Sigh Ventilation versus Conventional Protective Ventilation in Cardiac Surgery: A Proof-of-Concept Randomized Controlled Trial
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	Page 1

	
	1b
	Structured summary of the trial design, methods, results, and conclusions
	Page 3-4

	Open science
	

	Trial registration
	2
	Name of trial registry, identifying number (with URL) and date of registration
	Page 4

	Protocol and statistical analysis plan
	3
	Where the trial protocol and statistical analysis plan can be accessed
	Page 6

	Data sharing
	4
	Where and how the individual de-identified participant data (including data dictionary), statistical code and any other materials can be accessed
	Page 23

	Funding and conflicts of interest
	5a
	Sources of funding and other support (e.g., supply of drugs), and role of funders in the design, conduct, analysis and reporting of the trial
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	Financial and other conflicts of interest of the manuscript authors
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	Introduction
	

	Background and rationale
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	Scientific background and rationale
	Page 5-6

	Objectives
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	Specific objectives related to benefits and harms
	Page 6

	Methods
	

	Patient and public involvement
	8
	Details of patient or public involvement in the design, conduct and reporting of the trial
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	Trial design
	9
	Description of trial design including type of trial (e.g., parallel group, crossover), allocation ratio, and framework (e.g., superiority, equivalence, non-inferiority, exploratory)
	Page 6-7

	Changes to trial protocol
	10
	Important changes to the trial after it commenced including any outcomes or analyses that were not prespecified, with reason
	NA

	Trial setting
	11
	Settings (e.g., community, hospital) and locations (e.g., countries, sites) where the trial was conducted
	Page 6

	Eligibility criteria
	12a
	Eligibility criteria for participants
	Page 7

	
	12b
	If applicable, eligibility criteria for sites and for individuals delivering the interventions (e.g., surgeons, physiotherapists)
	NA

	Intervention and comparator
	13
	Intervention and comparator with sufficient details to allow replication. If relevant, where additional materials describing the intervention and comparator (e.g., intervention manual) can be accessed
	Page 7-9

	Outcomes
	14

	Pre-specified primary and secondary outcomes, including the specific measurement variable (e.g., systolic blood pressure), analysis metric (e.g., change from baseline, final value, time to event), method of aggregation (e.g., median, proportion), and time point for each outcome
	Page 9-10

	Harms
	15
	How harms were defined and assessed (e.g., systematically, non-systematically)
	Page 9-10

	Sample size
	16a
	How sample size was determined, including all assumptions supporting the sample size calculation
	Page 10

	
	16b
	Explanation of any interim analyses and stopping guidelines
	NA

	Randomisation:
	 
	 
	

	Sequence generation
	17a
	Who generated the random allocation sequence and the method used
	Page 7

	
	17b
	Type of randomisation and details of any restriction (e.g., stratification, blocking and block size)
	Page 7

	Allocation concealment mechanism
	18
	Mechanism used to implement the random allocation sequence (e.g., central computer/telephone; sequentially numbered, opaque, sealed containers), describing any steps to conceal the sequence until interventions were assigned
	Page 7

	Implementation
	19
	Whether the personnel who enrolled and those who assigned participants to the interventions had access to the random allocation sequence 
	Page 7

	Blinding
	20a
	Who was blinded after assignment to interventions (e.g., participants, care providers, outcome assessors, data analysts) 
	Page 7

	
	20b
	If blinded, how blinding was achieved and description of the similarity of interventions
	Page 7

	Statistical methods
	21a
	Statistical methods used to compare groups for primary and secondary outcomes, including harms
	Page 11-12

	
	21b
	Definition of who is included in each analysis (e.g., all randomised participants), and in which group
	Page 11

	
	21c
	How missing data were handled in the analysis
	Page 12

	
	21d
	Methods for any additional analyses (e.g., subgroup and sensitivity analyses), distinguishing prespecified from post-hoc
	Page 12

	Results
	

	Participant flow, including flow diagram
	22a
	For each group, the numbers of participants who were randomly assigned, received intended intervention, and were analysed for the primary outcome
	Page 12-13

	
	22b
	For each group, losses and exclusions after randomisation, together with reasons
	Page 12-13

	Recruitment
	23a
	Dates defining the periods of recruitment and follow-up for outcomes of benefits and harms
	Page 12

	
	23b
	If relevant, why the trial ended or was stopped
	NA

	Intervention and comparator delivery
	24a
	Intervention and comparator as they were actually administered (e.g., where appropriate, who delivered the intervention/comparator, how participants adhered, whether they were delivered as intended [fidelity]) 
	Page 13

	
	24b
	Concomitant care received during the trial for each group
	Page 13

	Baseline data
	25
	A table showing baseline demographic and clinical characteristics for each group
	Table 1

	Numbers analysed, 
outcomes and estimation
	26
	For each primary and secondary outcome, by group: 
· the number of participants included in the analysis 
· the number of participants with available data at the outcome time point
· result for each group, and the estimated effect size and its precision (such as 95% confidence interval) 
· for binary outcomes, presentation of both absolute and relative effect size 
	Page 14

	Harms
	27
	All harms or unintended events in each group 
	Page 15

	Ancillary analyses
	28
	Any other analyses performed, including subgroup and sensitivity analyses, distinguishing pre-specified from post-hoc
	Page 15

	Discussion
	

	Interpretation
	29
	Interpretation consistent with results, balancing benefits and harms, and considering other relevant evidence
	Page 15-22

	Limitations
	30
	Trial limitations, addressing sources of potential bias, imprecision, generalisability, and, if relevant, multiplicity of analyses
	Page 20-22


 

Appendix 2 
1. Full exclusion criteria
· Emergent surgery, including aortic dissection, cardiac rupture, and active endocarditis surgery;
· Left ventricular assist device implantation; 
· Patients who are anticipated to require continuous perioperative circulatory support with Extracorporeal Membrane Oxygenation (ECMO) or Intra-Aortic Balloon Pump (IABP); 
· Chronic pulmonary disease requiring long-term home oxygen therapy or continuous positive airway pressure support (CPAP); 
· Receiving invasive mechanical ventilation within 7 days before surgery; 
· Preoperative shock (use of vasoactive drug to maintain mean arterial pressure > 65mmHg); 
· Obstructive Sleep Apnea Syndrome (OSAS) requiring intermittent non-invasive ventilator support; 
· Preoperative left ventricular ejection fraction (LVEF) < 40%; 
· Pulmonary arterial systolic pressure > 50 mmHg; 
· Redo surgery within the same hospitalization.

2. Surgical and anesthetic techniques
To ensure consistency in clinical care across the intervention (sigh ventilation) and control (conventional ventilation) groups, all patients in this single-center randomized clinical trial were managed by a consistent team of anesthesiologists and cardiac surgeons at Zhongda Hospital, Southeast University. The clinical team comprised seven board-certified anesthesiologists and eight board-certified cardiac surgeons, all experienced in managing patients undergoing elective cardiac surgery with cardiopulmonary bypass. Each clinician participated in procedures for both study arms, according to standard operating room and intensive care unit (ICU) scheduling, independent of group allocation, to minimize potential bias related to clinician assignment. 
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Anesthesia was induced with fentanyl (3-5 μg/kg), midazolam (0.05 mg/kg), etomidate (0.2-0.3 mg/kg), and rocuronium bromide (0.6 mg/kg). Anesthesia was maintained with sevoflurane in oxygen and fentanyl as needed. During cardiopulmonary bypass, additional doses of midazolam and rocuronium were administered as required. All patients were monitored with an arterial and central venous catheter; some also received a pulmonary artery catheter. After tracheal intubation, all patients received lung-protective ventilation. Nitroglycerin and sodium nitroprusside were administered intravenously as vasodilators, dobutamine as an inotrope, and norepinephrine and epinephrine as vasopressors. In all patients, blood glucose levels were kept below 160 mg/dL (to convert to mmol/L, multiply by 0.0555), using continuous intravenous insulin if needed. Methylprednisolone (10 mg/kg) and cefuroxime (750 mg) were administered intravenously at the induction of anesthesia. All surgical procedures were undertaken through a median sternotomy. In all patients, clopidogrel and oral anticoagulants were stopped at least 5 days before surgery. All patients received 5 g of ε-aminocaproic acid, an antifibrinolytic, at induction of anesthesia and an additional 1 g/h until the end of surgery. Anticoagulation was established with an initial dose of 500 IU/kg of heparin is injected into the central venous line before initiation of bypass, with a target activated clotting time of 480 seconds. Additional heparin was given intermittently to titrate clotting times during bypass. At the end of the bypass, heparin was reversed by protamine chloride in a 1:1 ratio, with additional protamine given as required to return the activated clotting time to preoperative values. Coagulation profiles and platelet counts were obtained after heparin reversal. Significant intraoperative bleeding associated with platelet disorders or coagulopathy was treated using platelets, fresh frozen plasma, or cryoprecipitate. Surgeons performed a hemostasis review. Cell salvage was not used. An extracorporeal circuit containing a Medtronic Affinity Fusion™ Oxygenation System (Medtronic; Minneapolis, MN, USA) with a microporous polypropylene membrane oxygenator and an integrated arterial filter was used. The oxygenator was primed with 1500 mL of lactated Ringer solution, 20% (1 g/kg) mannitol, and 2500 units of unfractionated heparin. During bypass, a mild hypothermic temperature management strategy (32°C to 34°C) with α-stat blood gas management was used in all patients. During bypass, nonpulsatile flow was maintained at 2.0 to 2.4 L/min per square meter, and mean arterial pressure varied from 60 to 90 mmHg. Myocardial preservation was achieved by intermittent antegrade cold crystalloid cardioplegia. Cardioplegia was repeated every 30 minutes during the cross-clamping period. Before aortic declamping, de-airing maneuvers with manual balloon ventilation are performed in both groups, with or without transesophageal echocardiography, under surgical guidance. Fluid management was accomplished with lactated Ringer solution and adjusted according to filling pressures, diuresis, and cardiac output. Albumin or hydroxyethyl starch (130/0.4) could be administered if considered necessary. Reversal of neuromuscular blockade is completed at the end of surgery using sugammadex (2–4 mg/kg IV) or neostigmine (50 μg/kg IV with glycopyrrolate) guided by train-of-four (TOF) monitoring. 
Patients were transferred to the ICU before recovery from anesthesia while still receiving mechanical ventilation.
Source 1：Hajjar LA, Vincent J-L, Galas FRBG, et al.: Transfusion requirements after cardiac surgery: the TRACS randomized controlled trial. JAMA 2010; 304:1559–67
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]3. Sigh breaths in detail
Sigh breaths were administered by elevating the positive end-expiratory pressure (PEEP), targeting a plateau pressure (Pplat) of 35 cmH2O (or 40 cmH2O for patients with a Body Mass Index (BMI) > 35 kg/m2, considering reduced chest wall compliance in these patients), because this Pplat produces an end-inspiratory lung volume approximating total lung capacity if respiratory system compliance is normal. 
Sigh breaths were delivered under volume-controlled mode. The appropriate ΔPEEP required to achieve the target Pplat was determined manually in the pre-sigh stage before initiating sigh breaths. This process involved measuring the patient’s current Pplat and calculating the difference between the measured Pplat and the target Pplat to establish an initial ΔPEEP. The PEEP was then increased to the original PEEP plus the ΔPEEP, and Pplat was measured again. Based on the new difference between the measured Pplat and the target Pplat, ΔPEEP was adjusted (increased or decreased) accordingly. This process was repeated until the target Pplat was achieved, with all adjustments completed within 2 minutes. The finalized ΔPEEP was then maintained constant and reassessed upon ICU admission. Sigh breaths were delivered once every 6 minutes, with each administration consisting of the minimum number of breaths required to achieve a total duration of at least 5 seconds, based on the findings of an experimental study 2. For example, if the pre-sigh respiratory rate were 18 breaths per minute, corresponding to a respiratory cycle duration of 3.3 seconds, two sigh breaths would be sufficient to achieve a total duration of at least 5 seconds (2 × 3.3 s = 6.6 s). During sigh breaths, all mechanical ventilation settings (e.g., respiratory rate, cycle duration, inspiratory to expiratory ratio, tidal volume) were unchanged except for the elevated PEEP.
Sigh volume was quantified as the expired tidal volume measured during the reduction of PEEP at the end of sigh. This value was directly displayed on the ventilator screen and recorded. Sigh volume served as a key metric to quantify and characterize the intervention, reflecting the magnitude of the deep breath delivered every 6 minutes, which temporarily inflated the lung to a higher pressure.
Sigh breaths were administered at predetermined intervals throughout the entire duration of invasive mechanical ventilation: 
· From endotracheal intubation to the surgical opening of the chest cavity; 
· From the surgical closure of the chest cavity to exiting the operating room; 
· From ICU admission to endotracheal extubation. 
Additionally, sigh breaths were temporarily suspended if the systolic arterial pressure was lower than 90 mmHg and resumed once the systolic arterial pressure recovered to ≥ 95 mmHg and remained stable for at least 5 consecutive minutes.
In the operating room, sigh breaths were administered manually by a dedicated trial investigator, who was a qualified clinician with expertise in anesthesiology and mechanical ventilation. To ensure consistency in intervention delivery, all trial investigators underwent standardized training before the study began, including a didactic session on the sigh breath protocol, hands-on simulation using mechanical ventilation equipment, and competency assessment through observed practice. 
In the ICU, sigh breaths were delivered automatically through the ventilator’s built-in sigh function of the Dräger Evita Infinity V500 (or Mindary SV300/SV600/SV800, based on the availability) ventilator under volume-controlled mode and the key settings of sigh breaths (e.g., ΔPEEP, sigh cycles) were set according to the same protocol as that in the operating room (as detailed above).

4. Rescue recruitment maneuver
The ventilator was changed from VCV to pressure-controlled ventilation (PCV) with a driving pressure of 20 cmH2O, an RR of 15 breaths per minute (bpm), I: E of 1:1, FiO2 of 0.8, and PEEP of 5 cmH2O. For the recruitment phase, the PEEP level was increased in steps of 5 cmH2O every 5 respiratory cycles, up to 20 cmH2O, to produce an airway opening pressure of 40 cmH2O, and was maintained for 10 respiratory cycles. If hemodynamic instability occurs during the recruitment phase (a > 50% decrease in cardiac index or MAP), the maneuver will be interrupted, and 5-15 mg ephedrine or 0.05-0.15 mg phenylephrine will be administered; after hemodynamic stabilization, a new RM will be performed. Post-RM, ventilator settings, including PEEP, would revert to pre-RM values. If hypoxemia persists (SpO2 ≤ 92% despite FiO2 of 0.8), a subsequent RM may be performed at the attending physician's discretion.
5. Calculation of mechanical power (MP)
5.1 Conventional ventilation group
For the conventional ventilation group, MP was calculated using the simplified formula proposed by Gattinoni et al. 3:
MP (J/min) = 0.098 × respiratory rate × tidal volume × (peak inspiratory pressure − 0.5 × driving pressure).
5.2 Sigh ventilation group
In the sigh ventilation group, mechanical power was calculated by including the additional energy delivered during sigh breaths. Sigh breaths were administered once every 6 minutes, with each administration consisting of the minimum number of breaths required to achieve a total duration of at least 5 seconds (as detailed in the “Section 3: Sigh breaths in detail”). In our cohort, this resulted in two sigh breaths per administration for all patients. Mechanical energy (ME) was therefore calculated over each 6-minute interval and averaged to derive the mean mechanical power per minute.
5.2.1 Overall formula for average MP
The average MP was calculated as:
Averaged MP (J/min) = (ME normal breaths + ME sigh breaths)/ 6 min,
where:
ME normal breaths = Mechanical energy delivered by normal breaths; ME sigh breaths = Mechanical energy delivered by sigh breaths.
5.2.2 Mechanical energy delivered by normal breaths (ME normal breaths)
Mechanical energy from normal breaths was calculated using the set tidal volume, respiratory rate, peak inspiratory pressure, and driving pressure at baseline PEEP. Within each 6-minute interval, one sigh administration occurred. Therefore, ME from normal breaths was divided into two components: 
ME normal breaths= ME normal breath in sigh minute + ME normal breath in 5min
where:
ME normal breath in sigh minute: Mechanical energy delivered by normal breaths during the 1-minute interval in which the sigh administration took place. Because two normal breaths were replaced by two sigh breaths during this minute, the respiratory rate for normal breaths was reduced accordingly (RR − 2).
ME normal breath in 5min: Mechanical energy delivered by normal breaths during the other 5 minutes of the 6-minute interval, when only normal tidal ventilation was delivered.
Each component is calculated as follows:
· ME normal breath in sigh minute = 0.098 × VT set × (RR- 2) × (PIP normal - 0.5 × [Pplat normal - baseline PEEP])
· ME normal breath in 5min= 0.098 × VT set × RR × (PIP normal - 0.5 × [Pplat normal - baseline PEEP]) ×5min
5.2.3 Mechanical energy delivered by sigh breaths (ME sigh breaths)
Because the first sigh breath was delivered from baseline PEEP level, and the subsequent sigh breath were delivered from the elevated PEEP level, energy delivery was calculated breath-by-breath. The ME sigh breaths consisted of two components:
ME sigh breaths = ME first sigh + ME subsequent sigh
Each component is calculated as follows:
· First sigh breath (delivered from baseline PEEP): 
ME first sigh = 0.098 × VT Sigh volume × (PIP sigh - 0.5 × [Pplat sigh - baseline PEEP])
· Subsequent sigh breath (delivered from elevated PEEP):
ME subsequent sigh = 0.098 × VT set × (PIP sigh - 0.5 × [Pplat sigh - baseline PEEP - ΔPEEP])
Definitions of parameters
VT Sigh volume: Measured sigh volume (expired tidal volume recorded during PEEP reduction at the end of the sigh);
VT set: Set tidal volume during normal ventilation;
PIP sigh: Peak inspiratory pressure during sigh breaths;
PIP normal: Peak inspiratory pressure during normal breaths;
Pplat sigh: Target plateau pressure during sigh breaths (usually 35 cmH₂O, or 40 cmH₂O if BMI > 35 kg/m²);
Pplat normal: Plateau pressure during normal breaths;
RR: Respiratory rate (breath per minute);
ΔPEEP: Increase in PEEP above baseline required to achieve the target Pplat during sigh;
Baseline PEEP: PEEP set during normal tidal ventilation.
5. Post-extubation ventilatory support
After extubation, oxygen therapy and ventilatory support were standardized according to the written study protocol 4, and delivered by a multidisciplinary team consisting of intensivists, respiratory therapists (RTs), and ICU nurses.
5.1 Initial oxygen therapy and positioning
All patients initially received supplemental oxygen via a nasal cannula or face mask, titrated by nurses to maintain SpO₂ between 92% and 97%. Patients were positioned in a semi-recumbent position (30–45° head-of-bed elevation) unless clinically contraindicated.
5.2 Non-invasive respiratory support
High-flow nasal oxygen (HFNO) or non-invasive ventilation (NIV) was initiated when patients met the following criteria: SpO₂ ≤ 92% or respiratory rate > 25 breaths/min despite supplemental oxygen ≥ 5 L/min. The prophylactic use (before any postoperative pulmonary complication) of these techniques was not permitted. HFNO and NIV were considered equivalent forms of respiratory support. Patients could be switched between HFNO and NIV at the discretion of the attending physician according to clinical response.
5.2.1 High-flow nasal oxygen (HFNO)
HFNO was initiated when patients met the following criteria: SpO₂ ≤ 92% or respiratory rate > 25 breaths/min despite supplemental oxygen ≥ 5 L/min. Initial settings were a flow rate of 30 L/min and FiO₂ of 100%. FiO₂ was subsequently titrated to maintain SpO₂ between 92–97%, and flow rate was adjusted to the maximum level tolerated by the patient within the first 10 minutes. Further adjustments were made based on oxygenation targets and patient comfort.
Weaning from HFNO was considered when FiO₂ < 40% and respiratory rate < 25 breaths/min. A weaning trial was performed by reducing the flow rate to 10 L/min for 10 minutes while maintaining the current FiO₂. HFNO was discontinued if SpO₂ remained 92–97% and respiratory rate ≤ 25 breaths/min; otherwise, HFNO was continued. 
5.2.2 Non-invasive ventilation (NIV)
Initial settings were IPAP 8 cmH₂O, EPAP 5 cmH₂O, and FiO₂ 100%. IPAP was titrated between 5–15 cmH₂O to achieve a tidal volume of 6–8 mL/kg and respiratory rate < 25 breaths/min. FiO₂ was adjusted to ≤ 60% and EPAP between 5–10 cmH₂O to maintain SpO₂ between 92–97%. Once respiratory distress improved, intermittent NIV use was permitted, and NIV could be discontinued if daily usage was less than 4 hours.
5.3 Indications for reintubation
The presence of one of the following criteria was considered a potential indication of tracheal intubation: (1) emergent reoperation (e.g., bleeding or cardiac tamponade), (2) altered consciousness (GCS < 12), (3) cardiac arrest or malignant arrhythmias, (4) severe hemodynamic instability (need for escalating vasopressors with a norepinephrine-equivalent dose > 0.3ug/kg/min), (5) deteriorating respiratory failure (meeting at least two of the following: unresolved hypoxemia defined as SpO2<90% for more than 5 min, respiratory acidosis with pH < 7.30, PaCO₂ > 50 mmHg, respiratory rate > 30 breaths/min, or inability to clear airway secretions).
These criteria served as practical guides to identify patients at high risk of clinical deterioration and to avoid delayed reintubation. The final decision to reintubate remained at the discretion of the attending clinician based on comprehensive clinical assessment.
5.4 Role of the multidisciplinary team
Respiratory therapists were responsible for device selection (HFNO vs NIV) and initial/advanced parameter settings.
ICU nurses were responsible for ongoing monitoring, titration of oxygen concentration and flow within protocol limits, patient positioning, and documentation.
Intensivists oversaw clinical decisions regarding escalation, weaning in complex cases, and indications for reintubation.
5.5 Protocol standardization and team training
To ensure consistent implementation across all shifts, the post-extubation oxygen therapy protocol was displayed as a laminated bedside card and reinforced during structured nursing handovers. All members of the multidisciplinary team — including intensivists, respiratory therapists, and ICU nurses — received dedicated protocol-specific training prior to patient enrollment. These measures ensured that bedside staff delivered care in accordance with the same standardized protocol used by the research investigators.
6. SpO2/FiO2 measurement in detail
During the initial hour after extubation, the inspired oxygen flow was adjusted to maintain oxygen saturation (as measured by pulse oximetry) between 92% and 97%. During this period, patients were instructed to remain calm and at rest, and to minimize arm or body movements to prevent motion artifacts. Additionally, nursing staff verified the proper placement and signal quality of the pulse oximeter sensor to ensure a high-quality waveform.

6.1 Estimation of inspired oxygen concentration:
Accurate measurement of the FiO2 in participants receiving low-flow oxygen is difficult. We used established clinical tools for oxygen estimation to estimate FiO2 in participants, consistent with the method used in a previous study 5. This approach may have introduced some inaccuracy in measuring FiO2, but it reflects the practice reality in which FiO2 estimates are used to assess patients' oxygenation. The relationship between oxygen flow and estimated inspired oxygen concentration through different oxygen delivery devices is listed below:
	Oxygen device
	O2 flow (L/min)
	Estimated FiO2 (%)

	Nasal cannula
	1
	24

	
	2
	28

	
	3
	32

	
	4
	36

	
	5
	40

	
	6
	44

	Face mask
	5
	40

	
	6-7
	50

	
	7-8
	60


[bookmark: OLE_LINK3]
7. Definition of Respiratory Failure 
Respiratory failure severity is assessed daily following extubation, up to and including post-extubation day 7. For the main analysis, the worst (i.e., highest) severity score recorded during this period is used. Severity was classified according to established criteria, in accordance with previous studies 6–8, using oxygenation challenges (Air-Tests*) as follows:
· No respiratory failure: SpO2 ≥ 90% after breathing ambient air for 10 min (excluding cases of hypoventilation); 
· Mild respiratory failure: SpO2 < 90% or PaO2 < 60 mmHg after breathing ambient air for 10 min (excluding cases of hypoventilation) and correctable with oxygen supplementation of 1-3L/min with nasal cannula; 
· Moderate respiratory failure: SpO2 < 90% or PaO2 < 60 mmHg despite oxygen supplementation of 3 L/min via nasal cannula (excluding cases of hypoventilation), and correctable with oxygen supplementation of 4–10 L/min via face mask; 
· Severe respiratory failure: SpO2 < 90% or PaO2 < 60 mmHg despite oxygen supplementation of 10 L/min via face mask (excluding cases of hypoventilation), and correctable with oxygen supplementation >10 L/min via high-flow face mask, or with non-invasive ventilation, or with high-flow nasal oxygen therapy, or with invasive mechanical ventilation. 
*Air-Test protocol:
Air-Tests were conducted under continuous clinical supervision with immediate reversion to prior support if SpO₂ fell below protocol thresholds. Testing started at the oxygen delivery level closest to (but not exceeding) the patient’s current requirement (e.g., 3 L/min nasal cannula if receiving 5 L/min via face mask; 10 L/min face mask if receiving high-flow nasal cannula). Oxygen flow was then reduced stepwise (to ambient air if tolerated) for 10-minute intervals, with SpO₂ (preferred) or PaO₂ monitored. Downgrading ceased upon documentation of SpO₂ < 90% (or PaO₂ < 60 mmHg), defining the threshold for that severity tier. “Correctable with” denotes the minimum oxygen support required to restore and maintain SpO₂ ≥ 92% for ≥10 minutes.
8. Definition of the severity of postoperative pulmonary complications 
Postoperative pulmonary complications are assessed daily following surgery, up to and including postoperative day 7. Severity is scored on an ordinal scale ranging from 0 to 5, using a modified definition of pulmonary complications 9,10. For the main analysis, the worst (i.e., highest) severity score recorded during this period is used. 
· Grade 0: No symptoms or signs;
· Grade 1: At least one of the following: dry cough; abnormal lung findings and temperature ≥ 37.5°C with normal chest radiograph; or dyspnea without other documented cause;
· Grade 2: At least two of the following: productive cough; bronchospasm; hypoxemia (SpO₂ ≤ 90% on room air); atelectasis with gross radiological confirmation (concordance of 2 independent experts) plus either temperature > 37.5°C or abnormal lung findings; hypercarbia (PaCO₂ > 50 mmHg) requiring treatment;
· Grade 3: At least one of the following: pleural effusion resulting in thoracentesis; pneumonia; pneumothorax; need for non-invasive ventilation or high-flow nasal cannula; or reintubation lasting less than 48 hours;
· Grade 4: Reintubation or invasive mechanical ventilation for 48 hours or more;
· Grade 5: Death.	
Pneumonia is suspected upon the presence of new and/or progressive pulmonary infiltrates on chest radiograph (concordance of 2 independent experts) plus two or more of the following criteria: fever ≥ 38.5°C or hypothermia < 36°C, leukocytosis ≥ 12000 WBC/mm3 or leukopenia < 4000 WBC/mm3, purulent sputum and/or new onset or worsening cough or dyspnea.
Atelectasis is defined as lung opacification with shift of the mediastinum, hilum, or hemidiaphragm towards the affected area and compensatory overinflation in the adjacent non-atelectatic lung.
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eTable 1. Baseline characteristics and standardized mean differences between groups
	Variables
	Sigh ventilation (N=96) 
	Conventional ventilation (N=96)
	Standardized mean difference

	Age, yr
	65 (55 to 73)
	63 (54 to 71)
	0.05

	Ethnicity
	
	
	

	Asian
	96 (100%)
	96 (100%)
	0.00

	Sex, male
	48 (50.0%)
	54 (56.3%)
	0.12

	Height, cm
	163.7 (8.8)
	165.4 (8.7)
	0.19

	Weight, kg
	66.2 (12.7)
	65.8 (11.6)
	0.03

	Body mass index, kg/m2
	24.6 (3.7)
	23.9 (3.2)
	0.18

	ASA physical status 
	

	3
	76 (79.2%)
	79 (82.2%)
	0.08

	4
	20 (20.8%)
	17 (17.7%)
	0.08

	Current smoker
	29 (30.2%)
	31 (32.2%)
	0.04

	Medical history
	

	Hypertension
	59 (61.4%)
	48 (50.0%)
	0.23

	Diabetes
	13 (13.5%)
	11 (11.4%)
	0.06

	Previous AMI
	1 (1.0%)
	5 (5.2%)
	0.24

	Previous cardiac surgery
	21 (21.9%)
	18 (18.8%)
	0.08

	Chronic obstructive pulmonary disease
	5 (5.2%)
	6 (6.3%)
	0.04

	Preoperative LVEF, %
	63.2 (10.4)
	63.4 (8.3)
	0.03

	Respiratory infection within the last month
	5 (5.2%)
	4 (4.2%)
	0.05

	Preoperative SpO2, %
	97.3 (1.4)
	97.3 (1.4)
	0.02

	 ≥96%
	83 (86.5%)
	84 (87.5%)
	0.03

	 91%-95%
	13 (13.5%)
	12 (12.5%)
	0.03

	Surgical procedures
	

	Ascending aorta replacement
	17 (17.7%)
	18 (18.8%)
	0.03

	Coronary-artery bypass grafting
	10 (10.4%)
	11 (11.5%)
	0.03

	Valve repair/replacement
	61 (63.5%)
	61 (63.5%)
	0.00

	Combined procedures
	32 (33.3%)
	31 (32.2%)
	0.02

	EuroSCORE II, %
	3.7 (3.6)
	2.9 (2.0)
	0.30


eTable 2. Respiratory mechanics and gas exchange data. Values are mean (SD).
	Variables
	Baseline
	T1
	T2
	T3
	T4
	P value for interaction

	VT per PBW; ml/kg
	0.150

	Sigh (N=96)
	7.4 (0.5)
	7.5 (0.6)
	7.1 (0.7)
	7.0 (0.7)
	6.9 (0.6)
	

	Conventional (N=96)
	7.4 (0.4)
	7.4 (0.5)
	7.1 (0.5)
	7.1 (0.6)
	7.0 (0.6)
	

	Mean difference
(95% CI)
	0.06
(-0.07 to 0.18)
	0.10
(-0.05 to 0.24)
	-0.04
(-0.21 to 0.13)
	-0.06
(-0.24 to 0.12)
	-0.13
(-0.30 to 0.05)
	

	PEEP; cmH2O
	0.065

	Sigh (N=96)
	6.3 (3.8)
	6.6 (3.8)
	6.5 (1.6)
	6.4 (1.5)
	6.2 (1.6)
	

	Conventional (N=96)
	6.1 (3.7)
	7.0 (4.0)
	6.8 (2.0)
	6.3 (1.7)
	6.3 (1.6)
	

	Mean difference
(95% CI)
	0.15
(-0.91 to 1.20)
	-0.39
(-1.49 to 0.72)
	-0.24
(-0.75 to 0.27)
	0.09
(-0.37 to 0.55)
	-0.01
(-0.46 to 0.44)
	

	Peak pressure; cmH2O
	< 0.001

	Sigh (N=96)
	18.9 (2.7)
	17.6 (2.7)
	18.5 (3.5)
	17.4 (3.0)
	16.6 (3.0)
	

	Conventional (N=96)
	18.4 (2.8)
	20.4 (4.0)
	19.8 (4.2)
	19.7 (3.8)
	19.5 (3.8)
	

	Mean difference
(95% CI)
	0.48 
(-0.29 to 1.25)
	-2.77
(-3.74 to -1.80)
	-1.33
(-2.41 to -0.24)
	-2.24
(-3.19 to -1.29)
	-2.95 
(-3.92 to -1.98)
	

	Plateau pressure; cmH2O
	< 0.001

	Sigh (N=96)
	15.6 (2.6)
	14.4 (2.3)
	14.1 (2.4)
	12.8 (2.0)
	12.2 (2.0)
	

	Conventional (N=96)
	15.1 (2.4)
	17.3 (3.9)
	15.6 (3.3)
	15.4 (2.8)
	15.3 (2.8)
	

	Mean difference
(95% CI)
	0.4 
(-0.3 to 1.1)
	-2.9***
(-3.8 to -2.0)
	-1.5***
(-2.3 to -0.7)
	-2.5***
(-3.2 to -1.9)
	-3.1***
(-3.8 to -2.4)
	

	Driving pressure; cmH2O
	< 0.001

	Sigh (N=96)
	9.6 (2.1)
	8.1 (1.7)
	7.6 (1.8)
	6.4 (1.3)
	5.9 (1.3)
	

	Conventional (N=96)
	9.4 (2.1)
	10.7 (2.5)
	8.8 (2.2)
	9.0 (2.0)
	9.0 (2.1)
	

	Mean difference
(95% CI)
	0.3 
(-0.3 to 0.9)
	-2.6***
(-3.2 to -2.0)
	-1.2***
(-1.8 to -0.7)
	-2.6***
(-3.1 to -2.1)
	-3.1***
(-3.6 to -2.6)
	

	Respiratory system compliance; ml/cmH2O
	< 0.001

	Sigh (N=96)
	46.6 (12.3)
	55.8 (14.8)
	56.9 (16.5)
	65.6 (16.6)
	70.1 (17.7)
	

	Conventional (N=96)
	49.5 (13.8)
	43.5 (11.9)
	51.1 (14.4)
	48.8 (13.0)
	48.7 (13.2)
	

	Mean difference
(95% CI)
	-2.9
(-6.6 to 0.8)
	12.3***
(8.5 to 16.1)
	5.8**
(1.5 to 10.2)
	16.8***
(12.6 to 21.0)
	21.6***
(17.2 to 26.0)
	



(eTable 2 continued)
	Variables
	Baseline
	T1
	T2
	T3
	T4
	P value for interaction

	Mechanical power; J/min
	< 0.001

	Sigh (N=96)
	7.90 (1.95)
	7.93 (2.36)
	8.58 (2.38)
	7.98 (2.02)
	7.40 (2.03)
	

	Conventional (N=96)
	7.95 (1.89)
	9.48 (3.04)
	9.89 (3.52)
	9.45 (3.32)
	9.18 (3.06)
	

	 Mean difference 
(95% CI)
	-0.06
(-0.60 to 0.48)
	-1.55***
(-2.31 to -0.78)
	-1.30**
(-2.15 to -0.46)
	-1.47***
(-2.24 to -0.69)
	-1.78***
(-2.51 to -1.05)
	

	PaCO2; mmHg
	< 0.001

	Sigh (N=82)
	38.4 (4.6)
	41.2 (4.7)
	35.7 (5.3)
	33.4 (4.6)
	34.7 (5.0)
	

	Conventional (N=83)
	36.7 (4.5)
	42.8 (5.4)
	35.2 (5.3)
	34.1 (5.2)
	34.8 (5.3)
	

	Mean difference
(95% CI)
	1.7
(0.4 to 3.1)
	-1.7 *
(-3.2 to -0.1)
	0.5
(-1.1 to 2.1)
	-0.8
(-2.3 to 0.7)
	-0.1
(-1.7 to 1.5)
	

	PaO2; mmHg
	< 0.001

	Sigh (N=96)
	148.9 (40.5)
	139.1 (44.0)
	156.3 (38.6)
	151.9 (33.6)
	155.3 (28.0)
	

	Conventional (N=96)
	154.9 (40.5)
	113.6 (33.0)
	131.3 (35.4)
	137.4 (30.5)
	137.6 (28.6)
	

	Mean difference
(95% CI)
	-6.0
(-17.4 to 5.4)
	25.4***
(14.5 to 36.4)
	25.2***
(14.8 to 35.6)
	14.4**
(5.3 to 23.6)
	18.3***
(8.8 to 27.9)
	

	FiO2; %
	0.039

	Sigh (N=96)
	39.4 (3.5)
	40.6 (5.7)
	39.0 (6.9)
	35.8 (5.7)
	34.8 (5.8)
	

	Conventional (N=96)
	39.5 (3.0)
	43.5 (8.0)
	40.1 (9.1)
	37.3 (7.3)
	36.1 (5.9)
	

	Mean difference
(95% CI)
	-1.0
(-1.0 to 0.8)
	-3.0**
(-4.9 to -1.0)
	-1.1
(-3.4 to 1.2)
	-1.6
(-3.4 to 0.3)
	-1.3
(-3.0 to 0.3)
	

	PaO2:FiO2
	< 0.001

	Sigh (N=96)
	376.7 (102.6)
	343.5 (108.5)
	407.9 (95.9)
	437.6 (97.9)
	455.4 (84.8)
	

	Conventional (N=96)
	384.2 (106.7)
	264.6 (96.0)
	337.5 (99.3)
	374.4 (88.8)
	391.2 (94.4)
	

	Mean difference
(95% CI)
	-7.5
(-37.0 to 21.9)
	78.9***
(50.0 to 108.0)
	70.4***
(42.9 to 97.8)
	62.8***
(36.4 to 89.1)
	65.7***
(40.3 to 91.0)
	


Baseline, T1, T2, T3, T4 represent anesthesia intubation, end of surgery, intensive care unit admission, 2 hours after intensive care unit admission, and 4 hours after intensive care unit admission, respectively. * P< 0.05, ** P<0.01, *** P<0.001 for between-group comparison at the same timepoint. P-values for between-group comparisons at each time point were derived from GEE and adjusted with the Bonferroni correction for multiple comparisons. The interaction P-value represents the significance of the group-by-time interaction term.
eTable 3. Characteristics of sigh and rescue recruitment maneuvers. Values are median (IQR [range]) or number of patients (percentage).
	Variables
	Sigh ventilation
Group, N=96
	Conventional ventilation group, N=96

	Sigh volume
	
	

	In milliliters; ml
	1721 (1507 to 2010)
	-

	Per predicted body weight; ml. kg-1
	30.9 (27.2 to 34.3)
	-

	Proportion to set tidal volume; %
	430 (380 to 480)
	

	Sigh duration
	
	

	 During surgery; h
	1 (0.9 to 1.4)
	-

	 During ICU; h
	10.6 (8.9 to 13.2)
	-

	 Total duration; h
	12 (10 to 14)
	-

	Sigh interruption
	
	

	 During surgery
	0 (0%)
	-

	 During intensive care unit
	8 (8.3%)
	-

	Total
	8 (8.3%)
	-

	Rescue recruitment maneuvers
	
	

	Intraoperative
	0 (0%)
	27 (28.1%)

	Postoperative
	0 (0%)
	17 (17.7%)

	Total
	0 (0%)
	36 (37.5%)




eTable 4. Regional lung compliance derived from electrical impedance tomography in the last 57 consecutive patients. Values are mean (SD).
	Variables
	After randomization
	Before extubation
	P value for interaction

	Ventral lung compliance; ml/cmH2O
	< 0.001

	Sigh (N=30)
	37.6 (14.2)
	45.3 (15.3)
	

	Conventional (N=27)
	37.5 (10.7)
	35.1 (10.3)
	

	Mean difference
(95% CI)
	0.1 (-6.4 to 6.5)
	10.2 (3.5 to 16.9) **
	

	Dorsal lung compliance; ml/cmH2O
	< 0.001

	Sigh (N=30)
	25.8 (10.4)
	31.3 (11.3)
	

	Conventional (N=27)
	13.4 (5.4)
	12.6 (5.2)
	

	Mean difference
(95% CI)
	12.5 (8.3 to 16.7) ***
	18.7 (14.2 to 23.2) ***
	

	Dorsal fraction of ventilation; %
	< 0.001

	Sigh (N=30)
	36.4 (8.6)
	41.2 (9.7)
	

	Conventional (N=27)
	30.3 (9.4)
	26.4 (9.3)
	

	Mean difference
(95% CI)
	6.1 (1.4 to 10.7) *
	14.8 (9.9 to 19.7) ***
	

	PEEP; cmH2O
	0.567

	Sigh (N=30)
	6.5 (1.5)
	6.3 (1.5)
	

	Conventional (N=27)
	6.9 (2.0)
	6.6 (1.8)
	

	Mean difference
(95% CI)
	-0.4 (-1.4 to 0.5)
	-0.3 (-1.1 to 0.6)
	

	VT per PBW; ml/kg
	0.761

	Sigh (N=30)
	7.2 (0.8)
	7.0 (0.7)
	

	Conventional (N=27)
	7.1 (0.5)
	7.0 (0.5)
	

	Mean difference
(95% CI)
	0.06(-0.28 to 0.40)
	0.03 (-0.29 to 0.35)
	


* P< 0.05, ** P<0.01, *** P<0.001 for between-group comparison at the same timepoint. P-values for between-group comparisons at each time point were derived from GEE and adjusted with the Bonferroni correction for multiple comparisons. The interaction P-value represents the significance of the group-by-time interaction term. Ventral and dorsal lung compliance were calculated as: ventral lung compliance = [(100% - dorsal fraction of ventilation) x tidal volume]/driving pressure, dorsal lung compliance = [dorsal fraction of ventilation x tidal volume]/driving pressure.

eTable 5. Oxygen device, inspired oxygen concentration, pulse oximetry during the first hour after extubation. Values are number (percentage) or mean (SD).
	Variables
	Sigh ventilation
	Conventional ventilation

	Oxygen device
	N=96
	N=96

	Ambient air
	12 (12.5%)
	4 (4.1%)

	Nasal cannula
	76 (79.1%)
	80 (83.3%)

	Face mask
	8 (8.3%)
	12 (12.5%)

	15min
	N=96
	N=96

	SpO2; %
	96.2 (1.6)
	95.7 (1.8)

	FiO2; %
	27.1 (7.2)
	30.8 (9.2)

	SpO2/FiO2
	377 (88)
	338 (95)

	30min
	N=96
	N=96

	 SpO2; %
	96.0 (1.3)
	95.6 (1.7)

	 FiO2; %
	26.8 (7.2)
	30.6 (9.2)

	 SpO2/FiO2
	381 (87)
	339 (94)

	45min
	N=96
	N=96

	 SpO2; %
	96.2 (1.3)
	95.4 (1.8)

	 FiO2; %
	26.8 (7.0)
	30.8 (9.1)

	 SpO2/FiO2
	380 (85)
	337 (92)

	60min
	N=96
	N=96

	 SpO2; %
	96.1 (1.2)
	95.6 (1.8)

	 FiO2; %
	26.8 (7.1)
	30.6 (8.8)

	 SpO2/FiO2
	381 (85)
	339 (93)




eTable 6. Sensitivity analyses for the primary outcome. Values are mean (SD).
	Primary outcome
	Sigh ventilation
(N=96)
	Conventional
ventilation
(N=96)
	Adjusted mean difference, 95% CI
	Adjusted P value

	Time weighted average SpO2/FiO2 ratio
	380 (86)
	338 (93)
	45.1 (19.1 to 71.0)
	0.001


Adjusted for baseline covariates with standardized mean difference >0.2 (EuroSCORE II, hypertension, and previous acute myocardial infarction).

eTable 7. Association between the primary outcome and severity of respiratory failure and postoperative pulmonary complications.
	Outcome
	Adjusted common odds ratio* per 20-unit increase in SpO2/FiO2 ratio
	95% CI
	P value

	Severity of respiratory failure
	0.73
	0.68 to 0.79
	<0.001

	Severity of postoperative pulmonary complications
	0.88
	0.83 to 0.94
	<0.001


* Adjusted for treatment group, EuroSCORE II, hypertension, and previous acute myocardial infarction using ordinal logistic regression. A common odds ratio <1 indicates lower odds of being in a higher severity category with every 20-unit increase in the time-weighted average SpO₂/FiO₂ ratio during the first hour after extubation.
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eFigure 1. Sigh protocol and trial intervention.
(a) Sigh protocol. Sigh breaths, delivered per 6 minutes, each consisted of the minimum number of respiratory cycles needed for a total duration of ≥5 seconds, based on the preset respiratory cycle duration. The schematic shows a 3.3-second cycle (18 bpm), using two cycles (total 6.6s).
(b) Trial intervention. Sigh breaths were administered during invasive mechanical ventilation at three stages: 1) from endotracheal intubation to chest cavity opening, 2) from chest cavity closure to operating room exit, and 3) from ICU admission to extubation, excluding transport.
Abbreviations: PEEP = positive end-expiratory pressure; Pplat = plateau pressure; BMI = body mass index; LPV = lung protective ventilation; ICU = intensive care unit; CPB = cardiopulmonary bypass.


[image: ]
eFigure 2. Distribution of regional lung ventilation in the two trial groups.
Electrical Impedance Tomograph (EIT) analysis of the last 57 consecutive patients enrolled in the trial (Sigh ventilation = 30, Conventional ventilation = 27). (a) Evolution of the dorsal fraction of ventilation (DFV) over time. Red, sigh ventilation group; blue, conventional ventilation group. Baseline refers to spontaneous breathing before intubation under anesthesia. After randomization, refer to the time after anesthesia intubation and within 5 minutes after patients were submitted to the intervention of each group. Before extubation, refer to the time before the spontaneous breathing trial. From baseline to before extubation, the sigh ventilation group caused a much larger increase in dependent lung compliance and ventilation. P-value represents the significance of the interaction term between group and time (repeated-measured ANOVA). (b) Representative EIT map of ventilation (cross section at 4-5th intercostal space) of patient submitted to sigh ventilation group (upper panel) and conventional ventilation group (lower panel). The yellow line represents the mid-position between the anterior and posterior halves of the thoracic section. DFV represents the dorsal fraction of ventilation. A typical redistribution of ventilation from dorsal to ventral lung area was observed in both groups. However, loss of dorsal ventilation was more pronounced in patients receiving conventional ventilation. And the dorsal fraction of ventilation was higher in the patient submitted to sigh ventilation group than conventional ventilation through subsequent timepoints at ‘after randomization’ and ‘before extubation’.
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eFigure 3. Relationship between treatment assignment and time-weighted SpO2/FiO2 ratios during the initial postextubation hour in patient subgroups.
Mean difference greater than 0 favors sigh ventilation.
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eFigure 4. Severity of pulmonary complications by postoperative day 7.
Severity of postoperative pulmonary complications. Each postoperative pulmonary complication, the worst each patient experienced throughout the first 7 postoperative days, was graded from 0 to 5. The stacked bars represent the percentage of patients in each grade (Grade 1 to Grade 5), with increasing shade intensity indicating higher severity (Grade 1: lightest; Grade 5: darkest). Patients adjudicated as Grade 1, Grade 2, Grade 3, Grade 4, Grade 5 by postoperative day 7 were 9 (9.3%), 64 (66.7%), 19 (19.8%), 4 (4.2%), 0 (0%) in the sigh ventilation group, and 3 (3.1%), 53 (55.2%), 34 (35.4%), 5 (5.2%), 1 (1.0%) in the conventional ventilation group, respectively.
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