criteria were pregnant, breast feeding women, minor children, and any subject unable to give his free and informed consent.

Device and Softwares

The Respiratory Variability Monitoring Device (ReVaMoDeÒ) (Figure 2 

Study protocol

For this exploratory interventional prospective study, the necessary subjects' number was estimated at least 10 to demonstrate the reliability of the device to measure CV. Subjects were installed on a cycloergometer, equipped with usual monitoring (ECG, Spo2 and blood pressure cuff). The ReVaMoDeÒ was fixed to the lower part of the thorax (figure 3) and the subjects were asked to adjust the belt so that it was tight enough not to slip without causing breathing difficulties. First of all, breath measurements were recorded at rest without speaking or moving during seven minutes. Then, the subject was asked to start pedaling during 5 minutes. In order to obtain a moderate dyspnea, the resistance of the cycloergometer was increased to 70 percent of the maximal theorical charge calculated with age, sex, height and weight. The pedaling resistance could be modified depending on the subject's physical condition. The effort was followed by a few minutes without any record to let the subject catch his breath. Then a recuperation phase of 7 minutes was recorded. These three steps were repeated with the subject breathing in a spirometry facial mask while still wearing the thoracic belt device. About a hundred breath cycles were necessary to analyze each step.

Outcomes

The main outcome was a significant decrease of the Coefficient of Variation of the Tidal Volume (Vt) between rest and effort. The secondary outcomes were firstly the correlation of Vt measured by analyzing the thoracic movement and Vt measured by pneumotachograph (gold standard). Secondly, coefficient of variation's significant decrease of the medium flow (Vt/Ti) and finally the frequency analysis using Fast Fourier Transformation and the decrease of correlation coefficient between rest and effort.

Data Analysis

Data Acquisition was made using the ReVaMoDe Ò with a 20 Hz sampling rate using HTerm Ò software with the following setup : Baud 9600; Data 

Statistical Analysis

Coefficients of variation of Vt and Vt/Ti, recorded with PrismÒ and Excel Ò, were compared for the conditions rest and effort with a Wilcoxon test. This comparison was computed for respiratory data with the ReVaMoDeÒ only and the ReVaMoDeÒ with pneumotachograph's facial mask. The data of the device was compared to pneumotachograph data with a Spearman Test. A Wilcoxon test was realized to look for a significant difference between rest and effort condition.

Frequency analysis was done with the Fast Fourier Transform for each subject. The correlation coefficient (Spearman) was computed for effort compared to rest and recuperation compared to rest. These correlation coefficients were compared with a Wilcoxon Test. The results were expressed in median and interquartiles.

RESULTS

Fifteen voluntary human subjects were recruited and the recordings were completed for eleven of them. Subjects' characteristics are collected in table 1. Four subjects were excluded. Two of them because the batteries run low and the two others because of a fracture of a weld making the data unusable. One subject was excluded from pneumotachograph analyze because the PNT records weren't saved on the computer. The breathing profile and its variations between rest, effort and recovery was recorded for every subject (figure 4). During exercise, the increase of oxygen consumption, minute volume, tidal volume, respiratory frequency and end-tidal carbon dioxide reflected a significant effort. --24,00], p = 0,001 (figure 5). The results were similar when subjects were wearing the device and the spirometry mask simultaneously : 40,20 [35,70 -55,00] at rest and 16,02 [9,96 -21,00] during effort ; median of differences -25,82 [-45,04 --18,00], p=0,001 (figure 6).

The results for the medium inspiratory flow (Vt/Ti) were significant too : 47,26 [27,00 -57,00] at rest and 17,89 [ 15,45 -22,57] during effort ; median of differences -27,00 [-38,12 --7,3], p=0,001 (figure 7). When subjects wore both device and spirometry mask, the CV of Vt/Ti were 43,00 [22,57 -62,00] at rest and 18,14 [14,65 -21,00] ; median of differences -23,92 [-45,75 --7,00] (figure 8). The data obtained with the spirometry was significantly correlated with the device's data at rest (correlation coefficient 0,61 ; p = 0,0476) (figure 9). During effort, the correlation stayed significant (correlation coefficient 0,93 ; p < 0,0001) (figure 10).

Frequency analyze of the whole spectral curve for each subject, using the Fast Fourier Transform, showed significantly results too. Correlation coefficients between rest and effort decreased to 0,34 and then increased up to 0,79 between rest and recovery (p = 0,002 ) (figure 11). On a scale from one to ten, subjects were asked to rate the breathing restriction perceived with the belt and the spirometry mask during rest and effort (table 2). The sensor belt was perceived as more comfortable than the spirometry mask. 

Limitations of the study

Our study had its limitations. First of all, this is a monocentric study without blinding. Because of the exploratory design of the study, the number of necessary subjects was estimated a priori at least 10, which is small, but had been respected and proved sufficient to observe significant results. Four subjects out of fifteen were excluded (27%) : half because of a broken weld of a device's component and half because the batteries run down. This technical issue couldn't be detected during recording because the signal could only be analyzed after the records. Since, the device has been improved. A program called PicoScope 6Ò (PicoTechnology Ltd.

Cambridgeshire, UK) has been used to display live recording signal and detect immediately any dysfunction of the device.

About the correlation between the device and the spirometry that is not exact, there are four principal matters for discussion. Firstly, it can be explained by the inaccuracy of the spirometry recorded. Indeed, the ergospirometer record one data every 10 seconds whereas the thoracic device records a data every 1,6 seconds, leading to a difference between the records when respiratory rate and amplitude of tidal volume increase. Secondly, the device can slide down a few centimeters on the thin persons' thorax in seated position. It could be responsible for a diminution of the tidal volume recorded over the course of the time. Thirdly, the measurements do not take into account the diaphragm movements whose participation to tidal volumes can fluctuate over time, decreasing the accuracy of volume measurements. And finally, the elastic component of the belt is low, but isn't known precisely and its participation to the measure of the Vt isn't known. Thus, the device was calibrated thanks to the pneumotachograph's data but the relationship between volt and liters might be non-strictly linear. Nevertheless, the signal was still usable to detect a modification of the breathing variability. The purpose wasn't to measure the exact value of the tidal volumes but the changes in breathing cycles between rest and effort.

Calculation methods

About the choice of calculation techniques, a simple, reliable, strong enough and easy to interpret in daily practice was needed. The coefficient of variation of Vt and Vt/Ti provides such a technique, completed by FFT.

Normal values aren't strictly defined. The values of the CV reported by Tobin and al over 47 healthy voluntary young subjects (average of 29 years old) were 33 for the Vt and 32 % for Vt/Ti with respiratory inductive plethysmography. The same experiment over 18 older subjects (average of 69 years old) found higher CV (CV Vt : 44% and CV Vt/Ti : 42,4%) [START_REF] Tobin | Variability of resting respiratory drive and timing in healthy subjects[END_REF]. Our results in a 38years old population found higher variability at rest (CV Vt = 53 % and CV Vt/Ti = 47,26%). It could be explained by the good physical health of our subjects, no overweight and mostly practicing physical exercise regularly. Moreover, the device may itself heighten the subject's awareness of his own respiration. There is to our knowledge no other study providing CV of Vt and Vt/Ti during exercise in healthy subjects. In this study, during effort, the CV of the Vt was 17% and the CV of the Vt/Ti was 13%. These results can be compared to the study of Bien and al who used CV as an index of prediction of extubation failure. The CV of the Vt was 18% in the extubation failure group (39). Wysocki and al showed similar results with a CV of Vt of 18% and CV of Vt/Ti of 13% in the extubation failure group [START_REF] Wysocki | Reduced breathing variability as a predictor of unsuccessful patient separation from mechanical ventilation[END_REF]. These similar values corroborate the fact that an increased pulmonary stress decreases the coefficients of variation. The variability of the other parameters of the breathing pattern, especially rate frequency (RR) and Ti/Ttot weren't calculated in this study, because in the literature, their variability was lower than Vt and Vt/Ti in healthy subjects (18) (26) [START_REF] Hey | Effects of various respiratory stimuli on the depth and frequency of breathing in man[END_REF].

About the Fast Fourier Transform, Jubran [START_REF] Jubran | Effect of hyperoxic hypercapnia on variational activity of breathing[END_REF] and Gutierrez [START_REF] Gutierrez | Decreased respiratory rate variability during mechanical ventilation is associated with increased mortality[END_REF] used spectral analyze to observe changes in breathing variability by modifications of the amplitude and width of the main peak's frequency. Jubran and al, through the analyze of the main peak frequency, found a decrease of variability of minute ventilation and tidal volume induced by of hyperoxic hypercapnia in healthy subjects [START_REF] Jubran | Effect of hyperoxic hypercapnia on variational activity of breathing[END_REF]. Gutierrez and al found that a low respiratory rate variability among SDRA patients under mechanical ventilation was related with an increased mortality at day 28 and day 180 [START_REF] Gutierrez | Decreased respiratory rate variability during mechanical ventilation is associated with increased mortality[END_REF]. In our study, the whole spectral curves were analyzed, and correlated to baseline condition through correlation coefficient, which decreases when the subject's breathing comportment is changing from its baseline.

Otherwise, some non-linear analysis methods exist. Thus, because of the complex interactions between brain stem, lungs, and cortical and peripheric afferences, some authors are using some mathematical and statistical tools guided by fractal and chaos theories. These complex calculations (Kolmogorov Entropy, Noise Titration, Lyapunov Coefficients) had been used in cardiology and neurology but cause some methodological difficulties when applied to the ventilation (47) Moreover, these techniques require powerful computer software and advanced mathematical abilities to interpret them.

About Respiratory Inductive Plethysmography

This study shows that the ReVaMoDeÒ can measure the respiratory variability as well as the pneumotachograph can. It should be important to specify that the technique used to record breathing variability can have a strong influence on the breathing pattern. Measuring the respiratory flow through a mouthpiece is known to modify the breathing pattern [START_REF] Perez | Separation of factors responsible for change in breathing pattern induced by instrumentation[END_REF] and the respiratory variability [START_REF] Rameckers | The influence of a mouthpiece and noseclip on breathing pattern at rest is reduced at high altitude[END_REF]. Other authors have already freed themselves from respiratory interface using the respiratory inductive plethysmography (RIP) to register changes in breathing variability. RIP is increasingly used to study respiratory physiology (50) (51) [START_REF] Emeriaud | Variability of end-expiratory lung volume in premature infants[END_REF]. In Fiamma and al study, the rib cage and abdomen displacements were recorded with two coils coated in a sleeveless jacket. The ventilatory flow signal reconstructed from thoracoabdominal RIP signals estimates respiratory variability and complexity compared with the flow recorded at the mouth with a pneumotachograph [START_REF] Fiamma | Respiratory inductive plethysmography to assess respiratory variability and complexity in humans[END_REF]. Nowadays, this device is commercialized as VISUREPÒ, and especially used in rehabilitation in patients with neuromuscular disease [START_REF] Emeriaud | Variability of end-expiratory lung volume in premature infants[END_REF] and in preterm infants [START_REF] Calabrese | Postural breathing pattern changes in patients with myotonic dystrophy[END_REF]. Retory and al evaluated tidal ventilation variation at rest and during mild to moderate physical activity with a combination of a thoracic RIP and nasal airflow signal without abdominal RIP [START_REF] Retory | New Respiratory Inductive Plethysmography (RIP) Method for Evaluating Ventilatory Adaptation during Mild Physical Activities[END_REF]. Another noninvasive breathing measurement technique called structured light plethysmography has been developed by Niérat and al in 2016. It allows the measurement of ventilatory activity through the stereoscopic analysis of respiratory-related distortions of a black and white checkered pattern projected on the chest wall and abdomen and avoid observer effect of respiratory variables [START_REF] Niérat | Measuring Ventilatory Activity with Structured Light Plethysmography (SLP) Reduces Instrumental Observer Effect and Preserves Tidal Breathing Variability in Healthy and COPD[END_REF]. This non-contact measurement tool is interesting but subjects need to sit upright in a high-backed chair with their neck in a neutral position and their back as straight as possible, which isn't possible right after a surgery.

In our study, one of the strengths of our device is its ease of use, allowing its use in daily practice. The sensor can be easily adapted on subject's chest, independent of respiratory interface and could be used after a surgery with patients with laparotomy, bandages and limited movements. The breathing restriction perceived by the subjects in our study was lower with the belt than with the pneumotachograph mask. Moreover, measurements during exercise ensure the stability of the signals even if the subject is moving.

Another non invasive monitoring device

Other authors in the United States of America interested in the lack of noninvasive continuous monitoring of respiratory health to detect early respiratory deterioration and minimize complications. The device EXSPIRONÒ has been validated in 2013 in 32 healthy voluntary subjects comparing to spirometer [START_REF] Voscopoulosc | Special article: evaluation of a novel noninvasive respiration monitor providing continuous measurement of minute ventilation in ambulatory subjects in a variety of clinical scenarios[END_REF] and in 72 pediatric mechanically-ventilated patients in 2017 [START_REF] Gomez-Morad | The Evaluation of a Noninvasive Respiratory Volume Monitor in Pediatric Patients Undergoing General Anesthesia[END_REF]. Instead of the coefficient of variation, this Respiratory Volume Monitor has been developed to continuously measure and display minute ventilation, tidal volume and respiratory rate and alarm the clinician when a significant change is detected.

The ReVaMoDeÒ uses a different technique to analyze the pulmonary health. The question is to know which data must be rejected because they correspond to artefacts without biasing the results. The minute ventilation is highly sensitive to artefacts, for example when the patient is moving, coughing or talking whereas the Fast Fourier Transform stronger identify the trend of the breathing pattern evolution. The FFT identifies when the respiratory pattern changes from its basic state. The coefficient of variation indicates if the variability increases or decreases, that is if the respiratory status is improving or deteriorating.

Further Perspectives

Thanks to the conclusive results of this preliminary study, the device has been tested on patients after abdominal surgery, to evaluate the correlation of respiratory variability and postoperative pulmonary complications [START_REF] Graverot | Monitoring respiratory health and detection of postoperative respiratory complications using respiratory variability[END_REF].

Several improvements have to be made to the ReVaMoDeÒ thereafter, which is currently still a prototype. After this preliminary study, PicoScope 6Ò software mentioned above has been developed to display live recording signal. New calculation programs, dedicated to the ReVaMoDeÒ are currently developed and compared to Labchart, Excel and Prism.

To keep improving the device, the CV and the FFT should be automated and displayed on a real-time screen. When the FFT deviates from the baseline and the CV decreases, an alarm should alert the clinician. Decision trees could be proposed to assist the clinician in interpreting the records. It could be also more convenient to include an internal battery with a charge witness.

This breathing continuous monitoring propose an interesting technique for detection of changes in the breathing behavior which could improve the post-operative care. The ReVaMoDeÒ could also find its place in intensive care unit or intermediate care in various applications to help with the surveillance of non-intubated patients with respiratory risks. An enhanced version of the device should be studied in daily practice in these applications.

How were the data extracted ?

Before using the device, the USB driver (CDM21224_Setup.exe) must be installed on the computer, which is on the CD delivered with the tool.

Data Acquisition was made using the PaReVa monitoring tool with a 20 Hz sampling rate using The device provided data in volt obtained by mechanical distention of the thorax when the subject is breathing. In order to convert volts into volumes in liters (L) for futher Tidal Volume analysis, the subject was asked to take a deep breath wearing the spirometry mask and the belt device simultaneously. The maximal volume recorded by spirometry was documented in table 3 for each subject. Raw data was imported in LabChart 7Ò (ADInstruments; Oxford; UK). The volume recorded with the spirometry was paired with the difference delta D between baseline and maximal distension in volts (figure 2). This technique was used to calibrate the sensor for each subject. The Tidal Volume (column C in this example) and Vt/Ti (Column E in this example) were copy into PRISMÒ (GraphPad Software; San Diego; USA) to calculate median and interquartiles of Coefficients of Variation (figure 7).

The whole technique was repeated for each subject and each condition. The Fast Fourier

Transform was performed with Labchart 7Ò for each subject and each condition (figure 8 and 9), using the following setting: FFT for Volume signal: 1Hz window, FFT size 1k (1024), 
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Figure 1

 1 Figure 1 Neural pathways controlling voluntary and involuntary breathing. The final activation of respiratory muscles occurs via the lateral corticospinal and reticulospinal pathways. CC, central chemoreceptors; DRG, dorsal respiratory group; NA, nucleus of V ; VRG, ventral respiratory group[START_REF] Bolton | Neurology of Breathing[END_REF] 

Furthermore, breathing variability

  was widely studied to predict extubation failure in ICU. Bien and al in 2004 registered the respiratory breathing pattern of 78 patients under mechanical ventilation during weaning test. The Coefficient of Variation (CV = standard deviation / mean) of the tidal volume was significatively lower in patients with extubation failure (p < 0,01) (39).Wysocki and al in 2006 showed that a coefficient of variation of tidal volume/inspiratory time of ³ 19% and a coefficient of variation of inspiratory time/respiratory period of ³ 10% was predicted of weaning success. Breathing variability was greater in patients successfully separated from the ventilator (40). Variability of Vt, Vt/Ti and Ti/Ttot are though interesting variables to study respiratory health.Nowadays, there are new ventilation modes focused on providing a more physiological mechanical ventilation and restoring respiratory variability. Neurally Adjusted Ventilatory Assist (NAVA) delivers ventilatory assist in proportion to the electrical activity of the diaphragm. It showed a better PaO2/FiO2 after abdominal surgery comparing to Pressure Support Ventilation and a higher variability of insufflation airway pressure, tidal volume, and minute ventilation[START_REF] Coisel | Neurally Adjusted Ventilatory Assist in Critically Ill Postoperative Patients: A Crossover Randomized Study[END_REF]. NAVA compared to conventional lung-protective mechanical ventilation (MV) respects better the patient's breathing pattern and respiratory variability (42)[START_REF] Schmidt | Neurally adjusted ventilatory assist and proportional assist ventilation both improve patient-ventilator interaction[END_REF] and decreases duration of MV in patients with acute respiratory failure[START_REF] Kacmarek | Neurally adjusted ventilatory assist in acute respiratory failure: a randomized controlled trial[END_REF]. Breathing variability is thereby a parameter recently taken into consideration in the field of mechanical ventilation.

  It could be interesting to have a continuous measure of respiratory variability in post-operative room to identify patients at risk of early respiratory degradation have a closer surveillance for the ones who show some early signs of breathing troubles. In France, there is currently no available device of easy access in clinical practice providing non-invasive, continuous measurements of respiratory variability. For this study, a thoracic device named ReVaMoDeÒ (Respiratory Variability Monitoring Device) has been developed in conjunction with the laboratory of « Department of Electrical Engineering and Computer Science » at the Technical University Of Applied Sciences of Lübeck, Germany (Technische Hochschule). The aim of this study is to assess the ability of measuring breathing variability by analyzing thoracic movement by a device composed of a single belt attached around the subject's chest. The performance of this Respiratory Variability Monitoring Device is evaluated at rest and during a respiratory stress induced by physical effort. The breathing variability should decrease during effort comparing to rest in healthy subjects.

  and 3) transforms mechanical distension induced by respiratory movements into an electrical signal analyzed by a computer. During recordings, the device has to be connected to a computer and to an external power supply. For the study, a battery box (figure4) is used. The device is placed on the subject's chest as shown in figureThe time and value in time domain will be stored as a .txt file. The software HTermÒ has to be installed on the computer to read the data registered from sensor. The data obtained by mechanical distension can be converted into volumes after calibration with the spirometry. The text file is transformed into curves with LabchartÒ software. The breathing profile composed of tidal volumes, respiratory rates, inspiratory, expiratory and total times was determined with ExcelÒ. Coefficient of variations are calculated using PrismÒ software and Fast Fourier Transform using LabchartÒ. A more detailed description of the data extraction is available in the supplementary appendices.
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 5234 Figure 5 : ReVaMoDeÒ placement on the subject's chest

9 *

 9 Pressure (mmHg) 117 ± 14 / 75 ± Sleep Apnea SyndromeThe coefficient of variation of the tidal volume measured by the ReVaMoDeÒ decrease significantly between rest and effort from (median [interquartile range]), 52,68[40,25 -55,00] at rest to 17,28[15,68 -24,34] during exercise. The median of differences was -29,72[-35,56 

Figure 4

 4 Figure 4 Variation of the breathing profile between rest, effort and recovery. VO2, VE, PET CO2 and Vt : ANOVA Friedman test : p <0,0001 ; FR : p = 0,01 and Dunn's multiple comparisons significant between rest and effort for all parameters ,
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 8500167 Figure 8: CV Vt/Ti rest vs effort, device +mask. N=11. Wilcoxon matches pairs signed rank test; two tailed p value; p=0.001

Figure 11 : 10 Figure 10 : 10 Figure 9 :

 111010109 Figure 11 : Correlation Coefficient of FFT. N = 10

  HTermÒ software (fig 1 SA). All the fields have to be completed as shown on figure 1 with the following setup : Baud 9600 ; Data 8 ; Stop 1; Parity none. Recorded data was stocked on an external PC for further analysis using excel (xls) format.

Figure 1

 1 Figure 1 of SA : HTERM Program

Figure 2

 2 Figure 2 of SA : Example of calibration in Labchart for subject n°1
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 356 Figure 3 of SA : Labchart curves for subject 1 wearing the device during exercise

  

  

  

  La ventilation spontanée n'est pas monotone. Une certaine variabilité respiratoire est synonyme de bonne santé respiratoire. Sa diminution est pathologique, témoignant d'une augmentation des charges imposées à l'appareil respiratoire. Sous ventilation mécanique, la diminution de la variabilité respiratoire est associée à une augmentation de la mortalité. Les complications respiratoires post-opératoires, de nature polyfactorielle, sont associées à une augmentation de la morbi-mortalité. Cependant, la saturation pulsée en oxygène décroit une fois les mécanismes de compensation devenus défaillants face à une charge respiratoire importante. Ainsi, la mesure et surveillance de la variabilité respiratoire semble être intéressante afin d'identifier des anomalies respiratoires ou des situations à risque. Une méthode de mesure indépendante de l'interface respiratoire par analyse du mouvement thoracique pourrait être avantageuse dans ce contexte. L'objectif de cette étude est de démontrer une baisse de la variabilité respiratoire lors d'une charge respiratoire par effort physique mesuré par un capteur externe d'analyse du mouvement thoracique. Le mouvement thoracique est enregistré par un capteur externe au repos (5min), à l'effort (ergométrie 70% de la VO2 max calculée pendant 5min) et en phase de récupération (5min), d'abord avec le capteur seul puis simultanément avec un masque de spirométrie. Après calibration, sont effectués les mesures du volume courant (Vt) et du profil respiratoire, le calcul du Coefficient de Variation (CV) pour le VT et le VT/TI, ainsi que l'analyse fréquentielle par FFT et le calcul du coefficient de corrélation pour les différentes conditions. Le test statistique de Wilcoxon est utilisé.
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RESUMÉ

Position du problème et objectif(s) de l'étude

  [START_REF] Brack | Dyspnea and Decreased Variability of Breathing in Patients with Restrictive Lung Disease[END_REF][START_REF] Benchetrit | A short-term memory in the respiratory centres: statistical analysis[END_REF]. The CV can be calculated for every available data, measured or calculated.

	Normal values aren't strictly defined. The values reported by Tobin and al over 65 healthy
	voluntary subjects can be used as references. The CV of Tidal Volume, mean inspiratory flow
	(Vt/Ti) and Ti/Ttot (inspiratory time/total breath cycle time) was respectively 33 %±15 %, 31,6
	+/-12,6% and 18 % ±7 % in the young subject group (26).
	Besides, Periodic signals can be decomposed into a frequency spectrum of oscillating signals.
	The different frequency components can be estimated through the Fast Fourier Transformation

(FFT) of a time series. The Fast Fourier Transform allows to identify one or several frequency spikes and displays in a plot the relative contribution (amplitude) of each frequency

[START_REF] Lombardi | Heart rate variability as an index of sympathovagal interaction after myocardial infarction[END_REF]

[START_REF]Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Standards of measurement, physiological interpretation and clinical use[END_REF]
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SA: Calibration of the device using the spirometry data
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Data window cosine bell (Hann), window overlap 50%, zero frequency is removed, Display mode amplitude, PSD averaging= 1.

SUPPLEMENTARY APPENDICES

PPC Prediction score

 Canet
and al

Data extracted from spirometry when the subject was wearing the device and the spirometry mask at the same time was compared to the device's data (figure 10).