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Abstract

Background: Postoperative pulmonary complications (PPCs) are a frequent cause of morbidity following cardiac sur-
gery. The use of individualized mechanical ventilation strategies, particularly those based on driving pressure (dP),
may improve pulmonary outcomes compared with fixed positive end-expiratory pressure (PEEP) protocols. Objective:
To evaluate whether PEEP titration guided by the lowest dP after an alveolar recruitment maneuver (RM) reduces the
incidence of clinically significant PPCs in patients undergoing elective cardiac surgery. Design: Prospective randomized
controlled trial. Setting: Cardiac surgery ICU of a tertiary university hospital (July 2021-October 2023). Participants:
Adults undergoing elective cardiac surgery with cardiopulmonary bypass. Intervention: Recruitment maneuver followed
by decremental PEEP titration to lowest dP versus fixed PEEP 10 cmH>0. Main Outcome: PPC > grade 3. PPCs were
classified according to the modified Kroenke score (grades 0—5). Results: One hundred patients were randomized and
97 analyzed. PPC >3 occurred in 40.8% of controls and 12.5% of the intervention group (absolute risk reduction 28.3%,
p = 0.002). Pneumonia incidence was 28.6% vs 8.3% (p = 0.010). Driving pressure (dP) decreased significantly (6 vs
8 cmH:0, p < 0.001) with improved oxygenation and compliance. No increase in adverse events was observed. Con-
clusion: Driving pressure—guided individualized PEEP significantly reduces severe PPCs after cardiac surgery without
compromising hemodynamic stability.
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Introduction

Cardiac surgery is associated with several postoperative pul-
monary complications (PPCs), with atelectasis being the most
prevalent, occurring in 30-72% of cases, and pleural effusions
in 24-63%. Other complications include pneumonia (2-20%),
phrenic nerve injury (10-21%), prolonged mechanical ventila-
tion (MV) lasting more than 48 hours (2-6%), and acute respira-
tory distress syndrome (ARDS) (0.4-2%). These conditions of-

ten result in longer hospital stays and increased healthcare costs,
highlighting the need for effective preventive and therapeutic
strategies in the postoperative management of patients undergo-
ing cardiac surgery [1].

Protective mechanical ventilation is a fundamental strategy to
minimize ventilation-induced lung injury. This approach aims to
reduce stress and strain on the lungs, preventing complications
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such as volutrauma and atelectrauma. Biotrauma, in turn, refers
to lung injury resulting from the local and systemic inflammato-
ry response triggered by mechanical ventilation-related insults,
such as volutrauma and atelectrauma. These mechanisms pro-
mote the release of inflammatory mediators, contributing to ad-
ditional damage to lung tissue [2].

Postoperative pulmonary complications (PPCs) are adverse
events that may occur after surgical procedures, ranging from
atelectasis to pneumonia, respiratory failure, and exacerbation
of pre-existing pulmonary diseases. These complications are as-
sociated with increased morbidity, prolonged hospital stay, and
higher mortality [2]. Depending on severity, PPCs may range
from mild atelectasis to severe conditions such as acute respira-
tory distress syndrome (ARDS) [3.,4].

In the context of cardiac surgery, the expected incidence of
complications requiring intervention (PPCs grade > 3) reaches
30%, according to the modified pulmonary complication score
by Kroenke et al. [2,5].

Manifestations such as respiratory failure (RF), which occurs
in 20-25% of cases, require prolonged MV and longer ICU
stays [6] . Several factors contribute to RF, including atelectasis,
hyperoxemia with free radical release [7] , and a systemic in-
flammatory response related to Cardiopulmonary bypass (CPB)
[8,9].

CPB itself has been identified as a determining factor for pul-
monary atelectasis, being responsible for most intrapulmonary
shunt and significant reductions in blood oxygenation. Although
thoracic surgery also contributes to pulmonary collapse to a less-
er extent, the period of absent ventilation and perfusion during
CPB has been highlighted as the main insult. These findings sug-
gest that atelectasis plays a crucial role in gas exchange dysfunc-
tion observed after this procedure [10].

Suspension of MV during CPB is widely practiced since ox-
ygenation is achieved by extracorporeal systems. However, this
approach is associated with the development of atelectasis and
hydrostatic pulmonary edema, resulting in decreased pulmonary
compliance [8,9]. These aspects underscore the need to further
investigate optimal ventilatory strategies for the immediate post-
operative period in these patients.

Evidence indicates that adopting protective ventilation meth-
ods can attenuate systemic and pulmonary inflammatory re-
sponses in patients undergoing myocardial revascularization
[11], as well as improve functional residual capacity (FRC) and
oxygen saturation compared to conventional ventilation [12].

Driving pressure (dP) is an additional protective MV variable
calculated as the difference between plateau pressure (Pplat) at
end-inspiration and PEEP, reflecting the distending pressure ex-
erted on the respiratory system [4,13] . This parameter has been
associated with normalized lung strain relative to residual aera-
tion. In ARDS patients, a dP above 15 cmH:0O has been linked
to higher mortality, with a 5% increase in death risk for each 1
c¢cmH:0 increment [14-16].

In surgical patients, a meta-analysis [4] demonstrated an as-
sociation between higher dP values and increased risk of PPCs.
In clinical practice, many patients receive MV with high tidal

volumes, variable PEEP, and often elevated AP during the intra-
operative period [17,18].

The use of recruitment maneuvers (ARM) and individual-
ized PEEP aiming to reduce dP with low tidal volume during
intraoperative ventilation in surgical patients carries a strong
recommendation level according to consensus [19]. A recent
meta-analysis in cardiac surgery patients demonstrated that an
ARM with 40 cmH-O can reduce atelectasis, hypoxemic events,
and pneumonia, as well as improve the arterial oxygen partial
pressure to inspired oxygen fraction ratio (PaO»/Fi0O.), without
causing hemodynamic disturbances [20]. In the same study, sub-
group analysis revealed that postoperative ARM produced the
same beneficial effects as intraoperative ARM, with the added
advantage of not interfering with the surgical procedure.

At the University Hospital Pedro Ernesto (HUPE, UER]J), the
Cardiac Surgery Unit protocol recommends that patients be ven-
tilated in the immediate postoperative period (IPP) using pro-
tective tidal volumes and a fixed PEEP of 10 cmH-0, without
prior ARM. This PEEP level is maintained until the spontaneous
breathing trial (SBT), despite recent studies demonstrating that
individualizing PEEP based on patient-specific respiratory me-
chanics can optimize oxygenation and minimize ventilation-as-
sociated complications [21-23].

Mechanical ventilation, although essential for ensuring ad-
equate gas exchange, differs substantially from physiological
breathing and may induce adverse effects related to lung mechan-
ics and cardiopulmonary interactions. Insufficient end-expirato-
ry lung volume favors alveolar collapse and cyclic recruitment,
whereas excessive distending pressures promote overdistension,
both contributing to ventilator-induced lung injury through me-
chanical stress and inflammatory pathways. These mechanical
alterations are closely linked to hemodynamic consequences,
as positive intrathoracic pressure modifies venous return, ven-
tricular loading conditions, and pulmonary vascular resistance.
Consequently, the balance between preventing alveolar collapse
and avoiding overdistension is central to optimizing ventilation
while preserving cardiovascular function [24].

In this context, the present study evaluated the impact of in-
dividualized PEEP adjustment, based on the lowest dP follow-
ing an alveolar recruitment maneuver, as a strategy to optimize
pulmonary protection. The central hypothesis was that this indi-
vidualized PEEP approach would lead to a greater reduction in
PPC incidence compared with fixed-PEEP protocols, positively
influencing patient prognosis.

Methods
Study design and ethical approval

A situational diagnosis was previously conducted through a
prospective analysis involving 109 patients who underwent car-
diac surgery between November 2020 and January 2021.

This preliminary assessment of the incidence of postoperative
pulmonary complications (PPCs) in our service was essential to
characterize the profile of our patient population and to identify
the frequency and severity of these complications.

Regarding complication severity, PPCs with a score >3 (Table
1) was analysed. These include severe events such as pneumo-
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nia, prolonged non-invasive ventilation, reintubation, invasive
mechanical ventilation lasting more than 48 hours, and pleural
effusion requiring drainage. Such complications are associated
with higher morbidity, prolonged need for ventilatory support,
longer ICU and hospital stays, and potential implications for
mortality.

This analysis revealed that 32% of patients presented PPCs
with a score >3, reinforcing the importance of implementing
preventive measures and optimizing protective ventilatory sup-
port to reduce these complications.

Based on these findings, an alveolar recruitment protocol was

Table 1. Classification of Postoperative Pulmonary Complications
According to the Modified Kroenke et al. Score (2015).

Grade
Grade 0
Grade 1

Description

No signs or symptoms.

* Dry cough.

* Microatelectasis: abnormal pulmonary findings
and axillary temperature > 37.5°C with no other
documented cause, and a normal or unavailable
chest radiograph.

* Dyspnea with no documented cause

Grade 2 * Productive cough with no documented cause.

* Bronchospasm resulting in a change of therapy.
» Hypoxemia with SpO: < 90% on room air
associated with dyspnea or wheezing.

* Atelectasis confirmed by chest radiograph

and axillary temperature > 37.5°C or abnormal
pulmonary findings.

* Transient hypercapnia (PaCO- > 50 mmHg)
requiring intervention.

Grade 3 * Pleural effusion requiring thoracentesis.

* Suspected pneumonia with radiological evi-
dence but without bacteriological confirmation.
* Confirmed pneumonia with radiological
evidence and identification of the causative
organism (culture or Gram stain).

* Pneumothorax.

* Reintubation with mechanical ventilation last-
ing less than 48 hours.

Grade 4 * Need for reintubation and/or invasive mechani-

cal ventilation for 48 hours or longer.

Grade 5 * Death before hospital discharge.

PPCs were classified according to a modified ordinal scoring system
based on Kroenke et al. (2015), ranging from grade 0 (no pulmo-
nary symptoms) to grade 5 (in-hospital death). The highest grade ob-
served during hospitalization was considered for analysis.

developed, incorporating PEEP titration guided by the lowest
driving pressure (dP), with the goal of reducing the incidence of
such complications to 15%, in accordance with the findings of
Costa Leme et al. [2].

Patients were followed daily by a multidisciplinary team
composed of physicians, physiotherapists, nurses, nutritionists,
and psychologists, and underwent comprehensive clinical eval-
uation, including laboratory and imaging studies such as ultra-
sonography, chest radiography, and, when necessary, computed
tomography (CT) of the chest. Routine chest radiographs were
obtained and analyzed on the first and second postoperative
days, as well as on the day of ICU discharge, with additional

imaging performed when clinically indicated.

The interpretation of clinical, laboratory, and imaging data,
as well as the grading of PPCs during the situational diagnosis
phase, was independently performed by two intensive care phys-
iotherapists blinded to patient allocation, with only concordant
assessments considered for scoring. The progression of compli-
cations was monitored daily until hospital discharge.

This was a prospective, randomized, controlled clinical trial
conducted in the cardiac surgery intensive care unit (ICU) at
Hospital Universitario Pedro Ernesto (HUPE), Universidade do
Estado do Rio de Janeiro, Brazil, between July 2021 and Octo-
ber 2023. The study protocol was approved by the institutional
Research Ethics Committee (CAAE: 5041157; approval date:
October 15, 2021). All participants or their legal representatives
signed informed consent forms prior to inclusion. The study was
prospectively registered in the Brazilian Clinical Trials Registry
(ReBEC, RBR-2nmwxwt).

Inclusion criteria

Patients aged 18 years or older who provided written informed
consent (ICF) were included in the study. Eligible participants
were those undergoing elective cardiac surgery involving planned
use of cardiopulmonary bypass (CPB), aortic cross-clamping
(CLAMP), administration of a cardioplegic solution, and median
sternotomy. Additionally, patients were required to have opti-
mized volemia, defined as an inferior vena cava (IVC) diameter
greater than 18 mm, and a mean arterial pressure (MAP) above
80 mmHg.

Exclusion criteria

Patients were excluded if they refused to participate, had a his-
tory of previous cardiac surgery, pulmonary fibrosis, pulmonary
emphysema, or pneumonia diagnosed within the last 30 days.
Other exclusion criteria included pulmonary arterial hyperten-
sion (PAH) with a systolic pulmonary artery pressure (sPAP)
greater than 45 mmHg, need for orotracheal intubation (OTI)
prior to arrival in the operating room, obesity with a body mass
index (BMI) greater than 40 kg/m?, requirement for norepineph-
rine > 2 pg/kg/min, need for reoperation, pneumothorax and/or
presence of active bubbling chest drains, neuromuscular disor-
ders, or undergoing coronary artery bypass grafting (CABG) us-
ing the right internal mammary artery (RIMA) or radial artery
grafts. Patients who experienced intraoperative complications
were also excluded.

Discontinuation criteria

Criteria for discontinuation of the study included hemodynam-
ic instability with norepinephrine requirement greater than 2 pg/
kg/min, mean arterial pressure (MAP) below 60 mmHg, occur-
rence of acute arrhythmias, or a drop in oxygen saturation (SpO2)
below 90%. These parameters indicated immediate interruption
of the alveolar recruitment and PEEP titration protocol. Further-
more, a Pa02/FiO: ratio below 150 mmHg after 60 minutes with
PEEP of 10 cmH:O in the control group was defined as a with-
drawal criterion, prompting the initiation of an oxygenation res-
cue maneuver.

Randomization and blinding

Patients were randomized 1:1 using computer-generated allo-
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cation. Outcome assessors were blinded to group assignment.
Hemodynamic and respiratory monitoring

Patients were continuously monitored via invasive arteri-
al pressure, electrocardiography, peripheral oxygen saturation
(SpO2), and heart rate. No invasive hemodynamic monitoring
(e.g., pulmonary artery catheterization) was performed during
the ARM.

Interventions
Control group

Patients in the control group (CG) were admitted to conven-
tional protective mechanical ventilation in the immediate post-
operative period (IPP) using the volume-controlled ventilation
(VCV) mode, with a tidal volume (VT) of 6 mL/kg of predicted
body weight, a PEEP of 5 cmH-0O, an inspiratory-to-expiratory
(I:E) ratio of 1:2, and a respiratory rate (RR) adjusted to maintain
an arterial partial pressure of carbon dioxide (PaCO:) between
35 and 45 mmHg. The fraction of inspired oxygen (FiO2) was ti-
trated to achieve a peripheral oxygen saturation (SpO-) between
92% and 96%.

This strategy was maintained during a stabilization period,
lasting on average 30 to 120 minutes, defined as the time re-
quired for the stabilization of vital signs and vasoactive drug
levels, correction of coagulation-related blood factors, and opti-
mization of volemia to achieve an inferior vena cava (IVC) of a
minimum diameter of 18 mm.

After this stabilization period, pulmonary mechanics and ar-
terial blood gas variables were collected, and patients were ran-
domly allocated. Subsequently, in the CG, PEEP was increased
to 10 cmH20, and after 5 minutes at this adjusted PEEP level,
new measurements of pulmonary mechanics and arterial blood
gases were recorded. Patients were ventilated using this strate-

gy until the spontaneous breathing trial (SBT), which was per-
formed with pressure support of 7 cmH20 and PEEP of 5 cmH-0O
for 30 minutes. The timeline of the research protocol in the im-
mediate postoperative period is represented in Figurel.

Intervention group

Patients in the intervention group (IG) were initially admitted
to conventional protective mechanical ventilation in the imme-
diate postoperative period (IPP), also in the volume-controlled
ventilation (VCV) mode, with a tidal volume (VT) of 6 mL/kg
of predicted body weight, a PEEP of 5 cmH-0, an L:E ratio of
1:2, and an RR adjusted to maintain PaCO: between 35 and 45
mmHg. FiO: was set to the minimum level required to maintain
SpO: between 92% and 96%.

This initial strategy was maintained during the stabilization
period, lasting on average 30 to 120 minutes, defined as the time
required for the stabilization of vital signs and vasoactive drug
levels, correction of coagulation-related factors, and volemic ad-
justment to achieve an IVC diameter of 18 mm.

After stabilization, pulmonary mechanics and arterial blood
gas variables were collected, and patients were randomly allo-
cated. Subsequently, the IG underwent an alveolar recruitment
maneuver (ARM) performed in pressure-controlled ventilation
(PCV) mode, with an inspiratory pressure of 15 cmH-0, FiO. =
100%, RR = 10 breaths/min, I:E ratio of 1:1, and an initial PEEP
of 5 cmH-0.

The incremental phase of the recruitment maneuver consisted
of increasing PEEP sequentially to 10, 20, and 35 cmH-O, with
the patient maintained at each PEEP level for 30 seconds. Fol-
lowing this, PEEP was decreased to 20 cmH-O, and the ventila-
tor mode was switched to volume-controlled ventilation (VCV)
with a VT of 6 mL/kg predicted body weight, RR = 15 breaths/

CONTROL GROUP (CG)
VCV 6 mL/kg + PEEP 10 cmH,0 + RR adjusted to maintain PaCO, between 35-45 mmHg + FiO, adjusted to maintain SpO, between 92-96%.

Stabilization: VCV 6 mL/kg + PEEP 5 cmH,0

SBT | Extubation |

INTERVENTION GROUP (IG)
VCV 6 mL/kg + RM + individualized PEEP titrated by the lowest dP + RR adjusted to maintain PaCO, between 35-45 mmHg + FiO, adjusted to maintain SpO, between 92-96%.

Figure 1. Timeline of the research protocol in the immediate postoperative period

VCV: volume-controlled ventilation; PEEP: positive end-expiratory pressure; RM: recruitment maneuver; RR: respiratory rate; FiO: fraction
of inspired oxygen; SpO:: peripheral oxygen saturation; PaCOz: arterial carbon dioxide partial pressure; ECOTT: transthoracic echocardi-
ography; CG: control group; IG: intervention group. Time points: TO : Admission to the ICU and beginning of stabilization (Arterial blood
gas analysis + Transthoracic echocardiography — ECOTT); T1 : Randomization into CG and IG (Pulmonary mechanics assessment); T2 :
Five minutes after PEEP adjustment (Arterial blood gas analysis + Pulmonary mechanics); T3: Sixty minutes after extubation; T4: Hospital

discharge
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min, I:E ratio of 1:2, and FiO2 = 100%.

Subsequently, PEEP was decreased stepwise by 2 cmH20 in-
crements down to 6 cmH:0, with the patient maintained at each
PEEP level for 30 seconds. Driving pressure (dP) was calculat-
ed at each step using a 2-second inspiratory pause at the end of
inspiration after 30 seconds at each PEEP level. At the end of
the recruitment maneuver, PEEP was again increased to 35 cm-
H:0 for 30 seconds, and PEEP titration was then set at the level
corresponding to the lowest dP. The ARM was performed with
only 30 seconds at the maximum pressure of the maneuver as
illustrated in Figure 2.

This protocol was applied in the Intervention group to deter-

patients were selected by the HUPE cardiac surgery team, which
remained blinded to group allocation.

Each patient was scheduled for surgery according to clinical
priorities, considering factors such as case urgency, prosthesis
availability (for valve replacement cases), and blood bank read-
iness for crossmatching. After de procedure, those with a signed
informed consent form, who met all inclusion criteria and pre-
sented no exclusion criteria where reassessed following a stabili-
zation period. Once deemed eligible, each patient was allocated
according to the pre-established randomization sequence.

All analyses were performed according to the per-protocol
principle, excluding patients who met predefined interruption

_ RM DECREMENTAL PEEP TITRATION RM PEEP

g« PCV: 15 cmH,0 VCV: 6 ml/kg of predicted body weight PCV: 15 cmH,0 ADJUSTMENT
E

L

g

=

@ PEEP 35 PEEP 35
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o PEEP 20

® PEEP 18
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¢ PEEP 12
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& PEEP 8

P PEEP 6
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30s dP (driving pressure) measured after 30 seconds at each level 30s
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Figure 2: Stepwise alveolar recruitment maneuver followed by decremental PEEP titration and final PEEP adjustment according to the

lowest driving pressure.

PCV: pressure-controlled ventilation; VCV: volume-controlled ventilation; VT: tidal volume; PEEP: positive end-expiratory pressure; RR:

respiratory rate; FiO.: inspired oxygen fraction; dP: driving pressure

mine the individualized PEEP that minimized the driving pres-
sure (dP), thereby optimizing alveolar recruitment and minimiz-
ing both collapse and overdistension. The stepwise recruitment
maneuver was followed by decremental PEEP titration, during
which dP was measured at each level after 30 seconds of stabili-
zation. The final PEEP was defined as the level corresponding to
the lowest dP, ensuring an individualized protective ventilation
strategy aimed at improving postoperative pulmonary mechanics
and reducing the incidence of PPCs.

Sample size

The sample size was calculated using an online calculator from
the Department of Statistics, University of British Columbia
(https://www.stat.ubc.ca/~rollin/stats/ssize/b2.html). Based on
our previous pilot project and in line with the literature, we esti-
mated an expected incidence of moderate-to-severe postoperative
pulmonary complications (PPC > grade 3) of 32% in the control
group and 15% in the individualized PEEP group. Assuming a
two-sided test, o = 0.05 and power = 80%, the required sample
size was 76 patients per group.

The online randomization platform used in the study allowed

a maximum of 100 allocations per block; therefore, the first 100
eligible patients were randomized initially. After completion of
enrollment of these cases, a post-hoc power analysis demonstrat-
ed an achieved statistical power of 89%, confirming a clinically
meaningful effect size in favor of the intervention. In addition
to reaching the predefined interim enrollment threshold and
demonstrating robust statistical significance, continuation of re-
cruitment became operationally unfeasible due to the sustained
impact of the COVID-19 and post-COVID periods on hospital
workflow, including increased clinical demand, staffing con-
straints, and limitations in research logistics and data collection.
These circumstances, combined with the observed treatment ef-
fect, supported an ethically and methodologically justified deci-
sion to discontinue further recruitment while preserving trial va-
lidity. The study became underpowered for secondary outcomes.

Randomization
Randomization was performed using the software available
at https://aurora.shinyapps.io/random_gen/, registered under

PIN 270107, with stratification of 100 patients randomly allo-
cated in a 1:1 ratio. After obtaining written informed consent,
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criteria (n=3): one in the control group (due to need for rescue al-
veolar recruitment maneuver) and two in the intervention group
(one for bradycardia and hypertension during PEEP titration, and
one for hypotension and hemodynamic instability during recruit-
ment maneuver). No imputation of missing data was performed,
as these exclusions occurred before outcome assessment. There-
fore, the final analysis included 97 patients (49 in the control
group and 48 in the intervention group).

This approach was chosen to ensure the accuracy of physi-
ological and outcome comparisons between patients who fully
completed the ventilation protocol. Given that the exclusions
were strictly due to protocol-defined safety endpoints (hemody-
namic instability or oxygenation failure), and not random with-
drawal or data loss, the per-protocol analysis provides a more
precise assessment of the intervention’s physiological effects
while maintaining methodological rigor.

All evaluators (physicians, nurses, and physiotherapists) were
blinded to group allocation, except for the research team respon-
sible for performing the recruitment maneuver (ARM) and man-

Figure 3

843 Surgeries

1—>

100 Patients

Randomization

and 50 to the intervention group (IG) as shown in Figure 3.

In the CG, one patient was withdrawn because of PaO/FiO-
<150 mmHg after 60 minutes on PEEP 10 cmH:O, requiring a
rescue ARM. In the IG, two patients met discontinuation criteria:
one due to hypertension and bradycardia during PEEP titration,
and another due to hypotension with hemodynamic instability
(MAP <60 mmHg, norepinephrine >2 pg/kg/min). These three
patients were excluded from the final analysis.

Baseline characteristics

Table 2 summarizes the baseline characteristics of the patients
in both groups. There were no statistically significant differences
between the groups regarding demographic or anthropometric
variables, confirming homogeneous distribution. Groups were
well balanced with no significant differences.

Intraoperative characteristics

There were no significant differences in surgical types or intra-
operative times between groups, as shown in Table 3.

743 Patients excluded
342 Absence of ICF (Informed Consent Form)
92IVC< 18 mm
44 SPASP > 45 mmHg
41 Preoperative intercurrences
38 Previous surgery
36 Urgent surgery
27 Use of radial artery or internal mammary artery (IMA|
26 Off-pump surgery
22 Pulmonary emphysema
16 Bleeding in the immediate postoperative period
14 Premature awakening
8 Non-cardiac surgery
7 Pneumothorax
7 Air leak through chest drain
7 COVID-19 within 30 days

5 Transplantation
/\ 11 Others

50 Control
1 Discontinued
1 Rescue recruitment *
49 Control

Figure 3: Study flowchart of patient allocation

50 Intervention 2 Discontinued
* ; (During AI?M and Titration) .
1 Hypertension and bradycardia

48 Intervention 1 Hypotension

TCLE: informed consent form; IVC: inferior vena cava; SPAP: systolic pulmonary artery pressure; CPB: cardiopulmonary bypass;
RIMA: right internal mammary artery; Poi: immediate postoperative period; ARM: alveolar recruitment maneuver

aging the randomization process.
Statistical analysis

Primary analysis followed per-protocol principles. Categorical
variables compared using chi-square tests; continuous variables
using Mann-Whitney U. Relative risks, confidence intervals, ab-
solute risk reduction, and number needed to treat were calculated.

Results
Patient flow and study population

During the data collection period (July 2021 to October 2023),
843 cardiac surgeries were performed. After applying the inclu-
sion and exclusion criteria, 743 patients were excluded, leaving
100 patients who were randomized: 50 to the control group (CG)

Table 2. Baseline characteristics of patients in the control and inter-
vention groups

Variables Control N (%) Intervention N p-value
(%)

Female 17 (34.7%) 21 (43.8%) 0.361

Male 32 (65.3%) 27 (56.3%) 0.361

Age (years) | 65 (58-68) 66 (58-72) 0.196

BMI (kg/m?) | 27 (24-29) 27 (25-31) 0.201

Values are expressed as n (%) or median (interquartile range). No

statistically significant differences were observed between groups.

European Journal of Respiratory Medicine



Eur J Respir Med 2026, 8:1

493

Table 3. Intraoperative characteristics

Table 4. Initial Ventilatory Parameters

Values are expressed as n (%) or median (interquartile range). No
statistically significant differences were observed between groups.
ASD: atrial septal defect; CABG: coronary artery bypass grafting;
VR: valve replacement; PLASTY: valvuloplasty or cardiac recon-
structive procedure; CPB: cardiopulmonary bypass; CLAMP: aor-
tic cross-clamping.

Outcomes

All patients were followed daily by a multidisciplinary team
consisting of physicians, physiotherapists, nurses, nutritionists,
and psychologists. Each patient underwent a comprehensive
clinical evaluation, including laboratory and imaging studies
such as chest ultrasonography, chest X-ray, and, when clinically
indicated, chest computed tomography (CT).

Chest radiographs were routinely performed on the first and
second postoperative days and at the time of ICU discharge, with
additional imaging obtained as clinically necessary.

The interpretation of clinical, laboratory, and imaging findings,
as well as the classification of postoperative pulmonary compli-
cations (PPCs), was conducted independently by two experi-
enced intensive care physiotherapists, both blinded to group al-
location. Only concordant evaluations between the two assessors
were accepted for scoring, and any discrepancies were resolved
by consensus.

Patients were followed daily until hospital discharge, and the
worst PPC grade observed during hospitalization was recorded.
PPCs were classified according to the modified Kroenke scale,
adapted from Costa Leme et al. (2), as shown below. Complica-
tions of grade >3 were considered clinically significant and de-
fined the primary outcome of the study. Post-intervention results,
presented in Table 5, demonstrate significant differences between
the Control and Intervention groups regarding respiratory param-
eters and clinical outcomes.

The Intervention group showed significantly lower PEEP val-
ues, with a median of 8 cmH-0 (interquartile range: 6-10), com-
pared with 10 cmH20 (10-10) in the Control group (p < 0.001).
Similarly, driving pressure (dP) was lower in the Intervention
group, with median values of 6 cmH20 (5-7), compared with
8 cmH:0 (7-11) in the Control group (p < 0.001), indicating a
reduced ventilatory load.

Static respiratory system compliance (Cst) also showed a sig-
nificant improvement in the Intervention group, with a median of
53 mL/emH-0 (47-66), compared with 41 mL/cmH-O (33-51)

Type of Surgery Control N | Intervention | p-value Ventilatory Data | Control Intervention p-value
(%) N (%) VT (mL) 370 (300-400) 375 (320-400) | 0.361
ASD 1 (2.0%) 1(2.1%) 0.988 VT / Predicted 6.03 (5.96-6.06) | 6.03 (5.99— 0.186
CABG 38 (77.6%) |34 (70.8%) |0.449 Body Weight 6.06)
L/k
VR 8(163%) |9(18.8%) |0.754 (m/ke)
P H . -1 . —11 221
CABG + VR 2(4.1%) |3 (6.3%) 0.629 dP (cmH-0) 2.00 G-10) 200 &-11) 0
Cst (mL/cmH-0) | 44.44 (32.00— 40.45 (36.25- | 0.355
0 V)
PLASTY 0 (0.0%) 1 (2.1%) 0.310 57.14) 48.65)
CPB time (min) 85(73-99) |85 (66-112) | 0.988
- ) 7 o coa Values are expressed as median (interquartile range). No statistically
Aomc cross-clamp 74 (20-80) | 66 (58-83) | 0.69 significant differences were observed between group. VT: tidal vol-
time (min) ume; dP: driving pressure; Cst : static compliance; PaO2/FiO:: arteri-

al oxygen partial pressure to inspired oxygen fraction ratio.

Table 5. Post-Intervention Respiratory and Clinical Outcomes

Variables Control Intervention | p-value

PEEP (cmH:0) 10 (10-10) 8 (6-10) <0.001*

dP (cmH-0) 8 (7-11) 6 (5-7) <0.001*

Cst (mL/cmH-0) 41 (33-51) 53 (47-66) |<0.001%*

PaO-/FiO: 377 (289-410) | 472 <0.001*
(388-571)

Duration of mechan- | 275 (235-445) | 420 0.003*

ical ventilation (min) (339-498)

ICU length of stay 4 (3-5) 4 (3-5) 0.899

(days)

Values are expressed as median (interquartile range). Statistically
significant differences were observed in PEEP, driving pressure (dP),
static compliance (Cst), PaO2/FiO: ratio, and duration of mechanical
ventilation, favoring the intervention group. No significant difference
was found in ICU length of stay between groups. PEEP : positive
end-expiratory pressure; dP: driving pressure; Cst: static compli-
ance; PaO2/FiO: : arterial oxygen partial pressure to inspired oxygen
fraction ratio; ICU: intensive care unit.

in the Control group (p < 0.001). Furthermore, the PaO2/FiO-
ratio was significantly higher in the Intervention group, with
values of 472 (388-571) compared with 377 (289—410) in the
Control group (p < 0.001), suggesting enhanced oxygenation in
patients who received the individualized intervention.

Regarding the duration of mechanical ventilation, a signif-
icant increase was observed in the Intervention group, with a
median of 420 minutes (339-498), compared with 275 minutes
(235-445) in the Control group (p = 0.003). However, no signif-
icant difference was found in ICU length of stay, as both groups
presented a median of 4 days (3-5) (p = 0.899).

Primary outcome - postoperative pulmonary complications
(PPCs >3)

The incidence of PPCs > 3 was 40.8% in the Control group
compared with 12.5% in the Intervention group, representing a
69.4% reduction in the Intervention group (RR 3.27; 95% CI
1.56-6.82; p = 0.002). Absolute risk reduction 28.3%, corre-
sponding to a number needed to treat (NNT) of 4, as shown in
Table 6.

Secondary outcomes

Regarding secondary outcomes, the incidence of pneumonia
was 70.7% lower in the Intervention Group (IG) compared with
the Control Group (CG) (8.3% vs. 28.6%; p = 0.010; RR 3.43,
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Table 6. Incidence of PPCs > 3 and Pneumonia 12
Variable Control N | Intervention | Relative Risk | p-val- 8
(%) N (%) (95% CI) e Y 10
Pneumonia | 14 (28.6%) | 4 (8.3%) 3.43(1.34to0 | 0.010%* =
8.80) S 8
CPPs >3 20 (40.8%) | 6 (12.5%) |3.27(1.56to | 0.002* %
6
6.82)
Values are expressed as n (%). Statistical significance was deter- 4
mined using the chi-square test. PPCs — postoperative pulmonary I [ | | I [ | | 1
complications. 4 6 8 10 12 14 16 18 20 22
PEEP cmH,0

95% CI 1.34-8.80). dP significantly decreased (6 vs 8 cmH-0,
p < 0.001). PaO2/FiO: improved and compliance increased. No
cases of barotrauma, pneumothorax, or protocol-related reintuba-
tions were observed. In addition, no severe arrthythmias occurred
in either group during the postoperative period. The median ICU
length of stay was 4 days in both groups (p = 0.899). Hospital
mortality up to discharge was 2.1% in the Intervention Group and
6.1% in the Control Group (p =0.317).

Ventilatory mechanics and driving pressure

The maintenance of reduced pulmonary pressures after the re-
cruitment maneuver (ARM) emerges as a relevant strategy for
preventing pneumonia in the immediate postoperative period fol-
lowing cardiac surgery, as evidenced by the findings of this study
and illustrated in Figure 4.

The intervention group showed a significant reduction in dP af-
ter ARM and PEERP titration (6 cmH2O vs. 8§ cmH:0; p < 0.001).
Lower dP values were associated with better PaO»/FiO: ratios
(472 vs. 377; p < 0.001), suggesting improved lung recruitment
and oxygenation. The maintenance of lower pulmonary pressures
after ARM was a relevant strategy for pneumonia prevention in
the immediate postoperative period.

LL S L] L I *

R0 R & AW an 480

PEEP Costa Leme
-« PEEP Controle

Figure 4. Effect of the recruitment maneuver on driving pressure (dP).
PEEP: positive end-expiratory pressure; dP : driving pressure (alveo-

lar distending pressure).

PEEP individualization

Among the 48 patients in the intervention group, 72% (n=35)
had an optimal PEEP <10 cmH:O, equivalent to the hospital’s
standard PEEP setting.

The Figure 5 presented above highlights the relevance of
individualized PEEP in optimizing postoperative respiratory
mechanics. In panel A of Figure 5, the dispersion of individu-
alized PEEP values can be observed, demonstrating that a fixed
approach—whether the 10 cmH-O PEEP used in the Control
group or the 13 cmH20 PEEP applied in the protocol by Costa
Leme et al. [2], does not account for interindividual variability
in pulmonary mechanics. Consequently, a considerable number
of patients receive PEEP levels either higher or lower than those
required to minimize driving pressure (dP). Panel B illustrates
the frequency or number of times that a given PEEP level rep-
resented the PEEP corresponding to the lowest dP. This graph
shows that as PEEP increases, the likelihood of that PEEP being

20+

frequéncia

10 12 14 16 18 20

Pacientes

Figure 5. Distribution of individualized PEEP values after ARM.

PEEP cmH,0

Individual PEEP distribution compared with fixed PEEP 10 cmH-0. A) Individualized PEEP of all patients in the Intervention group
after the ARM compared with the PEEP of 13 cmH-O reported by Costa Leme and the PEEP of 10 cmH-O used in the Control group.
B) Frequency or number of times in which that PEEP level represented the PEEP with the lowest dP. PEEP: Positive end-expiratory

pressure.
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Table 7. Description of PPCs > 3 Between Groups

Variable Control N (%) Intervention N (%) Relative Risk (95% CI) | p-value
Pneumonia 14 (28.6%) 4 (8.3%) 3.43 (1.34 to 8.80) 0.010%*
Reoperation 2 (4.1%) 3(6.3%) 0.65 (0.12 to 3.68) 0.629
Pneumothorax | 2 (4.1%) 0 (0.0%) - 0.157
Prolonged MV | 2 (4.1%) 0 (0.0%) - 0.157
Reintubation 0 (0.0%) 1(2.1%) - 0.310
<48h

Pleural effusion | 1 (2.0%) 0 (0.0%) - 0.320
Death 3 (6.1%) 1(2.1%) 2.94 (0.36 to 24.30) 0.317

PPCs: postoperative pulmonary complications; MV: mechanical ventilation.

Values are expressed as n (%).

the level with the lowest dP decreases, reinforcing that a dec-
remental PEEP titration strategy is essential to avoid excessive
pressures that may result in pulmonary overdistension.

Complications and adverse events

No patient in the intervention group developed barotrauma,
pneumothorax, or prolonged mechanical ventilation. Only one
reintubation (<48 h) was observed in the IG due to transient
airway obstruction (“tongue drop”), resolved without sequel-
ae. One pleural effusion requiring drainage occurred in the CG
(2.0%; p = 0.320). No reoperation difference was observed
(4.1% CG vs. 6.3% 1G; p = 0.629).

Discussion

The incidence of PPCs > 3 was 40.8% in the Control group
versus 12.5% in the Intervention group, resulting in a 69.4%
reduction in the Intervention group (p = 0.002), with a relative
risk (RR) of 3.27 (95% CI: 1.56-6.82) and an absolute reduc-
tion of 28.3%. The incidence of pneumonia was 70.7% lower in
the Intervention group (8.3%) compared with the Control group
(28.6%, p=0.010), with an RR of 3.43 (95% CI: 1.34-8.80).

The choice to analyse PPCs of grade > 3 as a relevant outcome
was based on the significant clinical impact of these complica-
tions on patient progression, since a score > 3 includes severe
events such as pneumonia, prolonged non-invasive ventilation,
reintubation, invasive mechanical ventilation lasting more than
48 hours, and pleural effusion requiring drainage. These compli-
cations are associated with higher morbidity, prolonged need for
ventilatory support, longer ICU and hospital stays, and potential
implications for mortality.

The recruitment maneuver (ARM) followed by individualized
PEEP titration enabled the Intervention group to achieve signifi-
cantly lower median dP values (6.0 cmH-O vs. 8.0 cmH-O; p <
0.001), reinforcing the hypothesis that reducing driving pressure
is directly associated with pulmonary protection.

In patients from the Intervention group, both mean and me-
dian dP remained at 6 cmH-O within the PEEP range of 8-16
cmH-0. This finding suggests that, from the standpoint of lung
protection, any PEEP level within this range would ensure the
lowest dP. However, considering the hemodynamic effects of
PEEP, selecting the lowest value within this range is physiolog-
ically reasonable. Moreover, only two patients required PEEP
levels above 13 cmH-0, suggesting that the PEEP adopted by

Costa Leme et al. may have been excessive, not only in terms
of pulmonary protection but also hemodynamic optimization.

The variation in dP across different PEEP levels highlight-
ed the challenge of defining a universal setting that optimizes
respiratory mechanics homogeneously. In this study, individu-
alized PEERP titration enabled the minimization of dP in a per-
sonalized manner, promoting alveolar optimization, preventing
both collapse and hyperinflation, and reducing shear stress with-
out compromising cardiovascular stability.

The “Open Lung Concept (OLC)” proposed by Lachmann
[25] supports this exact principle: recruiting collapsed alveoli
and setting PEEP to avoid both atelectasis and alveolar overd-
istension. Consequently, applying a fixed PEEP, even after re-
cruitment, may result in excessive pressures for some patients
and inadequate pressures for others. Ventilatory strategies based
on this concept can minimize right ventricular overload without
compromising respiratory mechanics [12], contributing to bet-
ter hemodynamic stability, reduced need for vasopressors, and
fewer adverse postoperative effects.

Additionally, individualizing PEEP based on the lowest dP,
using values lower than those recommended in previous pro-
tocols, may have reduced the hemodynamic impact of ventila-
tion. One of the effects of PEEP is the decrease in the venous
return pressure gradient and the increase in right atrial pressure,
which can reduce right and left ventricular preload, decrease left
ventricular afterload, and increase right ventricular afterload,
potentially leading to right ventricular failure in the long term
[26]. However, further studies are required to determine the true
magnitude of vasopressor reduction after ARM in patients with
optimized volemia in the immediate postoperative period of
cardiac surgery.

The ARM combined with individualized PEEP not only
significantly reduced dP but also improved the PaO./FiO: ra-
tio (472 vs. 377, p < 0.001), thereby enabling reduced oxygen
consumption in the Intervention group. Preclinical studies have
demonstrated that atelectasis not only reduces pulmonary com-
pliance and impairs gas exchange but also triggers a “double-hit
phenomenon,” in which regional hypoventilation associated
with alveolar collapse activates cytokine-mediated inflammato-
ry pathways, promoting the development of pneumonia [27,28].

Furthermore, mechanical ventilation with high pressures and
without adequate ARM leads to markedly elevated levels of
tumor necrosis factor-alpha (TNF-a)) in bronchoalveolar fluid,
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which is associated with greater pulmonary inflammation and
increased risk of respiratory failure. TNF-a also enhances the ac-
tivation of other inflammatory cytokines, including interleukin-6
(IL-6) and interleukin-8 (IL-8), amplifying lung injury and in-
creasing the risk of infectious complications [29].

TNF-a is one of the key mediators of pulmonary and system-
ic inflammatory responses, released mainly by alveolar mac-
rophages and epithelial cells in response to mechanical stress
caused by high dP and persistent atelectasis. This factor increases
alveolar-capillary barrier permeability, contributing to pulmonary
edema and facilitating bacterial translocation, thereby making the
lung more susceptible to opportunistic infections such as postop-
erative pneumonia [29].

IL-6, in turn, is a pro-inflammatory cytokine widely studied
in pulmonary inflammatory responses, particularly in mechani-
cal ventilation and ARDS. It plays a central role in inflammatory
mechanotransduction, acting as a sensitive biomarker of the de-
gree of VILI and a key mediator in the development of compli-
cations such as pneumonia and pulmonary fibrosis. Preclinical
studies demonstrate that ventilation with high dP and without
adequate alveolar recruitment results in marked increases in I1L-6
levels in pulmonary fluids and plasma, reflecting greater mechan-
ical stress and enhancing systemic inflammation [29].

Experimental models of VILI have shown that tolerance to at-
electasis is associated with increased expression of these interleu-
kins, exacerbating pulmonary inflammation and predisposing to
secondary infection [29,30]. Moreover, the concept of alveolar
recruitment followed by decremental PEEP titration is physiolog-
ically supported by evidence showing that this approach reduc-
es ventilation heterogeneity, minimizes mechanical overload of
still-aerated lung units, and preserves alveolar epithelial integrity,
thereby preventing the development of pneumonia [31].

The findings of this clinical trial corroborate the pathophysio-
logical concept of biotrauma, as the reduction of dP in the Inter-
vention group was associated with a significantly lower incidence
of pneumonia (8.3% vs. 28.6%, p = 0.010), reinforcing the need
for ventilatory strategies that minimize mechanical stress and in-
flammatory mechanotransduction. This is consistent with recent
meta-analyses demonstrating that individualized PEEP reduces
pulmonary inflammation and improves oxygenation without
compromising hemodynamic stability [20].

The Intervention group showed no cases of pneumothorax or
prolonged mechanical ventilation, whereas in the Control group
the incidence of these complications was 4.1% (p = 0.157). Al-
though the intervention group showed longer duration of me-
chanical ventilation, this finding may reflect a more protective
ventilatory strategy and stricter extubation criteria rather than
worse clinical evolution. Importantly, the longer duration of
mechanical ventilation did not translate into worse clinical out-
comes, as ICU length of stay and complication rates remained
similar or improved

The need for reoperation was similar between groups, occur-
ring in 4.1% of Control and 6.3% of Intervention patients (RR:
0.65; 95% CI: 0.12-3.68; p = 0.629). These findings suggest that
the protocol did not significantly influence complications requir-
ing additional surgical interventions, consistent with the findings

of Costa Leme et al.

The incidence of reintubation within 48 hours and pleural ef-
fusion was low in both groups, with no statistically significant
differences. In the Intervention group, there was one case of re-
intubation (2.1%; p = 0.310) due to tongue drop, characterized
by posterior displacement of the tongue compromising airway
patency. Orotracheal extubation was successfully performed
four hours later, without complications. Similarly, in the Control
group, one case of pleural effusion requiring drainage occurred,
representing 2.0% of patients (p = 0.320).

Additionally, the proposed ventilation strategy did not in-
crease serious adverse events. Hospital mortality was low in
both groups, showing a decreasing trend in the Intervention
group (2.1% vs. 6.1%), although without statistical significance
(p = 0.317). These findings are consistent with Costa Leme et
al. (2017), who also reported reduced hospital mortality (2.5%
in the intensive group vs. 4.9% in the moderate group), with a
non-significant difference of —2.4% (p = 0.27).

These data suggest that while the new protocol provided ben-
efits regarding pulmonary complications, its impact on mortality
may be less pronounced or may require longer follow-up. The
RR of 2.94 in the Intervention group and 95% CI of 0.36-24.3
broaden the uncertainty about the clinical relevance of this dif-
ference. Other factors such as the severity of patients’ preoper-
ative clinical conditions, comorbidities, surgical wait time, and
preoperative hospital stay may influence mortality, indicating
that further studies are necessary to determine the long-term ef-
fectiveness of the proposed protocol.

Regarding ICU length of stay, there was no significant differ-
ence between groups, with a median of four days for both. This
finding may reflect the effectiveness of the ventilatory strategy
in improving pulmonary mechanics and reducing PPCs without
substantially affecting ICU recovery time. It is also important
to consider the specific context of the cardiac surgery unit at
HUPE, which has only 12 ICU beds to accommodate an average
of 12 cardiac surgeries per week. In this setting, hospital dis-
charge ideally between the third and fifth postoperative day is
crucial to ensure bed turnover necessary to meet the surgical tar-
get, especially given the long waiting list of critically ill patients
requiring surgery through the Brazilian Unified Health System
(SUS). Therefore, ventilatory strategies that maintain a median
ICU stay around four days or less—without compromising pa-
tient safety and optimizing clinical outcomes-may significantly
contribute to service efficiency and broaden access for other in-
dividuals awaiting surgical procedures.

Our findings align with meta-analytic evidence that recruit-
ment maneuvers, when brief and followed by individualized
PEEP, can improve lung aeration and reduce postoperative pul-
monary complications in cardiac surgery cohorts. The divergent
outcomes reported in ARDS trials [32] underline that population
characteristics and ARM technique (duration, pressure, monitor-
ing) fundamentally modify the benefit-risk balance; in elective
cardiac surgery our protocol used short, monitored inflations
and titrated PEEP to minimize driving pressure, which plausibly
explains the favourable safety and efficacy profile observed. Fu-
ture multicenter studies should standardize ARM protocols and
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evaluate ultrasound or driving pressure guided approaches to
optimize patient selection and safety.

This randomized clinical trial demonstrates that individu-
alized PEEP titration guided by driving pressure significantly
reduces clinically relevant PPCs after cardiac surgery. The mag-
nitude of benefit suggests a strong physiological effect, likely
mediated by reduced lung stress, improved alveolar recruitment,
and decreased inflammatory activation.

The findings are consistent with the open-lung concept and
prior evidence linking lower driving pressure to improved out-
comes. Unlike high-pressure recruitment protocols, our short
and monitored maneuver minimized hemodynamic impact

Although ICU length of stay was not reduced, this may reflect
institutional logistics and bed turnover requirements rather than
lack of clinical benefit.

Study limitations

This was a single-center trial with a modest sample size
(n=100), which may limit generalizability. The absence of ad-
vanced monitoring tools such as transpulmonary pressure or
electrical impedance tomography precluded detailed assessment
of regional ventilation. Nonetheless, the homogeneity of the
sample, rigorous blinding of evaluators, and consistent protocol
adherence strengthen the reliability of the results.

Future multicenter studies are warranted to confirm these
findings and to explore whether AP-guided PEEP titration can
reduce not only PPCs but also long-term morbidity and health-
care costs in broader cardiac surgical populations.

Clinical implications

Driving pressure-guided PEEP titration represents a simple
bedside strategy with potential to improve postoperative out-
comes.

Conclusion

This randomized controlled trial demonstrated that a lung-pro-
tective ventilation strategy combining an alveolar recruitment
maneuver followed by individualized PEEP titration based on
the lowest driving pressure significantly reduced postoperative
pulmonary complications and pneumonia after elective cardiac
surgery.

Unlike previous high-pressure or fixed-PEEP protocols, this
approach achieved pulmonary protection without compromis-
ing hemodynamic stability. Individualized PEEP titration guid-
ed by dP represents a simple, physiologically sound, and safe
bedside method that may be incorporated into postoperative
care to enhance outcomes and reduce morbidity in cardiac sur-
gery patients. These findings support AP-guided PEEP titration
as a clinically applicable, physiologically grounded strategy that
significantly reduces severe PPCs in cardiac surgery.
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