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Medicina Perioperat�oria, S~ao Paulo, SP, Brazil
c Hospital do Servidor P�ublico Estadual de S~ao Paulo (HSPE-IAMSPE), S~ao Paulo, SP, Brazil
d Universidade Federal de S~ao Paulo (UNIFESP), Disciplina de Anestesiologia, Dor e Terapia Intensiva, S~ao Paulo, SP, Brazil
e Stanford University School of Medicine, Department of Anesthesiology, Perioperative and Pain Medicine, Stanford, CA, USA
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Abstract
Background: Postoperative Pulmonary Complications (PPCs) are a leading cause of morbidity,
mortality, and prolonged hospitalization in surgical patients. Intraoperative mechanical ventila-
tion plays a critical role in mitigating these risks, yet clinical practices remain heterogeneous
and often not guided by evidence-based standards.
Objective: To develop evidence-based recommendations on perioperative mechanical ventila-
tion strategies for surgical patients, aiming to optimize respiratory care, reduce PPCs, and stan-
dardize practice in Brazil.
Methods: This guideline was developed under the coordination of the Brazilian Society of Anes-
thesiology (SBA) by a panel of anesthesiologists and intensivists from multiple institutions. Sev-
enteen clinical questions were structured in the PICO format (Population, Intervention,
Comparison, Outcome). Systematic literature searches were conducted in PubMed, Embase,
Cochrane Library, and Scopus up to July 2025. The strength of recommendations and certainty of
evidence were assessed using the GRADE methodology. A modified Delphi process was applied to
obtain agreement among collaborators, and consensus was discussed only when the predefined
threshold of at least 80% agreement was not achieved. All recommendations were standardized
in a uniform format.
Results: Seventeen thematic chapters were developed, covering topics from respiratory physiol-
ogy and the definition of PPCs to advanced intraoperative monitoring, special populations
(obese, pediatric, thoracic and cardiac surgery), and patients with or without acute lung injury.
Key recommendations include the routine use of lung-protective strategies low tidal volumes of
6−8 mL.kg⁻1 PBW in patients without ARDS and 4−8 mL.kg⁻1 PBW in patients with ARDS, Positive
End-Expiratory Pressure [PEEP] titrated to physiology, driving pressure DP ≤ 15 cm H2O, and Pla-
teau Pressure [Pplat] ≤ 30 cm H2O), individualized approaches in high-risk patients, avoidance of
unnecessary high fraction of inspired oxygen (FiO2), and selective use of recruitment maneuvers.
Standardized definitions of PPCs and structured monitoring were emphasized as essential to
improving patient outcomes.
Conclusion: These consensus-based recommendations provide clinicians with a practical, evi-
dence-informed framework for perioperative mechanical ventilation. Adoption of protective
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strategies and standardized definitions is expected to improve respiratory outcomes and reduce
variability in perioperative care.
© 2026 Sociedade Brasileira de Anestesiologia. Published by Elsevier España, S.L.U. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Perioperative mechanical ventilation is a cornerstone of
anesthetic and surgical management, directly influencing
pulmonary outcomes and overall postoperative recovery.1

Postoperative Pulmonary Complications (PPCs) remain
among the most frequent adverse events following surgery,
and are strongly associated with increased morbidity, mor-
tality, longer hospital stays, and higher healthcare costs.2

Their incidence can be mitigated through the adoption of
protective ventilation strategies supported by evidence-
based perioperative practices.3
Respiratory physiology applied to perioperative
mechanical ventilation

General anesthesia, neuromuscular blockade, mechanical
ventilation, and surgical positioning induce profound
changes in respiratory physiology.4,5 These include reduc-
tions in Functional Residual Capacity (FRC), airway closure
in dependent lung regions, alveolar collapse (atelectasis),
and reduced compliance of the respiratory system.6

The FRC, the volume of gas remaining in the lungs
after passive expiration, typically decreases about
approximately 0.4‒0.5 L during general anesthesia.7

This reduction approximates lung volume to closing
capacity, predisposing small airways to collapse, partic-
ularly in dependent regions. The combination of con-
trolled ventilation, neuromuscular blockade, and
abdominal forces contributes to diaphragmatic dysfunc-
tion and cephalad displacement of the diaphragm.8 This
mechanical shift further compresses dependent lung
zones, exacerbating atelectasis and reducing FRC.2 As a
result, ventilation becomes heterogeneous, with
impaired compliance and increased elastance of the
respiratory system. These changes lead to ventilation-
perfusion mismatch, increased intrapulmonary shunt,
and impaired oxygenation.9
Perioperative clinical implications

When FRC decreases toward closing capacity, the likelihood of
airway closure increases.6 At the same time, elevated ela-
stance and reduced compliance heighten susceptibility to
Ventilator-Induced Lung Injury (VILI)10 (Fig. 1). General anes-
thesia further aggravates these effects by attenuating hyp-
oxic pulmonary vasoconstriction and altering respiratory
drive, thereby compromising gas exchange.11 A thorough
understanding of these physiological mechanisms provides
the basis for tailoring ventilatory strategies to individual
patients and surgical contexts. By maintaining end-expiratory
lung volume above closing capacity, reducing ventilation
3

heterogeneity, and minimizing potentially injurious mechani-
cal forces, clinicians can optimize respiratory care. This phys-
iology-guided approach has been associated with a lower
incidence of PPCs, shorter hospital stays, and reduced periop-
erative mortality.1

Although protective mechanical ventilation is well estab-
lished in intensive care, particularly for patients with Acute
Respiratory Distress Syndrome (ARDS),12 its systematic trans-
lation into intraoperative practice has been inconsistent.
Unique aspects of the perioperative setting including surgi-
cal positioning, neuromuscular blockade, pneumoperito-
neum during laparoscopy, and patient-specific conditions
such as obesity or pre-existing lung disease require tailored
ventilatory strategies.

In response to this need, the Brazilian Society of Anesthe-
siology (SBA) convened a panel of experts in anesthesiology
and intensive care to develop a comprehensive, evidence-
based guideline. The goal of this document is to provide
clinicians with safe, protective, and individualized ventila-
tion strategies for surgical patients, based on the best avail-
able scientific evidence and adapted to real-world
perioperative practice.

This guideline is structured around 17 clinical questions
developed in the PICO format (Population, Intervention,
Comparison, Outcome). Recommendations are explicitly
graded according to the GRADE system (Grading Recommen-
dations, Assessment, Development and Evaluation). Each
chapter provides a rationale supported by the literature and
a summary table to guide clinical application. This guideline
does not establish a minimum standard of practice or
replace clinical judgment. It should be used as a tool to sup-
port decision-making and not as a rigid protocol.
Methods

This guideline was developed under the coordination of the
Brazilian Society of Anesthesiology (SBA), following a struc-
tured and transparent process based on the principles rec-
ommended by the GRADE Working Group and international
standards for the development of clinical practice guide-
lines.13-16 The project involved anesthesiologists, intensiv-
ists, experts in perioperative medicine, and methodologists
from different institutions across Brazil.

Panel composition and scope

This guideline is intended to assist clinicians involved in the
perioperative management of surgical patients requiring
mechanical ventilation, including anesthesiologists, inten-
sivists, and perioperative care teams. It covers intraopera-
tive and immediate postoperative periods and includes
general and specific recommendations for high-risk popula-
tions (e.g., obese, pediatric, thoracic or cardiac surgery
patients). The working group was organized into thematic

http://creativecommons.org/licenses/by/4.0/


Figure 1 Schematic representation of respiratory physiology in the perioperative context. The central component depicts an anes-
thetized patient under mechanical ventilation during a surgical procedure, serving as the foundation for understanding subsequent
physiological changes. Surrounding elements illustrate how general anesthesia, neuromuscular blockade, patient-related predispos-
ing factors (such as obesity and aging), and surgical trauma contribute to diaphragmatic dysfunction, reduction in Functional Residual
Capacity (FRC), alveolar collapse, and ventilation-perfusion (V̇/Q̇) mismatch. These changes are accompanied by impaired lung
mechanics, including decreased static compliance. The graphic structure highlights the interplay between physiological mechanisms,
anesthetic interventions, and postoperative risk, reinforcing the importance of preserving respiratory physiology as a cornerstone of
lung-protective ventilation. Created in BioRender by Talison Silas Pereira (Pereira S.T.).

J.M. Silva-Jr, T.S. Pereira, L.F. Falc~ao et al.
subgroups, each assigned to specific perioperative topics
related to mechanical ventilation. Each subgroup consisted
of two members with recognized expertise in the assigned
topic. All members were selected based on their clinical,
academic, or research experience in perioperative care.
Development process
Seventeen structured clinical questions were formulated
using the PICO format (Population, Intervention, Compari-
son, Outcome), addressing key challenges in perioperative
ventilatory care. Each question guided the systematic
search, analysis, and synthesis of available evidence, as well
as the development of the corresponding recommendations.
Literature review and data sources

A comprehensive literature search was conducted using
MEDLINE (via PubMed), Embase, the Cochrane Library, and
Scopus. Searches focused on identifying randomized con-
trolled trials, meta-analyses, observational studies, and
high-quality reviews relevant to each PICO question. Manual
reference tracking was also performed. Search strategies
and date ranges were tailored for each topic, covering stud-
ies from database inception up to July 2025.
4

Detailed search strategies, inclusion and exclusion crite-
ria, study selection processes, and risk of bias assessment
methods are provided in the Supplementary Material.
Assessment of evidence and GRADE classification

The quality of evidence and strength of recommendations
were assessed using the GRADE (Grading of Recommenda-
tions, Assessment, Development and Evaluation)
approach. The GRADE methodology considers the quality
of evidence (high, moderate, low, or very low) and balan-
ces the benefits and harms of interventions. Each recom-
mendation was explicitly labeled with its strength (strong
or weak/conditional) and the corresponding level of evi-
dence. Interpretation of conditional recommendations: in
this guideline, weak/conditional recommendations with
low or very low certainty of evidence should be inter-
preted as potentially useful strategies in selected patients
or specific contexts, particularly in centers with expertise
and available resources.16,17 The panel considered these
interventions relevant to maintain as conditional options
despite the limitations of the evidence. Detailed voting
results and agreement rates for all recommendations are
presented in Supplementary Table S1.
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It should also be emphasized that, according to the
GRADE framework, the strength of a recommendation does
not always reflect the quality of evidence. In some circum-
stances, a strong recommendation may be warranted even
with low or very low certainty (e.g., when the intervention
has clear benefit, minimal risk, low cost, or lack of safe
alternatives). Conversely, weak recommendations may arise
despite moderate or high-quality evidence when uncertain-
ties persist regarding risks, variability in patient values, or
feasibility of implementation.

Risk of bias was assessed according to study design using
established tools, and these assessments informed the cer-
tainty of evidence within the GRADE framework, as detailed
in the Supplementary Material.

Development of recommendations and consensus
process

Each subgroup drafted initial recommendations based on the
available evidence. These were refined through iterative
rounds of review within the panel. Agreement was assessed
using a modified Delphi process.18 When the predefined
threshold of at least 80% agreement was not achieved, rec-
ommendations were discussed until consensus was reached.
The final recommendations and supporting rationale were
standardized and approved for inclusion in the guideline.

Review and editorial standardization

A central editorial committee oversaw the final review, for-
matting, and standardization of the document. All chapters
were structured uniformly, including background, clinical
question (PICO), methodology, explicit recommendations
Evidence-based recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

PPCs should be defined using standardized clinical, radiological,
and laboratory criteria.

Strong High.19,24

Definitions should rely on objective parameters to allow reproducibility
and comparability across studies.

Strong Moderate.25,26

A core set of complications, such as respiratory failure, pleural effusion,
pneumothorax, atelectasis, bronchospasm, aspiration pneumonitis,
pneumonia, and ARDS should be routinely assessed.

Strong High.27,28

Using harmonized definitions improves benchmarking, outcome tracking,
and implementation of protective strategies.

Strong Moderate.2,29

PPCs, Postoperative Pulmonary Complications; ARDS, Acute Respiratory Distress Syndrome; GRADE, Grading of Recommendations, Assess-
ment, Development and Evaluation.
with GRADE classification, rationale grounded in the litera-
ture, and a Summary Table.
Conflict of interest and funding

All contributors disclosed potential conflicts of interest,
which were managed in accordance with SBA policy. No com-
mercial entities were involved at any stage of the guideline
development or had any influence over its content.
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Results − Recommendations overview

Definition of postoperative pulmonary
complications in surgical patients

Postoperative Pulmonary Complications (PPCs) are major
contributors to morbidity, mortality, prolonged hospitaliza-
tion, and increased costs after surgery.2 A key limitation in
care and research is the heterogeneity of definitions. Stan-
dardized criteria, applied within a prespecified time win-
dow, are essential for reproducible identification, inter-
study comparability, and guiding preventive strategies. In
this guideline, PPCs are assessed during the index admission
or up to Day 7; major events (pneumonia, ARDS, unplanned
reintubation, death) are also captured through Day 30. PPCs
should be defined using standardized clinical, radiological,
and laboratory criteria, aligned with EPCO (European Periop-
erative Clinical Outcome)19 and StEP (Standardised End-
points in Perioperative Medicine).20,21 Pneumonia should
follow CDC/NHSN definitions,22 and ARDS should be defined
by the Berlin definition, acknowledging the New Global Defi-
nition, which extends Berlin (e.g., High-Flow Nasal Cannula
and SpO2/FiO2) and may be applied when arterial blood
gases are unavailable.23
PICO clinical question
In adult surgical patients (P), does using standardized defini-
tions for postoperative pulmonary complications (I), com-
pared with heterogeneous or non-standardized criteria (C),
improve reproducibility and prognostic validity, enhance
inter-study comparability, and facilitate implementation of
preventive strategies (O)?
This core set should be applied consistently in clinical
practice and research, while allowing for updates as new
diagnostic tools become available.

Rationale and literature-based discussion
PPCs are prevalent and clinically relevant across surgical popu-
lations. Studies report an incidence of 2%−10% in general surgi-
cal patients and up to 40% in high-risk groups.2 Despite their
significance, the absence of standardized definitions across
studies impairs comparison and meta-analysis of results.



Summary Table 1 Operational definitions of common postoperative pulmonary complications.

Complication Operational definition Key clinical note

Respiratory failure.1,9,19,27,32 Any one of: PaO2/FiO2 < 300; SpO2 ≤ 90% on room air
with need for supplemental O2; unplanned NIV/HFNC
or invasive ventilation; unplanned reintubation for a
respiratory cause; hypercapnic failure with pH < 7.30
attributable to ventilatory pump failure.

Core outcome; associated with longer
length of stay, ICU admission, and
higher mortality.

Pleural effusion.19,27,32-34 Lung ultrasound showing a mobile anechoic collec-
tion or Chest X-Ray (CXR) with meniscus/costo-
phrenic blunting in a compatible context.

Common after thoracic/cardiac
surgery; may worsen hypoxemia and
delay recovery.

Pneumothorax.1,3,9,19,27,32-34. CXR with a visceral pleural line and absent distal lung
markings, or lung ultrasound with absent lung sliding
and barcode/stratosphere sign on M-mode (lung
point ‒ when present ‒ is highly specific).

Prompt recognition prevents deterio-
ration; may follow positive-pressure
barotrauma or central line insertion.

Atelectasis.8,9,19,27,32-34 Opacity with volume loss (fissure/mediastinal shift
or hemidiaphragm elevation), segmental or lobar.

Most frequent PPC; anesthesia-
induced collapse; contributes to
hypoxemia.

Bronchospasm.8,9,19,27,32-34 New expiratory wheeze requiring bronchodilator
therapy with clinical/ventilatory improvement.

Frequent in asthma/COPD; may
complicate extubation.

Aspiration pneumonitis.1,9,19,27,32,33 Acute lung injury after witnessed/suspected gastric
aspiration with a new infiltrate within 2−24 hours
and hypoxemia.

Preventable with airway protection;
can progress to ARDS.

Pneumonia.3,9,10,19,32-34 Preferred: CDC/NHSN surveillance criteria (NV-HAP/
VAP).22 Alternative (where surveillance is not feasi-
ble): CXR new/progressive infiltrate plus ≥ 2 of
fever, leukocytosis/leukopenia, purulent secretions,
or worsening oxygenation. Specify which criterion
was used.

Increases morbidity and mortality;
enables benchmarking when CDC/
NHSN is used.

Acute respiratory
distress syndrome (ARDS).23

Global Definition of ARDS (2023): bilateral opaci-
ties on CXR/CTor lung ultrasound by a trained pro-
fessional; onset ≤ 1 week after a known risk; not
explained by cardiogenic edema/overload. Hypox-
emia ‒ non‑intubated: HFNC ≥ 30 L.min-1 or CPAP/
NIV with PEEP ≥ 5 cm H2O, and S/F ≤ 315 measured
with SpO2 ≤ 97%. Severity: mild, 200 < P/F ≤ 300 or
235 < S/F ≤ 315; moderate, 100 < P/F ≤ 200 or 148 <
S/F ≤ 235; severe, P/F ≤ 100 or S/F ≤ 148 .

Severe but less common; requires
ICU-level management.

PaO2, Arterial Oxygen tension; FiO2, Fraction of inspired oxygen; SpO2, Peripheral Oxygen saturation; O2, Oxygen; NIV, Non-Invasive Venti-
lation; HFNC, High-Flow Nasal Cannula; ICU, Intensive Care Unit; CXR, Chest X-Ray; CT, Computed Tomography; COPD, Chronic Obstructive
Pulmonary Disease; CDC, Centers for Disease Control and Prevention; NHSN, National Healthcare Safety Network; NV-HAP, Non-Ventilator
Hospital-Acquired Pneumonia; VAP, Ventilator-Associated Pneumonia; ARDS, Acute Respiratory Distress Syndrome; CPAP, Continuous Posi-
tive Airway Pressure; PEEP, Positive End-Expiratory Pressure; S/F, SpO2/FiO2 ratio; P/F, PaO2/FiO2 ratio.

J.M. Silva-Jr, T.S. Pereira, L.F. Falc~ao et al.
Several prospective studies and clinical guidelines have
proposed diagnostic frameworks incorporating objective cri-
teria such as PaO2/FiO2 ratios, SpO2 thresholds, radiographic
findings, and treatment requirements (e.g., oxygen therapy,
bronchodilators, or antibiotics).12,19-21 The use of unified cri-
teria has enabled robust comparisons in large multicenter
studies and trials, LAS VEGAS30 and iPROVE.31

Conditions such as pneumonia, atelectasis, and aspiration
pneumonitis require specific diagnostic markers due to their
pathophysiological and therapeutic implications. A structured
diagnostic approach supports clinical decisions, guides ventila-
tory strategies, and enables integration into quality metrics in
perioperative care. Although CDC National Healthcare Safety
Network (NHSN) surveillance criteria are recommended for
the definition of postoperative pneumonia, their application in
the immediate postoperative period requires caution. Early
6

radiographic abnormalities are common after surgery and often
reflect atelectasis, residual anesthetic effects, or inflammatory
changes rather than true infection. Therefore, in surgical
patients, CDC/NHSN-based pneumonia definitions should be
interpreted in conjunction with clinical evolution, systemic
signs of infection, and microbiological data when available, to
avoid misclassification of early postoperative pulmonary
changes such as pneumonia (Summary Table 1)

Postoperative pulmonary complications: risk factors
and preventive strategies

Postoperative Pulmonary Complications (PPCs) are a signifi-
cant cause of increased morbidity, mortality, and healthcare
costs in surgical patients.29 Early identification of risk fac-
tors, especially modifiable ones, is essential to guide
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preventive strategies and improve perioperative respiratory
care, ultimately reducing the incidence of PPCs across surgi-
cal settings.
PICO clinical question
In adult surgical patients (P), does identifying and addressing
perioperative risk factors (I), compared to not managing
such risk factors (C), reduce the incidence of postoperative
pulmonary complications (O)?
Evidence-based recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Preoperative risk stratification using validated tools (e.g., ARISCATscore) is rec-
ommended to identify patients at high risk for PPCs.

Strong High.30,35

Optimization of comorbidities (e.g., COPD, heart failure, malnutrition, anemia)
should be undertaken before surgery whenever possible.

Strong Moderate.36,37

Smoking cessation should be recommended at least 4 weeks before surgery, ide-
ally 4−8 weeks, to reduce the risk of PPCs.

Strong Moderate.38,39

Supervised respiratory physiotherapy and early mobilization, including prehabi-
litation for thoracic/cardiac surgery and structured postoperative therapy in
high-risk patients, may be considered.

Weak Moderate.40,41

Minimally invasive approaches (e.g., laparoscopy) are associated with reduced
PPCs when feasible; however, surgical positioning and pneumoperitoneum-
related effects should be considered in high-risk patients.

Strong Moderate.42,43

Bundle-based preventive strategies (multimodal perioperative protocols) are
encouraged to maximize impact on reducing PPCs.

Strong Moderate.28,44
Rationale and literature-based discussion
Identification and mitigation of risk factors are crucial in
reducing PPCs. Several patient-related factors, such as
advanced age, obesity, pre-existing lung disease, smoking,
and poor functional status are strongly associated with
increased risk. Surgical factors including prolonged opera-
tive time, upper abdominal or thoracic incisions, and emer-
gency procedures further increase susceptibility.32
Summary Table Risk Factors and Prevention of PPCs.

Domain Key Strategies Clinical Considerations

Risk Stratification Use ARISCATor other validated tools Identify patients requiring tailored perioperative
strategies

Comorbidities Optimize COPD, CHF, malnutrition, anemia Improve perioperative resilience and recovery
Smoking Cessation ≥ 4−8 weeks before surgery Reduce PPC risk; counseling should be offered
Non-pharmacologic

interventions
Supervised respiratory physiotherapy and early
mobilization; include prehabilitation when feasible

Beneficial in high-risk patients; evidence is
heterogeneous

Surgical approach Favor minimally invasive surgery when feasible Associated with lower incidence of PPCs
Bundles Apply multimodal protocols Greater effectiveness than isolated interventions

ARISCAT, Assess Respiratory Risk in Surgical Patients in Catalonia; COPD, Chronic Obstructive Pulmonary Disease; CHF, Congestive Heart
Failure; PPCs, Postoperative Pulmonary Complications.
The ARISCAT score35 has been widely validated as a prac-
tical tool for predicting PPCs, incorporating variables such
as age, preoperative SpO2, type of surgery, and duration.
Although not perfect, its use provides a structured frame-
work for preoperative risk stratification.
7

COPD optimization with bronchodilators, correction of
anemia, and nutritional support are associated with
improved outcomes. Smoking cessation has consistently
been linked to a reduction in PPCs, with greater benefit
observed when cessation occurs at least four weeks before
surgery.

Non-pharmacologic strategies, including incentive
spirometry, chest physiotherapy, and early mobilization,
are recommended in high-risk populations, although evi-
dence is heterogeneous. Surgical approaches also play a
major role; laparoscopic and minimally invasive techni-
ques are associated with lower PPC incidence compared
with open procedures.

Finally, multimodal bundles that integrate risk strati-
fication, optimization, and intra- and postoperative
strategies have shown the greatest impact in reducing
PPCs, underscoring the need for integrated periopera-
tive care.
Modes and modalities of invasive mechanical
ventilation during the intraoperative period

The choice of ventilation mode can influence intraoperative
gas exchange, pulmonary mechanics, hemodynamics, and
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the risk of postoperative pulmonary complications.42 Under-
standing the application and physiological implications of
different ventilation modes in the operating room is key to
implementing lung-protective ventilation strategies tailored
to surgical patients.

PICO clinical question
In adult surgical patients under general anesthesia (P), do
different ventilatory modes (I), compared to other available
modes (C), reduce intraoperative complications and improve
gas exchange or respiratory mechanics (O)?
Evidence-based recommendations.

Recommendation GRADE
Recommendation

Evidence
Quality

Volume-Controlled Ventilation (VCV) and Pressure-Controlled Ventilation (PCV)
provide comparable outcomes when protective settings are applied.

Strong Moderate.45-47

Dual-control modes (e.g., PCV-VG) may be considered to optimize tidal volume deliv-
ery in patients with variable compliance, particularly in obesity and laparoscopy.

Weak Low.48,49

Use pressure-controlled ventilation when peak airway pressures are a concern,
recognizing that this strategy may limit peak pressure but at the expense of tidal
volume delivery.

Weak Low.45,50

Avoid high-frequency oscillatory ventilation or unconventional modes intraoperatively
outside research settings.

Strong Moderate.51,52

In patients with compromised respiratory mechanics, individualized mode selection
is encouraged.

Strong Low.53,54

VCV, Volume-Controlled Ventilation; PCV, Pressure-Controlled Ventilation; PCV-VG, Pressure-Controlled Ventilation with Volume Guaran-
tee; GRADE, Grading of Recommendations, Assessment, Development and Evaluation.
Rationale and literature-based discussion
The two most used ventilation modes during surgery are Vol-
ume-Controlled Ventilation (VCV) and Pressure-Controlled
Ventilation (PCV). Both allow for the application of protec-
tive strategies with low tidal volumes, moderate PEEP, and
monitoring of driving pressure.
Summary Table Ventilation modes and intraoperative considerations.

Mode Characteristics Considerations

Volume-Controlled (VCV) Constant flow, fixed tidal volume Reliable delivery of volume; may increase peak pressure in
low compliance lungs

Pressure-Controlled (PCV) Decelerating flow, pressure-
targeted

Reduces peak pressure; tidal volume varies with compli-
ance/resistance

PCV-VG (dual control) Pressure-targeted, volume
guaranteed

Combines benefits of VCV and PCV; useful in obesity/
laparoscopy

Advanced/Unconventional Includes HFOV, PAV, NAVA Limited role intraoperatively; not routinely recommended

VCV, Volume-Controlled Ventilation; PCV, Pressure-Controlled Ventilation; PCV-VG, Pressure-Controlled Ventilation with Volume Guaran-
tee; HFOV, High-Frequency Oscillatory Ventilation; PAV, Proportional Assist Ventilation; NAVA, Neurally Adjusted Ventilatory Assist.
Studies comparing VCV and PCV show similar clinical out-
comes when protective parameters are maintained. How-
ever, PCV may reduce peak inspiratory pressures due to its
decelerating flow, which is beneficial in patients with
8

reduced pulmonary compliance (e.g., obesity, laparoscopic
procedures).

PCV with Volume Guarantee (PCV-VG) combines the
benefits of both VCV and PCV, ensuring target tidal vol-
umes while adapting pressure delivery. This mode is
increasingly used in intraoperative settings with variable
compliance.

Despite theoretical benefits, there is no strong evidence
that one ventilation mode is superior to another in reducing
postoperative pulmonary complications if protective set-
tings are properly applied.
Basic monitoring of intraoperative mechanical
ventilation

Intraoperative monitoring of mechanical ventilation is a funda-
mental aspect of implementing protective ventilation strategies
and minimizing PPCs. Basic respiratory mechanics monitoring
techniques such as pressure and flow curves, loops, and specific
pressure measurements (plateau, peak, driving, and transpul-
monary pressure) provide critical real-time feedback to individ-
ualizemechanical ventilation and reduce VILI.



Figure 2 Pressure-time curve during volume-controlled mechanical ventilation.
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PICO clinical question
In adult surgical patients under general anesthesia (P), does
intraoperative monitoring of basic ventilatory parameters
such as pressure-time and flow-time curves and loops (I),
compared to no structured monitoring (C), reduce postoper-
ative pulmonary complications (O)?
Recommendations and Quality of Evidence (GRADE).

Recommendation GRADE Rec
ommendation

Evidence
Quality

Suggest monitoring the pressure-time curve to detect overdistension or alveolar recruitment
using the stress index (SI � 1).

Weak Low.55,56

Recommend using the flow-time curve to detect auto-PEEP, especially in high respiratory rate
situations.

Strong Very Low.57,58

Pressure-volume and flow-volume loops may aid in assessing compliance and resistance. Weak Very Low.59,60

Recommend monitoring plateau pressure and maintaining it below 25−30 cm H2O. Strong Very Low.61,62

Suggest interpreting plateau pressure with caution in cases of altered chest wall mechanics. Weak Very Low.63

Transpulmonary pressure monitoring (via esophageal balloon) may be useful in individualizing
PEEP in complex cases, provided expertise and equipment are available.

Weak Very Low.63

Recommend monitoring driving pressure (DP) aiming for values ≤ 15 cm H2O. Strong Moderate.64-66

Mechanical power monitoring may help adjust ventilatory parameters to reduce PPCs. Weak Low.67,68

SI, Stress Index; auto-PEEP, Intrinsic Positive End-Expiratory Pressure; PEEP, Positive End-Expiratory Pressure; DP, Driving Pressure; PPCs,
Postoperative Pulmonary Complications; GRADE, Grading of Recommendations, Assessment, Development and Evaluation.
Rationale and literature-based discussion
Pressure-time curve. The pressure-time curve helps evalu-
ate dynamic compliance and alveolar behavior during the
inspiratory phase. A linear slope (SI = 1) indicates stable
compliance, while SI > 1 suggests overdistension and SI < 1
indicates recruitment. Adjusting tidal volume or PEEP based
on the stress index may reduce VILI (Fig. 2).
Flow-time curve. Failure of expiratory flow to return to zero
before the next breath suggests the presence of auto-PEEP,
often caused by insufficient exhalation time or high respira-
tory rate. Auto-PEEP increases the risk of dynamic hyperin-
flation and hemodynamic instability.
Pressure-volume and flow-volume loops. Pressure-volume
loops provide a visual understanding of compliance changes
and inflection points for alveolar opening and overdisten-
sion. Flow-volume loops help detect airway obstruction or
leaks, especially in the presence of bronchospasm, secretion
accumulation, or ventilator circuit issues.
9

Peak pressure. Although nonspecific, an increase in peak
pressure may reflect increased airway resistance. It should
be interpreted alongside plateau pressure to distinguish
elastic versus resistive contributions.
Plateau pressure. Obtained via an inspiratory pause, pla-
teau pressure reflects alveolar pressure and should be kept
≤ 30 cm H2O to minimize overdistension. Its interpretation
must consider conditions like obesity or pneumoperitoneum
that increase pleural pressures.
Transpulmonary pressure (P_L). Estimated using esophageal
pressure, it reflects the distending force on the lung. While
promising for tailoring PEEP, its role remains limited in rou-
tine intraoperative care due to technical complexity and
lack of strong evidence in non-injured lungs.
Driving Pressure (DP). Defined as plateau pressure minus
PEEP or as VT/compliance, it is a key predictor of PPCs.
Lower DP is associated with improved outcomes, making it a
valuable target in intraoperative ventilatory strategy.
Mechanical power. Mechanical Power (MP): quantifies the
energy delivered to the lungs per minute, integrating Vt,
RR, PEEP, and DP. Higher MP is associated with increased
VILI/PPC risk; however, clinical uptake is limited not only
by complexity but primarily by the absence of RCTs and
validated targets to guide adjustments.



Summary Table Monitoring parameters and clinical use.

Parameter Clinical Application Suggested Target

Pressure-Time Curve Identifies overdistension or recruitment (via Stress Index) SI � 1
Flow-Time Curve Detects auto-PEEP and dynamic hyperinflation Flow returns to zero before

next breath
Pressure-Volume Loop Assesses compliance and alveolar opening/overdistension Visual inspection
Flow-Volume Loop Identifies airway obstruction or leakage Visual inspection
Peak Pressure Indicates resistance (e.g., tube kinking, bronchospasm) < 35−40 cm H2O
Plateau Pressure Reflects alveolar pressure, risk of overdistension ≤ 25−30 cm H2O
Transpulmonary Pressure Guides individualized PEEP (if available) Based on esophageal pressure (Pes)
Driving Pressure (DP) Strong predictor of PPCs, correlates with lung stress ≤ 15 cm H2O
Mechanical Power Represents total ventilator-induced lung energy Keep as low as possible,

no universal threshold. Use trends
to trigger reassessment of Vt (PBW),
RR, PEEP, and flow/Ti.

SI, Stress Index; auto-PEEP, Intrinsic Positive End-Expiratory Pressure; PEEP, Positive End-Expiratory Pressure; Pes, Esophageal Pressure;
DP, Driving Pressure; PPCs, Postoperative Pulmonary Complications; Vt, Tidal Volume; PBW, Predicted Body Weight. For practical bedside
application, the predicted body weight calculation formula and a simplified height-based reference table are provided in the Supplemen-
tary Material (Supplementary Appendix S1); RR, Respiratory Rate; Ti, Inspiratory Time.
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Advanced monitoring of intraoperative mechanical
ventilation

Technological advances in perioperative care have expanded
the tools available for individualized monitoring of mechani-
cal ventilation. Novel imaging and electrical techniques,
such as Lung Ultrasound (LUS) and Electrical Impedance
Tomography (EIT) allow real-time evaluation of alveolar
recruitment, ventilation distribution, and the impact of
ventilatory settings. These tools aim to enhance ventilatory
support, optimize gas exchange, and minimize PPCs, partic-
ularly in high-risk populations undergoing laparoscopic or
thoracic procedures.69,70
PICO clinical question
In adult surgical patients under general anesthesia and
mechanical ventilation (P), do advanced monitoring modali-
ties such as lung ultrasound or electrical impedance tomog-
raphy (I), compared to standard monitoring (C), improve
ventilatory accuracy and reduce postoperative pulmonary
complications (O)?
Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Use of lung ultrasound (LUS) to guide alveolar recruitment is suggested in
laparoscopic or thoracoscopic surgery.

Strong Moderate.70-72

EIT may be used intraoperatively to titrate PEEP and improve oxygenation
and compliance, where available.

Weak Moderate.69,73,73

LUS, Lung Ultrasound; EIT, Electrical Impedance Tomography; PEEP, Positive End-Expiratory Pressure; GRADE, Grading of Recommenda-
tions, Assessment, Development and Evaluation.
Rationale and literature-based discussion
Lung ultrasound (LUS). Atelectasis is common during general
anesthesia, especially in patients undergoing laparoscopic or
10
Trendelenburg procedures. Several RCTs demonstrate that
LUS-guided recruitment improves lung aeration, reduces driv-
ing pressure, and decreases PPCs when compared to conven-
tional maneuvers:

� Lung ultrasound-guided recruitment consistently
improved oxygenation, aeration, and reduced atelectasis

compared with standard strategies across randomized tri-
als in laparoscopic and thoracoscopic surgery.70-72

Electrical Impedance Tomography (EIT). EIT is a non-inva-
sive, bedside, radiation-free imaging modality that monitors
ventilation in real time. Its intraoperative use allows for
individualized PEEP titration:

� Meta-analyses consistently demonstrated that EIT-guided
PEEP optimization improves oxygenation, enhances compli-
ance, and reduces driving pressure in surgical patients.74,69,73

These modalities provide dynamic functional insights and
can be integrated into intraoperative decision-making to
optimize mechanical ventilation in real time.



Summary Table Applications and benefits of advanced monitoring techniques.

Modality Indication Main Benefits

Lung Ultrasound (LUS) Laparoscopic/Thoracoscopic surgeries Improves aeration, reduces driving pressure,
and PPCs reduction reported in selected sub-
groups only.

Electrical Impedance
Tomography (EIT)

General surgeries requiring PEEP titration Enhances oxygenation, improves compliance,
lowers DP

LUS, Lung Ultrasound; EIT, Electrical Impedance Tomography; PEEP, Positive End-Expiratory Pressure; DP, Driving Pressure; PPCs, Postoper-
ative Pulmonary Complications.
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Noninvasive mechanical ventilation and high-flow
nasal cannula in the perioperative period

Non-invasive respiratory support has become an important
adjunct in perioperative care, particularly in patients at risk of
hypoxemia or postoperative pulmonary complications.75 Non-
Invasive Ventilation (NIV) improves gas exchange and reduces
respiratory effort through positive airway pressure, while
High-Flow Nasal Cannula (HFNC) delivers heated, humidified
oxygen at high flows, providing low levels of positive pressure
and enhanced comfort. Evidence shows that both modalities
can be beneficial as preoxygenation strategies in high-risk
patients, as selective intraoperative tools, and especially in
the postoperative period, where NIV reduces reintubation and
pneumonia and HFNC improves oxygenation and tolerance.76
PICO clinical question
In adult surgical patients (P), does the use of Non-Invasive
Ventilation (NIV) or high-flow nasal cannula (HFNC) in the
perioperative period (I), compared with conventional
Evidence-Based Recommendations.

Recommendation

NIV is recommended for the treatment of acute postoperative hypo
respiratory failure in cooperative, hemodynamically stable patie

HFNC is recommended as an alternative to conventional oxygen the
extubation in high-risk surgical patients to improve oxygenation

NIV or HFNC may be considered for preoxygenation before intubatio
hypoxemic patients to prolong safe apnea time and reduce desa

NIV is not recommended in patients with contraindications such as a
tion, hemodynamic instability, impaired consciousness, or copio

Routine prophylactic use of NIV in unselected postoperative patient
mended, especially after abdominal or thoracic surgery.

HFNC may be considered in patients intolerant to NIV interfaces or
contraindicated.

NIV, Non-Invasive Ventilation; HFNC, High-Flow Nasal Cannula; GRADE, Gra
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oxygen therapy (C), reduce hypoxemia, reintubation, and
postoperative pulmonary complications (O)?
Rationale and literature-based discussion
Evidence synthesized up to 2025 confirms the important role
of NIV and HFNC in perioperative care.75 Preoperatively,
both modalities can improve preoxygenation and extend
safe apnea time, particularly in obese or hypoxemic
patients, with HFNC often better tolerated. Intraoperatively,
their role is limited to specific scenarios under sedation or
regional anesthesia where intubation is undesirable. Postop-
eratively, NIV has the strongest evidence, significantly reduc-
ing reintubation, pneumonia, and ICU stay in acute
hypoxemic respiratory failure, while HFNC improves oxygen-
ation and comfort in high-risk patients, although with less
consistent outcome data. Routine prophylactic use in unse-
lected patients is not recommended, and both modalities
should never delay timely intubation. Preoxygenation with
NIV or HFNC enhances oxygen reserve and prolongs safe
apnea time during induction, especially in obese patients,
those with reduced FRC, or severe hypoxemia.81
GRADE
Recommendation

Evidence
Quality

xemic
nts.

Strong High.77,78

rapy after
and comfort.

Strong Moderate.79,80

n in obese or
turation.

Weak Moderate.76,81

irway obstruc-
us secretions.

Strong Moderate.82,83

s is not recom- Strong High.84,85

when NIV is Weak Moderate.86,87

ding of Recommendations, Assessment, Development and Evaluation.



Summary Table Perioperative use of NIV and HFNC.

Perioperative Phase Evidence-Based Application Clinical Considerations

Preoperative Effective for preoxygenation in obese/hypox-
emic patients; prolongs safe apnea.

HFNC may be better tolerated; not required for
all patients.

Intraoperative Option in selected non-intubated patients under
regional anesthesia or sedation.

Limited evidence requires close monitoring.

Postoperative NIV reduces reintubation and pneumonia in
acute hypoxemia; HFNC effective after extuba-
tion in high-risk patients.

Avoid routine prophylaxis; do not delay intuba-
tion in case of failure.

NIV, Non-Invasive Ventilation; HFNC, High-Flow Nasal Cannula.
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Intraoperative mechanical ventilation in patients
with or without acute lung injury

Intraoperative mechanical ventilation has evolved from a
secondary anesthetic concern to a cornerstone of periop-
erative care. While previously based on high tidal vol-
umes and minimal PEEP, it is now well established that
non-protective ventilation strategies, even during short-
term surgery can cause VILI and increase the risk of
PPCs.88,89 Both patients with healthy lungs and those
with Acute Lung Injury (ALI) benefit from ventilation
strategies tailored to minimize pulmonary stress and
improve clinical outcomes.90
PICO clinical question
In adult surgical patients with or without acute lung injury
(P), do lung-protective ventilatory strategies (I), compared
to conventional ventilation (C), reduce the risk of postoper-
ative pulmonary complications and ventilator-induced lung
injury (O)?
Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Use tidal volumes of 6−8 mL.kg-1 PBW in surgical patients without ARDS Strong High.88,91

Avoid tidal volumes > 10 gt; 10 mL.kg-1 PBW. Strong High.88,92

Maintain plateau pressure ≤ 30 lt; 30 cm H2O. Strong High.88,90

Target driving pressure ≤ 15 lt; 15 cm H2O, ideally ≤ 12 cm H2O. Strong Moderate.91,93

Use individualized PEEP titrated to oxygenation and respiratory mechanics
(DP/compliance); avoid routine ZEEP* in higher-risk contexts (e.g., obesity,
pneumoperitoneum/Trendelenburg).

Strong Moderate.90,94

Favor early extubation in stable patients. Strong High.55,93

Consider individualized PEEP guided by physiological signals (e.g., esophageal pres-
sure or EIT) in higher-risk settings (obesity, pneumoperitoneum/Trendelenburg)
to optimize oxygenation and mechanics; evidence for reducing PPCs remains.

Weak Moderate.90,95

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; PEEP, Positive End-Expiratory Pressure; DP, Driving Pressure; ZEEP,
Zero End-Expiratory Pressure; EIT, Electrical Impedance Tomography; PPCs, Postoperative Pulmonary Complications; GRADE, Grading of
Recommendations, Assessment, Development and Evaluation.
Rationale and literature-based discussion
Protective ventilation strategies minimize alveolar overdis-
tension and atelectasis. In patients with healthy lungs, high
12
tidal volumes increase transpulmonary pressures and can
precipitate VILI. Trials such as PROVHILO and iPROVE88,96

have shown that low tidal volumes (6−8 mL.kg-1 PBW)
reduce PPCs and improve recovery.

For patients with acute lung injury, intraoperative venti-
latory care should mimic ARDS management in the ICU,
focusing on low plateau pressures (≤ 30 cm H2O) and driving
pressure reduction, with data from Amato et al.97 highlight-
ing the strong predictive value of driving pressure for mor-
tality.

PEEP remains essential to counteract intraoperative atel-
ectasis, especially in at-risk populations such as the obese and
those undergoing laparoscopy. While PEEP < 5 cm H2O is inad-
equate, individualized titration based on compliance or driv-
ing pressure may enhance safety and efficacy. Esophageal
pressure monitoring and EITare useful tools where available.

Respiratory rate should be titrated to avoid hypercapnia
and maintain PaCO2 between 38−43 mmHg.55,94 In all
cases, early extubation when feasible, and avoiding hyper-
oxia, are important for enhancing outcomes.55,96 PEEP:
Use individualized PEEP titrated to oxygenation and respi-
ratory mechanics (DP/compliance); avoid routine ZEEP in
higher-risk contexts (e.g., obesity, pneumoperitoneum/
Trendelenburg).



Summary Table Recommended intraoperative ventilation strategies.

Parameter Recommended Strategy Clinical Considerations

Tidal Volume 6−8 mL.kg-1 PBW; avoid tidal volumes >
10 mL.kg-1 PBW

Low tidal volumes reduce the risk of VILI and PPCs.
Use 6−8 mL¢kg⁻1 PBW in patients without ARDS. In
patients with ARDS, use 4−8 mL¢kg⁻1 PBW, adjusted
to maintain lung protective pressure targets.

Plateau Pressure
(Pplat)

Maintain ≤ 30 cm H2O Prevents alveolar overdistension; critical in
patients with ALI/ARDS.

Driving Pressure
(DP)

Keep ≤ 15 cm H2O Strong predictor of mortality; minimizing DP is
more protective than VTalone.

PEEP ≥ 5 cmH₂O in all patients;
individualized in ALI/obese

Counters atelectasis; titration based on compli-
ance or DP is preferable.

Respiratory Rate Adjust to maintain PaCO2

38−43 mmHg
Prevents hypercapnia and ensures adequate min-
ute ventilation.

FiO₂ Use lowest FiO2 to keep
SpO2 92%−97%

Avoids both hypoxemia and oxygen toxicity.

Extubation Favor early extubation
in stable patients

Reduces PPCs and facilitates recovery.

Advanced
Monitoring

Consider esophageal-pressure
monitoring or EIT in obesity / ALI/
Pneumoperitoneum / Trendelenburg
to individualize PEEP; use in
trained teams.

Useful for individualized PEEP and improved safety.

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; VILI, Ventilator-Induced Lung Injury; PPCs, Postoperative Pulmonary
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Intraoperative pulmonary recruitment maneuvers

Intraoperative pulmonary Recruitment Maneuvers (RMs) are
designed to reverse anesthesia-induced atelectasis and opti-
mize gas exchange during mechanical ventilation.89,90

Despite their potential benefits, such as improved oxygen-
ation and lung compliance, these techniques may carry risks,
particularly hemodynamic compromise. Therefore, RMs
should be applied selectively and based on individualized
patient assessments and physiologic responses.
PICO clinical question
In adult surgical patients under general anesthesia (P), do
intraoperative recruitment maneuvers (I), compared to no
recruitment maneuvers (C), improve oxygenation, lung com-
pliance, and reduce postoperative pulmonary complications
(O)?
Evidence-Based Recommendations (GRADE).

Recommendation

Use recruitment maneuvers in combination with low tidal vol-
ume ventilation and individualized PEEP in high-risk patients

Apply recruitment maneuvers in cases of intraoperative hypox-
emia or suspected reversible atelectasis

Avoid routine high-pressure RMs (≥ 40 cm H2O for 30s) in all
patients, especially without hemodynamic monitoring

RM, Recruitment Maneuver; PEEP, Positive End-Expiratory Pressure; GR
Evaluation.
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Rationale and literature summary
Intraoperative atelectasis is common during general anes-
thesia as functional residual capacity decreases, the dia-
phragm shifts cephalad, and dependent airways close.
Recruitment Maneuvers (RMs) are intended to reverse
atelectasis and improve gas exchange. Stepwise, physiol-
ogy-guided approaches (e.g., graded PEEP increases fol-
lowed by titration) are generally better tolerated
hemodynamically than sustained inflations. A Bayesian
individual-patient-data meta-analysis98 pooling PROV-
HILO,101 iPROVE,100 and PROBESE102 suggests a moderate
reduction in PPCs when higher-PEEP strategies combined
with RMs are embedded within lung-protective ventila-
tion, with a clearer signal in laparoscopic surgery. By
contrast, the parent trials (PROVHILO101; PROBESE102)
reported more intraoperative hypotension and no consis-
tent improvement in hard outcomes in unselected popu-
lations. Consistent with additional recent syntheses,99 we
GRADE
Recommendation

Evidence Quality

Weak Moderate.88,94

Weak Moderate.98,99

Strong Moderate.55,100

ADE, Grading of Recommendations, Assessment, Development and
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recommend that RMs be applied selectively, triggered
by intraoperative hypoxemia or suspected reversible
atelectasis and integrated with low tidal volumes and
individualized PEEP, with appropriate hemodynamic moni-
toring.
Summary Table Intraoperative recruitment maneuvers.

Technique Mechanism / Application Benefits Risks / Limitations

Stepwise PEEP Recruitment Incremental PEEP increase
followed by titration

Better compliance,
oxygenation

Requires hemodynamic
monitoring

Sustained Inflation Continuous pressure (30
−40 cm H2O for 30−40s)

Atelectasis reversal Hypotension, not well toler-
ated in all patients

Cyclic / Periodic RM Applied every 30−60 min or
after disconnections

Maintains aeration during
long procedures

Limited data on long-term
outcomes

RM + Decremental
PEEP Titration

RM followed by PEEP titra-
tion to optimize
oxygenation/compliance

May individualize PEEP Requires specialized moni-
toring and experience

RM, Recruitment Maneuver; PEEP, Positive End-Expiratory Pressure.
Hypoxemia and hyperoxia in surgical patients

Hypoxemia is a frequent postoperative complication and
has been associated with increased morbidity and mortal-
ity.103 Conversely, excessive oxygen administration, espe-
cially in the absence of hypoxemia, may contribute to
oxidative stress, atelectasis, and worsened clinical out-
comes.104 Current evidence suggests that avoiding both
extremes, hypoxemia and hyperoxia, is essential to opti-
mizing patient safety. A balanced and individualized
approach to oxygen therapy in surgical patients is
strongly recommended.

To facilitate bedside decision making, a concise stepwise
algorithm for the practical management of perioperative
hypoxemia is provided in the Supplementary Material (Sup-
plementary Appendix S2).
Clinical question (PICO)
In adult surgical patients (P), does targeting intraoperative
and postoperative peripheral oxygen saturation (SpO2)
between 92%−97% (I), compared to values below 92% or
above 97% (C), reduce postoperative pulmonary complica-
tions and oxygen-related adverse outcomes (O)?
Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Maintain SpO2 between 92% and 97% during the perioperative period. Weak Moderate.105,106

Avoid liberal oxygen therapy (SpO2 ≥ 98%) in the absence of hypoxemia. Weak Moderate.107,108

Avoid targeting SpO2 < 90% intra- and postoperatively due to the
increased risk of mortality.

Strong Moderate.104,109

SpO2, Peripheral Oxygen saturation; GRADE, Grading of Recommendations, Assessment, Development and Evaluation.
Rationale and literature-based discussion
Perioperative hypoxemia is often multifactorial and may result
from atelectasis, ventilation perfusion mismatch, residual
anesthetic effects, patient positioning, pneumoperitoneum, or
14
hemodynamic alterations. A structured and systematic
approach is therefore essential to rapidly identify revers-
ible causes and guide timely corrective interventions. For
the purpose of this guideline, perioperative hypoxemia is
operationally defined as a peripheral oxygen saturation
(SpO₂) below 90%, a threshold consistently associated
with adverse clinical outcomes in observational and inter-
ventional studies.

Postoperative hypoxemia (SpO2 < 90%) is commonly
observed in patients recovering from general anesthesia and
is strongly associated with adverse outcomes, including
increased mortality at 30 days and 1-year. Large cohort stud-
ies have reported that even transient episodes of severe
desaturation are linked to ischemic events and increased
healthcare utilization.110

On the other hand, liberal oxygen strategies using high
inspired oxygen fractions (FiO2 ≥ 0.8) or targeting SpO2 ≥
98% may increase the risk of oxygen toxicity, absorption atel-
ectasis, and pulmonary inflammation. Trials such as the Oxy-
gen-ICU and HYPERS2S demonstrated worse clinical
outcomes in patients exposed to hyperoxia.104,111 Conserva-
tive oxygen strategies, as explored in the ICU-ROX and HOT-
ICU studies,112,113 showed non-inferior results with potential
reductions in oxygen-related adverse events.

The collective findings support a U-shaped curve relating
SpO2 and patient outcomes, indicating that both hypoxemia
and hyperoxia can be detrimental. Aiming for an SpO2 range
of 92%−97% offers a practical and safe target, optimizing
oxygen delivery while avoiding unnecessary harm. Unless
otherwise specified, this SpO2 range (92%−97%) should be
considered the default oxygenation target for most adult
surgical patients throughout the intraoperative and early
postoperative periods.
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Exceptions may include patients with chronic hypercap-
nic respiratory failure, severe pulmonary hypertension, cya-
notic congenital heart disease, or other conditions in which
individualized oxygenation targets are clinically justified.
Summary Table Oxygen saturation targets and clinical implications in surgical patients.

SpO2 Range Clinical Implications Notes

92%−97% Optimal range balancing oxygen delivery and
avoidance of oxidative stress

Recommended target for most intra- and post-
operative scenarios

> 97% Risk of atelectasis, oxidative injury, and poten-
tial increase in mortality

Should be avoided unless clinically indicated

< 90% Associated with increased mortality, ischemia,
and adverse neurological outcomes

Requires prompt intervention to restore ade-
quate oxygenation

Overall Gas exchange must be interpreted globally Oxygenation targets should be considered
together with PaCO2 and arterial pH, ensuring
physiological tolerance

SpO2, Peripheral Oxygen saturation.
Oxygen therapy in surgical patients should be titrated
based on real time monitoring, individual comorbidities, and
surgical risk, avoiding the routine use of high FiO2 in patients
with normal oxygenation. In parallel, ventilatory adjust-
ments should aim to maintain arterial carbon dioxide tension
(PaCO2) and arterial pH within physiologically acceptable
ranges. In most patients, this corresponds to PaCO2 values
close to normal and an arterial pH ≥ 7.25. Mild to moderate
hypercapnia may be tolerated as part of a lung protective
strategy when it represents a physiological consequence of
limiting tidal volume and airway pressures to reduce lung
stress, rather than inadequate ventilation, provided that
arterial pH remains acceptable and that no contraindica-
tions are present, such as severe pulmonary hypertension,
intracranial hypertension, or significant right ventricular
dysfunction. Ventilatory settings should therefore be indi-
vidualized, balancing lung protection with adequate carbon
dioxide clearance and overall physiological tolerance. In
addition to ventilator adjustments, supportive respiratory
care measures should be maintained throughout the periop-
erative period. Adequate analgesia, airway humidification
when indicated, endotracheal suctioning when clinically
Evidence-Based Recommendations.

Recommendation

Pressure-Controlled Ventilation (PCV) and Volume-Controlled Venti
have similar hemodynamic effects when airway pressures are m

Consider PC-IRV instead of VCV to improve oxygenation and reduce
tory pressure in selected patients, acknowledging potential redu
diac output.

Consider PC-IRV over PCV in ARDS patients to enhance oxygenation
clearance, acknowledging the potential for reduced cardiac out

PCV, Pressure-Controlled Ventilation; VCV, Volume-Controlled Ventilation
Respiratory Distress Syndrome; CO2, Carbon Dioxide; GRADE, Grading of Re
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necessary, and respiratory physiotherapy according to insti-
tutional protocols may contribute to secretion clearance,
patient comfort, preservation of lung function, and optimi-
zation of perioperative respiratory support.
Cardiopulmonary interactions during intraoperative
mechanical ventilation

Mechanical ventilation alters the natural cardiopulmonary
physiology by applying positive airway pressure, which
changes intrathoracic pressure and pulmonary volume
dynamics.94 These effects influence venous return, cardiac
preload and afterload, particularly affecting the right ven-
tricle, and vary according to lung compliance and ventila-
tory settings.55 Understanding these interactions is crucial
for optimizing hemodynamic stability and guiding protective
ventilation strategies during surgery.
PICO clinical question
In adult surgical patients under general anesthesia and
mechanical ventilation (P), how do different ventilatory
modes and parameters (I), compared to conventional venti-
latory strategies (C), affect cardiopulmonary interactions
and hemodynamic function (O)?
GRADE
Recommendation

Evidence Quality

lation (VCV)
atched.

Strong Moderate.114,115

peak inspira-
ction in car-

Weak Low.116,117

and CO2

put.
Weak Low.118

; PC-IRV, Pressure-Controlled Inverse Ratio Ventilation; ARDS, Acute
commendations, Assessment, Development and Evaluation.
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Rationale and literature-based discussion
During positive pressure ventilation, increased Intrathoracic
Pressure (ITP) reduces the gradient for venous return by
increasing right atrial pressure, which may reduce cardiac
output.115 Right ventricular preload is influenced by ITP and
lung volume, while right ventricular afterload is primarily
determined by Pulmonary Vascular Resistance (PVR), which
follows a U-shaped relationship with lung volumes being ele-
vated both in atelectasis and overdistension.

Thus, the choice of ventilatory mode must balance the
respiratory benefits with potential cardiovascular effects,
especially in patients with compromised hemodynamics or
preexisting heart disease.
Summary Table Hemodynamic considerations for ventilatory modes.

Mode / Strategy Hemodynamic Considerations Clinical Notes

PCV vs. VCV Equivalent cardiac output if airway pressures
and tidal volumes are matched

PCV may limit peak pressures; choose
based on lung mechanics and surgical needs

PC-IRV vs. VCV May reduce cardiac output due to high mean
airway pressure and decreased venous return

Potential benefit in gas exchange; use
cautiously in unstable patients

PC-IRV in ARDS Improves oxygenation and CO2 clearance; # CO
may occur without RV failure

Monitor perfusion and volume status;
use individualized targets

PCV, Pressure-Controlled Ventilation; VCV, Volume-Controlled Ventilation; PC-IRV, Pressure-Controlled Inverse Ratio Ventilation; ARDS,
Acute Respiratory Distress Syndrome; CO2, Carbon dioxide; CO, Cardiac Output; RV, Right Ventricle.

Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Use low tidal volumes (6−8 mL.kg-1 PBW) and prolonged expiratory times to
minimize dynamic hyperinflation.

Strong Moderate.120,121

Maintain low respiratory rates (e.g., 8−10 breaths/min) to increase expira-
tory time and reduce air trapping.

Conditional Low.122

Monitor for auto-PEEP and consider external PEEP ≤ 80% of measured auto-
PEEP only when patient triggering is impaired.

Conditional Low.123-125

Avoid high PEEP and recruitment maneuvers unless clear evidence of atelec-
tasis-induced hypoxemia.

Strong Low.102

Use Pressure-Controlled Ventilation (PCV) or Volume-Controlled Ventilation
(VCV) with decelerating flow pattern for optimal control of peak pressure.

Conditional Low.126,127

Adjust Inspiratory-to-Expiratory (I:E) ratio (e.g., 1:3 to 1:4) and increasing
inspiratory flow to minimize air trapping.

Strong Moderate.122,125

Evaluate plateau pressure and driving pressure to detect early signs of
dynamic hyperinflation.

Conditional Low.97,128

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; auto-PEEP, Intrinsic Positive End-Expiratory Pressure; PEEP, Positive
End-Expiratory Pressure; PCV, Pressure-Controlled Ventilation; VCV, Volume-Controlled Ventilation; I:E, Inspiratory-to-Expiratory ratio;
GRADE, Grading of Recommendations, Assessment, Development and Evaluation.
Mechanical ventilation in the intraoperative period
for patients with obstructive lung disease

Patients with obstructive lung diseases such as asthma
and Chronic Obstructive Pulmonary Disease (COPD) present
unique intraoperative challenges due to increased airway
resistance, air trapping, dynamic hyperinflation, and risk of
barotrauma.119 Anesthesiologists must adapt ventilation
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strategies to avoid complications related to positive pres-
sure ventilation, especially when surgical factors (e.g.,
pneumoperitoneum, Trendelenburg position) further com-
promise respiratory mechanics.
PICO clinical question
In adult surgical patients with obstructive lung disease
undergoing general anesthesia and mechanical ventilation
(P), how do individualized ventilatory strategies (I), com-
pared to standard ventilation protocols (C), affect the inci-
dence of intraoperative and postoperative respiratory
complications (O)?
Rationale and literature-based discussion
Obstructive lung diseases are characterized by increased air-
way resistance and expiratory flow limitation, often leading
to air trapping and dynamic hyperinflation.119 During general
anesthesia and mechanical ventilation, these pathophysio-
logical alterations can result in increased intrathoracic pres-
sure, auto-PEEP, impaired venous return, and hemodynamic
instability.



Summary Table Clinical considerations for ventilation in obstructive disease.

Strategy Clinical Consideration

Low tidal volume (6−8 mL.kg-1 PBW) Reduces barotrauma and minimizes hyperinflation
Reduced RR (e.g., 8−10 bpm) Allows for adequate expiration and prevents air trapping
Adjusted I:E ratio (e.g., 1:3−1:4) Enhances alveolar emptying in expiratory-limited lungs
Monitor plateau and driving pressure Identifies risk of hyperinflation and optimizes protective ventilation
Use external PEEP only if auto-PEEP detected Apply ≤ 80% of auto-PEEP and avoid unnecessary overdistension
Avoid routine recruitment maneuvers May cause overdistension and hemodynamic instability in obstructive physiology
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Mechanical ventilation in obese surgical patients

Obesity is an increasingly prevalent condition and presents
significant challenges for perioperative management, espe-
cially regarding mechanical ventilation.30 Obese patients
exhibit altered respiratory mechanics due to increased
intra-abdominal pressure, reduced chest wall compliance,
decreased Functional Residual Capacity (FRC), and a ten-
dency for atelectasis formation. These changes increase
the risk of intraoperative hypoxemia and Postoperative
Evidence-Based Recommendations.

Recommendation

Use tidal volumes between 6−8 mL.kg-1 of Predicted Body Weight (P
the ARDSNet formula, regardless of actual body weight.

Consider Recruitment Maneuvers (RM) in cases of persistent SpO₂ <
Consider performing RM during PEEP titration to identify the PEEP a

better compliance or lower driving pressure.
Prefer ventilator-guided RM over manual “bag-squeeze” techniques
Use a reduced FiO2 (e.g., 0.4−0.6) during RM to minimize reabsorpt

and oxidative stress.
In morbidly obese patients, plateau pressures up to 40 cm H2O may

ing RM, provided that close monitoring is maintained.
Prefer Pressure-Controlled Ventilation with Volume Guarantee (PCV

available, especially in laparoscopic procedures.
Consider conventional pressure-controlled ventilation when PCV-VG

acknowledging potential tidal volume variability.
Volume-controlled ventilation is also acceptable when PCV-VG is un

fixed tidal volume delivery is a priority.
Maintain peak airway pressure (Ppeak) ≤ 35 lt; 35 cm H2O when pos
Maintain plateau pressure (Pplat) ≤ 30 cm H2O when possible.
In specialized centers, consider using estimated transpulmonary pr

esophageal balloon) to guide fine-tuning of ventilation in supero
(BMI > 50 kg.m-2).

Aim to reduce driving pressure (DP) and maintain values ≤ 15 lt; 15
Maintain PEEP ≥ 5 cm H2O or individualized titration to optimize Pa

intraoperatively.
Consider titrating PEEP to ≥ 10 cm H2O to optimize PaO2/FiO2 ratio
Avoid low PEEP levels (< 5 lt; 5 cm H2O) in obese patients; individua

safe when paired with adequate hemodynamic monitoring.

PBW, Predicted Body Weight. For practical bedside application, the p
based reference table are provided in the Supplementary Material; ARD
ment Maneuver; PEEP Positive End-Expiratory Pressure; FiO2, Fraction
Volume Guarantee; Ppeak, Peak inspiratory pressure; Pplat, Plateau Pre
of arterial oxygen tension to fraction of inspired oxygen; GRADE, Gradin
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Pulmonary Complications (PPCs).102 Therefore, individual-
ized ventilatory strategies are required to optimize gas
exchange, ensure lung protection, and improve outcomes.

PICO clinical question
In obese adult surgical patients under general anesthesia
(P), do individualized protective ventilatory strategies (I),
compared to conventional ventilation (C), improve intrao-
perative gas exchange and reduce postoperative pulmonary
complications (O)?
GRADE
Recommendation

Evidence Quality

BW), based on Strong High.54,102

94%. Weak Low.129,130

ssociated with Conditional Low.129,130

. Strong Moderate.102,131

ion atelectasis Strong Moderate.132,133

be required dur- Conditional Moderate.34,129,130

-VG) when Conditional Moderate.48,49

is unavailable, Weak Low.48

available and Weak Low49

sible. Strong High.134

Strong High.61,135

essure (via
bese patients

Conditional Low.95,136

cm H2O. Strong Low.64,97,128

O2/FiO2 ratio Strong Moderate.137,138

and compliance. Strong Low.137,138

lized PEEP is Strong High.102

redicted body weight calculation formula and a simplified height-
SNet, Acute Respiratory Distress Syndrome Network; RM, Recruit-
of inspired oxygen; PCV-VG, Pressure-Controlled Ventilation with
ssure; BMI, Body Mass Index; DP, Driving Pressure; PaO2/FiO2, Ratio
g of Recommendations, Assessment, Development and Evaluation.
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Rationale and literature-based discussion
Obesity alters respiratory mechanics by increasing pleural
pressures, reducing lung volumes, and promoting airway clo-
sure. These changes reduce FRC below closing capacity and
increase the risk of atelectasis, especially in the dependent
lung regions.138 During anesthesia and mechanical ventila-
tion, these effects are exacerbated, demanding protective
ventilatory strategies.137

The use of tidal volumes based on Predicted Body Weight
(PBW) prevents volutrauma. Even in obese patients, using
actual body weight can result in excessive volumes and lung
stress.138
Summary Table Protective strategies for mechanical ventilation in obese surgical patients.

Strategy Recommended Target Clinical Considerations

Tidal Volume 6−8 mL.kg-1 of predicted
body weight (PBW)

Prevents volutrauma; actual body weight leads to excessive VTand
lung stress.

Peak Inspiratory
Pressure (Ppeak)

< 35 lt; 35 cm H2O Higher values may reflect increased resistance; requires monitoring of
delivered VT.

Plateau Pressure
(Pplat)

≤ 30 cm H2O Limits alveolar overdistension, especially important in reduced com-
pliance.

Driving Pressure
(DP)

≤ 15 cm H2O Marker of lung stress; reduction correlates with improved outcomes.

PEEP ≥ 5 cm H2O or individualized Counteracts atelectasis; titration based on compliance/DP improves
oxygenation.

Recruitment
Maneuvers (RM)

Apply in hypoxemia or during
PEEP titration

Ventilator-guided maneuvers preferred safety and consistency.

FiO₂ during RM 0.4−0.6 Reduces risk of absorption of atelectasis and oxygen toxicity.
Ventilatory Mode Prefer PCV-VG; PCV or VCV

acceptable
PCV-VG ensures target VTwith lower peak pressures; alternatives
require close monitoring.

Transpulmonary
Pressure
Monitoring

Consider in superobese (BMI
> 50 gt; 50 kg.m-2)

Esophageal balloon helps individualize PEEP and limit overdistension.

Extubation Early when feasible Prevents prolonged exposure to high pressures; ensure adequate
reversal of NMB and respiratory drive.

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; VT, Tidal Volume; Ppeak, Peak inspiratory pressure; Pplat, Plateau
Pressure; DP, Driving Pressure; PEEP, Positive End-Expiratory Pressure; RM, Recruitment Maneuver; FiO2, Fraction of inspired oxygen; PCV-
VG, Pressure-Controlled Ventilation with Volume Guarantee; PCV, Pressure-Controlled Ventilation; VCV, Volume-Controlled Ventilation;
BMI, Body Mass Index; NMB, Neuromuscular Blockade.
Mechanical ventilation during laparoscopic surgery

Laparoscopic surgery significantly alters respiratory mechan-
ics through pneumoperitoneum and surgical positioning
(e.g., Trendelenburg), leading to cephalad diaphragm dis-
placement, decreased pulmonary compliance, ventilation-
perfusion mismatch, and atelectasis.139 These changes
increase the risk of PPCs, underscoring the need for lung-
protective and individualized ventilation strategies.

Robot-assisted laparoscopic surgery
Robot-assisted laparoscopic procedures deserve specific
consideration within the laparoscopic context, because they
18
frequently involve steeper and more sustained Trendelen-
burg positioning, longer operative times, and limited physi-
cal access to the patient after docking. These factors can
accentuate reductions in respiratory system compliance,
increase airway pressures, and make frequent circuit adjust-
ments or recruitment maneuvers less practical once docking
is complete.139 In this setting, protective ventilation based
on predicted body weight remains the default strategy, but
it becomes particularly important to anticipate physiologic
deterioration, to monitor respiratory mechanics trends
closely, and to prioritize ventilatory adjustments that can
be implemented safely without repeated disconnections,
such as careful titration of PEEP, reassessment of driving
pressure, and attention to hemodynamic tolerance during
any recruitment strategy.140 This pragmatic framing aligns
the general principles of laparoscopy with the operational
constraints and physiologic burden commonly seen during
robotic surgery in steep Trendelenburg.
PICO clinical question
In adult surgical patients undergoing laparoscopic proce-
dures (P), do tailored ventilatory adjustments (I), compared
to conventional strategies (C), improve oxygenation and
reduce postoperative pulmonary complications (O)?



Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Use protective ventilation (6−8 mL.kg-1 predicted body weight + PEEP �5 cm H2O) as
the standard intraoperative strategy.

Strong High.141,142

Avoid conventional ventilation (8−10 mL.kg-1, no PEEP) due to increased complica-
tions and poorer oxygenation.

Strong High.141,143

Consider using PCV-VG over VCV to reduce airway pressures and improve compliance. Weak Low.144,145

Consider using PCV instead of VCV for improved inflammatory response and compli-
ance in select patients.

Weak Low.143,146

Prefer individualized PEEP titration (guided by DP, compliance, or EIT) rather than
fixed PEEP (e.g., 5 cm H2O or ZEEP).

Strong High.147,148

Consider alveolar Recruitment Maneuvers (RMs) to restore compliance and reduce
atelectasis, especially after pneumoperitoneum deflation.

Weak Moderate.149,150

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; PEEP, Positive End-Expiratory Pressure; PCV-VG, Pressure-Controlled
Ventilation with Volume Guarantee; VCV, Volume-Controlled Ventilation; PCV, Pressure-Controlled Ventilation; DP, Driving Pressure; EIT,
Electrical Impedance Tomography; ZEEP, Zero End-Expiratory Pressure; RM, Recruitment Maneuver; GRADE, Grading of Recommendations,
Assessment, Development and Evaluation.
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Rationale and literature-based discussion
Laparoscopic surgery induces physiological alterations
that reduce functional residual capacity, displace the dia-
phragm upward, and promote lung collapse, especially in
dependent regions. Protective ventilation strategies have
been associated with decreased incidence of atelectasis,
hypoxemia, and VILI.142 Conventional ventilation
increases pulmonary stress and systemic inflammation,
even in patients with healthy lungs, and should be
avoided.137
Summary Table Ventilatory strategies in laparoscopic surgery.

Strategy Impact / Recommendation

Protective ventilation (6−8 mL.kg-1 + PEEP) Reduces PPCs and improves oxygenation
Avoid conventional ventilation (no PEEP) Increases risk of VILI and complications
PCV-VG over VCV Reduces peak pressures and improves DP
PCV over VCV May reduce airway pressures
Individualized PEEP Improves compliance and intraoperative oxygenation
Recruitment maneuvers (after desufflation) Restore compliance and reduce atelectasis

PEEP, Positive End-Expiratory Pressure; PPCs, Postoperative Pulmonary Complications; VILI, Ventilator-Induced Lung Injury; PCV-VG, Pres-
sure-Controlled Ventilation with Volume Guarantee; VCV, Volume-Controlled Ventilation; PCV, Pressure-Controlled Ventilation; DP, Driving
Pressure.
Recommendation in the area of clinical uncertainty
Pressure-Controlled Ventilation (PCV) compared with Vol-
ume-Controlled Ventilation (VCV) did not reach the prede-
fined threshold of expert consensus in the Delphi process.
While PCV may confer physiological advantages, such as
reduced peak inspiratory pressures in patients with impaired
pulmonary compliance, the current body of evidence is
insufficient and inconsistent with respect to meaningful clin-
ical outcomes. This intervention should therefore be
regarded as falling within an area of clinical uncertainty,
highlighting the need for further high-quality randomized
19
controlled trials before routine adoption into perioperative
practice can be recommended.

Mechanical ventilation in critically Ill neurosurgical
patients

Mechanical ventilation in critically ill neurosurgical patients
presents unique challenges. It requires balancing optimal
gas exchange and protective ventilation while avoiding sec-
ondary neurological insults. Elevated Intracranial Pressure
(ICP), impaired autoregulation, and altered cerebrovascular
reactivity must all be considered when defining ventilation
strategies during the perioperative period (Fig. 3).151
PICO clinical question
In adult neurosurgical patients under general anesthesia
(P), do protective ventilatory strategies (I), compared to
conventional strategies (C), optimize gas exchange while
maintaining intracranial and cerebral hemodynamic sta-
bility (O)?



Figure 3 Brain-lung crosstalk. ABI, Acute Brain Injury; O2, Oxygen; CNS, Central Nervous System.

Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Protective ventilation (VT 6−8 mL.kg-1 PBW + PEEP �5 cm H2O) should be
the standard approach in neurosurgical patients.

Strong High.151,152

Avoid high tidal volumes (> 10 gt; 10 mL.kg-1 PBW) and ZEEP ventilation. Strong High.152,153

Avoid permissive hypercapnia (PaCO2 > 45 mmHg) in patients with ele-
vated ICP or impaired autoregulation.

Strong Moderate.154,155

Maintain normocapnia (PaCO2 35−40 mmHg), especially in patients with
elevated ICP.

Strong Moderate.154,155

In patients with invasive neuromonitoring (ICP, PbtO2), consider individu-
alized CO2 targets guided by cerebral parameters.

Conditional Low.156,155

VT, Tidal Volume; PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a
simplified height-based reference table are provided in the Supplementary Material; PEEP, Positive End-Expiratory Pressure; ZEEP, Zero
End-Expiratory Pressure; PaCO2, Arterial Carbon dioxide tension; ICP, Intracranial Pressure; PbtO2, Brain tissue oxygen tension; GRADE,
Grading of Recommendations, Assessment, Development and Evaluation.
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Rationale and literature-based discussion
Ventilatory management in acute brain injury requires balanc-
ing cerebral perfusion and Intracranial Pressure (ICP), both of
which are highly sensitive to arterial CO₂. While hypercapnia
increases cerebral blood flow and ICP, hypocapnia can reduce
ICP but risks cerebral hypoperfusion, especially in patients
with impaired autoregulation. For this reason, maintaining nor-
mocapnia (PaCO2 35−40 mmHg) is generally recommended,155

and routine hypocapnia should be avoided due to its associa-
tion with increased mortality.154 Protective ventilation with
moderate tidal volumes (6−8 mL.kg-1 PBW) and low PEEP
(»5 cm H2O) is generally safe and minimizes lung injury
20
without worsening ICP, as long as perfusion is preserved.156

However, the PROLABI trial showed increased mortality in
patients without ARDS using this strategy, suggesting it should
not be applied universally.153

Avoiding high tidal volumes and ZEEP is critical, as both
are linked to pulmonary complications and systemic inflam-
mation, which may worsen neurological outcomes.152

When neuromonitoring is available, CO2 targets and ven-
tilator settings should be individualized. Although hypercap-
nia may be tolerated in ARDS, it is contraindicated in brain
injury due to the risk of exacerbating ICP and cerebral
edema.155



Summary Table Key ventilation strategies in surgical patients with acute brain injury.

Clinical Strategy Practical Considerations and Physiological Impact

Protective ventilation (VT 6−8 mL.
kg-1 PBW + PEEP �5)

Minimizes VILI and atelectasis; well tolerated in most patients; monitor closely in absence
of ARDS

Avoid high VT (10 mL.kg-1) and
ZEEP

Associated with increased risk of atelectasis, pneumonia, inflammation, and neuroinjury
biomarkers.

Moderate PEEP ≥ 5 cm H2O Supports alveolar recruitment; safe for cerebral hemodynamics in stable patients.
Maintain normocapnia (PaCO2 35

−40 mmHg)
Optimizes balance between cerebral perfusion and ICP; preferred in most scenarios.

Avoid permissive hypercapnia May worsen ICP and cerebral edema; not recommended unless under advanced neuromo-
nitoring.

Individualized CO2 targets Adjust PaCO2 based on ICP, PbtO2, or jugular venous saturation when monitoring is avail-
able.

VT, Tidal Volume; PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a
simplified height-based reference table are provided in the Supplementary Material; PEEP, Positive End-Expiratory Pressure; VILI, Ventila-
tor-Induced Lung Injury; ICP, Intracranial Pressure; PaCO2, Arterial Carbon Dioxide Tension; PbtO2, Brain tissue oxygen tension.

Brazilian Journal of Anesthesiology 2026;76(5): 844814
Mechanical ventilation in thoracic surgery

Thoracic surgery poses unique challenges for intraoperative
ventilation. One-Lung Ventilation (OLV), often required for
exposure, alters mechanics, reduces functional residual
capacity, and increases the risk of hypoxemia and VILI. Pro-
tective strategies are therefore essential to ensure gas
exchange and reduce complications.157

Given the high incidence of hypoxemia during one-lung
ventilation, a structured stepwise approach is essential to
guide timely corrective interventions. A practical one-page
algorithm for the management of hypoxemia during OLV is
provided in the Supplementary Material (Supplementary
Appendix S3).
PICO clinical question
In adult patients undergoing thoracic surgery requiring
one-lung ventilation (P), do protective ventilatory strate-
gies (I), compared to conventional ventilation (C), improve
oxygenation and reduce postoperative pulmonary complica-
tions (O)?
Evidence-Based Recommendations.

Recommendation

Use low tidal volumes (4−6 mL.kg-1 PBW) during OLV to reduce lung
prevent VILI.

Apply moderate PEEP (5−10 cm H2O) to the dependent lung to prev
sis during OLV.

Avoid routine use of ZEEP during OLV due to increased risk of alveol
Prefer Pressure-Controlled Ventilation (PCV) or volume-guaranteed

modes to limit peak pressure.
Maintain plateau pressure ≤ 30 lt; 30 cm H2O and driving pressure id

≤ 12 lt; 12 cm H2O, maximum 15 cm H2O.
Consider individualized PEEP titration based on driving pressure or
Avoid unnecessary hyperoxia; target SpO2 92%−96% during OLV.
Recruitment maneuvers may be considered as rescue therapy for se

hypoxemia.

PBW, Predicted Body Weight. For practical bedside application, the p
based reference table are provided in the Supplementary Material; OLV
Positive End-Expiratory Pressure; ZEEP, Zero End-Expiratory Pressure; P
gen; SpO2, Peripheral Oxygen saturation; GRADE, Grading of Recommen
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Rationale and literature-based discussion
Thoracic surgery with OLV imposes unique challenges,
including increased risk of hypoxemia, volutrauma, and ate-
lectrauma due to asymmetric ventilation. Protective venti-
lation strategies are critical to mitigate these risks.162

During OLV, hypoxemia is predominantly driven by shunt
and ventilation−perfusion mismatch and may be exacer-
bated by tube malposition, inadequate PEEP in the depen-
dent lung, or excessive collapse of the non-dependent lung.
A systematic evaluation of these factors is therefore
required before escalation of rescue therapies.

RCTs and meta-analyses confirm that low tidal volumes
(4−6 mL.kg-1 PBW) reduce barotrauma and Postoperative
Pulmonary Complications (PPCs) during OLV.157 Recruitment
maneuvers during OLV should not be applied routinely and
are best reserved as rescue interventions for severe or
refractory hypoxemia, with careful attention to hemody-
namic tolerance and surgical conditions.

In cases of refractory hypoxemia during one-lung ven-
tilation, additional rescue strategies may be considered
after optimization of ventilatory settings and oxygenation
GRADE
Recommendation

Evidence Quality

stress and Strong High.158,159

ent atelecta- Strong Moderate.160,161

ar collapse. Strong Moderate.162,163

pressure Conditional Moderate.47,164

eally Strong Moderate.165,166

compliance. Conditional Low.167

Strong Moderate.168,169

vere Weak Low.163,170

redicted body weight calculation formula and a simplified height-
, One-Lung Ventilation; VILI, Ventilator-Induced Lung Injury; PEEP,
CV, Pressure-Controlled Ventilation; FiO2, Fraction of inspired oxy-
dations, Assessment, Development and Evaluation.
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measures. These include selective pulmonary vasodila-
tors, jet ventilation to the non-dependent lung, and
optimization of anesthetic depth to preserve hypoxic pul-
monary vasoconstriction when clinically appropriate.
Although evidence supporting these interventions
remains limited, they may be useful in selected patients
and should be individualized according to surgical, phys-
iological, and hemodynamic conditions. A practical step-
wise approach to the management of hypoxemia during
one-lung ventilation is provided in Supplementary
Appendix S3.
Summary Table Protective ventilation strategies for thoracic surgery.

Strategy Clinical Application and Considerations

Low tidal volume (4−6 mL.kg-1 PBW) Reduces alveolar overdistension and risk of VILI during OLV
Moderate PEEP (5−10 cm H2O) Improves oxygenation and lung compliance in the dependent lung
Plateau pressure ≤ 30 cm H2O Avoids excessive alveolar stretch and barotrauma
Driving Pressure ≤ 15 lt; 15 cm H2O

(ideally ≤ 12 lt; 12 cm H2O)
Strong predictor of outcomes.

Pressure-controlled or PCV-VG modes May reduce peak inspiratory pressure and improve distribution of ventilation
Avoid hyperoxia Target SpO2 between 92%−96% to prevent oxidative injury
Individualized PEEP titration Optimize compliance and driving pressure in selected patients
Recruitment Rescue in severe hypoxemia Use cautiously, not routine.

PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a simplified height-
based reference table are provided in the Supplementary Material; VILI, Ventilator-Induced Lung Injury; OLV, One-Lung Ventilation; PEEP,
Positive End-Expiratory Pressure; PCV, Pressure-Controlled Ventilation; PCV-VG, Pressure-Controlled Ventilation with Volume Guarantee;
SpO2, Peripheral Oxygen saturation.
Ventilatory strategies during cardiac surgery
Cardiac surgery with Cardiopulmonary Bypass (CPB) indu-
ces significant pulmonary dysfunction due to factors like
lung deflation, ischemia-reperfusion, hypothermia, and
systemic inflammation, leading to atelectasis, impaired
gas exchange, and increased risk of PPCs.171
PICO clinical question
In adult patients undergoing cardiac surgery with cardiopul-
monary bypass (P), do lung-protective ventilation strategies,
including recruitment maneuvers and individualized PEEP
(I), compared to conventional ventilation (C), improve gas
exchange and reduce postoperative pulmonary complica-
tions (O)?
Evidence-Based Recommendations.

Recommendation

Perform alveolar recruitment maneuvers at the end of CPB to re-ex
lung regions.

Use individualized PEEP titration (e.g., based on compliance or driv
after RM to maintain alveolar patency.

Avoid high fixed PEEP levels without prior RM due to potential overd
hemodynamic compromise.

Use protective ventilation (6−8 mL.kg-1 PBW, Pplat ≤ 30 cm H2O) th
gery, including before and after CPB.

CPB, Cardiopulmonary Bypass; PEEP, Positive End-Expiratory Pressure; R
tical bedside application, the predicted body weight calculation formul
Supplementary Material; Pplat, Plateau Pressure; GRADE, Grading of Re
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Rationale and literature-based discussion
Cardiopulmonary Bypass (CPB) leads to transient but signifi-
cant loss of pulmonary aeration due to factors like lung
deflation during extracorporeal circulation and systemic
inflammation. Studies show that this promotes atelectasis
formation, gas exchange impairment, and subsequent devel-
opment of PPCs such as hypoxemia, pneumonia, or acute
lung injury.176

During cardiopulmonary bypass, lung ventilation is often
reduced or temporarily interrupted, which may further
exacerbate atelectasis and pulmonary inflammation. When
technically feasible, the application of low-level continuous
positive airway pressure or very low tidal volume ventilation
during CPB has been proposed to mitigate lung collapse,
although available evidence remains heterogeneous and does
not support a uniform approach. Therefore, ventilatory man-
agement during CPB should be individualized according to
surgical conditions and institutional practice, with emphasis
on prompt re-establishment of lung-protective ventilation
strategies immediately after separation from bypass.

Recruitment Maneuvers (RMs) following CPB have been
shown to reopen collapsed alveolar units and restore
functional residual capacity. When followed by PEEP
titration based on best compliance or driving pressure,
the likelihood of alveolar stability increases, and oxygen-
ation is maintained.172
GRADE
Recommendation

Evidence Quality

pand collapsed Strong Moderate.172−174

ing pressure) Conditional Moderate.173,174

istension and Strong Moderate.171,172

roughout sur- Strong Low.10,175

M, Recruitment Maneuver; PBW, Predicted Body Weight. For prac-
a and a simplified height-based reference table are provided in the
commendations, Assessment, Development and Evaluation.



Summary Table Protective strategies in cardiac surgery.

Strategy Clinical Application and Considerations

Alveolar recruitment maneuvers post-CPB Re-expand atelectatic lung regions and restore aeration
Individualized PEEP titration Maintains alveolar patency and optimizes compliance or driving pressure
Avoid high fixed PEEP without RM Prevents overdistension and hemodynamic instability
Protective ventilation (6−8 mL.kg-1 PBW) Minimizes VILI and supports lung-protective intraoperative care

CPB, Cardiopulmonary Bypass; PEEP, Positive End-Expiratory Pressure; RM, Recruitment Maneuver; PBW, Predicted Body Weight. For prac-
tical bedside application, the predicted body weight calculation formula and a simplified height-based reference table are provided in the
Supplementary Material; VILI, Ventilator-Induced Lung Injury.
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Pediatric intraoperative mechanical ventilation:
modalities and settings

Perioperative mechanical ventilation in pediatric patients can
negatively impact pulmonary function even in the absence of
pre-existing lung disease.177 Specific ventilatory strategies
Evidence-Based Recommendations.

Recommendation GRADE
Recommendation

Evidence Quality

Use Pressure-Controlled Ventilation with Volume Guarantee (PCV-VG) in healthy
pediatric patients.

Weak Moderate.180

Consider Pressure Support Ventilation (PSV) with PEEP to maintain spontaneous
breathing.

Conditional Moderate.181,182

Avoid spontaneous ventilation without ventilatory support. Strong Moderate.182

Use tidal volumes of 5−8 mL.kg-1 of ideal body weight. Strong High.177,179

Avoid tidal volumes > 10 gt; 10 mL.kg-1. Strong High.177,179

Plateau pressure ≤ 28 cm H2O in healthy lungs or ≤ 32 cm H2O in obstructive dis-
ease.

Conditional Moderate.183,184

Maintain driving pressure ≤ 15 lt; 15 cm H2O. Conditional Moderate.183

Use PEEP between 5−8 cm H2O to prevent alveolar collapse. Conditional Low.178

Perform intermittent alveolar recruitment maneuvers, particularly after induction
or disconnection.

Strong High.185,186

Combine recruitment maneuvers with PEEP. Conditional High.185,186

Use bedside lung ultrasound to guide recruitment strategies and detect atelectasis. Conditional Moderate.187

Avoid routine use of FiO2 = 1.0 due to risk of absorption atelectasis and heteroge-
neous ventilation.

Strong High.188,189

Prefer FiO2 < 0.8 throughout the perioperative period, titrated according to need. Conditional Moderate.188

Consider use of PEEP or CPAP during induction and emergence to reduce atelecta-
sis.

Conditional Low.189

PCV-VG, Pressure-Controlled Ventilation with Volume Guarantee; PSV, Pressure Support Ventilation; PEEP, Positive End-Expiratory
Pressure; PBW, Predicted Body Weight. For practical bedside application, the predicted body weight calculation formula and a sim-
plified height-based reference table are provided in the Supplementary Material; DP, Driving pressure; RM, Recruitment Maneuver;
FiO2, Fraction of inspired oxygen; CPAP, Continuous Positive Airway Pressure; GRADE, Grading of Recommendations, Assessment,
Development and Evaluation.
can minimize complications such as atelectasis, hypoxemia,
and VILI, promoting better perioperative outcomes.178 Evi-
dence in pediatric perioperative ventilation remains limited,
with most recommendations extrapolated from adult studies
or based on small pediatric trials.179 Therefore, these recom-
mendations should be interpreted with caution and adapted
to individual patient characteristics.
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PICO clinical question
In pediatric surgical patients under general anesthesia
(P), do protective ventilatory strategies (I), compared to
conventional ventilation (C), improve intraoperative oxy-
genation and reduce postoperative pulmonary complica-
tions (O)?
Rationale and literature-based discussion
Pediatric patients are more vulnerable to ventilator-
induced lung injury because of their small airway diame-
ter, high chest wall compliance, and immature alveoli177,
and thus strategies that minimize airway pressures are
preferred. PCV-VG achieves the target tidal volume with
lower airway pressures. PCV may reduce barotrauma risk,
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while VCV remains safe with modern ventilators despite
variations in respiratory compliance.180 Moreover, sup-
porting spontaneous breathing with PSV and PEEP reduces
atelectasis and facilitates recovery compared to unsup-
ported ventilation.181,182 Likewise, using tidal volumes of
5−8 mL.kg-1 reduces inflammation, whereas higher vol-
umes increase complications, and limiting plateau and
driving pressures further prevents lung injury.179,183 In
addition, PEEP stabilizes alveoli and prevents collapse,
while recruitment maneuvers and bedside lung ultrasound
help reopen and detect atelectasis.178 Finally, high oxy-
gen fractions (= 1.0) promote absorption atelectasis and
heterogeneity, whereas keeping FiO2 below 0.8 and using
CPAP or PEEP during induction and emergence improves
homogeneity and reduces collapse.189
Summary Table Pediatric protective ventilation strategies.

Strategy Application in Pediatric Intraoperative Ventilation

PCV-VG or PCV modes Reduced barotrauma risk and better volume control
PSV + PEEP Maintains spontaneous ventilation with reduced atelectasis risk
Avoid unsupported spontaneous breathing Risk of hypoventilation and alveolar collapse
Tidal volume 5−8 mL.kg-1 Optimal lung protection
Plateau pressure ≤ 28−32 cm H2O Minimizes barotrauma
Driving pressure ≤ 15 lt; 15 cm H2O Limits lung stress
PEEP 5−8 cm H2O Prevents atelectasis
Recruitment maneuvers Re-expand collapsed alveoli post-induction or disconnection
Bedside lung ultrasound Atelectasis detection and recruitment guidance
FiO2 < 0.8 Reduces oxidative injury and ventilation heterogeneity
PEEP/CPAP during induction/emergence Prevents collapse and improves recovery

PCV-VG, Pressure-Controlled Ventilation with Volume Guarantee; PCV, Pressure-Controlled Ventilation; PSV, Pressure Support Ventilation;
PEEP, Positive End-Expiratory Pressure; DP, Driving Pressure; FiO2, Fraction of inspired oxygen; CPAP, Continuous Positive Airway Pressure.
Discussion

This consensus guideline represents the most comprehensive
effort to date in Brazil to standardize perioperative mechan-
ical ventilation practices based on current evidence. While
protective strategies are well established in critical care,
their translation into the intraoperative setting has histori-
cally been inconsistent. Our recommendations reinforce the
concept that even short-term exposure to injurious ventila-
tory patterns, such as high tidal volumes, low or absent
PEEP, excessive FiO2, or unchecked driving pressures may
result in atelectasis, impaired oxygenation, ventilator-
induced lung injury, and ultimately, PPCs.

A central strength of this work is its structured methodol-
ogy: 17 clinical questions formulated using the PICO frame-
work, systematic literature searches, evidence grading with
the GRADE system, and consensus-building through panel
discussions. This process ensured transparency, reproducibil-
ity, and alignment with international standards. Further-
more, the inclusion of specific surgical populations (obese,
pediatric, thoracic and cardiac surgery, and patients with or
without acute lung injury) increases the applicability of
these recommendations to diverse perioperative contexts.

Several key principles emerged consistently across chapters:

� Protective ventilation strategies should be applied to all

surgical patients, not only to those at high risk or with
preexisting lung disease.31,138,177
24
� Individualization of PEEP and FiO2 is essential to optimize
gas exchange while minimizing harm.34,74,98

� Driving pressure and plateau pressure are valuable bed-
side markers of lung protection and should be monitored
routinely.64,65,128

� Recruitment maneuvers should not be used indiscrimi-
nately but remain an important rescue intervention in
selected patients.34,129,131

� Standardized definitions of PPCs are crucial for clinical
care, research, and benchmarking.19-21
Implementation and quality indicators

The clinical impact of perioperative mechanical ventilation
strategies depends not only on the strength of evidence, but
also on their consistent implementation and monitoring in
routine practice. Translating these recommendations into
institutional protocols, checklists, and education programs
may facilitate adherence and reduce unwarranted variabil-
ity in perioperative care.

The use of simple and measurable quality indicators may
support implementation and audit processes. Examples
include the proportion of patients ventilated with tidal vol-
umes based on predicted body weight, documentation of
intraoperative oxygenation targets, avoidance of unnecessary
hyperoxia, and the systematic identification of postoperative
pulmonary complications using standardized definitions. Moni-
toring these indicators over time allows benchmarking, identi-
fication of gaps in care, and continuous quality improvement.

Importantly, implementation strategies should be
adapted to local resources, case mix, and organizational
structures, ensuring feasibility while preserving the core
principles of lung protection and patient safety outlined in
this consensus.
Strengths and limitations

Despite these strengths, limitations should be acknowl-
edged. The available evidence in some areas, particularly
advanced monitoring, pediatric patients, and neurosurgical
or cardiac surgery contexts remains limited or heteroge-
neous. As such, some recommendations are conditional and
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based on moderate or low certainty of evidence. Further-
more, the guideline reflects consensus among Brazilian
experts and may require contextual adaptation in other
health systems with different resources and perioperative
practices. Ongoing research and periodic updates will be
necessary to maintain relevance as new evidence emerges.
Conclusion

This guideline provides an evidence-based, consensus-driven
framework for perioperative mechanical ventilation in adult
surgical patients. By addressing 17 structured clinical ques-
tions across diverse perioperative scenarios, it emphasizes
the consistent application of protective ventilation strate-
gies, the standardization of definitions, and the individuali-
zation of ventilatory settings to patient physiology and
surgical context.

Adoption of these recommendations by anesthesiologists
and perioperative teams is expected to reduce postopera-
tive pulmonary complications, improve patient outcomes,
and harmonize clinical practice across institutions in Brazil.
These guidelines are also a foundation for future research
and continuous improvement in perioperative respiratory
care. These recommendations should be periodically
reviewed and updated, ideally every five years or sooner if
disruptive new evidence emerges to ensure ongoing align-
ment with best practices in perioperative respiratory care.
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