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A bench comparison of the effect of High Flow Oxygen devices on work of breathing

Background

High flow oxygen has been extensively used during the COVID-19 pandemic. The number of devices have also increased. We underwent this study to answer the following two questions: Do devices to deliver high flow oxygen through nasal cannula differ from the original Optiflow device for work of breathing and generated positive-end expiratory pressure?

Methods

Seven devices were tested on ASL5000 lung model. Compliance was set to 40ml/cmH 2 O and resistance to 10cmH 2 O/L/s. The devices were connected to a manikin head via a nasal cannula and F I O 2 set at 0.21. The measurements were performed at baseline (manikin head free of nasal cannula), and then with the cannula and the device attached with oxygen flow set at 20, 40, 60 L/min. Work of breathing and positive end expiratory pressure were assessed at 3 simulated inspiratory efforts (-5, -10,-15 cmH2O muscular pressure) and at 2 respiratory rates (20 and 30 breaths/min). Data were expressed as median (1st-3rd quartiles) and compared with nonparametric tests to Optiflow device taken as reference.

Results

The baseline work of breathing and positive end expiratory pressure were not different between devices. Over all the conditions tested, work of breathing was 4.2 (1.0-9.4) J/min with the reference device and the relative variations from it were 0 (0-0), 3 (2-4), 1 (0-1), 2 (1-2), 1 (1-2) and 1 (1-2) % with Airvo2, G5, HM80, T60, V500 and V60 devices, respectively (P<0.05 Kruskal-Wallis test). Positive end expiratory pressure was 0.9 (0.3-1.5) cmH2O with Optiflow

and the relative differences were 28 (22-33), 41 (38-46), 30 (26-36), 31 (28-34), 37 (32-42), and 24 (21-34) % with Airvo2, G5, HM80, T60, V500 and V60 devices, respectively (P<0.05 Kruskal-Wallis test).

Conclusion

Work of breathing was marginally higher and positive end expiratory pressure marginally lower with devices as compared to the reference device.

KEY WORDS

High oxygen flow, COVID-19, hypoxemia, work of breathing, positive end-expiratory pressure

INTRODUCTION

High flow oxygen delivery though nasal cannula (HFNC) has been shown to reduce intubation and mortality in patients with hypoxemic acute respiratory failure before the COVID-19 pandemic [START_REF] Frat | High-Flow Oxygen through Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] . HFNC can also improve the weaning success in patients with low [START_REF] Hernandez | Effect of Postextubation High-Flow Nasal Cannula vs Conventional Oxygen Therapy on Reintubation in Low-Risk Patients: A Randomized Clinical Trial[END_REF] or high [START_REF] Thille | Effect of Postextubation High-Flow Nasal Oxygen With Noninvasive Ventilation vs High-Flow Nasal Oxygen Alone on Reintubation Among Patients at High Risk of Extubation Failure: A Randomized Clinical Trial[END_REF] risk of extubation failure. During the COVID-19 pandemic HFNC has been extensively used in the prehospital setting, in the emergency room, in the dedicated high-dependency units and in the intensive care unit (ICU) to support failing oxygenation, to prevent intubation and hence, to spare the ICU resources. Coupled with prone positioning HFNC can reduce the rate of intubation as compared to a group of patients kept in supine position [START_REF] Ehrmann | Awake prone positioning for COVID-19 acute hypoxaemic respiratory failure: a randomised, controlled, multinational, open-label meta-trial[END_REF] . The recommended set oxygen flow is in the range 50-60 L/min depending on patient's tolerance and efficacy on oxygenation [START_REF] Rochwerg | The role for high flow nasal cannula as a respiratory support strategy in adults: a clinical practice guideline[END_REF] . In the same time, the original device used in the landmark trial improved [START_REF] Frat | High-Flow Oxygen through Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] while the HFNC function was proposed as option in several ventilators used in the ICU or in the step-down units. HFNC settings include F I O 2 from 21 to 100% and inspiratory flow up to 60 L/min or even higher with the most recent devices.

Early bench studies found that HFNC devices differed each other regarding the achieved level of F I O 2 and the quality of humidification of inspired air [START_REF] Chikata | Humidification performance of two high-flow nasal cannula devices: a bench study[END_REF] . In non-intubated patients with acute hypoxemic respiratory failure, the use of HFNC can decrease both the patient's inspiratory effort and the work of breathing (WOB) [START_REF] Mauri | Physiologic Effects of High-Flow Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] . However, no study compared the HFNC devices on WOB.

Since many HFNC devices from different manufacturers are now available, such a comparison makes sense. Indeed, it is important to verify whether or not the WOB differed substantially between devices. Of note, the V-60 was recalled in the US over failures when used in the HFNC mode. This was related to a bug in the software. If it is verified that the WOB does not increase between devices, changing the devices between patients or even in a given patient would be safe.

Another issue relates to the cost between devices. The fact that after extubation the ventilator the patient was on can be used to provide HFNC and if extubation fails, have the ventilator readily available is an interesting feature but not any cost. However, comparing several HFNC devices can hardly be done in patients, henceforth we underwent the present study on the bench to explore this question. We choose to take the original device as the control and to compare the other devices presently tested to it. Our hypothesis was that the WOB was lower with the original device than with any other due to its configuration and its beneficial clinical effect. The algorithms to deliver flow and FIO2 used by the devices are a priori unknown and probably different in many respects, like the kind of internal flowmeters, how is made the mixture of oxygen and air, and so forth.

METHODS

Seven HFNC devices were tested: Optiflow (Fisher and Paykel Healthcare Ltd, Auckland, New Zealand), Airvo2 (Fisher and Paykel Healthcare Ltd, Auckland, New Zealand), HM80 (BMC medical, Tianjin, China), T60 (Air Liquide Medical System, Antony, France), V500 (Draeger, Lübeck, Germany), V60 (Philips, Amsterdam, The Netherlands), G5 (Hamilton Med, Inc., Bonaruz, Switzerland). The first three were specifically designed for HFNC delivery when the last four were ventilators on which the HFNC option was implemented. The main characteristics of the devices are shown in Table 1.

The same kind of nasal cannula (Optiflow 3S large size; Fisher and Paykel Healthcare Ltd) was used with each device. It was attached to the nose of a manikin head (Laerdal Health Care, Stavanger, Norway) (Figure 1). To minimize the leaks the manikin esophagus was clamped and the manikin mouth occluded by a strap (Figure 1). Each device was also connected to the ASL5000 lung simulator (Ingram Inc., Pittsburgh, PA, USA). The ASL5000 was set with a linear compliance of 40 mL/cmH 2 O and a resistance (inspiratory and expiratory being equal) of 10 cmH 2 O/Ls. To set the respiratory system compliance, we first took into consideration the current COVID-19 pandemic and used the value of 40 mL/cmH 2 O found by Grasselli et al 8 in intubated patients. We then attempted to determine the lung compliance in patients under HFNC. In the study by Delorme et al [START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF] [START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF] , lung compliance can be estimated to 63 mL/cmH 2 O, and hence respiratory system compliance to 40 mL/cmH 2 O, using the above value of the chest wall compliance. We set the resistance to 10 cmH 2 O/L/s according to the found by Delorme et al [START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF] in patients under 60 L/min HFNC.

A sinusoidal half-wave inspiratory effort was simulated with the following settings: muscular pressure (Pmus) contraction during 16%, then pause during 2%, then relaxation during 20% of total breath duration, then passive expiration. Each effort was applied at two respiratory rates of 20 and 30 breaths/min. The duration of inspiration and expiration was therefore 1.14 and 1.86 s, and 0.76 and 1.24 s, at 20 and 30 breaths/min, respectively. The 30 breaths/min rate was chosen because it was close to the mean value at the time of inclusion in the Florali trial of patients with acute hypoxemic respiratory failure [START_REF] Frat | High-Flow Oxygen through Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] . The 20 breaths/min rate was chosen because it was far from the previous one and close to the mean value found by Mauri et al in patients under HFNC [START_REF] Mauri | Physiologic Effects of High-Flow Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] .

Therefore, these two breathing rates of effort were clinically-based and hence likely clinical relevant. Low, medium and strong effort intensities were defined as -5, -10 and -15 cmH 2 0 Pmus, respectively. These levels were selected because a -10 cmH 2 O esophageal pressure swing was found, on average, in clinical studies [START_REF] Mauri | Physiologic Effects of High-Flow Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF][START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF][START_REF] Mauri | Optimum support by high-flow nasal cannula in acute hypoxemic respiratory failure: effects of increasing flow rates[END_REF][START_REF] Vargas | Physiologic Effects of High-Flow Nasal Cannula Oxygen in Critical Care Subjects[END_REF] . The two other values were defined 50% below and above apart.

Three inspiratory flows set at the HFNC devices (20, 40 and 60 L/min) were tested in that order, with each device (except for the V500 in which the highest inspiratory flow available was 50 L/min). We did not measure these set flows and assumed that the set flows were provided as such by the devices.

The experimental set-up also included a pneumotachograph (3700 series, Hans-Rudolph, Shawnee, Kansas, USA) and a port to measure airway pressure inserted at the ASL inlet (Figure 1). The Paw port was connected to a pressure transducer (Gabarith PMSET 1DT-XX, Becton-Dickinson, Singapore). This set had a 0.79 cmH 2 O/L/s resistance [START_REF] Guerin | Low-pressure support vs automatic tube compensation during spontaneous breathing trial for weaning[END_REF] . Pressure transducer and pneumotachograph were calibrated at room air before each experiment by using a pressure calibrator (717G, Fluke Biomedical, Everett, Washington, USA) and a calibration pump of 1000 mL ±12mL precision (Viasys Healthcare, Hoechberg, Germany), respectively. This was used to ascertain that compliance and resistance set in the ASL were actually reached. Paw and flow signals were recorded separately by a data logger (Biopac150, Biopac Inc., Goletta, CA, USA).

The experiments were performed in a dedicated room at ambient air temperature and pressure.

Each device was investigated in a single day. Heated and humidifier was placed in the circuit (Figure 1) but switched off and F I O 2 set to 0.21. At first, without HFNC device and without nasal cannula in place each combination of breathing rate and simulated effort was run to define the baseline condition. The data logger and the ASL5000 were started simultaneously in each condition, at a sampling rate of 200 Hz and 512 Hz, respectively. After a-2 minute recording the data were stored for off-line analysis.

Data analysis

The last 30 breaths of each record were used for the off-line data analysis. This was automatically done via an application specifically designed in the Matlab environment (Matlab2019b, The MathWorks, inc.). The WOB per breath was determined breath-by-breath from the Campbell diagram (Figure 2). The WOB done by the lungs, the device and the cannula lumped all together was measured as the area under the curve subtended by the tidal volume in Y axis and the Pmusatmospheric pressure difference in the X axis.

The primary end point was WOB. The secondary end-points were the resistive and the elastic components of WOB, and PEEP. WOB was expressed as J/min by multiplying the WOB per breath by the respiratory rate. We also provided the data of inspired tidal volume and the peak inspiratory and expiratory flows measured on the same breaths as for WOB.

The values are expressed as median (first-to-third quartiles). To make the summary of the results easier to follow the relative variation of each device from the reference for the WOB and PEEP over all the conditions tested were also shown.

The cost of each device was estimated by using the data provided by and pertaining to our institution, which may not be representative to that in other hospitals. It includes the cost of the device (the cost of the ventilator as an example) and of the ancillary components with the exception of the cost of the L/min oxygen flow rate. Because these costs are confidential only the relative change from the reference was given.

The normal distribution of the variables was tested by using the Shapiro-Wilkes test.

First, baseline WOB was compared between devices. It is expected that no difference should be found because no device was attached to the manikin. Second, WOB was compared across devices at each nominal high flow oxygen rate, i.e. 20, 40 and 60 L/min (except for V500, which does not provide with 60 L/min) for each effort intensity and rate. Since a significant interaction between these three factors was anticipated, a series of Kruskal-Wallis or one-way ANOVA test was planned, and, if significant, a pairwise comparison was done from the Optiflow device taken as reference by using the Dunnett's test. The Optiflow device was chosen as the reference because it was the first used in the clinical practice and because of its specific design. We anticipated that the bench design with a large number of highly reproducible breaths would make small differences between devices statistically significant though the clinical relevance of them would be meaningless. To deal with this issue, we apply a Bonferronni's correction by dividing 0.05 by the number of comparisons, i.e. 966 for the seven variables mentioned above as the various end-points, including the pairwise comparisons. Therefore, the P-value deeming statistical significance was <0.00005. With such a more stringent critical P-value, the statistically significance of the differences would be closer to the clinical relevance. Second, a 30% relative variation between devices was thought to reflect a clinical significance because it was the mean difference in pressure-time product of Pes between oxygen and HFNC found by Mauri et al in patients with acute hypoxemic respiratory failure [START_REF] Mauri | Physiologic Effects of High-Flow Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF] . The statistical analysis was conducted by using the R software version 4.0.3 (2020) (The R Foundation for Statistical Computing).

RESULTS

WOB did not follow a normal distribution.

Work of breathing

As expected, the baseline WOB was not different across the device for resistive, elastic and total WOB. Over all of the devices, it was 0.85 (0.84-0.85) vs 1.0 (1.01-1.02) J/min for low effort, 3.8 (3.8-3.8) vs 4.3 (4.3-4.4) J/min for medium effort and 8.5 (8.5-8.5) vs 9.6 (9.6-9.6) J/min for strong effort, at 20 vs 30 breaths/min effort rate, respectively. The same was true for its resistive and elastic components.

Over all the conditions tested, work of breathing was 4.2 (1.0-9.4) J/min with the reference device and the relative variations from it were 0 (0-0), 3 (2-4), 1 (0-1), 2 (1-2), 1 (1-2) and 1 (1-2) % with Airvo2, G5, HM80, T60, V500 and V60 devices, respectively (P<0.05 Kruskal-Wallis test). Over all the efforts, the WOB was 4.9 (1.1-9.7), 4.3 (1.1-9.7), 4.3 (1.1-9.8), 4.2 (1.1-9.7), 4.6

(1.1-9.7), 4.9 (1.1-9.7), and 4.9 (1.1-9.7) J/min for Optiflow, Airvo2, G5, HM80, T60, V500 and V60 devices, respectively, at HFNC 20 L/min (Table 2), with a significant interaction between effort intensity and rate. The same was true at 40 and 60/min HFNC for total (Figure 3) and resistive (Figure 4) and elastic (Figure 5) values of WOB. As of the 18 instances (3 effort intensities x2 effort rates x3 HFNC flows) for each device (except for V500 with 12 instances), the comparison to the reference device showed that the total WOB was significantly higher than Optiflow in 83% (15/18) for Airvo2, 83% (15/18) for G5, 50% (9/18) for HM80, 61% (11/18) for T60, 66% (8/12) for V500 and 50% (9/18) for V60 and it was significantly lower than Optiflow in 0, 5.5 (1/18), 11 2/18), 16 (3/18), 17 (2/12) and 12% (2/18) for the corresponding devices, respectively. The resistive WOB was lower than Optiflow in no instance for each device and it was significantly higher than with Optiflow in 50 (9/18), 44 (8/18), 44 (8/18), 28 (5/18), 50 (6/12) and 17% (2/18) for the corresponding devices, respectively. The elastic WOB was not significantly lower than Optiflow with any device. It was significantly higher than Optiflow in 44 (8/18), 33 (6/18), 22 (4/18), 5.5 (1/18), 33 (4/12) and 39% (7/18) of the cases for the corresponding devices, respectively. The threshold of 30% difference between devices was never reached.

Positive end-expiratory pressure

Over the all conditions tested PEEP was 0.9 (0.3-1.5) cmH2O with Optiflow and the relative differences were 28 (22-33), 41 (38-46), 30 (26-36), 31 (28-34), 37 (32-42), and 24 (21-34) % with Airvo2, G5, HM80, T60, V500 and V60 devices, respectively (P<0.05 Kruskal-Wallis test).

The PEEP generated by the high flow oxygen increased with increasing oxygen flow rate, as expected. This was the case with any device (Figure 6). However, the level of that PEEP was consistently (100% of the occurrences for each device) higher with the Optiflow device than with any other and the median difference between devices and reference was lower than 30% (Figure 6). The difference in PEEP between Optiflow and other devices increased with increasing flow. PEEP never surpassed 2 cmH 2 O.

Tidal volume and peak flows

As can be seen in tables 1-3 in the supplementary materials the inspired tidal volume with the devices were higher than that with the reference. Even though these differences may not be clinically relevant they explain why the WOB is slightly higher with them than with reference.

The same was true regarding the values of peak inspiratory and expiratory flows, which were consistently higher with the devices than with the reference.

Cost estimates

Setting to 1 the overall cost of the reference, the cost amounted to 1.17, 10.7, 1.46, 6.1, 11.8 and 6.3 for Airvo2, G5, HM80, T60, V500 and V60, respectively.

DISCUSSION

The main findings of present study, which is the first to compare on the bench the effect of HFNC devices on the WOB, can be summarized as follows: 1) the total WOB was higher with the HFNC devices than with the reference device, 2) the differences were very small and may not be clinically relevant, 3) the PEEP generated by the devices were lower with the HFNC devices than with the reference.

In patients with acute hypoxemic respiratory failure the high flow of oxygen relieves patient's effort and the WOB decreases as compared to the pre-HFNC condition, i.e. low oxygen flow. By contrast the bench set-up, by nature, does not allow any interaction between patient's effort and oxygen flow delivery, i.e. no change in patient's effort in response to higher oxygen flow as compared to the baseline condition. Therefore, after having checked that the baseline condition was the same before each HFNC device was run, the comparisons between devices, our main goal, were performed at a given flow oxygen. Furthermore, with increasing effort in present study the WOB increased due to higher tidal volume. Therefore, the increased WOB was also partly due to the higher tidal volume resulting from higher effort.

It makes sense to compare the devices from a reference device and to use as such the original device used and tested in a landmark clinical trial. A good appraisal of the values of WOB measured in present study is informed by comparing them with data reported in the literature. As an example, in patients treated with HFNC the WOB was almost 4.5 J/min before HFNC [START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF] . This level of WOB was almost reached in present study at 40 L/min oxygen flow for a medium effort (Figure 3). In the study by Delorme et al. [START_REF] Frat | High-Flow Oxygen through Nasal Cannula in Acute Hypoxemic Respiratory Failure[END_REF], the total WOB went down to 3.5 and 2.0 J/min at 40 and 60 L/min HFNC, respectively. The total WOB was indeed very close between devices, including the reference device, which is a positive result as regards of different perspectives. HFNC was used in many fields before the COVID pandemic [START_REF] Li | Year in Review 2019: High-Flow Nasal Cannula Oxygen Therapy for Adult Subjects[END_REF] and has expanded with the COVID-19 pandemic in many locations managing the patients. Our results suggest that HFNC device would not adversely affect patients in terms of WOB. The enrollment of different centers in studies on HFNC would not be hindered by the fact that the different centers used different HFNC. It should be noted, however, that the decreased elastic WOB resulting from increased compliance with higher oxygen flow in patients [START_REF] Delorme | Effects of High-Flow Nasal Cannula on the Work of Breathing in Patients Recovering From Acute Respiratory Failure[END_REF] can be offset by the higher elastic WOB with some devices according to present result (Figure 5).

The most striking difference, even modest, between devices found in present study was about the PEEP generated. It was lower with the devices than with the reference device. These differences were small, < 2 cmH 2 O, but suggest that the regulation of oxygen flow delivery was different between the devices with an apparent advantage for the most recent devices. However, the PEEP generated by the device is a mechanism by which HFNC improves oxygenation in patients as the end-expiratory lung volume increases with PEEP [START_REF] Ricard | Use of nasal high flow oxygen during acute respiratory failure[END_REF] . Assuming a lung compliance of 60 ml/cmH 2 O in patients would expect a change in lung volume by 60 ml for a change in PEEP by 1 cmH 2 O. This value looks negligible. However, it is the mean increase in dependent or nondependent end-expiratory lung volume at HFNC 45 L/min, and hence half of the overall increase in end-expiratory lung volume, assessed by lung electrical impedance tomography in patients [START_REF] Mauri | Optimum support by high-flow nasal cannula in acute hypoxemic respiratory failure: effects of increasing flow rates[END_REF] .

Therefore, this result of a different PEEP between HFNC devices may be clinically relevant regarding the change in oxygenation it may promote and warrants further investigations in patients.

Limitations and strengths. In addition to the intrinsic limitation of a bench study to assess the relationship between inspiratory effort and WOB mentioned above, present study did not investigate the difference in devices in terms of F I O 2 and humidification performance. Another issue not herein covered is the risk of environment contamination due to high oxygen flow. This risk was raised up at the onset of COVID pandemic and may have contributed to an early intubation strategy during the first wave. Studies done then found that the risk was limited. The implication for humans if also a limitation of present study because the effect of hypoxia or hypercapnia could not be tested in our preparation. We did not change the respiratory mechanics.

Finally, we tested configuration for adults, which are different in children and neonates. Our study is strengthened by a rigorous and objective evaluation of the devices in controlled conditions, the fact that a baseline condition was assessed before HFNC process with the devices and that this baseline was similar across each of them.

CONCLUSIONS

As compared to the reference HFNC device the most recent devices were associated with higher WOB but these differences were likely meaningless in term of clinical impact. The PEEP generated by the devices were lower than with the reference, which may have clinical relevance. 
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  the vital capacity averaged 2.77 L in 12 patients. The corresponding chest wall compliance computed as 4% of vital capacity 10 is 111 mL/cmH 2 O. In the study of Mauri et al 7 the mean trans-pulmonary driving pressure averaged 4.3 cmH 2 O. At a mean tidal volume of 0.270 L in Delorme et al
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