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Study design
The ERECTION study was a prospective, open label, pilot physiological study in which each patient was their own control. It was conducted in two intensive care units at CHU Clermont-Ferrand (France). The trial was approved by the French ethics committee (Comité de Protection des Personnes Ouest IV Nantes) on July 2, 2019, and the European medicine agency (EudraCT 2019-A01006-51). The protocol was registered on ClinicalTrial.gov (NCT04371016) and the study was performed in accordance with the Strengthening the Reporting of Observational studies in Epidemiology (STROBE) statement. Written informed consent was obtained from a relative of each patient, or through an emergency consent procedure, with a subsequent search for consent to continue to participate. The authors vouch for the accuracy and completeness of the data, and for the fidelity of the trial to the protocol.

Study patients
Adult patients (≥ 18 years old) admitted to participating ICUs with early moderate to severe ARDS (< 12 h and partial pressure of arterial oxygen-to-fraction of inspired oxygen ratio [PaO2/FiO2] < 200 mmHg) according to the Berlin criteria (E1) and receiving invasive controlled mechanical ventilation through an endotracheal tube or a tracheostomy, deep sedation (as reflected by a bispectral index [BISTM, Medtronic, Ireland] value of 30–50), and neuromuscular blockade (to avoid asynchrony, with a train-of-four target of <2/4 at the orbicular site) were eligible. Obese (body mass index [BMI] ≥35 kg.m-2) and hemodynamically unstable patients (as defined by an increase of >20% in catecholamine requirements in the last hour, despite blood volume optimization to reach a mean arterial pressure target of 65–75 mmHg), were not included.

Patient installation
A “verticalization team” (composed of an intensive care physician, an intensive care resident, and a nurse) was called each time a patient was deemed eligible by the treating physician. After eligibility and consent were checked, patients were placed on a dedicated bed (Total Lift BedTM, VitalGo Systems Inc., Arjo AB, USA) and secured with three large flexible straps at the knee, pelvis, and medio-thoracic levels. A pulmonary artery catheter (PAC) (Swan-Ganz CCOmbo V, Edwards Lifescience corporation, USA) was inserted, if not already present, for continuous hemodynamic monitoring. Patients were ventilated using an ICU ventilator allowing EELV measurement by the nitrogen washin/washout method (Engström CarestationTM or Carescape R860TM, General Electric Healthcare, USA) (E2). Tidal volume was set at 6 mL.kg-1 of predicted body weight (PBW). Positive end-expiratory pressure (PEEP) was titrated after the alveolar recruitment maneuver, with decremental steps, to minimize driving pressure (ΔP = Pplat-PEEP). An esophageal balloon catheter (NutriventTM, Sidam, Italy) was inserted at a distance of 35–45 cm from the nostrils and inflated with 4 mL of air, as recommended by the manufacturer, and correct position was confirmed using the Baidur method (E3). After securing the patient, the bed could be gradually verticalized from 0° to 90° without body flexion, ensuring a standing upright position (Figure 1).

Positioning
All patients started the sequence in a 30° semi-seated position (baseline). After 30 minutes, 30-minute-long successive steps at 0°, 30°, 60°, and 90° were performed, allowing progressive bed verticalization without body flexion (strict supine position on the bed). Then, patients were returned to the 30° semi-seated position for 30 minutes (Figure 1).
To limit the risk of low blood pressure during verticalization, all patients were continuously monitored using PAC. Fluid optimization was managed based on preload dependency data, defined as an increase of more than 10% in stroke volume after the administration of 250 mL of crystalloids, as recommended by the French Society for Anesthesia and Intensive Care Medicine (SFAR) (E4). In a case of hemodynamic instability (defined as an increase of more than 20% in catecholamines doses, despite fluid optimization), the patient was positioned back to the level in the previous step.

Measurements
At the end of each 30-minute step, identical complete sets of data were collected, including hemodynamic data with PAC, ventilatory parameters, EELV, esophageal pressures, and arterial blood gases parameters.
Adverse events possibly related to verticalization such as patient fall from the bed, strap-induced skin lesions, accidental removal of catheters, pressure sores, tracheal tube displacement or obstruction, hemodynamic instability (defined as an increase of more than 20% in catecholamine doses, despite fluid optimization), arrhythmia, or cardiac arrest were recorded. 
Hemodynamic evaluation was conducted using an arterial line (mean arterial pressure) and a PAC, with continuous measurements of cardiac output, right atrial pressure, end-diastolic volume, mean pulmonary artery pressure, systemic vascular resistance, oxygen saturation of mixed venous blood, and punctual measurements of pulmonary artery occlusion pressure and pulmonary vascular resistance.
Pulmonary mechanics were assessed by collecting or measuring the level of total PEEP (measured during an end-expiratory pause of 5 seconds), expiratory tidal volume (VT), respiratory rate (RR), plateau pressure (Pplat, measured during an end-inspiratory pause of 3 seconds), end-inspiratory and end-expiratory esophageal pressure (Pes), and EELV. The estimated pulmonary dead-space fraction (VD/VT) was calculated using a rearranged alveolar equation for PaCO2 with modified Harris-Benedict equation to estimate the CO2 production (VCO2) (E5, E6).
Arterial blood was sampled to assess PaO2/FiO2, PaCO2, arterial pH, serum bicarbonate, and venous blood to evaluate the pulmonary shunt fraction using the Berggren equation (E7).

Calculations
Driving pressure (ΔP) was computed as Pplat – total PEEP. Static compliance of the respiratory system (CRS) was computed as VT/ΔP. Transpulmonary driving pressure (ΔPL) was computed as ΔP-ΔPes, where ΔPes was the difference between end-inspiratory and end-expiratory Pes. Chest wall compliance (CCW) was computed as VT/ΔPes and lung compliance (CL) as VT/ΔPL. Strain was computed as VT/EELV (E8). Mechanical power was computed as RR.{VT2 .[1/2.ELRS+RR.(1+I:E)/(60.I:E).Raw]+VT.PEEP}, where ELRS was the elastance of the respiratory system, I:E the inspiratory-to-expiratory time ratio, and Raw the airway resistance (E9). The estimated VD/VT was calculated using a rearranged alveolar equation for PaCO2, as {1-([0.86.VCO2]/[VT.RR.PaCO2])}/VT.

Statistical analysis
The primary outcome measure was the variation in transpulmonary driving pressure during verticalization. To demonstrate an effect size of 0.8 in transpulmonary driving pressure between baseline and 0°, 30°, 60°, 90° positions and return to the 30° semi-seated position, the number of required subjects was estimated to be 30 early ARDS patients for a two-sided type I error rate of 2.5% (correction due to multiple comparisons), a statistical power greater than 80%, and an intra-individual correlation coefficient of 0.5 (correlation due to multiple positions evaluated in the same patient).
Categorical data were expressed as numbers and percentages, and continuous data as median and interquartile range [IQR]. The normality was studied by the Shapiro–Wilk test and the homoscedasticity by the Fisher–Snedecor test. All results were compared according to the positions by mixed effects models, with time and patient’s position as variables. A two-sided p-value of less than 0.05 was considered to indicate statistical significance. All analyses were performed using Prism 8 (GraphPad Software, La Jolla, CA, USA) and Stata version 14 (StataCorp, College Station, TX, USA).
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