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Abstract

Postoperative respiratory failure (PRF) remains a pervasive clinical challenge that substan-
tially contributes to perioperative morbidity, mortality, and prolonged ICU stay. Although
conventional oxygen therapy is often sufficient, a significant subset of high-risk patients
requires escalation to advanced non-invasive support to avoid reintubation and inva-
sive mechanical ventilation. Evidence from recent randomized trials, including the 2025
RENOVATE and Goret et al. studies, indicates that both non-invasive ventilation (NIV)
and high-flow nasal oxygen (HFNO) reduce postoperative pulmonary complications and
reintubation in selected high-risk populations. While NIV is preferred for hypercapnic
ventilatory failure and is commonly used in selected high-risk cardiac surgery patients,
HFNO offers comparable outcomes in pure hypoxemic failure with the added benefits
of superior patient tolerance and a lower incidence of interface-related complications.
Effective PRF management necessitates an individualized, physiology-based approach.
By implementing a phenotype-driven algorithm that aligns device mechanics with the
dominant pathophysiology, such as atelectasis versus pump failure, clinicians can optimize
patient outcomes while minimizing the specific risks associated with delayed intubation.

Keywords: non-invasive ventilation; NIV; high-flow nasal cannula; HFNO; oxygen;
postoperative respiratory failure; post-extubation; reintubation; hypoxemic respiratory
failure; hypercapnic respiratory failure

1. Introduction
Postoperative respiratory failure (PRF) is a frequent and serious complication of ma-

jor surgery, leading to increased mortality, prolonged intensive care unit (ICU) length
of stay, and higher rates of healthcare-associated infections. Because invasive mechani-
cal ventilation (IMV) carries additional risks, including ventilator-associated pneumonia
(VAP), delirium, and neuromuscular weakness, there is increasing interest in non-invasive
ventilatory support strategies for at-risk surgical patients.

PRF results from a convergence of anesthetic effects, surgical insult, and patient
comorbidities that narrow the margin of respiratory safety [1]. General anesthesia promotes
atelectasis and diaphragmatic dysfunction, whereas postoperative pain, fluid shifts, and
supine positioning further limit ventilation and impair secretion clearance. These factors
are amplified in patients with obesity, obstructive sleep apnea (OSA), chronic lung disease,
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or advanced age, in whom the baseline pulmonary reserve is reduced and even minor
perturbations can precipitate respiratory failure [2–4].

Reintubation and IMV are often lifesaving when PRF occurs but impose substantial
short- and long-term costs. IMV exposes patients to ventilator-associated pneumonia (VAP),
ventilator-induced lung injury, hemodynamic instability, delirium, and ICU-acquired neuro-
muscular weakness and may contribute to persistent cognitive and functional impairment
after discharge [5–9]. These risks have led to increased interest in strategies that can avoid
reintubation in high-risk surgical patients.

Non-invasive respiratory support modalities, including high-flow nasal oxygen
(HFNO), continuous positive pressure ventilation (CPAP), and non-invasive ventilation
(NIV), are increasingly used in the perioperative period to prevent or treat early PRF by
improving oxygenation, recruiting atelectatic lung, and reducing work of breathing [10].
However, the optimal timing, patient selection, and choice among these modalities remain
uncertain across different surgical populations, with conflicting trial data and heteroge-
neous outcomes. This review summarizes the current evidence on HFNO and NIV in
the postoperative setting and proposes a phenotype-driven, mechanism-informed ap-
proach to non-invasive respiratory support that aligns the modality with the dominant
pathophysiologic derangement.

2. Methods
A narrative review (rather than a systematic review) of the medical literature was

conducted to evaluate the efficacy, safety, and physiologic rationale for non-invasive res-
piratory support in the postoperative setting. We performed a targeted search of the
PubMed/MEDLINE, EMBASE, and Cochrane Library databases for studies published
from database inception through January 2025. The search strategy utilized a combination
of Medical Subject Headings (MeSH) and free-text terms, including “non-invasive venti-
lation,” “NIV,” “non-invasive positive pressure ventilation,” “NIPPV,” “high-flow nasal
cannula,” “HFNC,” “high-flow nasal oxygen,” “HFNO,” “postoperative respiratory fail-
ure,” “post-extubation,” “reintubation,” “hypoxemic respiratory failure,” and “hypercapnic
respiratory failure.”

We prioritized high-quality evidence from randomized controlled trials (RCTs), sys-
tematic reviews, and meta-analyses involving adult surgical populations. Special emphasis
was placed on recent landmark trials most relevant to perioperative respiratory support
published between 2023 and 2025 to ensure that the review reflects the most current clinical
data. Two independent reviewers (RS and DP) screened the titles and abstracts for relevance
to the adult surgical population. Disagreements regarding study inclusion were resolved
through consensus and consultation with a third senior author.

Studies were selected based on methodological rigor, relevance to perioperative patho-
physiology, and applicability to clinical management. We excluded studies focusing pri-
marily on pediatric populations or those involving home mechanical ventilation for chronic
stable disease, unless relevant to the acute perioperative period. Owing to the narrative
design of this review, a formal quantitative meta-analysis or systematic grading of evidence
quality (GRADE) was not performed. Instead, we aimed to provide a critical synthesis of
heterogeneous data to inform clinical decision-making. Therefore, this article is based on
clinical synthesis rather than a standardized statistical appraisal. However, we acknowl-
edge the inherent risk of selection bias compared with a formal systematic review because
the search was targeted toward high-impact landmark trials rather than an exhaustive
inclusion of every available study. The proposed phenotype-driven framework reflects an
interpretive synthesis of evidence to date. While grounded in physiologic rationale, other
clinicians may weigh the importance of specific parameters differently.
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3. Physiology and Mechanisms of Postoperative Respiratory Failure
PRF represents the final common pathway of multiple perioperative physiologic de-

rangements that impair ventilation, gas exchange, and respiratory muscle performance
(Table 1) [11]. These abnormalities are caused by the combined effects of general anesthe-
sia, surgical trauma, patient positioning, postoperative pain, sedation, and pre-existing
cardiopulmonary disease.

Table 1. Pathophysiologic Mechanisms of Postoperative Respiratory Failure and Optimal Non-
Invasive Respiratory Support Modality. Abbreviations: BiPAP, bilevel positive airway pressure; CO2,
carbon dioxide; COPD, chronic obstructive pulmonary disease; CPAP, continuous positive airway
pressure; FiO2, fraction of inspired oxygen; FRC, functional residual capacity; HFNO, high-flow nasal
oxygen; NIV, non-invasive ventilation; OHS, obesity hypoventilation syndrome; OSA, obstructive
sleep apnea; PaCO2, partial pressure of arterial carbon dioxide; V/Q, ventilation–perfusion.

Dominant
Mechanism

Physiologic
Derangement Clinical Features Preferred

Modality Rationale

Atelectasis & shunt
↓ FRC, alveolar

collapse,
V/Q mismatch

Hypoxemia, basal
opacities, low lung

volumes
CPAP or BiPAP

Provides sustained
transpulmonary pressure

and lung recruitment

Upper airway
collapse

(OSA, obesity)

Pharyngeal instability,
expiratory collapse

Desaturations, snoring,
post-extubation

obstruction
CPAP

Stents airway and
stabilizes end-expiratory

patency

Pure hypercapnic
ventilatory failure

↓ Tidal volume, ↑ dead
space, respiratory

muscle fatigue

Elevated PaCO2,
acidosis,

somnolence, altered
mental status

BiPAP/NIV Augments ventilation and
unloads respiratory muscles

Mixed hypoxemic +
hypercapnic failure

Combined shunt +
ventilatory pump failure

COPD, OHS,
opioid-induced
hypoventilation

BiPAP/NIV
Simultaneously improves

oxygenation
and ventilation

Pure hypoxemic
respiratory failure

Impaired oxygen
diffusion

without hypercapnia

Tachypnea, low PaO2,
preserved CO2

HFNO or CPAP Improves FiO2 delivery
and partial recruitment

Secretion burden &
impaired clearance

Dehydrated mucus,
ineffective cough

Atelectasis, rhonchi,
mucus plugging HFNO Humidification improves

secretion mobilization

Cardiogenic
pulmonary edema

↑ Hydrostatic pressure,
alveolar flooding

Crackles, rapid
desaturation

CPAP or
BiPAP

Reduces preload/afterload
and recruits alveoli

General anesthesia rapidly alters pulmonary physiology, with functional residual
capacity (FRC) decreasing by approximately 15–20% following induction. This reduction
is driven by diaphragmatic and intercostal muscle relaxation, loss of chest wall tone, and
supine positioning [12,13]. Decreased lung volume promotes early airway closure in depen-
dent lung regions, particularly in patients with obesity or underlying lung disease [14]. In
parallel, impaired surfactant function increases alveolar instability, while sedative-hypnotic
agents depress central respiratory drive and blunt protective airway reflexes. Residual
neuromuscular blockade may persist into the immediate post-extubation period, result-
ing in inadequate tidal volumes and ineffective cough. Together, these factors increase
susceptibility to hypoventilation, aspiration, and early postoperative hypoxemia [15].

Surgical trauma further increases respiratory dysfunction because upper abdomi-
nal and thoracic procedures produce reflex inhibition of diaphragmatic activity through
phrenic nerve pathways, leading to pronounced diaphragmatic weakness and paradoxical
breathing patterns that may persist for 24–72 h following surgery [16]. In addition, postop-
erative pain induces splinting and reduced inspiratory effort, which limits lung expansion
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and impairs secretion mobilization, thereby synergistically worsening dependent lung
collapse and perpetuating hypoxemia [17].

Atelectasis is the most common pulmonary abnormality after surgery, affecting up
to 75–90% of patients receiving general anesthesia [3]. Collapse of dependent lung zones
produces intrapulmonary shunt and severe ventilation-perfusion mismatch, leading to
refractory hypoxemia. Furthermore, fluid shifts and intraoperative transfusions may lead to
postoperative pulmonary edema that worsens oxygenation and diffusion impairment [18].

In select patients, particularly those with chronic obstructive pulmonary disease
(COPD), obesity hypoventilation syndrome (OHS), or neuromuscular weakness, hypercap-
nia rather than hypoxemia may dominate PRF [19,20]. In these patients, increased dead
space ventilation, reduced tidal volumes, and respiratory muscle fatigue contribute to
CO2 retention.

Postoperative impairment of cough strength, mucociliary function, and airway reflexes
further compromises protection during a period of increased risk of aspiration [21,22].
Sedation and reduced inspiratory flow limit effective secretion clearance, which promotes
mucus plugging, atelectasis, and secondary infection [23]. Deficits in humidification further
impair secretion mobilization and increase the work of breathing [24].

Pre-existing patient characteristics also influence risk; increased chest wall elastance
and reduced FRC promote airway collapse at end-expiration in patients with obesity. Peri-
operative airway instability is heightened in those with OSA, and sensitivity to sedatives
further increases the risk of ventilatory compromise [25]. Advancing age also reduces
physiologic reserve through a decline in respiratory muscle strength and poor pulmonary
elastic recoil [26].

Collectively, these mechanisms form two dominant physiologic phenotypes of post-
operative respiratory failure. These include a predominantly hypoxemic form driven by
atelectasis, shunt, and pulmonary edema and a predominantly ventilatory form driven
by respiratory muscle weakness and chronic ventilatory pump disease [6,27]. This dis-
tinction provides mechanistic justification for selecting specific non-invasive respiratory
support strategies, such as lung recruitment-focused modalities for hypoxemic failure and
ventilatory unloading-focused modalities for hypercapnic failure, while HFNO serves as
an intermediate therapy in appropriately selected patients [28].

4. Physiology of Non-Invasive Respiratory Support Modalities
Non-invasive respiratory support modalities improve gas exchange and reduce respira-

tory muscle workload through distinct yet overlapping physiologic mechanisms (Table 2) [29].
Although CPAP, BiPAP, and HFNO are often clinically grouped together, they exert fun-
damentally different effects on lung volumes, airway pressures, and ventilatory mechan-
ics [30]. Understanding these differences is essential for matching individual modalities to
the dominant physiologic derangements that characterize PRF.

CPAP delivers a constant distending pressure throughout the respiratory cycle,
thereby increasing transpulmonary pressure and maintaining alveolar patency at end-
expiration [6,31]. CPAP increases FRC and reduces intrapulmonary shunt by preventing
end-expiratory alveolar collapse, leading to improved oxygenation [32]. This mechanism
directly counteracts the atelectasis-predominant physiology that characterizes most post-
operative hypoxemic respiratory failure [2]. In addition to its effects on lung recruitment,
CPAP stabilizes collapsible upper airways and reduces LV preload and afterload. These
features make it particularly effective in patients with OSA, obesity-related airway collapse,
and cardiogenic pulmonary edema [33]. However, because CPAP does not augment tidal
volume or directly support ventilation, it provides limited benefit in isolated hypercapnic
respiratory failure [28].
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Table 2. Physiologic Effects of Non-Invasive Respiratory Support Modalities. Abbreviations:
AVAPS, average volume-assured pressure support; BiPAP, bilevel positive airway pressure; CO2, car-
bon dioxide; CPAP, continuous positive airway pressure; EPAP, expiratory positive airway pressure;
FiO2, fraction of inspired oxygen; FRC, functional residual capacity; HFNO, high-flow nasal oxygen;
MV, minute ventilation; NIV, non-invasive ventilation; OSA, obstructive sleep apnea; PEEP, positive
end-expiratory pressure; RF, respiratory failure; RR, respiratory rate. * Evidence in postoperative
populations is limited; use is extrapolated from non-surgical hypercapnic settings.

Modality Primary
Mechanism

Effect on
Oxygenation

Effect on
Ventilation

Effect on
Work of

Breathing

Best Clinical
Phenotype

Key
Limitations

CPAP

Sustained
positive

end-expiratory
pressure

↑ FRC,
↑ alveolar

recruitment,
↓ shunt

Minimal effect on
CO2 clearance

↓ work via
improved

compliance

Hypoxemic respiratory
failure, OSA,

cardiogenic pulmonary
edema

No direct
ventilatory

support

BiPAP
EPAP +

inspiratory
pressure support

↑ Oxygenation
secondary to
recruitment

↑ Tidal volume, ↑
CO2 clearance

Significant
unloading of
respiratory

muscles

Hypercapnic respiratory
failure, mixed
phenotypes,

opioid-induced
hypoventilation

Mask
intolerance,

air leaks

AVAPS *
Auto-adjusting

pressure to target
tidal volume

↑ Oxygenation
secondary to
recruitment

Aims to stabilize
MV and

attenuate
hypercapnia

Potential for
ventilatory
unloading

Variable hypercapnic
states, fluctuating

mechanics

Limited
postoperative
data; requires

specialized
equipment.

HFNO

High-flow
humidified

oxygen, dead
space washout

↑ FiO2 stability,
mild PEEP

effect

Minimal CO2
clearance via
dead space

washout only

↓ RR, ↓ dyspnea,
↓ inspiratory

resistance

Hypoxemic RF without
ventilatory failure, poor

NIV tolerance

Limited
ventilatory

support

Conventional
Oxygen Passive oxygen ↑ FiO2 only No effect No unloading Mild hypoxemia No recruitment or

ventilation support

BiPAP builds upon the recruitment benefits of CPAP by providing pressure support
during inspiration. BiPAP increases tidal volume, improves alveolar ventilation, and en-
hances carbon dioxide clearance while simultaneously maintaining lung recruitment by
delivering a higher inspiratory pressure (IPAP) relative to expiratory pressure (EPAP) [6,28].
This dual effect allows BiPAP to correct hypoxemia and unload fatigued respiratory muscles.
In the postoperative setting, BiPAP is therefore best suited for patients with hypercapnic
respiratory failure, mixed hypoxemic-hypercapnic phenotypes, opioid-induced hypoven-
tilation, or underlying ventilatory pump disease such as chronic obstructive pulmonary
disease (COPD) or OHS [34]. BiPAP mitigates respiratory muscle fatigue by reducing
inspiratory effort and work of breathing at a time when postsurgical pain, sedation, and
diaphragmatic dysfunction already compromise ventilatory mechanics [35].

These principles are extended by volume-targeted modes, such as average volume-
assured pressure support (AVAPS). Unlike fixed-level pressure support, AVAPS dynam-
ically modulates inspiratory pressure to maintain a preset target tidal volume, thereby
stabilizing minute ventilation and offering a more consistent control of hypercapnia. A re-
cent review by Misseri and colleagues describes the expanding range of perioperative
noninvasive respiratory support modalities and highlights growing interest in individual-
ized application based on patient characteristics and surgical context, while emphasizing
the heterogeneity and limited postoperative outcome data across available studies [36].
Importantly, this review does not provide modality-specific recommendations and does not
synthesize postoperative efficacy data for volume-targeted modes. While there is a physio-
logic rationale for AVAPS, the supporting evidence is largely extrapolated from chronic
and acute hypercapnic syndromes, and postoperative-specific data remain limited [37,38].
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HFNO improves respiratory physiology through a distinct set of mechanisms that
do not primarily rely on applied airway pressure. By delivering heated, humidified
oxygen at flow rates that meet or exceed a patient’s inspiratory demand, HFNO minimizes
entrainment of room air and provides a stable and predictable fraction of inspired oxygen.
Continuous high-flow delivery washes out nasopharyngeal dead space, reducing carbon
dioxide rebreathing and improving ventilatory efficiency. HFNO also generates a modest,
flow-dependent positive end-expiratory pressure effect at higher flow rates. This pressure
is typically lower than that achieved with CPAP but still contributes to partial alveolar
recruitment and end-expiratory lung volume stabilization [6,39,40]. Active humidification
is a defining feature of HFNO and plays a central role in maintaining mucociliary function,
secretion thinning, and cough effectiveness. By reducing inspiratory resistance, decreasing
respiratory rate, and alleviating dyspnea, HFNO consistently lowers the work of breathing
and improves subjective comfort. These properties make HFNO particularly well suited for
patients with predominantly hypoxemic respiratory failure, especially when mask-based
interfaces are poorly tolerated [39,41].

Despite these advantages, HFNO provides minimal direct ventilatory assistance and
therefore offers limited efficacy in the presence of significant hypercapnia [42,43]. In contrast
to BiPAP, HFNO does not significantly augment tidal volume or unload respiratory muscles
to the same degree. This distinction explains why HFNO performs comparably to NIV
in many postoperative patients with hypoxemia, yet it may be inferior when ventilatory
pump failure predominates [30,43].

Interface tolerance and patient-device interaction also substantially influence the
effectiveness of all non-invasive modalities in the real world. NIV interfaces may cause
discomfort, claustrophobia, pressure injury, air leaks, gastric insufflation, and impaired
secretion clearance, all of which contribute to premature discontinuation. In contrast,
HFNO allows uninterrupted speaking, eating, coughing, and expectoration with fewer
interface-related complications and markedly superior patient comfort [39,44]. These
practical differences explain why HFNO often demonstrates comparable clinical outcomes
to NIV in randomized trials despite providing weaker mechanical ventilatory support.

The physiologic effects of non-invasive respiratory support are best understood
through a phenotype-based framework. PRF driven by atelectasis, shunt, and diffusion
impairment favors modalities such as CPAP or NIV that provide sustained lung recruit-
ment. Phenotypes dominated by hypercapnia and ventilatory pump failure favor BiPAP-
based NIV. HFNO occupies an intermediate position as a highly tolerable oxygenation-
focused therapy for patients with hypoxemia without significant ventilatory failure. This
physiology-driven approach provides a mechanistic foundation for the rational, individual-
ized selection of non-invasive respiratory support in the postoperative setting [6,28,39,41].

5. Non-Invasive Ventilation
NIV plays a central role in the management of postoperative respiratory failure,

particularly when respiratory mechanics and gas exchange are significantly impaired.
Among non-invasive strategies, NIV has the strongest evidence in the postoperative setting,
with distinct roles for CPAP-dominant lung recruitment in hypoxemic failure and BiPAP-
based ventilatory support in hypercapnic respiratory failure (Table 3) [5]. Evidence is
strongest for NIV in high-risk patients, where it reduces reintubation rates, infectious
complications, and ICU length of stay compared with conventional oxygen therapy [9,29].
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Table 3. Summary of key randomized controlled trials evaluating non-invasive respiratory support
in postoperative and high-risk patients. Abbreviations: BiPAP, bilevel positive airway pressure;
CABG, coronary artery bypass graft; COT, conventional oxygen therapy; CPAP, continuous posi-
tive airway pressure; HFNO, high-flow nasal oxygen; IS, incentive spirometry; NIV, non-invasive
ventilation; RCT, randomized controlled trial.

Study/Year Study Design Population Intervention Control Results

Matte et al., 2000 [45] RCT 96 CABG patients NIV (CPAP or
BiPAP)

Incentive
spirometry (IS)

CPAP/BiPAP improved
pulmonary function vs

IS alone

Stéphan et al., 2015 [46] Multicenter,
open-label RCT

220 postoperative
patients HFNO NIV (BiPAP)

No difference in
treatment failure; HFNO

better tolerated

Futier et al., 2016 [47] Multicenter RCT 220 major abdominal
surgery patients HFNO

Conventional
oxygen

therapy (COT)

No difference in post-
extubation hypoxemia

Jaber et al., 2016 [35] Multicenter RCT

293 postoperative
patients with
hypoxemic

respiratory failure

NIV (BiPAP) COT NIV significantly reduced
reintubation rates

Yu et al., 2017 [48] RCT

108 patients
undergoing

thoracoscopic
lobectomy

HFNO COT
HFNO significantly

improved oxygenation at
1 h

Abrard et al., 2023 [49] Multicenter,
open-label RCT

253 high-risk
postoperative

patients

Prophylactic
face-mask

NIV (BiPAP)

Usual
postoperative care

No difference in acute
respiratory failure

Goret et al., 2025 [50] Prospective,
single-center RCT

216 high-risk
postoperative

patients

NIV (BiPAP)
5 days pre-

and post-surgery
Usual care NIV reduced

cardiorespiratory failure

RENOVATE, 2025 [41] Multicenter RCT
1766 hospitalized
adults with acute
respiratory failure

HFNO Face-mask
NIV (BiPAP)

HFNO non-inferior
to NIV

The evidence for NIV in the postoperative setting supports its therapeutic use for
established hypoxemic respiratory failure, particularly in high-risk patients following
abdominal surgery [5,35]. Compared with conventional oxygen therapy (COT), therapeutic
NIV significantly reduces the rates of reintubation and hospital-acquired pneumonia,
with favorable effects on ICU length of stay and mortality [5,35]. These benefits are most
consistently observed in patients with a high predicted risk of extubation failure, supporting
NIV as a cornerstone rescue modality in this population.

In contrast, the prophylactic use of NIV or CPAP immediately following surgery has
produced mixed results. Multiple, large randomized trials, such as the PRISM trial, have
failed to demonstrate consistent reductions in postoperative pulmonary complications or
acute respiratory failure in upper abdominal or thoracic surgery, largely due to poor patient
tolerance, mask discomfort, and variable adherence [49,51]. Prophylactic NIV and CPAP
reduce atelectasis and postoperative pulmonary complications in cardiac surgery popu-
lations, yet they have not consistently reduced reintubation rates or short-term mortality.
In a randomized study of patients undergoing CABG with mammary artery harvesting,
both CPAP and bilevel NIV attenuated restrictive lung dysfunction severity and improved
vital capacity, FEV1, and arterial oxygenation by the second postoperative day. These
findings support the physiologic efficacy of prophylactic NIV in high-risk cardiac surgical
patients, even though consistent reductions in reintubation and mortality have not been
demonstrated [45]. In summary, the current evidence does not support the routine appli-
cation of prophylactic NIV with its clinical benefit confined to selected high-risk cardiac
surgical cohorts [50,52]. Accordingly, prophylactic NIV should not be applied routinely
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after surgery and should be reserved for carefully selected high-risk patients, with close
attention to tolerance and early failure.

NIV, including BiPAP, remains the preferred non-invasive modality for patients with
acute hypercapnic respiratory failure [29,41]. This includes patients with underlying
COPD, OHS, and opioid-induced hypoventilation, in whom ventilatory unloading is
physiologically essential. In contrast, current data does not support the routine prophylactic
use of NIV or CPAP in unselected postoperative populations [49,51,52].

Practical limitations continue to constrain the preventive efficacy of NIV. Mask intoler-
ance, claustrophobia, interface leaks, secretion burden, and poor adherence frequently limit
the use in real-world settings [49,51]. Although emerging technologies, such as AVAPS and
helmet-based NIV, may improve ventilation comfort and stability, postoperative-specific
data for these approaches remain limited [53]. Several negative trials suggest that any
prophylactic benefit is limited to carefully selected high-risk populations; yet, many studies
exclude patients with poor tolerance, the group most relevant to real-world practice. The
heterogeneity of intervention strategies and reliance on short-term outcomes further com-
plicates interpretation. Future trials using standardized risk stratification and physiologic
phenotyping are needed to clarify which surgical patients benefit from prophylactic NIV.

6. High-Flow Nasal Oxygen
HFNO has emerged as a widely used alternative to NIV in the postoperative setting,

particularly for surgical patients with predominantly hypoxemic respiratory failure who
are unable to tolerate mask-based support. In contrast to NIV, data supporting HFNO
are more heterogeneous and appear to depend on patient selection, timing of initiation,
and the underlying physiologic phenotype [6,7]. Its increasing adoption reflects a balance
between physiologic benefit, ease of application, and superior patient tolerance. Over the
past decade, studies have evaluated HFNO as both post-extubation support and early
therapy for PRF in high-risk surgical patients.

In a meta-analysis of 10 studies and a separate systematic review of 11 randomized
controlled trials, HFNO significantly reduced the postoperative reintubation rate and the
rate of respiratory support escalation when compared with COT [54,55]. These benefits
are more pronounced in patients with elevated perioperative pulmonary risk, including
those with obesity, OSA, underlying cardiopulmonary disease, and those undergoing major
thoracic or upper abdominal surgery [55]. In these patients, HFNO appears to mitigate
oxygenation failure caused by atelectasis and reduced FRC, while offering superior comfort
and adherence relative to other therapies.

Despite its role in reducing respiratory deterioration and the escalation of care, HFNO
has not consistently demonstrated improvements in mortality or hospital length of stay
in surgical populations [55–57]. These limitations underscore the importance of patient
selection and reinforce that HFNO should be viewed as a targeted intervention within
a phenotype-driven, risk-based strategy for postoperative respiratory support, rather than
a universal default therapy.

7. Comparison of NIV and HFNO
The effectiveness of NIV and HFNO in PRF has been evaluated with a focus on high-

risk surgical populations and patients with established postoperative respiratory failure.
Both modalities are used to prevent reintubation and support gas exchange following
surgery, with optimal selection guided by the dominant physiologic phenotype, surgical
context, and patient tolerance.

A meta-analysis of nine randomized controlled trials, including 1865 patients at high
risk for or with established postoperative respiratory failure, demonstrated that both NIV
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and HFNO significantly reduced intubation rates and ICU-acquired infections compared
with standard oxygen therapy [58]. Although NIV was associated with reduced mortality,
HFNO did not demonstrate statistically significant mortality benefits. Importantly, direct
comparison between HFNO and NIV revealed no significant differences in intubation,
mortality, or other major clinical outcomes, suggesting comparable short-term effectiveness
in selected postoperative patients [58]. Subgroup analyses highlight the importance of
the surgical context. Among patients undergoing cardiothoracic surgery, both NIV and
HFNO were associated with lower rates of reintubation compared with standard oxy-
gen therapy, whereas reductions in intubation were observed only with NIV following
abdominal surgery [40].

A multicenter randomized study conducted exclusively in patients undergoing car-
diothoracic surgery also showed similar outcomes of HFNO compared to NIV. In this trial,
outcomes using HFNO were like those using BiPAP for the prevention or treatment of
post-extubation respiratory failure, reintubation, and ICU mortality. Notably, HFNO was
associated with fewer interface-related complications, including significantly lower rates of
skin breakdown, highlighting its superior postoperative tolerability [42].

More recently, the 2025 RENOVATE study demonstrated that HFNO is non-inferior to
NIV for preventing reintubation or death within 7 days among non-immunocompromised
patients with hypoxemic respiratory failure, including a substantial postoperative subgroup.
In this large, multicenter randomized trial, HFNO achieved similar rates of short-term
clinical stability compared with NIV, reinforcing prior evidence that when appropriately
selected, both modalities provide effective post-extubation respiratory support. Collectively,
RENOVATE supports a phenotype-driven approach to postoperative respiratory support,
in which HFNO and NIV are viewed as complementary rather than hierarchical strategies.

Patient tolerance represents one of the most important clinical distinctions between
these modalities. HFNO is consistently better tolerated, allowing patients to speak, eat,
and clear their secretions while experiencing fewer interface-related complications [41].
NIV can be less well tolerated due to mask discomfort and claustrophobia; however, it
remains the preferred modality for acute hypercapnic respiratory failure, including COPD
exacerbations and cardiogenic pulmonary edema [39]. While much of the foundational
evidence supporting NIV in these syndromes compares it with low-flow oxygen, emerging
data suggest that HFNO may serve as a reasonable alternative when NIV is not tolerated
in carefully selected patients [46].

In summary, both HFNO and NIV are effective non-invasive respiratory support
strategies in patients with postoperative respiratory failure. HFNO offers comparable
efficacy to NIV in many patients with hypoxemia, superior comfort, and particular benefit
in high-risk surgical populations [41,46,55–57,59,60]. NIV remains the preferred modality
for hypercapnic respiratory failure and cardiogenic pulmonary edema, while HFNO serves
as a highly effective alternative when NIV is not tolerated or contraindicated [39,56].
Patient-specific risk factors, the underlying physiological phenotype of respiratory failure,
surgical context, and individual tolerance should guide modality selection (Figure 1).
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Figure 1. Pathophysiologic Drivers of Postoperative Respiratory Failure. The development of PRF
is a synergistic process involving patient-specific vulnerabilities, the physiologic impact of general
anesthesia, and the mechanical consequences of surgical trauma. These factors interact to produce
the dominant clinical phenotypes of hypoxemic and hypercapnic failure.

8. Patient Selection, Timing, and Practical Implementation
The effective use of non-invasive respiratory support in the postoperative setting

requires careful alignment of patient phenotype, timing of initiation, and practical bed-
side considerations. The heterogeneity of PRF necessitates a selective, physiology-driven
approach rather than a uniform protocol applied across surgical populations [28].

The dominant mechanism of respiratory failure should guide patient selection
(Figure 2). Patients with atelectasis-predominant hypoxemic respiratory failure, particu-
larly following thoracic or upper abdominal surgery, often derive the greatest benefit from
modalities such as CPAP or NIV that provide sustained lung recruitment [2,35]. In contrast,
patients with predominant ventilatory pump failure, including those with COPD, OHS, or
opioid-induced hypoventilation, require ventilatory unloading with BiPAP-based NIV [61].
HFNO is particularly well suited for patients with pure hypoxemia, preserved ventilatory
drive, and intolerance to mask-based interfaces, including patients with obesity and those
with OSA without significant hypercapnia [41].

Risk stratification should incorporate both patient-specific vulnerability, such as ad-
vanced age, obesity, OSA, chronic lung disease, and cardiac dysfunction, and procedure-
specific risk, including thoracic surgery, upper abdominal surgery, prolonged operative
time, and high intraoperative fluid burden [62]. Patients at the highest risk of extubation
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failure derive the clearest benefit from early ventilatory support with NIV rather than
oxygen-based strategies alone [63].

 

Figure 2. Proposed Physiology-Based Workflow for the Management of Postoperative Respiratory
Failure. This algorithmic approach utilizes clinical phenotyping to align non-invasive respiratory
support with the dominant underlying pathophysiology.

The timing of non-invasive respiratory support is a critical determinant of its success.
Therapeutic NIV has the strongest evidence when applied early during established postop-
erative hypoxemic or hypercapnic respiratory failure, before progression to severe respira-
tory distress and multi-organ dysfunction. Delayed initiation, particularly after a period of
prolonged work of breathing, often results in higher failure and reintubation rates [64].

The role of prophylactic NIV or CPAP immediately following extubation remains
controversial and appears to be limited to carefully selected high-risk populations, par-
ticularly in patients undergoing cardiac surgery [52]. Current evidence does not support
broad prophylactic use across unselected surgical cohorts and is frequently limited by poor
tolerance and adherence [51,65].
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In high-risk surgical patients, HFNO is commonly initiated immediately following
extubation as a preventive strategy and may also be started early as a first-line therapy for
mild to moderate hypoxemic respiratory failure [56]. Early initiation appears to be most
beneficial when respiratory failure is driven primarily by atelectasis and V/Q mismatch
rather than ventilatory pump failure [66].

Successful implementation requires close bedside monitoring, particularly during
the first 6–12 h after initiation. Key indicators of success include improved oxygena-
tion, reduced respiratory rate, decreased work of breathing, improved comfort, and sta-
bilization of gas exchange [67]. Failure to achieve an early physiologic improvement
should prompt reassessment and escalation of support rather than prolonged trials of
ineffective therapy [68].

Interface selection and comfort are central to sustained success. NIV failure frequently
results from mask intolerance, air leaks, impaired secretion clearance, and patient-ventilator
dyssynchrony [69]. HFNO offers distinct advantages in comfort, communication, nutri-
tion, and secretion clearance, which often translates into improved adherence in real-
world practice [41].

Clear institutional protocols for early failure recognition, escalation thresholds, and
timely reintubation are essential for preventing delayed airway control, which is con-
sistently associated with worse outcomes. Non-invasive support should be viewed as
a dynamic intervention requiring continuous reassessment rather than a static endpoint [6].

9. Future Directions and Unanswered Questions
Several critical knowledge gaps remain in the optimal application of non-invasive

respiratory support for postoperative respiratory failure despite substantial advances.
First, the precise phenotyping of respiratory failure remains underdeveloped in clinical

trials [70]. Most studies rely on broad clinical definitions of hypoxemia and respiratory
distress rather than physiologic characterization based on lung mechanics, recruitability,
dead space, or diaphragmatic function. Future trials incorporating bedside ultrasound,
esophageal manometry, and electrical impedance tomography may allow more precise
matching of modalities to the dominant pathophysiology [28].

Second, the role of prophylactic non-invasive support remains incompletely de-
fined [52]. Select high-risk cardiac surgical populations appear to benefit, yet broader
application has yielded inconsistent results. Trials using standardized risk models and
predefined tolerance thresholds are needed to clarify whether a subgroup of non-cardiac
surgical patients benefits from preventive NIV or CPAP.

Third, although HFNO has demonstrated widespread clinical utility, its optimal flow
settings, duration of therapy, and escalation or de-escalation criteria remain empiric [6,39].
Additionally, the role of HFNO in hypercapnic PRF requires further clarification, particu-
larly in patients with mixed ventilatory and oxygenation abnormalities.

Fourth, emerging technologies, such as helmet-based NIV, volume-targeted modes
such as AVAPS, and hybrid NIV-HFNO strategies, require rigorous evaluation in postoper-
ative populations [71]. These approaches hold theoretical promise for improving comfort
while preserving ventilatory unloading, but they remain insufficiently studied.

Finally, there is a critical need for implementation science to address real-world barriers
in institutional practice, including staffing, patient tolerance, and protocol adherence. The in-
tegration of standardized postoperative respiratory support pathways into enhanced recovery
after surgery (ERAS) programs represents a promising area for future investigation [52,72].

https://doi.org/10.3390/complications3020008

https://doi.org/10.3390/complications3020008


Complications 2026, 3, 8 13 of 17

10. Conclusions
PRF remains a common and clinically significant complication of major surgery, arising

from complex interactions among anesthesia-induced physiologic changes, surgical trauma,
diaphragmatic dysfunction, atelectasis, impaired secretion clearance, and patient-specific
vulnerabilities [1]. Non-invasive respiratory support has emerged as a cornerstone in both
the prevention and early management of this syndrome.

Non-invasive ventilation provides the strongest evidence for therapeutic benefit in
established postoperative respiratory failure, particularly among high-risk hypoxemic
patients and those with hypercapnic ventilatory failure. HFNO has emerged as a highly
effective and well-tolerated alternative for selected hypoxemic patients, offering compa-
rable outcomes to NIV in many clinical scenarios with superior comfort and ease of use.
Direct comparisons consistently demonstrate that neither modality is universally supe-
rior; rather, optimal outcomes depend on the careful matching of device mechanics to the
dominant pathophysiology [5,55,73].

A physiology-based, risk-stratified approach, guided by early recognition, appro-
priate timing, and vigilant monitoring, offers the best opportunity to reduce reintuba-
tion, complications, and ICU burden while improving patient-centered outcomes. Future
research should focus on refining phenotypic targeting, optimizing preventive strate-
gies, and integrating non-invasive respiratory support into standardized perioperative
pathways. Through such advances, non-invasive support can be further transformed
from a rescue strategy into a proactive, precision-based component of postoperative
respiratory care [28,74].
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