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Background: Different severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pneumonia phenotypes were described that match with different lung compliance and level of oxygenation, thus requiring a personalized ventilator setting. The burden of so many patients and the lack of intensive care unit (ICU) beds often force physicians to choose non-invasive ventilation (NIV) as the first approach, even if no consent has still been reached to discriminate whether it is safer to choose straightforward intubation, paralysis, and protective ventilation. Under such conditions, electrical impedance tomography (EIT), a non-invasive bedside tool to monitor lung ventilation and perfusion defects, could be useful to assess the response of patients to NIV and choose rapidly the right ventilatory strategy.

Objective: The rationale behind this study is that derecruitment is a more efficient measure of positive end expiratory pressure (PEEP)-dependency of patients than recruitment. We hypothesized that patients who derecruit significantly when PEEP is reduced are the ones that do not need early intubation while small end-expiratory lung volume (ΔEELV) variations after a single step of PEEP de-escalation could be predictive of NIV failure.

Materials and Methods: Consecutive patients admitted to ICU with confirmed SARS-CoV-2 pneumonia ventilated in NIV were enrolled. Exclusion criteria were former intubation or NIV lasting > 72 h. A trial of continuos positive airway pressure (CPAP) 12 was applied in every patient for at least 15 min, followed by the second period of CPAP 6, either in the supine or prone position. Besides standard monitoring, ventilation of patients was assessed by EIT, and end-expiratory lung impedance (ΔEELI) (%) was calculated as the difference in EELI between CPAP12 and CPAP6. Tidal volume (Vt), Ve, respiratory rate (RR), and FiO2 were recorded, and ABGs were measured. Data were analyzed offline using the dedicated software. The decision to intubate or continue NIV was in charge of treating physicians, independently from study results. Outcomes of patients in terms of intubation rate and ICU mortality were recorded.

Results: We enrolled 10 male patients, with a mean age of 67 years. Six patients (60%) were successfully treated by NIV until ICU discharge (Group S), and four patients failed NIV and were intubated and switched to MV (Group F). All these patients died in ICU. During the supine CPAP decremental trial, all patients experienced an increase in RR and Ve. ΔEELI was < 40% in Group F and > 50% in Group S. In the prone trial, ΔEELI was > 50% in all patients, while RR decreased in Group S and remained unchanged in Group F.

Conclusion: ΔEELI < 40% after a single PEEP de-escalation step in supine position seems to be a good predictor of poor recruitment and CPAP failure.
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INTRODUCTION

At present time, more than 1 year since the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic broke out, its physiopathology and clinical course are much better understood. However, to speak with Sir W. Churchill, “the best is not good enough,” since many key points of this threatening disease are still far from being fully elucidated, notably as regards therapeutic options, while the number of cases that require respiratory support is far from being subsided. Hence, clinicians all over the world still have to face the impossibility to guarantee tracheal intubation for everyone (Grasselli et al., 2020), and non-invasive respiratory support becomes sometimes an obliged choice. Presently, an increasing amount of studies are reporting successful treatment of SARS-CoV-2 pneumonia in non-intubated patients, ventilated with moderate to high level of positive airways pressure (PEEP/CPAP) (8–12 cmH2O) and cycles of awake proning (Bamford et al., 2020; Whang et al., 2021). Accurate selection of patients, appropriate PEEP/CPAP setting, and correct timing for switching to invasive mechanical ventilation in non-responders to the non-invasive approach are thus of paramount importance and still remain among the most debated topics in the intensive care unit (ICU) environment and more (Lee et al., 2021; Tseng et al., 2021).

Hypoxemia severity and oxygenation response to PEEP/CPAP application are weak indexes of lung recruitability (Dantzker, 1982; Chen et al., 2020), and this is even more evident in SARS-CoV-2 pneumonia, since patients with a same degree of severity of arterial desaturation may present with different clinical phenotypes, ranging from normal respiratory rate (RR) to marked dyspnea and near normal to decreased respiratory system compliance (Crs), where compliance is a measure of the lung expandability. It refers to the ability of the lung to stretch and expand (Gattinoni et al., 2020a,b,c). In fact, the most challenging patients are the ones that under non-invasive ventilation keep normal PaCO2, RR, and adequate minute ventilation (12–14 l/min) (He et al., 2019), with preserved lung mechanics, in whom PaO2/FiO2 do not respond to the application of increasing PEEP levels. These patients are at high risk for developing self-inflicted lung injury (PSILI) (Brochard et al., 2017; Grieco et al., 2019; Yoshida et al., 2020) and require intubation as early as possible. Assessing if a patient is recruiter or not can thus guide the decision to keep non-invasive ventilation or intubate. A recruiter can be defined as a patient who responds to PEEP in terms of better oxygenation, hemodynamic stability, improvement of respiratory compliance, and lung mechanics. However, lung recruitability is uneasy to measure at the bedside and even more difficult in non-intubated patients. Recently, Chen et al. (2020) proposed a single-breath bedside method to measure lung recruitment by using the so-called compliance of the recruited lung: the ratio between the loss in end-expiratory lung volume (ΔEELV) after a reduction of PEEP, and driving pressure (DP) itself. However, this R/I index can be used only in sedated and mechanically ventilated patients. We hypothesized that the same physiological principle could be applied to patients under non-invasive ventilation with PEEP/CPAP, to screen the ones that are PEEP-dependent: after a drop in PEEP/CPAP, a reduction in EELV, and thus an increase in ΔEELV, should indicate that lung maintains a good elasticity and is able to deform. These lungs are affected by the pressure change and respond to the PEEP, so the clinician should insist with CPAP maximized at 12 cmH2O (He et al., 2019). In contrast, a stable EELV, and thus a small ΔEELV, with no changes in other parameters such as RR or Ve, would indicate that patients have an airway opening pressure (AOP) > 12 cmH2O (Chen et al., 2018) and thus PEEP must be increased over 12 cmH2O to reach alveoli, or that lungs are already stiff and fibrotic. These patients should be better rapidly switched to invasive mechanical ventilation. Thus, a delay in understanding this process, in a patient with spontaneous breathing, may worsen PSILI or may delay intubation and reduce the chances for survival. Under this hypothesis, ΔEELV could be a predictor of CPAP failure and the need for switching to invasive mechanical ventilation.

Electrical impedance tomography (EIT) is a non-invasive and easy to use bedside tool that dynamically shows regional tidal volume (Vt) distribution. EIT has been demonstrated a valid instrument to assess regional ventilation and PEEP-induced recruitment in many experimental and clinical studies (Cinnella et al., 2015; Sosio et al., 2019). However, to our knowledge, no data are available on the use of EIT to monitor lung recruitability under non-invasive ventilation in patients with COVID-19.

Thus, we launched the present observational pilot study in patients admitted in ICU with SARS-CoV-2 pneumonia treated by non-invasive ventilation with PEEP/CPAP and cycles of the prone position. This study was aimed at (a) estimating PEEP-dependency at the bedside by using EIT to measure ΔEELV by end-expiratory lung impedance variations (ΔEELI) after a drop in PEEP; (b) evaluating the relationship between PEEP-dependency and outcome of patients, in terms of intubation and survival rate; (c) assessing if EIT may be useful to identify responders to the prone position, by continuously monitoring the ventilation redistribution following changes of the position.



MATERIALS AND METHODS


Patients

After Ethics Committee approval and written informed consent, all consecutive patients with COVID-19 admitted to our academic hospital ICU from March 2021 to April 2021 were enrolled. Inclusion criteria were as follows: admission from the emergency room within 24 h from symptoms onset, non-invasive mechanical ventilation for clinical decision, age ≥ 18 years, and confirmed SARS-CoV-2 infection from a respiratory tract sample by PCR-based tests. Exclusion criteria were as follows: prior admission to the ward, prior intubation, hemodynamic instability, defined as systolic blood pressure (BP) < 90 mmHg or mean BP < 60 mmHg, contraindication to EIT use (presence of pacemaker), impossibility to correctly place EIT belt, and refusal to participate in this study.

Patients underwent standard monitoring: ECG, heart rate (HR), RR, FiO2, SaO2, and urinary output. The radial artery was cannulated, and the catheter connected to the pressure transducer of the MostCare monitor (MostCareup, Vigon, Italy) and/or the IntelliVue Philips X3 monitor (Philips Medizin Systeme Böblingen GmbH, Böblingen Germany).

Intravascular pressure measurements were adjusted to zero at atmospheric pressure and leveled to the mid-axillary line. Analysis of arterial blood gases was performed (GEM Premier 4000, Werfen, United Kingdom).

All patients were ventilated using a Respironics V60 Ventilator (Philips N.V., Netherlands) in CPAP mode and connected to a full-face mask (Respironics FitLife, Philips) as the interface. Vt, RR, and minute ventilation (Ve) were measured from the ventilator.

Electrical impedance tomography is a non-invasive imaging technique that gives you a special view of inside the lungs. In a cross-sectional projection, the distribution of the tidal volume in the thorax is shown. The derived image shows ventilated and non-ventilated areas of the lungs and their changes as a function of time.

The EIT (PulmoVista 500, Draeger Medical GmbH, Germany) was applied as follows: a rubber belt containing 16 electrodes was placed around the chest between the fourth and fifth intercostal space and connected to the EIT monitor (Draeger/GoeMFII EIT Evaluation Kit 2, Draeger Medical GmbH). The correct position and signal quality were assessed on the monitor screen as described (Cinnella et al., 2015). At every study step, the EIT images were divided into four quadrants, to obtain two ventral and two dorsal regions of interest (ROIs), as already described (Cinnella et al., 2015; Sosio et al., 2019). Real-time impedance curves represent ventilation over time. Changes in the overall cross-section are reflected by the global impedance curve. This curve strongly correlates with the volume curve of the ventilator and with the applied/inhaled total volume. The regional impedance changes (i.e., tidal variations) serve to compare different lung regions. The numerical values indicate the volume distribution, which together adds up to 100% of the global value unless the overall window size (ROI setting) is changed.



Data Analysis

The operator was always the same. We recorded EELI according to a validated method (Sosio et al., 2019). Later, the patient was connected to a V60 Philips Respirator, and the recordings were taken in the four study steps (Figure 1).
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FIGURE 1. Study steps protocol.


The Dräger (SW EITdiag V1.6 (Draeger Lübeck, Germany), is a dedicated software tool for advanced PC-based analysis of EIT data files that have been previously recorded with PulmoVista 500 or other devices applying the technique of electrical impedance tomography. EITdiag reconstructs EIT images and uses various previously published approaches for data interpretation with respect to regional and temporal inhomogeneity of the lung function (Lowhagen et al., 2010).

An offline analysis was performed with the EITdiag software on impedance data to calculate global lung impedance and ΔEELI. The end-inspiratory trend view is used to compare two different tidal images and their regional tidal volume distribution. It helps to identify inhomogeneities, recruitment, derecruitment, overdistension, and the redistribution of Vt when changing the PEEP setting on the ventilator.

Recorded data included demographics [age, gender, and body mass index (BMI)], comorbidities, previous pharmacological treatments, disease chronology [time from onset of symptoms and from hospital admission to initiation of respiratory support, and ICU length of stay (LOS)], symptoms at ICU admission, vital signs [temperature, mean arterial pressure (MAP), and heart rate], laboratory parameters (blood test, coagulation, and biochemical), non-respiratory sequential organ failure assessment (non-respiratory SOFA) and APACHE II scores, and outcome in ICU and hospital.



Interventions

A physician not involved in this study was responsible for the care of patients. All patients were awake and mildly sedated with dexmedetomidine 0.3–1.2 mcg/kg/h. A standardized protocol for hemodynamic management was applied to ensure fluid volume optimization, as already described (Cinnella et al., 2015).

This study was performed in four steps as follows (Figures 1, 2): (a) in the supine position, CPAP was set at 12 cmH2O, and the first series of the measurement was performed (T1s); (b) CPAP was then decreased to 6 cmH20, and the series of the second measurement was recorded (T2s); (c) patients were then turned to the prone position, CPAP was again set to 12 cmH2O, and the third series of measurements was performed (T1p); (d) CPAP was decreased to 6 cmH2O (T2s), and the last measurement was performed. Every step lasted 15 min. The whole procedure lasted 1 h plus the time necessary for turning patients to the prone position. After the final steps, the physician in charge decided whether the patients can be kept in the prone position or not and set CPAP according to her/his clinical judgment. The decision to switch to intubation and invasive mechanical ventilation was taken by treating physicians independently from study results.


[image: image]

FIGURE 2. EIT ventilation dynamic distribution image from one CPAP decremental trial. The screenshot shows the distribution of the tidal volume in a cross sectional full screen view of the patient thorax in the caudal-cranial direction.


During every step, Vt, RR, and minute ventilation (Ve) were recorded together with data from the EIT as already described (Cinnella et al., 2015). BP, HR, SaO2, and a baseline ABG were collected, together with blood screen of the day, as per ward policy.



Statistical Analysis

Data are expressed as percentage, mean ± SD, since they are normally distributed (Shapiro–Wilk test, p > 0.05). We used the one-way ANOVA to assess differences between CPAP12 and CPAP6 and differences between supine and prone positions. A p value < 0.05 was considered significant. Statistical analysis was performed using Statistica 10.0 (TIBCO software Inc., Palo Alto, CA, United States; Statsoft Italia srl 2011; available at: www.statsoft.com).




RESULTS

In this study, 10 men patients were included, with a mean age of 67 (range 51–81) years, a weight of 85 ± 20 kg, and a BMI of 20 ± 15.

The mean time lapse from the appearance of symptoms to ICU admission was within a range of 7–10 days.

Six patients were successfully discharged from the ICU to ward after 12 ± 2 days, without being intubated (Table 1). The remaining four patients failed the non-invasive ventilation (NIV) trial, were intubated, and mechanically ventilated within 48 h post trial. All these patients died in ICU (mean ICU stay 14 ± 3.5 days, range 14–20 days.


TABLE 1. Demographics data and outcome.

[image: Table 1]
In the whole group, baseline PaO2/FiO2 was 180 ± 20 and remained unchanged during the study (NS). RR and Ve increased when going from CPAP 12 to CPAP 6, both in supine (RR 18 ± 2 in T1s to 28 ± 2 bpm in T2s; Ve 8.3 ± 1.2 to 12.5 ± 3.2 L × min–1) and prone positions (RR 17 ± 2 in T1p to 26 ± 3 bpm in T2p; Ve 8.5 ± 0.6 to 11.6 ± 2.7 L × min–1; p < 0.05), while Vt remained stable in every patient (Table 2).


TABLE 2. Respiratory parameters during CPAP trials, in both positions.

[image: Table 2]
A posteriori analysis of survivors vs. non-survivors showed that ΔEELI (Table 2) was > 50% in all survivors and remained stable in both supine and prone positions (58 ± 6% and 62 ± 8%, respectively, p = 0.05). In non-survivors, ΔEELI was 28 ± 4%, with small or no changes in the supine trial, and increased up to 63 ± 9% (<0.01) during the prone trial. Ve increased on the last phase of the trial (Figure 3). In Figures 4, 5, EITdiag MatLab analysis from two representative patients (one survivor and one non-survivor) is shown.
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FIGURE 3. Analysis from one CPAP decremental trial and change in ventilation distribution in a patient who failed NIV and died (the huge variability of the signal in the final step of the trial highlights the fatigue).
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FIGURE 4. EITdiag MatLAb Analysis of the decremental CPAP trial in a patient who survived, (A) supine, (B) prone. Note the ΔEELI% > 50 in both body positions.
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FIGURE 5. EITdiag MatLAb Analysis of the decremental CPAP trial in a patient who died, (A) supine, (B) prone. Note the ΔEELI% < 40 in supine postion and > 50 in prone postion.


The four patients intubated were ventilated with 6 ml/kg/PBW and PEEP of 12 ± 2 cmH2O. Measurement of respiratory mechanics showed a plateau pressure (Pplat) < 30 cmH2O in all patients, with mean static compliance (Cs) of 40 ± 4 ml/cmH2O; patients #3 and 7 had an AOP of 13 ± 2 cmH2O, and patients # 5 and 6 were not recruiters (R/I < 0.5).



DISCUSSION

The main findings of the present pilot study are that patients with SARS-CoV-2 pneumonia under non-invasive ventilation may have two distinct behaviors to a CPAP decremental trial: (a) ΔEELI > 50% either in the supine or prone position, indicating lung recruitability, associated with NIV success; (b) ΔEELI < 40% in the supine position, indicating non-recruiter lungs (phenotype L) or AOP > 12 cmH2O, associated with NIV failure; (c) in patients who failed NIV, an increased ΔEELI% exclusively during proning may be due to a better V/Q matching.

The novelty of our study is that we performed a decremental CPAP trial in awake SARS-CoV-2 patients and used EIT, a non-invasive, bedside tool that does not require specific competencies in respiratory mechanic assessment, to assess the changes in lung volume. Thus, we applied in our patients the same physiological principle used in intubated and mechanically ventilated patients to discriminate between recruiters and non-recruiters (Perier et al., 2020; van der Zee et al., 2020; Kotani and Shono, 2021; Shono et al., 2021).

Before discussing our results, a short excursus on NIV state-of-the-art in SARS-CoV-2 pneumonia is required. In fact, the time course of findings from trials focused on non-invasive respiratory support reflects the difficulties that everybody, everywhere, had to face in front of a new syndrome of such a sprawling aspect as SARS-CoV-2. Retrospectively, one can bitterly meditate on the ATS/ERS guidelines (Rochwerg et al., 2017), on the use of NIV in de novo acute respiratory failure and critical viral illness pandemic statement: “we are unable to offer a recommendation,” just before the SARS-CoV-2 pandemic explosion. Later, the panel added: “…we consider prior recommendations against the use of NIV for pandemic as unsupportable.” Nonetheless, the worldwide fight against SARS-CoV-2 started from ATS/ERS first statement, so that the earliest international guidelines on COVID 19 (Whang et al., 2021) did not recommend NIV in such patients. However, it became soon evident that the situation had gone out of control and 1,000 patients had to be treated non-invasively because the alternate choice was not respiratory support at all. Paradigmatic of this struggle is the amendments made by National COVID-19 Clinical Evidence Taskforce (NCCET) (Whang et al., 2021) that deleted the following statement from its revised guidelines “in patients with hypoxemia associated with COVID-19, do not routinely use NIV” (Whang et al., 2021). Since then, a number of studies dealt with the COVID-19 outcome prediction (Tseng et al., 2021), early vs. late intubation (Lee et al., 2021), and criteria for NIV and prediction of NIV failure (Bellani et al., 2017; He et al., 2019), so that at present, the debate is still going and no definite recommendations are available, while patients are still largely ventilated with NIV, mainly in non-ICU departments and often by non-ICU trained physicians. An effort to provide clear and simple means to early discriminate patients that require intubation is thus needed, perhaps more due to ethical reasons than purely speculative ones.

Severe acute respiratory syndrome coronavirus 2 pneumonia may present with two phenotypes which identification is pivotal to apply the right mechanical ventilation strategy (Gattinoni et al., 2020a): type L, characterized by low elastance, low V/Q ratio, lung weight, and recruitability, and type H, defined by high elastance, right to left shunt, lung weight, and recruitability. Recruitability is defined as the possibility to open up collapsed areas of the lung by positive pressure. The “classical” lung-protective strategy (Gattinoni et al., 2006, 2020a,2020b,2020c), based on limiting Vt and plateau pressure is not required for type L but should be actively implemented in type H. However, it is not easy to distinguish between the two types because the lung weight cannot be measured clinically, and the method to evaluate recruitability is unclear, while a method to measure V/Q matching at the bedside has not been established. Under such conditions, EIT was proposed not only to evaluate recruitability but also to assess regional ventilation homogeneity, thus allowing to determine the optimum PEEP at the time of measurement. As a result, this approach could be of help to set ventilation to attenuate regional dynamic strain and inhomogeneity of transpulmonary pressure. Morais et al. (2021) presented three cases of mechanically ventilated patients with COVID-19 with acute hypoxemic respiratory failure (AHRF) and ARDS that had similar levels of oxygenation but variable respiratory system compliance. In this case series, different characteristics of the regional ventilation profile were evidenced by EIT that was thus helpful in understanding the etiology of hypoxemia at the bedside. Tomasino et al. (2020) used EIT to identify the characteristics of COVID-19 pneumonia and to decide whether to use high PEEP or prone positioning.

In this study, PEEP de-escalation affected most of the respiratory parameters in all patients, disclosing two behaviors that matched with a clinically significant difference in the outcome of patients. Interestingly, the two behaviors were evident in the supine position and not in the prone position: the four patients that failed NIV had only slight variations in terms of ΔEELI when kept in the supine position, probably because in this position, lung stiffness, alveolar collapse, and V/Q mismatch play a major role than in prone position (Cornejo et al., 2013; Yoshida et al., 2013; Scaravilli et al., 2015; Aguirre-Bermeo et al., 2018; Telias et al., 2020). In fact, this hypothesis was confirmed by respiratory mechanic data obtained after intubation in these patients showing that two of them were not recruiters (R/I < 0.5), and the remaining two had an AOP > 12 cmH2O, signs of their need for mechanical ventilation and higher PEEP levels. These four patients had already signs of fatigue on their admission to the ICU, and it could be argued that NIV would probably have not been indicated for them from the beginning. However, since their PaO2/FiO2 was acceptable when compared with other patients, they underwent an NIV trial. In contrast, the six patients in whom NIV was successful (all discharged from ICU) had a significant increase in ΔEELI when PEEP was reduced, both in supine and prone positions, and in our opinion, this can be explained still by soft lungs and high recruitability, since the end-expiratory trend view or ΔEELI-trend view is used to monitor regional changes of ΔEELI. ΔEELI is strongly correlated with the changes in ΔEELV. The ΔEELI trend is useful to assess the changes in lung volume, for example, after changing the PEEP and after recruitment maneuvers for the reopening of dorsal atelectases and for the detection of derecruitment of individual lung areas.

Paradoxically, it could be argued that the prone position could mask NIV failure precisely because of its favorable effects. In fact, the physiological rationale behind prone positioning in typical ARDS is to reduce ventilation/perfusion mismatching, hypoxemia, and shunting (Cornejo et al., 2013; Scaravilli et al., 2015; Aguirre-Bermeo et al., 2018). When a patient is in the prone position, the pleural pressure gradient between dependent and non-dependent lung regions decreases as a result of gravitational effects and matching of conformational shape of the lung to the chest cavity. This generates more homogenous lung aeration and strain distribution, thus enhancing recruitment of dorsal lung units (Telias et al., 2020), while the regional distribution of pulmonary blood flow is not altered, with perfusion predominating toward the dorsal lung due to non-gravitational factors. In patients with spontaneous breathing, respiratory physiology under prone position is the same plus the effect of diaphragm contraction, since its muscular mass is mainly posterior, when in the prone position, it exerts on lungs a more uniform distribution of stress (Yoshida et al., 2013). Lung regional hyperinflation may thus be reduced (Telias et al., 2020). Therefore, the prone position allows an improvement in ventilatory homogeneity with a relatively constant perfusion pattern, and a subsequent reduction in shunting is observed together with an increase in EELV. In fact, none of our patients had a severe respiratory failure (they would not have been in NIV), so that all responded to proning with the expected EELV increase, but the physiological and clinical meaning of these data is different in the two groups. The benefit of prone position in terms of V/Q matching did probably overcome the role played by OAP or lung stiffness in those patients who were not recruitable, and this could explain why all did have a ΔEELI > 50% when switched from 12 to 6 cmH2O in pronation.

In contrast, in the supine position, the damages of lung inflammation and edema are more evident. Due to the increased weight of the lung, alveolar collapse may predominantly occur in the dependent lung regions, and the resulting arterial hypoxemia is worsened by diaphragmatic contractions that cause gas displacement from non-dependent to dependent lung areas, the so-called pendelluft phenomenon (Yoshida et al., 2013). Moreover, strong inspiratory effort causes large negative pressure in the thorax and increased transpulmonary pressure that can cause or aggravate lung injury, generating the so-called PSILI, whose pathological changes are irreversible and worsen the prognosis (Brochard et al., 2017; Grieco et al., 2019; Yoshida et al., 2020). Under such conditions, a lung that is PEEP-dependent, i.e., recruitable, will lose volume when PEEP is decreased while a lung stiff or with AOP will remain quite unaffected.



CONCLUSION

Although our results need to be confirmed by larger data set and further RCTs should be conducted to evaluate whether the use of the EIT could, in fact, help to detect different phenotypes and clustering patients able to tolerate NIV, our data seem to suggest that a PEEP de-escalation trial in the supine position can be useful to discriminate lung recruitability in patients with SARS-CoV-2 under NIV.
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REFERENCES

Aguirre-Bermeo, H., Turella, M., Bitondo, M., Grandjean, J., Italiano, S., Festa, O., et al. (2018). Lung volumes and lung volume recruitment in ARDS: a comparison between supine and prone position. Ann. Intensive Care 8:25.

Bamford, P., Bentley, A., Dean, J., Whitmore, D., and Wilson-Baig, N. (2020). Intensive Care Society ICS Guidance for Prone Positioning of the Conscious COVID Patient. Available online at: https://emcrit.org/wp-content/uploads/2020/04/2020-04-12-Guidance-for-conscious-proning.pdf

Bellani, G., Laffey, J. G., Pham, T., Madotto, F., Fan, E., Brochard, L., et al. (2017). Noninvasive Ventilation of Patients with Acute Respiratory Distress Syndrome. Insights from the LUNG SAFE Study. Am. J. Respir. Crit. Care Med. 195, 67–77. doi: 10.1164/rccm.201606-1306OC

Brochard, L., Slutsky, A., and Pesenti, A. (2017). Mechanical ventilation to minimize progression of lung injury in acute respiratory failure. Am. J. Respir. Crit. Care Med. 195, 438–442. doi: 10.1164/rccm.201605-1081CP

Chen, L., Del Sorbo, L., Grieco, D. L., Junhasavasdikul, D., Rittayamai, N., Soliman, I., et al. (2020). Potential for lung recruitment estimated by the recruitment-to-inflation ratio in acute respiratory distress syndrome: a clinical trial. Am. J. Respir. Crit. Care Med. 201, 178–187. doi: 10.1164/rccm.201902-0334oc

Chen, L., Del Sorbo, L., Grieco, D. L., Shklar, O., Junhasavasdikul, D., Telias, I., et al. (2018). Airway closure in acute respiratory distress syndrome: an underestimated and misinterpreted phenomenon. Am. J. Respir. Crit. Care Med. 197, 132–136.

Cinnella, G., Grasso, S., Raimondo, P., D’Antini, D., Mirabella, L., Rauseo, M., et al. (2015). Physiological Effects of the Open Lung Approach in Patients with Early, Mild, Diffuse Acute Respiratory Distress Syndrome: an Electrical Impedance Tomography Study. Anesthesiology 123, 1113–1121. doi: 10.1097/ALN.0000000000000862

Cornejo, R. A., Díaz, J. C., Tobar, E. A., Bruhn, A. R., Ramos, C. A., González, R. A., et al. (2013). Effects of prone positioning on lung protection in patients with acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med. 188, 440–448.

Dantzker, D. R. (1982). Gas exchange in the adult respiratory distress syndrome. Clin. Chest Med. 3, 57–67. doi: 10.1016/s0272-5231(21)00144-1

Gattinoni, L., Caironi, P., Cressoni, M., Chiumello, D., Ranieri, V. M., Quintel, M., et al. (2006). Lung recruitment in patients with the acute respiratory distress syndrome. N. Engl. J. Med. 354, 1775–1786.

Gattinoni, L., Chiumello, D., Caironi, P., Busana, M., Romitti, F., Brazzi, L., et al. (2020a). COVID-19 pneumonia: different respiratory treatments for different phenotypes? Intensive Care Med. 46, 1099–1102. doi: 10.1007/s00134-020-06033-2

Gattinoni, L., Chiumello, D., and Rossi, S. (2020b). COVID-19 pneumonia: ARDS or not? Crit. Care 24, 154.

Gattinoni, L., Coppola, S., Cressoni, M., Busana, M., Rossi, S., and Chiumello, D. (2020c). Covid-19 does not lead to a « typical » acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med. 201, 1299–1300. doi: 10.1164/rccm.202003-0817le

Grasselli, G., Tonetti, T., Protti, A., Langer, T., Girardis, M., Bellani, G., et al. (2020). Pathophysiology of COVID-19-associated acute respiratory distress syndrome: a multicentre prospective observational study. Lancet Respir. Med. 8, 1201–1208. doi: 10.1016/S2213-2600(20)30370-2

Grieco, D. L., Menga, L. S., Eleuteri, D., and Antonelli, M. (2019). Patient self-inflicted lung injury: implications for acute hypoxemic respiratory failure and ARDS patients on non-invasive support. Minerva Anestesiol. 85, 1014–1023.

He, H., Sun, B., Liang, L., Li, Y., Wang, H., Wei, L., et al. (2019). A multicenter RCT of noninvasive ventilation in pneumonia-induced early mild acute respiratory distress syndrome. Crit. Care 23:300. doi: 10.1186/s13054-019-2575-6

Kotani, T., and Shono, A. (2021). Roles of Electrical Impedance Tomography in Determining a Lung Protective Strategy for Acute Respiratory Distress Syndrome in the Era of Coronavirus Disease 2019. JMA J. 4, 81–85.

Lee, C. P., Yip, Y. Y., Chan, A. K., Ko, C. P., and Joynt, G. M. (2021). Early intubation versus late intubation for COVID-19 patients: an in situ simulation identifying factors affecting performance and infection control in airway management. Anaesth. Intensive Care. doi: 10.1177/0310057X211007862 [Online ahead of print]

Lowhagen, K., Lundin, S., and Stenqvist, O. (2010). Regional intratidal gas distribution in acute lung injury and acute respiratory distress syndrome: assessed by electric impedance tomography. Minerva Anestesiol. 76:1024.

Morais, C. C. A., Safaee Fakhr, B., De Santis Santiago, R. R., Di Fenza, R., Marutani, E., Gianni, S., et al. (2021). Bedside electrical impedance tomography unveils respiratory “chimera” in COVID-19. Am. J. Respir. Crit. Care Med. 203, 120–121. doi: 10.1164/rccm.202005-1801im

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

Rochwerg, B., Brochard, L., Elliott, M. W., Hess, D., Hill, N. S., Nava, S., et al. (2017). Official ERS/ATS clinical practice guidelines: noninvasive ventilation for acute respiratory failure. Eur. Respir. J. 50:1602426. doi: 10.1183/13993003.02426-2016

Scaravilli, V., Grasselli, G., Castagna, L., Zanella, A., Isgrò, S., Lucchini, A., et al. (2015). Prone Positioning improves oxygenation in spontaneously breathing nonintubated patients with hypoxemic acute respiratory failure: a retrospective study. J. Crit. Care 30, 1390–1394. doi: 10.1016/j.jcrc.2015.07.008

Shono, A., Kotani, T., and Frerichs, I. (2021). Personalisation of therapies in COVID-19 associated acute respiratory distress syndrome, using electrical impedance tomography. J. Crit. Care Med. 7, 62–66. doi: 10.2478/jccm-2020-0045

Sosio, S., Bellani, G., Villa, S., Lupieri, E., Mauri, T., and Foti, G. (2019). A Calibration Technique for the Estimation of Lung Volumes in Nonintubated Subjects by Electrical Impedance Tomography. Respiration 98, 189–197. doi: 10.1159/000499159

Telias, I., Katira, B. H., and Brochard, L. (2020). Is the prone position helpful during spontaneous breathing in patients with COVID-19? JAMA 323, 2265–2267. doi: 10.1001/jama.2020.8539

Tomasino, S., Sassanelli, R., Marescalco, C., Meroi, F., Vetrugno, L., and Bove, T. (2020). Electrical impedance tomography and prone position during ventilation in COVID-19 pneumonia: case reports and a brief literature review. Semin. Cardiothorac. Vasc. Anesth. 24, 287–292. doi: 10.1177/1089253220958912

Tseng, L., Hittesdorf, E., Berman, M. F., Jordan, D. A., Yoh, N., Elisman, K., et al. (2021). Predicting Poor Outcome of COVID-19 Patients on the Day of Admission with the COVID-19 Score. Crit Care Res. Pract. 2021:5585291. doi: 10.1155/2021/5585291

van der Zee, P., Somhorst, P., Endeman, H., and Gommers, D. (2020). Electrical impedance tomography for positive end-expiratory pressure titration in COVID-19 related ARDS. Am. J. Respir. Crit. Care Med. 202, 280–284. doi: 10.1164/rccm.202003-0816le

Whang, Z., Whang, Y., Yang, Z., Wu, H., Liang, J., Liang, H., et al. (2021). The use of non-invasive ventilation in COVID-19: a systematic review. Int. J. Infect. Dis. 106, 254–261.

Yoshida, T., Grieco, D. L., Brochard, L., and Fujino, Y. (2020). Patient self-inflicted lung injury and positive end-expiratory pressure for safe spontaneous breathing. Curr. Opin. Crit. Care. 26, 59–65. doi: 10.1097/MCC.0000000000000691

Yoshida, T., Torsani, V., Gomes, S., De Santis, R. R., Beraldo, M. A., Costa, E. L., et al. (2013). Spontaneous effort causes occult pendelluft during mechanical ventilation. Am. J. Respir. Crit. Care Med. 188, 1420–1427. doi: 10.1164/rccm.201303-0539oc


Conflict of Interest: The 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 Rauseo, Mirabella, Laforgia, Lamanna, Vetuschi, Soriano, Ugliola, Casiello, Tullo and Cinnella. 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/fphys-12-728243-g005.jpg
A B

) PEEP 12, TO=100 % PEEP6, D=0 % &€ | < ROl m <Bar > >> |

v

R0t |ETS coor|

A

TID=100 % PEEP 6, TD=95% &< |

PEEP 12

PEEP 12, Gi=d4 % PEEP 6. Gi=41 %

PEEP 12. SURF=466 PEEP 6. SURF=442

PEES 12, SURF=441 PEEF 6, SURF=463

RO dEEL GLO. ¢EELl ROL SEELI OLC: dEELI
% Right Luzg : Lefi Lung 3 T § Thl=0.0 % Right Lung i Laft Lusg [ : .
o 3 3
; TR D o0 0 g FrrdraL. s
: ey ] ERR =03 0 \
i i pe— = 2G-0.0 i et
! : = sT.0.07 S| ' 2}
H = -0 aM=0.0
' : : WM=0.0 4ol i
L1 i A5} - H -4 =
15F i
20 - i
Fi 25| W = | =t
: ; . sectin i . Section " ] ) secton L ; ection
FEED 12 EED B PRI 12 ] bl PEEP 12 PEEP§ PEEP 12 FEEPE PEEF 12 PEEP & =

i 1
PEEP 12 PEEPE





OPS/images/fphys-12-728243-t001.jpg
Patient Sex Age BMI Comorbidities Outcome
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1 M 80 33 HTN ICU discharge
Day 12th
2 M 57 28 None ICU discharge
Day 7th
3 M 79 32 HTN Dead
Day 10th post ETT
4 M 77 30 HTN ICU discharge
Day 12th
5 M 80 26 HTN, CKI Dead
Day 4th post ETT
6 M 68 33 HTN Dead
Day 21st
(24 h post ETT)
7 M 60 29 HTN, DM II Dead
Day 32nd
8 M 51 28 None ICU discharge
Day 6th
9 M 55 29 None ICU discharge
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10 M 60 26 HTN ICU discharge
Day 5th

BMI, body mass index; ETT, endotracheal tube; HTN, hypertension; CKI, chronic
kidney injury; DM I, Diabetes Mellitus Type Il.
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