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Abstract: Postoperative pulmonary complications (PPCs) remain a major determinant of morbidity, delayed functional recovery, and 
long-term outcomes in older surgical patients. While positive end-expiratory pressure (PEEP) is a cornerstone of lung-protective 
ventilation, fixed or uniformly high PEEP strategies have yielded inconsistent benefits in the elderly and are frequently limited by 
hemodynamic intolerance. Accumulating evidence suggests that the optimal PEEP in older patients lies within a narrow therapeutic 
window defined by competing risks of atelectasis, overdistension, and circulatory compromise. This narrative review synthesizes 
current evidence linking individualized perioperative PEEP to PPCs and functional recovery in older adults, with a particular focus on 
the limitations of one-size-fits-all approaches. We propose a pragmatic three-dimensional titration framework that integrates respira
tory mechanics (driving pressure and compliance), regional lung imaging (lung ultrasound and electrical impedance tomography), and 
hemodynamic tolerance to guide PEEP selection. By mapping physiological endpoints to clinical and functional outcomes, we 
highlight how individualized PEEP strategies may improve perioperative safety and recovery trajectories in the aging population. 
Finally, we discuss translational pathways, implementation challenges, and key research gaps to inform future trials and clinical 
adoption. 
Keywords: individualized PEEP, older surgical patients, postoperative pulmonary complications, driving pressure, functional 
recovery

Introduction
Postoperative pulmonary complications (PPCs), commonly including atelectasis, hypoxemia, pneumonia, respiratory 
failure, bronchospasm, pleural effusion, and the need for unplanned postoperative respiratory support, remain among the 
most frequent and consequential adverse events following surgery, particularly in older patients. In this review, older 
patients generally refer to adults aged 65 years or above, while recognizing that age thresholds vary across perioperative 
studies and that frailty, cardiopulmonary reserve, and baseline functional status may be more clinically informative than 
chronological age alone. Beyond their immediate respiratory manifestations, PPCs are increasingly recognized as 
a central driver of prolonged hospitalization, delayed mobilization, increased readmission rates, and long-term functional 
decline in the aging surgical population. Compared with the general adult surgical population, older patients are more 
susceptible to PPCs and their downstream consequences because of reduced pulmonary reserve, impaired airway 
clearance, frailty, a higher burden of comorbidities, and diminished physiological compensation during the perioperative 
period. With the rapid global expansion of elderly patients undergoing major surgery, optimizing perioperative respira
tory management has become a critical priority not only for reducing morbidity but also for preserving postoperative 
independence and quality of life.1,2
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PEEP constitutes a cornerstone of lung-protective ventilation by preventing anesthesia-induced atelectasis, stabilizing 
alveolar units, and reducing cyclic opening and closing of lung tissue.3 However, despite its widespread use, the optimal 
perioperative PEEP strategy in older patients remains controversial. Large randomized trials applying fixed low or 
uniformly high PEEP levels, often combined with recruitment maneuvers, have yielded inconsistent results with respect 
to PPC reduction. Importantly, these strategies have frequently been accompanied by hemodynamic compromise, 
including hypotension and increased vasopressor requirements, and these effects are particularly pronounced in older 
adults with limited cardiovascular reserve.4

The elderly represent a uniquely vulnerable population in whom the therapeutic window for PEEP is markedly 
narrowed. Age-related increases in closing capacity, reductions in functional residual capacity, and greater regional 
ventilation heterogeneity predispose older lungs to dependent atelectasis even under modest anesthetic exposure.5 At the 
same time, age-associated diastolic dysfunction, reduced preload reserve, and impaired right ventricular adaptability 
render older patients more susceptible to PEEP-induced reductions in venous return and cardiac output.6 As a result, 
identical PEEP levels may produce fundamentally different and sometimes opposing physiological effects across 
individuals. In one patient, a given PEEP level may improve aeration and oxygenation, whereas in another it may 
promote overdistension, dead-space ventilation, hypotension, or increased vasopressor dependence. These differences 
highlight the limitations of one-size-fits-all ventilation strategies in the aging surgical population.

In recent years, growing attention has shifted toward individualized approaches to PEEP titration that account for 
interpatient heterogeneity in lung mechanics, regional aeration, and circulatory tolerance. Among proposed physiological 
targets, driving pressure (ΔP) has emerged as a robust surrogate of global lung stress and a strong predictor of 
postoperative pulmonary outcomes. However, driving pressure alone cannot capture regional phenomena such as 
dependent recruitment or nondependent overdistension.7 Advances in bedside imaging, particularly lung ultrasound 
(LUS) and electrical impedance tomography (EIT), may help refine PEEP selection beyond global mechanical indices. 
LUS is a radiation-free bedside technique that can identify dependent atelectasis, pleural abnormalities, and changes in 
lung aeration during recruitment or PEEP adjustment. EIT is a noninvasive monitoring technique that provides 
continuous, real-time assessment of regional ventilation distribution and can help identify the balance between collapse 
and overdistension during PEEP titration8. Nevertheless, even physiologically optimal PEEP from a respiratory per
spective may not be clinically acceptable if it exceeds an individual patient’s hemodynamic tolerance. Therefore, 
circulatory safety should be treated not as a secondary observation, but as a defining constraint in PEEP selection for 
older patients.

Despite these advances, current evidence remains fragmented. Studies vary widely in titration methods, timing, and 
outcome selection, and few have focused specifically on older patients or incorporated functional recovery as a clinically 
meaningful endpoint.8 Moreover, most approaches rely on a single physiological dimension, failing to integrate 
respiratory mechanics, regional lung behavior, and circulatory safety into a unified decision-making framework.9 This 
lack of integration may partially explain why individualized PEEP strategies often improve physiological parameters but 
do not consistently translate into reductions in PPCs or improvements in postoperative recovery.

Importantly, the framework proposed in this review is not intended to suggest that experienced clinicians have not 
previously considered driving pressure, lung aeration, or hemodynamic stability when adjusting ventilator settings. In 
routine practice, many anesthesiologists already use these parameters, either formally or informally, to guide intraopera
tive ventilation. Rather, the value of the proposed framework lies in providing a protocol-based, reproducible, and 
teachable integration of these selected parameters. By converting clinical judgment into a structured pathway, such 
a framework may improve standardization, support clinician training, facilitate documentation and audit, and provide 
a clearer basis for future comparative research.

Against this background, we propose that individualized perioperative PEEP in older patients should be conceptua
lized within a three-dimensional titration framework. This framework integrates (1) driving pressure and compliance to 
screen for global lung stress, (2) regional lung imaging to validate recruitment and avoid overdistension, and (3) 
hemodynamic tolerance to define safe upper limits. Operationally, this framework can be translated into a stepwise 
workflow that includes establishing baseline lung-protective ventilation, identifying candidate PEEP levels through 
mechanical screening, validating regional aeration when imaging is available, and applying hemodynamic safety limits 
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to determine the final clinically acceptable PEEP. By aligning physiological optimization with clinical feasibility, such 
a multidimensional approach may better balance lung protection and circulatory safety, thereby reducing PPCs while 
supporting faster and more complete functional recovery.

In this narrative review, we synthesize current evidence linking individualized perioperative PEEP strategies to PPCs 
and postoperative functional outcomes in older patients. We critically examine the limitations of fixed PEEP approaches, 
review available titration tools, and introduce a pragmatic three-dimensional framework for PEEP optimization. Finally, 
we discuss translational pathways, implementation challenges, and key research gaps to inform future clinical trials and 
guide perioperative respiratory care in the aging population.

Methods
This narrative review was supported by a structured literature search to inform the development of a pragmatic frame
work for individualized perioperative PEEP titration in older surgical patients. PubMed, Web of Science, and Embase 
were searched from database inception to December 2025 using combinations of terms related to PEEP, individualized 
PEEP titration, driving pressure, lung ultrasound, electrical impedance tomography, transpulmonary pressure, post
operative pulmonary complications, older patients, aging, and perioperative ventilation.

Relevant articles included studies addressing perioperative or intraoperative PEEP strategies, individualized ventila
tion, respiratory mechanics, imaging-guided titration, hemodynamic effects of PEEP, and postoperative pulmonary 
outcomes in adult or older surgical populations. Studies involving patients aged ≥65 years were prioritized when 
available; however, adult studies with mechanistic or clinical relevance to older patients were also considered because 
age-specific evidence remains limited.

Articles focused exclusively on pediatric or neonatal populations, non-perioperative intensive care settings without 
relevance to surgical ventilation, or topics unrelated to PEEP titration were excluded. Reference lists of key articles and 
reviews were manually screened. Findings were synthesized narratively because of heterogeneity in study design, 
populations, titration methods, and outcomes. The selection process was guided by PRISMA principles where applicable, 
but no meta-analysis was performed because the review aimed to develop a conceptual and clinically implementable 
framework rather than estimate pooled effects.

Rationale and Tools for Individualized Perioperative PEEP
Core Objectives of Perioperative PEEP
The primary physiological rationale for applying PEEP during general anesthesia is to counteract anesthesia-related loss 
of lung volume and prevent the formation of dependent atelectasis.10 Induction of anesthesia rapidly reduces functional 
residual capacity, promotes airway closure—particularly in dependent lung regions-and impairs ventilation-perfusion 
matching. These effects are further amplified by surgical positioning, such as Trendelenburg or lateral decubitus 
positions, and by pneumoperitoneum during laparoscopic procedures, all of which disproportionately affect older patients 
due to age-related reductions in lung elastic recoil and increased closing capacity.11

Beyond preventing atelectasis, perioperative PEEP aims to stabilize alveoli throughout the respiratory cycle, thereby 
minimizing cyclic recruitment–derecruitment injury. Repeated opening and closing of unstable lung units generates shear 
stress at the alveolar interface and contributes to ventilator-induced lung injury, even in patients without pre-existing lung 
disease.12 However, the application of PEEP entails an inherent trade-off: while insufficient PEEP fails to maintain 
alveolar stability, excessive PEEP risks alveolar overdistension, impaired pulmonary perfusion, and adverse hemody
namic effects.13 This balance is particularly delicate in older patients, in whom both pulmonary and cardiovascular 
reserves are reduced.

Therefore, the overarching goal of perioperative PEEP is not the maximization of lung recruitment per se, but the 
identification of a patient-specific pressure range that maintains alveolar stability, minimizes global and regional lung 
stress, and preserves circulatory function. This conceptual shift-from applying PEEP as a fixed intervention to titrating it 
as a dynamic physiological therapy—underpins the rationale for individualized PEEP strategies.
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Limitations of Fixed PEEP Strategies
Despite the central role of PEEP in lung-protective ventilation, large clinical trials employing fixed low or high PEEP 
levels have demonstrated inconsistent effects on postoperative pulmonary complications.14 These mixed results reflect 
a fundamental limitation of uniform PEEP strategies: identical airway pressures do not translate into equivalent lung or 
circulatory effects across individuals.

Interpatient heterogeneity is particularly pronounced in older adults. Variations in chest wall compliance, body 
habitus, and spinal curvature alter the transmission of airway pressure to the lung parenchyma, meaning that the same 
PEEP may produce under-recruitment in one patient and overdistension in another. Increases in intra-abdominal pressure- 
whether due to obesity, pneumoperitoneum, or surgical retraction-further modify pleural pressure and shift the pressure– 
volume relationship of the lung.15,16 As a result, airway pressure alone becomes an unreliable surrogate for lung stress.

In addition, the aging lung is characterized by increased regional heterogeneity, with dependent regions prone to 
collapse and nondependent regions susceptible to overinflation.12 Fixed PEEP levels cannot accommodate this spatial 
complexity and may simultaneously under-recruit some lung regions while overdistending others. Importantly, the 
cardiovascular consequences of PEEP are also highly individualized. Older patients frequently exhibit impaired diastolic 
filling, reduced preload reserve, and limited right ventricular adaptability, rendering them vulnerable to PEEP-induced 
reductions in venous return and cardiac output.17 Thus, a PEEP level that appears “lung protective” based on respiratory 
mechanics alone may be clinically unacceptable due to hemodynamic intolerance.

Together, these factors explain why fixed PEEP strategies have failed to consistently improve outcomes in hetero
geneous surgical populations and highlight the need for approaches that explicitly account for individual lung mechanics, 
regional aeration, and circulatory reserve.

Tools and Operational Considerations for Individualized PEEP
To move beyond uniform strategies, individualized PEEP titration requires tools capable of capturing relevant physio
logical dimensions at the bedside.18 These tools can be broadly categorized into mechanical indices, imaging-based 
assessments, and safety boundaries that define acceptable limits of intervention.

Mechanical indices provide an initial, global assessment of lung stress. Driving pressure (ΔP), defined as the 
difference between plateau pressure and PEEP, has emerged as a particularly informative parameter, as it reflects the 
cyclic stress applied to the respiratory system and has been consistently associated with pulmonary outcomes.19 Static 
and dynamic respiratory compliance offer complementary information regarding lung recruitability and overdistension, 
while transpulmonary pressure—estimated using esophageal manometry—allows partitioning of airway pressure into 
lung and chest wall components, which is especially relevant in older patients with altered chest wall mechanics.20

Imaging-based tools enable regional validation of mechanical findings. Computed tomography remains the reference 
standard for assessing lung recruitment and overdistension but is impractical for routine perioperative use. Lung 
ultrasound (LUS) offers a bedside, radiation-free alternative for detecting dependent atelectasis and monitoring recruit
ment dynamics, whereas electrical impedance tomography (EIT) provides continuous, real-time visualization of regional 
ventilation distribution and changes in lung impedance during PEEP titration. These modalities help identify the point at 
which additional PEEP yields diminishing recruitment or induces nondependent overdistension—information not 
discernible from global mechanics alone.21

Timing of assessment is a critical yet often underappreciated aspect of individualized PEEP. Lung mechanics and 
aeration are dynamic during surgery and should be reassessed at key perioperative transitions, including immediately 
after induction, following major position changes, after establishment of pneumoperitoneum, and prior to emergence.22 

Failure to re-evaluate PEEP under changing conditions may negate the benefits of initial titration.
Finally, safety boundaries must be explicitly defined to ensure clinical feasibility. These include limits on plateau 

pressure and driving pressure to prevent excessive lung stress, as well as hemodynamic thresholds such as mean arterial 
pressure, cardiac output surrogates, and vasopressor requirements. In older patients, even modest hemodynamic dete
rioration may have disproportionate consequences, reinforcing the need to integrate circulatory tolerance into PEEP 
decision-making rather than treating it as a secondary consideration.23
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An overview of commonly used PEEP titration tools, their physiological targets, advantages, and limitations in older 
patients is summarized in Table 1, highlighting that no single modality is sufficient in isolation. Instead, meaningful 
individualization emerges from the integration of complementary information across mechanical, imaging, and hemo
dynamic domains.

The Aging Lung and Circulation: Why a Three-Dimensional Framework Is 
Needed
Structural and Functional Features of the Aging Lung
Older patients in this review primarily refer to adults aged ≥65 years, although age thresholds vary across perioperative 
studies and physiological vulnerability is not determined by chronological age alone. Frailty, cardiopulmonary reserve, 
baseline functional status, and comorbidity burden may also influence PEEP tolerance and PPC risk. Older patients enter 
the perioperative period with a respiratory system that is predisposed to collapse and heterogeneity even before 
anesthesia is administered. A hallmark of pulmonary aging is the progressive increase in closing capacity, driven by 
loss of elastic recoil and altered small-airway mechanics.24 When closing capacity approaches or exceeds functional 
residual capacity (FRC)—a scenario that becomes more common with age—airway closure can occur during normal tidal 
breathing, particularly in dependent regions. General anesthesia further reduces FRC and blunts tonic diaphragmatic 
activity, making airway closure and atelectasis more likely and more extensive in older adults than in younger patients.25

In parallel, aging increases the spatial non-uniformity of ventilation. The combination of altered lung compliance, 
changes in chest wall mechanics, and gravitational effects promotes a pattern in which dependent lung units collapse 
while nondependent units remain relatively well aerated and thus more vulnerable to overdistension when airway 
pressures rise. This “recruitment-overdistension asymmetry” is clinically important: oxygenation may improve with 
higher PEEP even while regional stress concentrates in already open lung regions.26,27 As a result, global mechanical 
improvements can mask regional injury risk, underscoring the need for regional assessment rather than reliance on single 
global indices.

A further contributor to perioperative vulnerability is reduced mucociliary clearance and cough effectiveness in older 
patients, which together impair secretion handling and increase susceptibility to postoperative infections and atelectasis 
persistence. Sedation, opioids, pain-related splinting, and limited mobility compound these age-related changes, creating 
a physiologic milieu in which minor intraoperative derecruitment can progress to clinically meaningful PPCs during 
recovery. Collectively, these features explain why the aging lung is not merely a “smaller reserve” version of the young 
lung but a qualitatively different system in which the balance between collapse prevention and overdistension avoidance 
is more fragile.28,29

Mechanistically, these age-related changes create a direct pathway from perioperative derecruitment to PPCs. Loss of 
elastic recoil and altered small-airway mechanics increase closing capacity, and when closing capacity approaches or 
exceeds functional residual capacity, airway closure may occur during normal tidal breathing, particularly in dependent 
lung regions.24,25 General anesthesia and neuromuscular blockade further reduce functional residual capacity, impair 
diaphragmatic activity, and promote rapid formation of dependent atelectasis, thereby aggravating ventilation–perfusion 
mismatch and perioperative hypoxemia.22,29 In older patients, these intraoperative changes are more likely to persist into 
the postoperative period because mucociliary clearance, cough effectiveness, respiratory muscle performance, and early 
mobilization are frequently impaired.25,28,29 Consequently, even modest atelectasis or derecruitment may progress to 
clinically relevant PPCs, including hypoxemia, pneumonia, respiratory failure, and delayed postoperative recovery.29

Hemodynamic Vulnerability in Older Patients
The circulatory consequences of PEEP are magnified in older adults because cardiovascular aging reduces the ability to 
buffer abrupt changes in intrathoracic pressure and venous return. Age-associated declines in cardiac reserve—often 
accompanied by diastolic dysfunction and increased ventricular stiffness—make preload dependence more pronounced. 
When PEEP increases mean intrathoracic pressure, venous return may fall, left ventricular filling becomes impaired, and 
systemic blood pressure can decline. In older patients, this sequence may occur at PEEP levels that are well tolerated in 
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Table 1 Comparison of PEEP Titration Tools and Strategies in Older Patients

Titration Tool/Strategy Primary Dimension 
(Mechanics/Imaging / 
hemodynamics)

Core Metric / Output 
(PEEP Selection basis)

Bedside 
Feasibility

Clinical Scenarios 
(Elderly-specific)

Key Advantages 
(Clinical Value)

Limitations Safety 
Considerations

Fixed low PEEP (e.g., 3–5 cmH2O) Mechanics Preset airway pressure High Short procedures; 
minimal risk 
tolerance

Simple, hemodynamically 
stable

Fails to prevent 
atelectasis in elderly 
lungs

Risk of atelectasis and 
cyclic derecruitment

Fixed high PEEP ± recruitment 
maneuvers

Mechanics Preset high PEEP level Moderate Selected patients with 
high collapse risk

Improves oxygenation and 
lung volume

Poor tolerance in 
elderly; heterogeneous 
response

Hypotension, reduced 
venous return, RV 
strain

Compliance-based titration Mechanics Maximal static/dynamic 
compliance

High Routine 
intraoperative 
adjustment

Easy to implement; 
reflects recruitability

Insensitive to regional 
overdistension

Overdistension if 
compliance plateau 
misinterpreted

Driving pressure–guided titration Mechanics Lowest ΔP (Pplat − PEEP) High General anesthesia; 
elderly at PPC risk

Strong association with 
PPCs; global lung stress 
reduction

Does not capture 
regional ventilation 
heterogeneity

Requires monitoring of 
plateau pressure

Transpulmonary pressure–guided 
titration

Mechanics / chest wall End-expiratory 
transpulmonary pressure

Moderate– 
low

Obesity; altered chest 
wall mechanics

Separates lung vs chest 
wall effects

Esophageal manometry 
expertise required

Misestimation if 
esophageal pressure 
inaccurate

Lung ultrasound–guided PEEP (LUS) Imaging Atelectasis score; reaeration 
patterns

High Elderly with 
dependent collapse; 
PACU

Bedside, radiation-free, 
repeatable

Semi-quantitative; 
operator-dependent

Minimal direct risk

Electrical impedance tomography (EIT) Imaging Regional ventilation 
distribution; overdistension– 
collapse balance

Moderate High-risk elderly; 
complex surgery

Continuous regional 
monitoring; detects 
heterogeneity

Limited availability; 
learning curve

Minimal direct risk

Hemodynamic-limited PEEP Hemodynamics MAP, cardiac output 
surrogates, vasopressor need

High Frail elderly; cardiac 
dysfunction

Ensures circulatory safety Does not assess lung 
recruitment

Under-recruitment if 
used alone

Integrated multidimensional approach Mechanics + imaging + 
hemodynamics

ΔP minimization + regional 
validation + tolerance 
thresholds

Moderate Elderly patients with 
narrow therapeutic 
window

Balances lung protection 
and hemodynamic safety

Requires coordination 
of multiple tools

Risk minimized through 
stepwise titration
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younger adults, particularly in the presence of anesthetic-induced vasodilation, relative hypovolemia, or pre-existing 
antihypertensive therapy.30,31

PEEP can also increase right ventricular (RV) afterload by elevating transpulmonary pressure and altering pulmonary 
vascular resistance, especially if overdistension occurs in nondependent lung regions. Older patients may have limited 
RV–pulmonary vascular coupling reserve, rendering them vulnerable to RV strain, reduced pulmonary blood flow, and 
downstream impairment of left-sided filling. Importantly, these hemodynamic perturbations are not simply “side effects” 
but can directly influence organ perfusion, delirium risk, renal outcomes, and overall recovery trajectories onal constraint 
but a central determinant of whether a given PEEP strategy is clinically viable in the elderly.

Taken together, age-related cardiac and vascular changes mean that PEEP titration cannot focus solely on optimizing 
lung mechanics or oxygenation. In older patients, a physiologically “best” PEEP from a respiratory standpoint may be 
unacceptable if achieved at the cost of hypotension, escalated vasopressor exposure, or RV stress. This reinforces the 
need to incorporate circulatory endpoints into PEEP decision-making.

The “Narrow Therapeutic Window” of PEEP in Older Adults
The coexistence of an atelectasis-prone lung and a hemodynamically vulnerable circulation creates a narrow therapeutic 
window for PEEP in older patients. On one side of this window, insufficient PEEP permits airway closure, dependent 
atelectasis, and cyclic recruitment–derecruitment, promoting ventilation-perfusion mismatch, inflammatory injury, and 
downstream PPCs. On the other side, excessive PEEP may shift lung units into overdistension, increase transpulmonary 
stress, worsen pulmonary perfusion distribution, and precipitate hemodynamic compromise through reduced venous 
return and RV loading. In older adults, the distance between these two failure modes is often small, and the location of 
the optimal point varies markedly among individuals and across perioperative stages (eg, after positioning or 
pneumoperitoneum).32,33

Within this narrow therapeutic window, appropriately selected PEEP may provide several mechanistic benefits for 
older patients. By increasing end-expiratory lung volume and maintaining small-airway patency, PEEP can partially 
counteract anesthesia-induced reductions in functional residual capacity and limit dependent atelectasis.22,29 Stabilization 
of recruited alveolar units may reduce cyclic recruitment–derecruitment, improve ventilation–perfusion matching, and 
attenuate atelectasis-related lung injury, thereby providing a plausible mechanism for reducing PPC risk.12,13,33 This 
protective effect is particularly relevant in older adults, in whom postoperative atelectasis may persist because of 
impaired cough, reduced secretion clearance, opioid-related respiratory depression, pain-limited deep breathing, and 
delayed mobilization.25,28,29 Clinical studies further support this physiological rationale, showing that individualized 
PEEP strategies guided by respiratory mechanics or lung ultrasound can improve intraoperative respiratory mechanics 
and reduce postoperative atelectasis in elderly surgical patients.34,35

This narrow window also explains why single-parameter approaches can underperform. If PEEP selection relies only 
on global mechanics (eg, compliance or driving pressure), it may overlook regional overdistension or persistent 
dependent collapse. If it relies only on imaging markers of recruitment, it may inadvertently push PEEP beyond 
a patient’s hemodynamic tolerance.18 Conversely, if PEEP titration is guided primarily by blood pressure or vasopressor 
use, clinicians may accept clinically meaningful derecruitment that later manifests as PPCs. Accordingly, a robust 
approach in older patients must explicitly manage three competing objectives: minimizing global lung stress, ensuring 
regional recruitment without overdistension, and maintaining hemodynamic stability.36

These interlocking vulnerabilities are schematically summarized in Figure 1, which illustrates how aging shifts the 
balance toward collapse, amplifies ventilation heterogeneity, and reduces circulatory buffering capacity, thereby narrow
ing the safe and effective PEEP range. This mechanistic context provides the rationale for a three-dimensional framework 
integrating driving pressure-based mechanical screening, imaging-based regional validation, and hemodynamic tolerance 
as complementary constraints for individualized perioperative PEEP titration in older adults.

Therefore, the benefit of PEEP in older patients is conditional rather than absolute. The same pressure that prevents 
dependent collapse in one patient may overdistend already aerated nondependent regions or exceed cardiovascular 
tolerance in another patient. This conditional benefit provides the physiological justification for integrating mechanical 
screening, imaging-based regional validation, and hemodynamic safety limits into a unified titration strategy.
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Construction of a Three-Dimensional PEEP Titration Framework
Clinical Background and Objectives
The inconsistent benefits of uniform perioperative PEEP strategies in heterogeneous surgical populations—together with 
the heightened hemodynamic vulnerability of older adults—suggest that the “optimal PEEP” cannot be defined as 
a single universal value. Rather, PEEP should be treated as a titratable therapy whose net benefit depends on the balance 
between three competing risks: dependent atelectasis and cyclic derecruitment, nondependent overdistension and lung 
stress, and PEEP-induced circulatory compromise.14,37 In older patients, this balance is particularly precarious because 
the safe and effective range of PEEP is narrow and may shift rapidly with changes in position, pneumoperitoneum, 
anesthetic depth, and fluid–vasopressor management.

Accordingly, the objective of an individualized approach is not simply to improve oxygenation or maximize 
recruitment, but to maximize lung protection while preserving circulatory safety. This requires a pragmatic framework 
that (i) uses readily available bedside signals to identify candidate PEEP levels, (ii) validates that these levels achieve 
recruitment without harmful overdistension, and (iii) explicitly incorporates hemodynamic tolerance as a decisive 
constraint. To achieve these goals in a manner that is feasible in routine perioperative practice, we propose a three- 
dimensional PEEP titration framework that integrates respiratory mechanics, regional lung imaging, and hemodynamic 
“brakes” into a stepwise decision pathway.38,39

Three Core Dimensions of the Framework
Dimension 1: Mechanical Screening to Reduce Global Lung Stress
The first dimension uses global respiratory mechanics to screen for PEEP levels that minimize overall lung stress. 
Driving pressure (ΔP) and compliance provide a pragmatic readout of how much cyclic strain is being imposed on the 
respiratory system under a given PEEP. In the perioperative setting, mechanical screening serves two functions: it 

Figure 1 Physiological vulnerability to PEEP in older patients.
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identifies PEEP ranges where recruitment likely improves compliance, and it avoids excessive plateau pressures that may 
reflect overdistension. Importantly, mechanical indices are most effective as an initial “coarse filter” rather than 
a definitive endpoint, because they cannot distinguish regional collapse from regional overinflation.40

Dimension 2: Imaging-Based Validation of Regional Recruitment and Overdistension
The second dimension introduces regional assessment to address the key limitation of global mechanics: the inability to 
detect spatial heterogeneity.41 Lung ultrasound (LUS) can detect dependent atelectasis and track reaeration during PEEP 
adjustments, whereas electrical impedance tomography (EIT) offers continuous monitoring of regional ventilation 
distribution and can quantify trade-offs between collapse and overdistension. Imaging thus functions as a “fine-tuning” 
layer: among mechanically acceptable PEEP candidates, it helps select the level that achieves the best regional balance— 
recruiting dependent units while avoiding nondependent overdistension.

Dimension 3: Hemodynamic Tolerance as a Safety ceiling42,43

The third dimension defines the hemodynamic safety boundaries that constrain PEEP escalation. In older patients, even 
modest increases in intrathoracic pressure may reduce venous return, impair cardiac output, and precipitate hypotension 
or increased vasopressor requirements. Hemodynamic tolerance therefore acts as an explicit “brake”: it sets an 
individualized upper limit for PEEP, beyond which physiological lung optimization becomes clinically unsafe.44,45 

Importantly, hemodynamic assessment should go beyond a single blood pressure reading and incorporate trends in 
mean arterial pressure, vasopressor dose, heart rate, and—when available—cardiac output surrogates or echocardio
graphic indicators of right ventricular strain.46

Taken together, these three dimensions form a complementary triad: mechanics provides global screening, imaging 
provides regional validation, and hemodynamics provides a patient-specific safety ceiling. Their integration is particu
larly suited to older adults, in whom the trade-offs between recruitment, overdistension, and perfusion compromise are 
amplified.

A Four-Step Titration Workflow
To translate these dimensions into an operational clinical pathway, we propose a four-step titration workflow that can be 
applied during general anesthesia and repeated at key perioperative transitions.47 The process is designed to be 
pragmatic: it relies first on widely available mechanical signals, adds imaging when feasible for refinement, and always 
incorporates hemodynamic tolerance as a non-negotiable constraint.

Step 1: Establish Baseline Lung-Protective Ventilation
Titration should begin from a standardized protective baseline to ensure comparability across subsequent adjustments. 
This includes low tidal volume ventilation based on predicted body weight, avoidance of excessive plateau pressures, and 
optimization of respiratory rate to maintain adequate ventilation.48 Baseline PEEP should be set according to the 
“minimum effective pressure” principle rather than as a fixed high PEEP level. In routine practice, an initial PEEP of 3–5 
cmH2O may be applied after induction to prevent early derecruitment while preserving hemodynamic stability and 
allowing subsequent upward or downward titration.14 When clinically appropriate and hemodynamically tolerated, 
a recruitment maneuver may then be performed, followed by stepwise PEEP titration using best respiratory compliance, 
lowest driving pressure, and/or oxygenation response to identify candidate PEEP levels for subsequent validation.

Step 2: Initial PEEP Screening Using Mechanical Indices
A brief PEEP trial, often performed as a decremental or stepwise titration, can be used to identify a mechanically 
favorable PEEP range. Driving pressure (ΔP) minimization and/or maximal compliance are typical selection criteria.32 In 
a pragmatic bedside procedure, after stabilization under baseline lung-protective ventilation and, when appropriate, after 
a recruitment maneuver, clinicians may test a limited number of PEEP levels using small stepwise changes, such as 2 to 3 
cmH2O increments or decrements, to reduce workflow burden.49 At each PEEP level, airway pressures and respiratory 
mechanics should be allowed to stabilize briefly, after which plateau pressure, driving pressure, static or dynamic 
compliance, oxygenation, and basic hemodynamic variables should be recorded. PEEP levels associated with plateau 
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pressure ≥30 cmH2O, increased driving pressure, reduced compliance, impaired oxygenation, sustained MAP reduction, 
increased vasopressor requirement, or signs of RV strain should be excluded. The mechanically favorable range is then 
defined as the level or narrow range associated with the lowest driving pressure, the highest compliance, or both, while 
remaining within these respiratory and hemodynamic safety limits. This step yields one or two candidate PEEP levels 
rather than a final decision, which should subsequently undergo imaging-based validation and hemodynamic safety 
assessment.

Step 3: Imaging-Based Validation and Fine-Tuning
Among mechanically acceptable candidates, regional imaging is used to verify that the chosen PEEP produces 
meaningful dependent recruitment and does not induce nondependent overdistension. With LUS, improvements in 
dependent aeration scores and reduction of consolidation patterns support recruitment. With EIT, the target is 
a regional ventilation distribution that minimizes collapse while limiting overdistension, often conceptualized as 
a “best compromise” point. Oxygenation should be assessed concurrently as a functional endpoint, including SpO2, 
FiO2 requirement, and PaO2/FiO2 when arterial blood gas data are available. If oxygenation remains difficult to 
maintain despite mechanically acceptable PEEP, clinicians should reassess for residual atelectasis, ventilation–perfu
sion mismatch, airway obstruction, position- or pneumoperitoneum-related derecruitment, and hemodynamic impair
ment. When imaging suggests persistent recruitable collapse without overdistension, PEEP may be cautiously 
increased within predefined mechanical and hemodynamic safety limits. Imaging thus refines PEEP selection by 
ensuring that global mechanical optimization aligns with regional lung protection and clinically adequate 
oxygenation.50,51

Step 4: Final Decision Under a Hemodynamic “Brake” Mechanism
The final PEEP should satisfy hemodynamic tolerance criteria. If imaging and mechanics suggest higher PEEP but 
hemodynamics deteriorate (eg, sustained MAP reduction, rising vasopressor requirement, signs of RV strain), the PEEP 
should be reduced to the highest level that remains hemodynamically acceptable In older patients, this safety step is 
decisive: a slightly less recruited lung may be preferable to clinically significant circulatory compromise. This step also 
emphasizes reassessment, as hemodynamic tolerance may change with anesthetic depth, fluid shifts, and surgical 
phase.52,53

This four-step process is schematically illustrated in Figure 2, which summarizes the clinical workflow and the 
decision points at which each dimension of the framework is applied.

Figure 2 Three-dimensional PEEP titration framework and clinical workflow.
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Adaptations for Special Perioperative Scenarios
Laparoscopic Surgery and Trendelenburg Positioning
Pneumoperitoneum and Trendelenburg positioning increase pleural pressure and promote dependent collapse, often 
shifting the mechanically optimal PEEP upward. However, these same conditions may also increase intrathoracic 
pressure transmission and worsen venous return. In this context, the framework emphasizes repeated reassessment 
after pneumoperitoneum establishment and major positional changes, with imaging used to confirm recruitment and 
hemodynamics used to prevent excessive circulatory burden.54

Obesity in Older Adults
Obesity increases chest wall elastance and intra-abdominal pressure, making airway pressure a poor proxy for transpul
monary pressure. Older obese patients may therefore require higher airway PEEP to achieve adequate transpulmonary 
end-expiratory pressure, but they are simultaneously at high risk of hemodynamic compromise.55 When available, 
transpulmonary pressure guidance or imaging-based validation becomes particularly valuable, while hemodynamic 
thresholds should be applied conservatively.

Cardiothoracic Surgery
Cardiothoracic surgery represents another high-risk scenario in which perioperative ventilatory management is closely 
related to postoperative pulmonary outcomes. In thoracic surgery, particularly during one-lung ventilation, regional 
ventilation heterogeneity may increase the competing risks of dependent atelectasis and overdistension of the ventilated 
lung. Although protective ventilation with low tidal volume and PEEP has been shown to reduce major postoperative 
complications after lung cancer surgery,56 the PROTHOR trial found that a higher PEEP strategy combined with 
recruitment maneuvers during one-lung ventilation did not reduce postoperative pulmonary complications compared 
with lower PEEP.57 Similarly, in on-pump cardiac surgery, the PROVECS trial showed that an open-lung strategy 
incorporating higher PEEP, recruitment maneuvers, and ventilation during cardiopulmonary bypass did not significantly 
reduce postoperative pulmonary complications and required more frequent intraoperative adjustments due to arterial 
hypotension or surgical requirements.58 These findings suggest that older cardiothoracic patients may require cautious, 
individualized PEEP adjustment based on driving pressure, regional aeration when available, oxygenation response, and 
hemodynamic tolerance rather than routine use of fixed high-pressure strategies.

Older Patients with Compromised Lung Function or Prior Lung Resection
In older patients with impaired baseline lung function, such as emphysema or COPD, PEEP should be adjusted 
cautiously because airflow limitation, dynamic hyperinflation, and intrinsic PEEP may increase the risk of overdistension, 
air trapping, and hemodynamic compromise.59,60 External PEEP should therefore be titrated in small increments, with 
close attention to expiratory flow limitation, auto-PEEP, plateau pressure, driving pressure, oxygenation response, and 
circulatory tolerance.61 In patients with a history of pulmonary lobectomy or other lung resection, reduced lung volume 
and limited pulmonary reserve may further narrow the safe PEEP range; thus, low tidal volume ventilation, conservative 
PEEP escalation, imaging-based confirmation of recruitable atelectasis, and strict mechanical and hemodynamic safety 
limits are particularly important.62

Evidence Linking Individualized PEEP to PPCs and Functional Recovery
Specific PPCs Addressed and Their Mechanistic Links to PEEP
In this review, PPCs mainly refer to postoperative atelectasis, hypoxemia, pneumonia, respiratory failure, and the need 
for unplanned postoperative respiratory support, while broader composite definitions may also include bronchospasm and 
pleural effusion.29 Among these complications, atelectasis and hypoxemia are the most directly related to perioperative 
PEEP. Insufficient PEEP may promote end-expiratory airway closure, dependent alveolar collapse, ventilation–perfusion 
mismatch, and cyclic recruitment–derecruitment, whereas appropriately titrated PEEP may preserve end-expiratory lung 
volume and stabilize recruitable lung units. However, excessive PEEP may cause regional overdistension, increase 
driving pressure, impair pulmonary perfusion, or reduce venous return and cardiac output, thereby offsetting potential 
pulmonary benefits. This interpretation is supported by evidence showing that perioperative atelectasis can contribute to 
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gas-exchange impairment, pneumonia, and postoperative respiratory insufficiency,1 while high PEEP combined with 
recruitment maneuvers has not consistently reduced PPCs and may increase intraoperative hypotension or vasoactive 
drug use.14 In addition, increased driving pressure during intraoperative ventilation is associated with a higher risk of 
PPCs, suggesting that PEEP titration should avoid increasing global lung stress even when oxygenation improves.35

Pneumonia, respiratory failure, and unplanned postoperative respiratory support are more distal PPCs. They may arise 
from persistent atelectasis, impaired secretion clearance, hypoxemia, or increased work of breathing, particularly in older 
patients with reduced cough efficiency, impaired mucociliary clearance, opioid-related hypoventilation, pain-limited deep 
breathing, and delayed mobilization. Bronchospasm and pleural effusion are clinically relevant components of some PPC 
definitions, but their relationship with intraoperative PEEP is less direct and may be more strongly influenced by airway 
reactivity, fluid balance, cardiac function, or pre-existing pulmonary disease. Therefore, when interpreting evidence on 
individualized PEEP, atelectasis and hypoxemia should be regarded as the most immediate PEEP-sensitive outcomes, 
whereas pneumonia, respiratory failure, and postoperative respiratory support represent downstream outcomes influenced 
by both intraoperative ventilation and postoperative care. This distinction may partly explain why individualized or high- 
PEEP strategies improve intraoperative physiology in some studies but do not always translate into consistent reductions 
in composite PPC endpoints.63,64

Evidence Stratified by PEEP Titration Strategy
An expanding body of perioperative literature has explored individualized PEEP strategies using different physiological 
targets and titration modalities. Although study designs and endpoints vary, most approaches demonstrate superior 
physiological optimization compared with fixed PEEP strategies, with emerging—though heterogeneous—signals of 
benefit for PPCs and early recovery, particularly in high-risk and older patients.64

Lung Ultrasound–Guided PEEP
Lung ultrasound (LUS)–guided approaches rely on semiquantitative aeration scores or reaeration patterns to detect 
dependent atelectasis and guide PEEP adjustments. Perioperative studies consistently show that LUS-guided PEEP 
improves lung aeration and reduces radiographic or ultrasound-defined atelectasis compared with conventional 
ventilation.41,50 In older patients, this strategy is especially relevant because dependent collapse is common and often 
poorly captured by global mechanics. While most studies emphasize physiological endpoints, some report reductions in 
early PPCs or surrogate markers of impaired recovery, suggesting potential clinical relevance.34

Electrical Impedance Tomography (EIT)-Guided PEEP
EIT enables continuous, bedside visualization of regional ventilation distribution and allows identification of PEEP levels 
that best balance alveolar collapse and overdistension. Surgical studies employing EIT-guided titration demonstrate 
improved ventilation homogeneity and reduced regional overdistension compared with fixed PEEP strategies. Given the 
pronounced ventilation heterogeneity observed in older lungs, EIT offers a mechanistically appealing tool.65 However, 
evidence linking EIT-guided PEEP to reductions in PPCs or improvements in functional recovery remains limited, partly 
due to small sample sizes and variability in outcome definitions.

Transpulmonary Pressure-Guided Strategies
Titration based on transpulmonary pressure aims to maintain a positive end-expiratory transpulmonary pressure to 
prevent collapse while avoiding excessive lung stress. This approach is particularly relevant in patients with altered 
chest wall mechanics, including obese older adults. Perioperative trials have shown improved oxygenation and reduced 
atelectasis compared with airway pressure-based strategies, but effects on PPCs are inconsistent.66,67 Practical limita
tions, including the need for esophageal pressure monitoring and uncertainty regarding optimal targets in older patients, 
have constrained widespread adoption.

Driving Pressure-Guided Strategies
Driving pressure (ΔP) has emerged as a robust global marker of lung stress and a predictor of postoperative pulmonary 
outcomes. Strategies targeting ΔP minimization often result in improved compliance and reduced mechanical strain. In 

https://doi.org/10.2147/CIA.S598503                                                                                                                                                                                                                                                                                                                                                                                                                                                                Clinical Interventions in Aging 2026:21 12

Hu et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



older patients, ΔP-guided titration is attractive due to its simplicity and bedside feasibility.35,40 However, ΔP reflects 
global respiratory mechanics and may fail to detect persistent dependent collapse or emerging nondependent over
distension, limiting its reliability when used as a sole decision criterion.

Compliance-Based Titration
Compliance-guided PEEP selection remains one of the most commonly applied individualized approaches. 
Improvements in static or dynamic compliance are typically interpreted as evidence of recruitment. While this strategy 
frequently improves oxygenation and global mechanics, its impact on PPCs has been inconsistent. In older patients with 
heterogeneous lung units, increases in compliance may reflect overdistension of already open regions rather than true 
recruitment, underscoring the limitations of compliance as a standalone guide.63 Across these modalities, individualized 
PEEP strategies consistently improve intraoperative physiological parameters compared with fixed approaches. However, 
translation into consistent reductions in PPCs or improvements in functional recovery has been variable, suggesting that 
physiological optimization alone is insufficient unless aligned with patient-specific tolerance and perioperative context.

Why Have Study Results Been Inconsistent?
Several factors help explain the heterogeneity of findings across studies evaluating individualized PEEP, particularly in 
older surgical populations.First, differences in titration methods and timing play a critical role. Some studies perform 
PEEP titration only once after induction, whereas others reassess after changes in position, pneumoperitoneum, or 
surgical phase.68 Given the dynamic nature of lung mechanics during surgery-especially in older adults with limited 
reserve-single-time-point titration may fail to maintain optimal conditions throughout the perioperative period.

Second, variation in perioperative co-interventions complicates interpretation. Fluid management, vasopressor use, 
recruitment maneuvers, analgesic strategies, and postoperative respiratory care all interact with PEEP effects. Differences 
in these co-interventions can attenuate or exaggerate the apparent benefits of individualized PEEP, making it difficult to 
isolate the contribution of the titration strategy itself.69 Third, heterogeneity among older patients is often underestimated. 
Chronological age alone does not capture physiological vulnerability. Frailty, baseline functional status, cardiac reserve, 
and pre-existing pulmonary disease substantially influence tolerance to PEEP and susceptibility to PPCs. Trials that treat 
older adults as a homogeneous group may therefore dilute benefits in high-risk subgroups while exposing others to 
unnecessary hemodynamic risk.70 Finally, outcome selection contributes to apparent inconsistency. Many studies 
prioritize short-term physiological endpoints, such as oxygenation or compliance, rather than clinically meaningful 
outcomes including PPCs, length of stay, or postoperative functional recovery. Because PPCs and delayed recovery 
reflect cumulative perioperative insults, modest intraoperative physiological improvements may not translate into 
detectable clinical benefits unless embedded within a broader, integrative strategy.71

Taken together, these considerations suggest that divergent results across individualized PEEP studies are not 
contradictory but reflect differences in physiological targets, timing, patient selection, and contextual factors. As 
schematically illustrated in Figure 3, existing titration strategies predominantly optimize isolated dimensions-global 
lung stress, regional aeration, or circulatory safety—without fully integrating their competing effects. This evidence 
synthesis underscores the need for multidimensional approaches capable of aligning physiological optimization with 
patient-specific tolerance to improve PPCs and functional recovery in older surgical patients.

Clinical Translation and Future Research Directions
Implementable Clinical Pathways
For individualized perioperative PEEP to move from physiological concept to routine practice in older patients, 
implementation must be workflow-compatible, reproducible, and auditable A feasible pathway begins with standardized 
bedside steps embedded into existing anesthesia routines rather than adding complex protocols that depend on expert 
operators.72 In practice, this requires a structured checklist covering (i) baseline lung-protective ventilation settings, (ii) 
the trigger points for reassessment (eg, after induction, after major positioning, after pneumoperitoneum, and before 
emergence), (iii) the titration method selected for that case (mechanics-only vs imaging-assisted), and (iv) predefined 
stopping rules based on respiratory and hemodynamic safety boundaries.73 Importantly, the pathway should explicitly 
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document the final selected PEEP and the physiological rationale supporting it (eg, lowest ΔP within safety constraints; 
LUS-confirmed recruitment without overdistension; hemodynamic tolerance maintained).

More specifically, the pathway should begin with a baseline lung-protective ventilation bundle after induction of 
anesthesia. This may include low tidal volume ventilation, typically 6–8 mL/kg predicted body weight, together with 
an initial modest PEEP of approximately 5 cmH2O, rather than routine application of uniformly high PEEP. 
Respiratory rate should be adjusted according to end-tidal CO2 or arterial blood gas analysis to maintain adequate 
ventilation, while plateau pressure, driving pressure, and respiratory compliance should be monitored to avoid 
excessive global lung stress.14,48 Inspired oxygen concentration should also be titrated according to oxygenation 
requirements rather than fixed at a high level. In general, FiO2 should be adjusted to maintain clinically acceptable 
oxygenation according to the patient’s baseline pulmonary status, while avoiding unnecessary prolonged exposure to 
very high FiO2.74 Persistent oxygenation deterioration or an increasing FiO2 requirement should prompt reassessment 
rather than simple escalation of oxygen delivery. Reassessment should be both time-based and event-triggered. In 
addition to predefined time points such as after induction, after major positional changes, after pneumoperitoneum 
establishment, and before emergence, ventilation and PEEP settings should be re-evaluated when intraoperative 
oxygenation deteriorates, FiO2 requirement increases, respiratory compliance decreases, plateau pressure or driving 
pressure rises, or hemodynamic instability develops, including sustained mean arterial pressure reduction or escalating 
vasopressor requirement.14,35,48

To reduce variability and facilitate adoption, a documentation template is essential. At minimum, the record should 
capture: tidal volume per predicted body weight; plateau pressure, PEEP, and driving pressure at baseline and after 
titration; oxygenation and ventilation indices; and hemodynamic variables (mean arterial pressure, vasopressor dose, and 
if available, cardiac output surrogates). When imaging is used, a brief categorical result (eg, LUS aeration improvement; 
EIT collapse–overdistension balance point) should be documented rather than extensive narrative.75 Such templates 
support both clinical decision-making and later quality review.

At the departmental level, translation requires quality control indicators that reflect both fidelity to the process and 
patient safety. Process metrics may include the proportion of eligible older patients receiving protocolized reassessment 
at predefined time points, completion of documentation fields, and adherence to plateau pressure and driving pressure 
thresholds. Outcome metrics should include PPC incidence, unplanned postoperative respiratory support, and hemody
namic adverse events such as sustained intraoperative hypotension or high vasopressor exposure. Because older patients 
are sensitive to systemic effects of hypotension, integrating safety metrics into quality dashboards is critical to prevent 
unintended harm from aggressive PEEP escalation.

Figure 3 Evidence map linking individualized PEEP strategies to physiological outcomes, PPCs, and functional recovery.
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Perioperative Continuity of Care
A key limitation of many intraoperative ventilation strategies is that their effects can be transient if postoperative care 
does not preserve lung recruitment. In older adults, derecruitment can occur rapidly after extubation due to residual 
anesthetic effects, pain-related hypoventilation, impaired cough, and reduced mobility. Therefore, individualized PEEP 
should be conceptualized as part of a continuum of perioperative respiratory support, extending beyond the operating 
room into the post-anesthesia care unit (PACU) and ward.76

In the PACU, the priority is to maintain adequate lung aeration while minimizing sedation and enabling effective 
ventilation. Practical measures include early assessment for residual atelectasis risk (eg, clinical signs, oxygen require
ment, or bedside LUS where available), timely initiation of noninvasive respiratory support when indicated, and 
avoidance of prolonged supine immobility. For high-risk older patients, short-term application of CPAP or high-flow 
nasal oxygen may help preserve recruitment achieved intraoperatively.77 Pain control strategies should be optimized to 
support deep breathing and early mobilization while minimizing excessive opioid exposure that can suppress respiratory 
drive.

On the ward, preventing recurrent collapse depends on reinforcing physiologic “anti-atelectasis”behaviors-early 
ambulation, incentive spirometry where appropriate, head-of-bed elevation, and structured respiratory physiotherapy- 
together with targeted monitoring for early signs of PPCs. For older patients, perioperative respiratory continuity should 
be aligned with broader recovery pathways, such as enhanced recovery protocols, because mobilization and feeding 
interact with respiratory mechanics and overall functional recovery. Conceptually, the intraoperative three-dimensional 
titration framework provides a starting point, but sustained benefit likely requires postoperative strategies that prevent re- 
collapse and preserve functional reserve.78

Research Gaps and Future Directions
Despite increasing physiological evidence supporting individualized PEEP, several gaps limit confident translation into 
older-patient–centered outcomes. First, there is a need for randomized controlled trials stratified by frailty and cardiac 
function, rather than chronological age alone. Frailty captures reduced physiologic resilience and may identify older 
patients most likely to benefit from recruitment-focused strategies, while cardiac function stratification may identify those 
most vulnerable to hemodynamic harm.79 Such stratification would reduce dilution of treatment effects and improve 
safety.

Second, future studies should adopt harmonized outcome sets that integrate pulmonary morbidity with recovery and 
safety. PPCs remain essential, but older-patient–relevant endpoints should also include functional recovery measures 
(time to ambulation, discharge readiness, length of stay, postoperative mobility trajectories) and safety endpoints 
(hypotension burden, vasopressor exposure, markers of right ventricular strain). Without standardized outcome reporting, 
comparisons across studies remain difficult and meta-analytic synthesis remains limited.80

Third, there is a major methodological need for head-to-head comparisons between the three-dimensional framework 
and single-modality titration strategies. While driving pressure-guided, LUS-guided, and EIT-guided approaches each 
offer value, their isolated use may not address the competing risks that define the narrow PEEP therapeutic window in 
older adults.38 Trials that directly test integrative frameworks against single-parameter strategies-while controlling for co- 
interventions and ensuring postoperative continuity-would provide the most informative evidence for clinical adoption.

Finally, implementation science questions remain underexplored: which settings (high-risk surgical services, PACU 
protocols, ICUs) derive the greatest benefit, what training level is needed for imaging-based titration, and how workflow 
constraints influence adherence.81 Addressing these pragmatic considerations will be essential for moving individualized 
PEEP from expert centers to broader perioperative practice.

Conclusions and Perspectives
Optimal perioperative PEEP in older patients, generally referring to adults aged 65 years or above, cannot be defined as 
a fixed value or a uniform protocol. Instead, it represents a dynamic and individualized balance shaped by age-related 
changes in lung structure, ventilation heterogeneity, reduced cardiovascular reserve, frailty, comorbidity burden, and 
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evolving intraoperative conditions such as positioning, pneumoperitoneum, surgical type, and anesthetic depth. These 
factors collectively narrow the therapeutic window within which PEEP may prevent atelectasis and cyclic derecruitment 
while avoiding regional overdistension and hemodynamic compromise. Therefore, approaches that apply identical airway 
pressures across heterogeneous older populations are unlikely to achieve consistent clinical benefit.

The clinical relevance of individualized PEEP lies in its potential association with specific postoperative pulmonary 
complications, including atelectasis, hypoxemia, pneumonia, respiratory failure, and the need for unplanned postopera
tive respiratory support. Insufficient PEEP may promote airway closure, dependent alveolar collapse, ventilation– 
perfusion mismatch, and persistent postoperative atelectasis, whereas excessive PEEP may increase driving pressure, 
impair pulmonary perfusion, reduce venous return, aggravate right ventricular loading, and increase vasopressor 
requirements. Thus, perioperative PEEP management in older patients should not focus solely on oxygenation or 
recruitment, but should simultaneously consider global lung stress, regional aeration, and circulatory tolerance.

The three-dimensional PEEP titration framework proposed in this review offers a pragmatic pathway to address this 
complexity. By integrating mechanical screening based on driving pressure and compliance, imaging-based validation 
using lung ultrasound or electrical impedance tomography when available, and hemodynamic tolerance as a non- 
negotiable safety constraint, this framework aligns physiological optimization with clinical feasibility. Importantly, its 
value lies not in replacing clinical judgment or relying on a single technology, but in providing a structured, reproducible, 
and teachable approach for integrating key physiological signals into perioperative decision-making.

Looking forward, the value of individualized PEEP should be judged not only by improvements in intraoperative 
oxygenation or respiratory mechanics, but also by its ability to reduce clearly defined PPCs, preserve functional reserve, 
and support timely recovery in older adults. Future studies should validate this multidimensional framework in well- 
designed, stratified clinical trials that account for frailty, cardiopulmonary reserve, surgical risk, and perioperative care 
pathways. Outcomes should include PPC incidence, unplanned postoperative respiratory support, hemodynamic adverse 
events, length of stay, and functional recovery. With further validation and thoughtful integration into perioperative 
workflows, individualized PEEP guided by a three-dimensional titration strategy may help improve respiratory safety and 
recovery-oriented outcomes in the growing population of older surgical patients.
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