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Objective: Spatial and temporal ventilation distributions in patients with acute respiratory failure during high flow nasal cannula (HFNC) therapy were previously studied with electrical impedance tomography (EIT). The aim of the study was to explore the possibility of predicting HFNC failure based on various EIT-derived parameters.

Methods: High flow nasal cannula failure was defined reintubation within 48 h after HFNC. EIT was performed with the patients spontaneously breathing in the supine position at the start of HFNC. EIT-based indices (comprising the global inhomogeneity index, center of ventilation, ventilation delay, rapid shallow breathing index, minute volume, and inspiration to expiration time) were explored and evaluated at three time points (prior to HFNC, T1; 30 min after HFNC started, T2; and 1 h after, T3).

Results: A total of 46 subjects were included in the final analysis. Eleven subjects had failed HFNC. The time to failure was 27.8 ± 12.4 h. The ROX index (defined as SpO2/FiO2/respiratory rate) for HFNC success patients was 8.3 ± 2.7 and for HFNC failure patients, 6.2 ± 1.8 (p = 0.23). None of the investigated EIT-based parameters showed significant differences between subjects with HFNC failure and success. Further subgroup analysis indicated that a significant difference in ventilation inhomogeneity was found between ARDS and non-ARDS [0.54 (0.37) vs. 0.46 (0.28) as evaluated with GI, p < 0.01]. Ventilation homogeneity significantly improved in ARDS after 60-min HFNC treatment [0.59 (0.20) vs 0.57 (0.19), T1 vs. T3, p < 0.05].

Conclusion: Spatial and temporal ventilation distributions were slightly but insignificantly different between the HFNC success and failure groups. HFNC failure could not be predicted by changes in EIT temporal and spatial indexes of ventilation distribution within the first hour. Further studies are required to predict the outcomes of HFNC.
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INTRODUCTION

High flow nasal cannula therapy may help avoid invasive mechanical ventilation in patients with hypoxemia (1). Recent studies have indicated that a high flow nasal cannula (HFNC) improves respiratory drive and lung mechanics and enhances CO2 removal (2, 3). HFNC introduces low levels of airway pressure, which increase end-expiratory lung volume and improve oxygenation and regional lung aeration (4). However, in cases of HFNC failure, a delay in mechanical ventilation may result in deterioration in patient outcomes. Therefore, early prediction of HFNC outcomes is important in order for clinicians to decide the need for mechanical ventilation. Higher simplified acute physiology score II, the severity of hypoxemia, and C-reactive protein level may be correlated with HFNC failure (5, 6). A simple index calculated as the ratio of SpO2/FiO2 to respiratory rate may be able to identify HFNC failure after a 12-h trial (7). This index does not directly reflect ventilation status and may, therefore, require a longer period to identify the HFNC failure.

Electrical impedance tomography (EIT) is a novel noninvasive, radiation-free, bedside method for monitoring ventilation changes related to different lung conditions. These include lung regional recruitment and overdistension during positive end-expiratory pressure (PEEP) titration in patients with acute respiratory distress syndrome (8–11). Various EIT-based parameters were proposed to evaluate the status of ventilation in patients with spontaneous breathing (12, 13). In addition, previous studies have shown that EIT can be used to assess the effect of HFNC on regional ventilation (14, 15).

This study aimed to describe the evolution of spatial and temporal ventilation distributions in patients with acute respiratory failure (ARF) during the first hour of HFNC. Furthermore, we examined the possibility of predicting HFNC failure based on regional ventilation information derived from the EIT.



METHODS


Subjects and Measurement

The study protocol was approved by the ethics committees of Renji Hospital, School of Medicine, Shanghai Jiao Tong University (KY2021-057-B). Written informed consent was obtained from all the subjects before the study.

Patients who were treated with HFNC after ICU admission from 2021.05.27 to 2021.06.20 were screened. Only patients with acute respiratory failure ARF (respiratory rate >25 breaths/min, PaO2/FiO2 < 300 mmHg) were included. Exclusion criteria included age <18 years, pregnancy, and lactation period, weaning from the ventilator, intubation required, tracheotomy, bronchoscopy, absence of commitment to pursue full life support, and any contraindication to the use of EIT (pacemaker, automatic implantable cardioverter defibrillator, and implantable pumps).

High flow nasal cannula was performed with Optiflow (Fisher and Paykel Healthcare, East Tamaki, New Zealand) or HFNC module in V300 or V500 (Dräger Medical, Lübeck, Germany). The initial flow setting was 50–60 L/min with heated and humidified oxygen (FiO2 = 1). When peripheral oxygen saturation was over 92%, FiO2 was reduced gradually. The flow was reduced in the first hour only if the patient felt uncomfortable with the rate. HFNC failure was defined as exacerbation after HFNC, which led to intubation within 48 h. The indications for invasive mechanical ventilation included the level of consciousness (Glasgow coma score <12), cardiac arrest/arrhythmias and severe hemodynamic instability (norepinephrine > 0.1 μg/kg/min), and a persistent or worsening respiratory condition. This was defined as at least two of the following conditions: failure to achieve correct oxygenation (PaO2 < 60 mmHg despite HFNC flow ≥ 30 L/min and FiO2 of 1), respiratory acidosis (PaCO2 > 50 mmHg with pH < 7.25), respiratory rate > 30 bpm or inability to clear secretions. The ROX index [defined as SpO2/FiO2/respiratory rate (7)] was calculated 1 h after HFNC.

Electrical impedance tomography was performed with the patients spontaneously breathing in the supine position at the start of HFNC. An EIT electrode belt with 16 electrodes was placed around the thorax at the 4th intercostal space, and one reference electrode was placed on the abdomen (PulmoVista 500, Dräger Medical, Lübeck, Germany). Electrical alternating currents were applied in a sequential rotating process. The frequency and the amplitude of the currents were determined automatically according to the background noise of the measurement environment. The resulting surface potential differences between neighboring electrode pairs were measured and recorded at 20 Hz for 1 h. Image reconstruction using this algorithm was performed using the software of the manufacturer (EIT Data Review Tool, Dräger Medical, Lübeck, Germany). The EIT data were analyzed offline with customized software programmed with MATLAB R2015 (The MathWorks Inc., Natick, MA).



EIT Data Analysis

Functional EIT (fEIT)-tidal variation (TV) was calculated by subtracting the end-expiration from the end-inspiration image, representing the variation during tidal breathing. Tidal images of 1 min were averaged to increase the signal-to-noise ratio.
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where TVi is the pixel i in the fEIT image; N is the number of breaths within the analyzed period; and ΔZi, Ins and ΔZi,Exp are the pixel values in the raw EIT image at end inspiration and end expiration, respectively. When TVi < 0, a value of 0 was assigned to TVi.

Several EIT-based indices were explored and evaluated at three time points (before HFNC, T1; 30 min after HFNC started, T2; 1 h after, T3). They are explained in detail in the remainder of this section. To investigate the changes from the baseline and treatment, the differences of the EIT indices between the time points were calculated and normalized to the values at T1. The normalized values were denoted as ΔT3−T1 and ΔT3−T2, respectively.

The global inhomogeneity (GI) index is calculated from the tidal EIT images to summarize the heterogeneity of ventilation (16).
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where TV denotes the value of the differential impedance in the tidal images; TVl is the pixel in the identified lung area; pixel l is considered as a lung region if TVl > 10% × max (TV). TVlung denotes all pixels representing the lung area. A high-GI index implies high variation among pixel tidal impedance values.

The center of ventilation (CoV) depicts the ventilation distribution influenced by gravity or various lung diseases (relative impedance value weighted with a location in the anteroposterior coordinate) (17):
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where TVi is the impedance change in the fEIT image for pixel i; yi is the height of pixel i, and the value is scaled such that the bottom of the image (dorsal) is 100% and the top (ventral) is 0%.

The tidal image was divided into four horizontal, anterior-to-posterior segments of equal height (regions of interest, ROI). The ventilation distributions in these regions were calculated and denoted as ROIs 1-4. The regional ventilation delay (RVD) index characterizes the regional ventilation delay as pixel impedance rising time compared to the global impedance curve (18), which may be used to assess tidal recruitment/derecruitment.
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where tl,40% is the time required for pixel l to reach 40% of its maximum inspiratory impedance change. Tinspiration, global denotes the inspiration time calculated from the global impedance curve.

Besides the conventional EIT-based indices, we constructed further parameters that are relevant to spontaneously breathing patients but are difficult to record without additional devices. The rapid shallow breathing index (RSBI) is defined as the ratio of the respiratory rate to tidal volume. Since the change in tidal volume can be estimated by the measured impedance, RSBIEIT was calculated as the ratio of the respiratory rate to tidal impedance variation in arbitrary units. Similarly, minute volume was estimated as the multiplication of the respiratory rate and tidal impedance variation in arbitrary units (MVEIT). Inspiration time over expiration time (I:E) was calculated based on the global impedance—time curves.



Statistical Analysis

Normal distribution was assessed with the Kolmogorov-Smirnov normality test. Normally distributed results were presented as the mean ± SD. Non-normally distributed results were presented as median (interquartile range). The Kruskal–Wallis test was used to compare the parameters at different time points. The Mann–Whitney test was used to compare the EIT parameters between the HFNC success and failure groups. Because EIT can only deliver relative impedance changes, therefore, only the changes in RVD, RSBIEIT, and MVEIT were compared between groups. A p < 0.05 was considered statistically significant. Bonferroni correction was used to adjust the p-value for multiple comparisons of different time points or ROIs.




RESULTS

A total of 48 subjects were included in the study. Two patients were excluded from the final analysis due to poor EIT data quality (intensive patient movement). The demographics and outcomes of the 46 subjects are summarized in Table 1. Totally, 11 patients had failed HFNC. The time to failure was 27.8 ± 12.4 h. The ROX index for HFNC success patients was 8.3 ± 2.7 and for HFNC failure patients, 6.2 ± 1.8 (p = 0.23). Twelve patients had a fever (body temperature > 37°C). Two of them were > 38.5°C. Of the HFNC success patients, 21 were not sedated. Of the HFNC failure patients, five were not sedated. No significant differences were found (p = 0.40).


Table 1. Demographics and outcomes of the studied subjects.
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Table 2 summarizes the main causes of ARF and the comorbidities of the study subjects. ARF was mainly caused by acute respiratory distress syndrome (ARDS) and pneumonia. Hypertension was the most common comorbidity.


Table 2. Summary of primary etiology for ARF and the comorbidities.
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None of the investigated EIT-based parameters showed significant differences between the subjects with HFNC failure and success. Table 3 summarizes the absolute values of the EIT-derived parameters at different time points (GI, CoV, and I:E). Figure 1 shows the trends of EIT parameters at different time points. Figures 2, 3 compare the EIT-based parameters at different time points between the groups with HFNC failure and success. In the failure group, ventilation was distributed slightly toward the dorsal regions, as indicated by CoV (Figure 2, middle; p > 0.05). Ventilation delay decreased in both failure and success groups compared to T1, but, as compared to T2, the ventilation delay was worse at T3 in the failure group (Figure 2, bottom; p > 0.05). Elevated RSBIEIT and shorter inspiration time (lower I:E) were found in the failure group at T3 compared to T1 (Figure 3, top; p > 0.05). MVEIT decreased in the HFNC failure group compared to that in T2, while the median in the success group was higher (Figure 3 middle; p > 0.05).


Table 3. A summary of the absolute values of electrical impedance tomography (EIT)-derived parameters and the comparison between groups at different time points.
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FIGURE 1. Illustration of electrical impedance tomography (EIT)-derived parameters at different time points between high flow nasal cannula (HFNC) success and failure groups. GI, the global inhomogeneity index; CoV, center of ventilation; I:E, inspiration to the expiration time. T1, before HFNC; T2, 30 min after HFNC started; T3, 1 h after HFNC started.



[image: Figure 2]
FIGURE 2. Change of conventional EIT-based parameters at different time points. T1, before HFNC; T2, 30 min after HFNC started; T3, 1 h after HFNC started. All values were normalized to that at T1. The boxes mark the quartiles with median marked red, while the whiskers extend from the box out to the most extreme data value within 1.5* the interquartile range of the sample. The red crosses are outliers. Green dashed lines marked the value of 0. GI, the global inhomogeneity index. Lower than 0 means the ventilation becomes more homogeneous. CoV, the center of ventilation. Higher than 0 means that the ventilation distribution moves toward dorsal regions. RVD, regional ventilation delay. Higher than 0 means the delay is getting worse.



[image: Figure 3]
FIGURE 3. Change of EIT-based parameters for spontaneous breathing at different time points. T1, before HFNC; T2, 30 min after HFNC started; T3, 1 h after HFNC started. All values were normalized to that at T1. The boxes mark the quartiles with median marked red, while the whiskers extend from the box out to the most extreme data value within 1.5* the interquartile range of the sample. The red crosses are outliers. Green dashed lines marked the value of 0. RSBI, rapid shallow breathing index. Higher than 0 means the subject is breathing more rapidly or shallowly. MV, minute volume. Lower than 0 means the minute volume becomes less at T3. I:E, inspiration to the expiration time. Lower than 0 means the inspiration time is getting shorter.


Further subgroup analysis indicated that significant difference in ventilation inhomogeneity was found between ARDS and non-ARDS [0.54 (0.37) vs. 0.46 (0.28) as evaluated with GI, p < 0.01]. Ventilation homogeneity significantly improved in ARDS after 60 min HFNC treatment [0.59 (0.20) vs 0.57 (0.19), T1 vs. T3, p < 0.05].



DISCUSSION

In the present study, we have examined the ability to predict the outcome of HFNC within the first hour of treatment using EIT. Differences in spatial and temporal ventilation between the HFNC failure and success groups were observed, but they were not statistically significant.

Previous studies indicated that HFNC failure may lead to intubation delay and increase hospitalization time and mortality. Roca et al. showed that the HFNC failure rate in patients with severe pneumonia was up to 28% (19). Rello et al. found that, in patients with confirmed 2009 influenza A/H1N1v infection, the mortality in the HFNC failure group was 27%, whereas the mortality in initially intubated patients was only 20% (20). Kang et al. revealed in a retrospective study that the mortality was significantly higher in patients intubated after 48-h HFNC failure compared with those who were intubated within 48-h HFNC (21). The extubation rate was lower in the HFNC failure after 48 h. Recent studies have indicated that the mortality rate in intubated patients after HFNC failure was around 30–50% (22). When the respiratory drive of the patient was too high, the high-flow rate might induce overdistension (23). EIT has been used to monitor the ventilation during HFNC. A recent study has indicated that EIT can help to identify the overdistension caused by HFNC (15). Besides, EIT can observe pendelluft and diaphragm activities and monitor the corresponding lung injury, which may help to identify the respiratory drive of the patient (24–26).

In previous studies, EIT has been used mainly as a monitoring tool to demonstrate its superiority over other ventilation modes. For example, HFNC was found to be superior to conventional oxygen therapy or noninvasive ventilation in regard ventilation distribution, end-expiratory lung volume, and respiratory rate, etc., (27, 28). However, the ability to predict the HFNC outcomes has yet to be explored. Previously, the so-called ROX index was proposed (19). The ROX index is relatively easy to obtain and has great potential to predict HFNC outcomes within a few hours after initiating HFNC (7, 19). However, it seems that its effective cutoff value varies depending on the time point of observation and disease. For our study patients (mainly lung healthy subjects after abdominal surgery), the specificity of ROX at 1 h was low (0.36), which is not enough to identify HFNC failure. On the other hand, HFNC results in ventilation redistribution within a brief period as demonstrated in previous studies [e.g., (4, 15)]. Therefore, we took the challenge, attempting to predict the outcome of HFNC within the first hour of treatment. For the selection of EIT-based parameters, we have tested some of the most widely used EIT indices, such as GI and CoV (29). In addition, the equivalent parameters RSBIEIT, MVEIT, and I:E were evaluated because the ventilated volume was not usefully monitored during HFNC.

We found that ventilation was distributed slightly toward the dorsal regions in the failure group (Figures 1, 2, CoV). Previous studies suggested that ventilation distribution in the dorsal regions might be associated with diaphragm activity (25). The differences found in CoV might indicate an increased respiratory effort in the failure group, which implied an unsatisfactory oxygen delivery. Due to the nature of the study (observational design), we did not include the measurements of transdiaphragmatic pressure or diaphragmatic ultrasound to confirm this speculation. A similar trend of RSBIEIT was observed that might as well support our hypothesis (Figure 3, RSBI). When the respiratory muscle was fatigued, the inspiration time became shorter and MV decreased at T3 compared to the baseline (Figure 3). Ventilation delay at T3 decreased in both failure and success groups compared to T1, but, as compared to T2, it deteriorated in the failure group (Figure 2 RVD). The RVD index was initially developed and evaluated during low-flow maneuvers (16). We suspect that, during spontaneous breathing, the inspiration time is too short to have a stable RVD value. A recent study has shown that the coefficient of variation for RVD in healthy subjects was high (30), which might be the reason why no significant difference could be found in the present study.

Another potential parameter that could be used to evaluate the effect of HFNC is the change in end-expiratory lung impedance (ΔEELI), which is associated with end-expiratory lung volume. Mauri et al. evaluated the lung mechanics during HFNC in 17 patients with respiratory failure (2). They found that ΔEELI increased and MV decreased with an increasing flow rate during HFNC. We did not explore the parameter ΔEELI for two reasons: (1) As suggested by a previous study (15), HFNC may introduce overdistension as well. Overdistension would lead to an increased EELI but decreased tidal volume, which may explain the finding in the study of Mauri (2). (2) In our study, the impedance value was not normalized to volume so that the ΔEELI was not inter-patient comparable.

Unfortunately, none of the explored EIT-based parameters showed statistical significance when comparing the HFNC success and failure groups. We suspected that a large portion of the included subjects was admitted to ICU after abdominal surgery. Their lung function might be satisfactory, but the pain from the wound might have influenced their respiratory muscles. Moreover, the sample size was small, and only a few patients required intubation. Since this was the first attempt to use EIT to predict an HFNC outcome, no a priori information was available to calculate the sample size. The study could be underpowered depending on which parameter was being evaluated. Further studies can be designed based on the current findings. The subject group must be carefully selected. Another limitation of the study design was that only the first hour of EIT data was recorded so that the observation period was very short. It is unclear whether the changes in spatial and temporal ventilation distribution at a later time point could predict the HFNC outcomes.



CONCLUSION

Spatial and temporal ventilation distributions were slightly but insignificantly different for HFNC success and failure groups. HFNC failure could not be predicted by changes in EIT temporal and spatial indexes of ventilation distribution within the first hour. Further studies are required to develop an early indicator to predict the outcome of HFNC.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committees of Renji Hospital, School of Medicine, Shanghai Jiao Tong University (KY2021-057-B). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ZL, YG, and ZZhao have designed the study. ZZhang, QX, DX, and SQ have performed the measurements and collected the data. ZL, ZZhang, MD, and FF have analyzed the data. ZL, ZZhang, YG, and ZZhao have drafted the manuscript. QX, DX, SQ, MD, and FF have revised the manuscript. All the authors have approved the final version.



FUNDING

This study was supported by Shanghai Jiao Tong University (YG2019ZDB04) and the National Natural Science Foundation of China (52077216).



REFERENCES

 1. Yasuda H, Okano H, Mayumi T, Nakane M, Shime N. Association of noninvasive respiratory support with mortality and intubation rates in acute respiratory failure: a systematic review and network meta-analysis. J Intensive Care. (2021) 9:32. doi: 10.1186/s40560-021-00539-7

 2. Mauri T, Alban L, Turrini C, Cambiaghi B, Carlesso E, Taccone P, et al. Optimum support by high-flow nasal cannula in acute hypoxemic respiratory failure: effects of increasing flow rates. Intensive Care Med. (2017) 43:1453–63. doi: 10.1007/s00134-017-4890-1

 3. Braunlich J, Beyer D, Mai D, Hammerschmidt S, Seyfarth HJ, Wirtz H. Effects of nasal high flow on ventilation in volunteers, COPD and idiopathic pulmonary fibrosis patients. Respiration. (2013) 85:319–25. doi: 10.1159/000342027

 4. Mauri T, Turrini C, Eronia N, Grasselli G, Volta CA, Bellani G, et al. Physiologic effects of high-flow nasal cannula in acute hypoxemic respiratory failure. Am J Respir Crit Care Med. (2017) 195:1207–15. doi: 10.1164/rccm.201605-0916OC

 5. Messika J, Ben Ahmed K, Gaudry S, Miguel-Montanes R, Rafat C, Sztrymf B, et al. Use of high-flow nasal cannula oxygen therapy in subjects with ARDS: a 1-year observational study. Respir Care. (2014) 60:162–9. doi: 10.4187/respcare.03423

 6. Vianello A, Arcaro G, Molena B, Turato C, Sukthi A, Guarnieri G, et al. High-flow nasal cannula oxygen therapy to treat patients with hypoxemic acute respiratory failure consequent to SARS-CoV-2 infection. Thorax. (2020) 75:998–1000. doi: 10.1136/thoraxjnl-2020-214993

 7. Roca O, Caralt B, Messika J, Samper M, Sztrymf B, Hernández G, et al. An index combining respiratory rate and oxygenation to predict outcome of nasal high-flow therapy. Am J Respir Crit Care Med. (2019) 199:1368–76. doi: 10.1164/rccm.201803-0589OC

 8. Liu S, Tan L, Moller K, Frerichs I, Yu T, Liu L, et al. Identification of regional overdistension, recruitment and cyclic alveolar collapse with electrical impedance tomography in an experimental ARDS model. Crit Care. (2016) 20:119. doi: 10.1186/s13054-016-1300-y

 9. Franchineau G, Brechot N, Lebreton G, Hekimian G, Nieszkowska A, Trouillet JL, et al. Bedside contribution of electrical impedance tomography to setting positive end-expiratory pressure for extracorporeal membrane oxygenation-treated patients with severe acute respiratory distress syndrome. Am J Respir Crit Care Med. (2017) 196:447–57. doi: 10.1164/rccm.201605-1055OC

 10. Perier F, Tuffet S, Maraffi T, Alcala G, Victor M, Haudebourg A-F, et al. Electrical impedance tomography to titrate positive end-expiratory pressure in COVID-19 acute respiratory distress syndrome. Critical Care. (2020) 24:678. doi: 10.1186/s13054-020-03414-3

 11. Scaramuzzo G, Spadaro S, Corte FD, Waldmann AD, Bohm SH, Ragazzi R, et al. Personalized positive end-expiratory pressure in acute respiratory distress syndrome: comparison between optimal distribution of regional ventilation and positive transpulmonary pressure. Crit Care Med. (2020) 48:1148–56. doi: 10.1097/CCM.0000000000004439

 12. Krauss E, van der Beck D, Schmalz I, Wilhelm J, Tello S, Dartsch RC, et al. Evaluation of regional pulmonary ventilation in spontaneously breathing patients with idiopathic pulmonary fibrosis (IPF) employing electrical impedance tomography (EIT): a pilot study from the European IPF registry (eurIPFreg). J Clin Med. (2021) 10:192. doi: 10.3390/jcm10020192

 13. Zhao Z, Peng SY, Chang MY, Hsu YL, Frerichs I, Chang HT, et al. Spontaneous breathing trials after prolonged mechanical ventilation monitored by electrical impedance tomography: an observational study. Acta Anaesthesiol Scand. (2017) 61:1166–75. doi: 10.1111/aas.12959

 14. Hough JL, Pham TM, Schibler A. Physiologic effect of high-flow nasal cannula in infants with bronchiolitis. Pediatr Crit Care Med. (2014) 15:e214–219. doi: 10.1097/PCC.0000000000000112

 15. Zhang R, He H, Yun L, Zhou X, Wang X, Chi Y, et al. Effect of postextubation high-flow nasal cannula therapy on lung recruitment and overdistension in high-risk patient. Critical Care. (2020) 24:82. doi: 10.1186/s13054-020-2809-7

 16. Zhao Z, Möller K, Steinmann D, Frerichs I, Guttmann J. Evaluation of an electrical impedance tomography-based global inhomogeneity index for pulmonary ventilation distribution. Intensive Care Med. (2009) 35:1900–6. doi: 10.1007/s00134-009-1589-y

 17. Frerichs I, Hahn G, Golisch W, Kurpitz M, Burchardi H, Hellige G. Monitoring perioperative changes in distribution of pulmonary ventilation by functional electrical impedance tomography. Acta Anaesthesiol Scand. (1998) 42:721–6. doi: 10.1111/j.1399-6576.1998.tb05308.x

 18. Muders T, Luepschen H, Zinserling J, Greschus S, Fimmers R, Guenther U, et al. Tidal recruitment assessed by electrical impedance tomography and computed tomography in a porcine model of lung injury. Crit Care Med. (2012) 40:903–11. doi: 10.1097/CCM.0b013e318236f452

 19. Roca O, Messika J, Caralt B., Garcia-de-Acilu M, Sztrymf B, Ricard JD, Masclans JR: Predicting success of high-flow nasal cannula in pneumonia patients with hypoxemic respiratory failure: The utility of the ROX index. J Crit Care. (2016) 35:200–5. doi: 10.1016/j.jcrc.2016.05.022

 20. Rello J, Perez M, Roca O, Poulakou G, Souto J, Laborda C, et al. High-flow nasal therapy in adults with severe acute respiratory infection: a cohort study in patients with 2009 influenza A/H1N1v. J Crit Care. (2012) 27:434–9. doi: 10.1016/j.jcrc.2012.04.006

 21. Kang BJ, Koh Y, Lim CM, Huh JW, Baek S, Han M, et al. Failure of high-flow nasal cannula therapy may delay intubation and increase mortality. Intensive Care Med. (2015) 41:623–32. doi: 10.1007/s00134-015-3693-5

 22. Ricard JD, Roca O, Lemiale V, Corley A, Braunlich J, Jones P, et al. Use of nasal high flow oxygen during acute respiratory failure. Intensive Care Med. (2020) 46:2238–47. doi: 10.1007/s00134-020-06228-7

 23. Grieco DL, Menga LS, Eleuteri D, Antonelli M. Patient self-inflicted lung injury: implications for acute hypoxemic respiratory failure and ARDS patients on non-invasive support. Minerva Anestesiol. (2019) 85:1014–23. doi: 10.23736/S0375-9393.19.13418-9

 24. Yoshida T, Roldan R, Beraldo MA, Torsani V, Gomes S, De Santis RR, et al. Spontaneous effort during mechanical ventilation: maximal injury with less positive end-expiratory pressure. Crit Care Med. (2016) 44:e678–688. doi: 10.1097/CCM.0000000000001649

 25. Sun Q, Liu L, Pan C, Zhao Z, Xu J, Liu A, et al. Effects of neurally adjusted ventilatory assist on air distribution and dead space in patients with acute exacerbation of chronic obstructive pulmonary disease. Crit Care. (2017) 21:126. doi: 10.1186/s13054-017-1714-1

 26. He H, Chi Y, Long Y, Yuan S, Frerichs I, Moller K, et al. Influence of overdistension/recruitment induced by high positive end-expiratory pressure on ventilation-perfusion matching assessed by electrical impedance tomography with saline bolus. Crit Care. (2020) 24:586. doi: 10.1186/s13054-020-03301-x

 27. Yuan Z, Han X, Wang L, Xue P, Sun Y, Frerichs I, et al. Oxygen therapy delivery and body position effects measured with electrical impedance tomography. Respir Care. (2020) 65:281–7. doi: 10.4187/respcare.07109

 28. Perez-Teran P, Marin-Corral J, Dot I, Sans S, Munoz-Bermudez R, Bosch R, et al. Aeration changes induced by high flow nasal cannula are more homogeneous than those generated by non-invasive ventilation in healthy subjects. J Crit Care. (2019) 53:186–92. doi: 10.1016/j.jcrc.2019.06.009

 29. Frerichs I, Becher T. Chest electrical impedance tomography measures in neonatology and paediatrics-a survey on clinical usefulness. Physiol Meas. (2019) 40:054001. doi: 10.1088/1361-6579/ab1946

 30. Yang L, Dai M, Cao X, Möller K, Dargvainis M, Frerichs I, et al. Regional ventilation distribution in healthy lungs: can reference values be established for electrical impedance tomography parameters? Ann Translational Med. (2021) 9:789–789. doi: 10.21037/atm-20-7442

Conflict of Interest: ZZhao receives a consulting fee from Drager Medical.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Li, Zhang, Xia, Xu, Qin, Dai, Fu, Gao and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-737810-t002.jpg
n=46

Primary etiology for ARF
ARDS

Preumonia

Cardiogenic pulmonary edema
Pulmonary embolism
Comorbidity
Hypertension

Congestive heart failure
Cerebral vascular disease
Chronic kidney disease
Chronic pulmonary disease
Diabstes

HFNC success

35

15
12
7

s

~ s s s o0

HFNC failure

1

~ oo

SIS

ARF, acute respiratory failure; ARDS, acute respiratory distress syndrome.





OPS/images/fmed-08-737810-t003.jpg
CoV (%)

T
T2
T
T
T2
T3
T

T3

HFNC success

0.48 (0.38-0.68)
0.48 (0.42-0.71)
050 (0.39-0.71)
45.4 (42.4-48.8)
46.8 (41.9-49.8)
46.6 (41.3-49.8)
0.64 (0.53-0.71)
0.58 (0.5-0.68)
0.61(0.48-0.70)

HFNC falure

054 (0.41-0.68)
050 (0.40-0.62)
050 (0.39-0.65)
44.0 (42.1-46.1)
443 (42.2-46.1)
45.4(43.1-46.3)
0.73(0.48-0.82)
064 (0.47-0.80)
0.64(0.48-0.71)





OPS/images/fmed-08-737810-g003.gif





OPS/images/fmed-08-737810-t001.jpg
Pat. No. Age Gender APACHE Il Height (cm) Weight (kg) init. init. ROX HFNC Dead
Fio, Pa0, success

1 53 F 10 160 56 090 72 6.67 1 9
2 39 ™ 8 172 8 080 % 895 1 0
3 i F 12 159 57 055 97 500 1 0
4 74 M 8 175 68 055 78 882 0 1
5 82 M 10 177 68 080 87 594 1 0
6 89 M 16 174 65 0.40 56 696 1 o
7 82 M 18 170 68 055 68 12.82 1 o
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Pat. No., patient number; SD, standard deviation; M, male; F, female; APACHE I, Acute Physiology and Chronic Health Evaluation I init, initial; FiOz, fractional inspired oxygen; PaOz,

arterial oxygen partial pressure; s:f, success vs. failure; da, dead vs. alive.

FiOp and PaO; are values recorded during oxygen therapy before high flow nasal cannula (HFNG).

ROX index, SpO2/FiOa/respiratory rate HFNC success was marked 1 and failure marked 0.

Dead marked subjects died in the ICU.
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