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Higher intraoperative mechanical power (MP) is associated with increased postoperative pulmonary 
complications (PPCs). We hypothesised that periodic alveolar recruitment manoeuvres (PARM) 
alone, as an open-lung strategy for intraoperative protective ventilation, would reduce MP, thereby 
potentially mitigating PPCs. Seventy-five non-obese participants were equally allocated to either 
alveolar recruitment manoeuvres every 30 min alone (PARM group), or medium positive end-expiratory 
pressure (PEEP) of 6–8 cmH2O alone (PEEP group), or a combination of medium PEEP and PARM 
(combination group). As a result, the median (interquartile range, IQR) MP in the PARM group was 
lower than in the other groups (PARM, 4.34 [3.58–5.27]; PEEP, 6.47 [5.83–7.74]; combination, 6.32 
[5.16–7.36] J min−1; P < 0.001). The median difference (95% confidence interval, 95% CI) of MP between 
the PARM and control group (combined PEEP and combination) was 2.05 (1.34–2.74) J min−1, with a 
significant reduction (32.2%, P < 0.001) in the PARM group. However, no clinical benefit (such as PPCs) 
was observed despite these physiological improvements. In conclusion, PARM alone as an open-lung 
strategy for protective ventilation leads to a 32.2% reduction in MP, compared with medium PEEP 
alone or a combination of PARM and medium PEEP. The association between PARM and PPCs warrant 
further investigations.
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Postoperative pulmonary complications (PPCs) are associated with prolonged hospital stays and increased 
mortality1. Pulmonary atelectasis is a common perioperative complication and serves as a significant pathological 
basis for PPCs2. Rectal neoplasms are increasingly prevalent cancers, and surgical intervention is crucial in 
their management3,4. Laparoscopic anterior resection has improved the surgical visualization and outcomes, 
becoming the preferred surgical approach for rectal cancer5. However, it requires the Trendelenburg position 
and pneumoperitoneum, which can lead to a cranial shift of the diaphragm and increased intrathoracic pressure, 
resulting in a decrease in functional residual capacity, reduced lung compliance, and increased airway pressure, 
ultimately promoting the development of atelectasis2,6.

An open-lung strategy, involving the application of positive end-expiratory pressure (PEEP), alveolar 
recruitment manoeuvres (ARM), or their combination, has been used to reduce atelectasis and is deemed a 
crucial aspect of protective ventilation7,8. Currently, employing medium PEEP (5 − 10 cmH2O) alone constitutes 
the predominant strategy in clinical settings7,9. Meanwhile, the combined use of PEEP and periodic ARM 
(PARM) has shown protective effects in at-risk patients8,10,11. However, studies revealed that PARM, with or 
without PEEP, improved early postoperative oxygenation, shortened the time for tracheal extubation12and even 
reduced PPCs13. Besides, using PARM without PEEP led to lower airway pressures and reduced hemodynamic 
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impairment12. Furthermore, a recent large study has shown that sigh ventilation, which is like PARM and also 
employs periodic deep breathing, may be beneficial in ventilated trauma patients at risk for acute respiratory 
distress syndrome (ARDS)14. Thus, it seems that PARM alone may also represent a viable open-lung strategy. 
However, the optimal approach among these strategies remains unclear.

Mechanical power (MP) is a concept that estimates the energy delivered to the respiratory system during 
mechanical ventilation. It integrates multiple factors of ventilator-associated lung injury (VALI), including 
plateau pressure (Pplat), peak inspiratory pressure (PIP), PEEP, tidal volume (Vt), and respiratory rate (RR)15. 
Several studies have indicated that elevated intraoperative MP is associated with increased PPCs15–19. In this 
context, we hypothesised that intraoperative protective ventilation utilising PARM alone, compared with medium 
PEEP alone or a combination of medium PEEP and PARM, would reduce intraoperative MP, thereby reducing 
lung injury and subsequent PPCs. This randomised controlled trial (the role of REcruitment MAneuvers IN 
intraoperative protective ventilation, study two: REMAIN-2) was conducted in non-obese patients at risk for 
PPCs undergoing laparoscopic anterior resection. The primary endpoint was MP at the end of surgery.

Methods
Ethical approval  This was a prospective, randomised controlled trial conducted at the Sixth Affiliated Hospital, 
Sun Yat-Sen University, Guangzhou, China. The trial was approved (2023ZSLYEC-249) by the Ethical Com-
mittee of the Sixth Affiliated Hospital, Sun Yat-Sen University (Chairman Professor Lin Yao) on May 11, 2023, 
and registered at clinicaltrials.gov (reference number NCT05962125, date of registration June 28, 2023). All the 
study procedures were performed in accordance with the Declaration of Helsinki. Written informed consent was 
obtained from each participant before inclusion.

Participants
Eligible patients were aged 60–80 years, scheduled for laparoscopic anterior resection, and had a pulse oxygen 
saturation (SpO2) of 94% or greater when breathing air, with a grade 2 to 3 risk for PPCs11 (see Supplemental 
Table S1). Subjects with conditions including an American Society of Anaesthesiologists (ASA) physical status of 
IV or higher, recent invasive mechanical ventilation, recent pneumonia, severe chronic obstructive pulmonary 
disease (COPD) or pulmonary bullae, progressive neuromuscular disease, intracranial hypertension, body mass 
index ≥ 30 kg m−2, or participation in another interventional study were excluded.

Randomisation and masking
A completely randomised design was used. The random allocation sequence was generated using SPSS statistical 
software, version 17.0 (SPSS Inc., Chicago, Illinois, USA) by an independent statistician. Assigned personnel 
independent of the research team prepared sequentially numbered, sealed, and opaque envelopes containing 
the group assignments. The corresponding author screened and enrolled the subjects. Randomisation envelopes 
were opened by the intraoperative anaesthesiologists immediately before anaesthesia. Patients were equally and 
randomly assigned to one of three open-lung strategies: PARM alone (PARM group), medium PEEP alone (PEEP 
group), or a combination of medium PEEP and PARM (combination group). Postoperative outcomes, including 
PPCs, were evaluated by blinded investigators unaware of treatment allocation. Critically, a comprehensive 
blinding protocol was implemented: patients, biomarker assay operators, and outcome assessors were all masked 
to treatment assignments.

Anaesthesia and intervention
No premedication was administered. Before anaesthesia induction, 500–1000  ml of fluid was administered. 
Propofol (1.5–2.5  ml kg−1), fentanyl (2–4  µg kg−1), and cis-atracurium (0.15–0.25  ml kg−1) were titrated to 
facilitate tracheal intubation. Anaesthesia was maintained by inhalation (concentration of 1–2% sevoflurane) 
and intravenous anaesthetics (propofol at a rate of 2–6 mg kg−1 h−1, remifentanil at a rate of 0.05–0.2 µg kg−1 
min−1, and intermittently administered cis-atracurium) until the end of surgery. Fluids were infused at a rate of 
8–10 ml kg−1 h−1 to ensure hemodynamic stability. Patient-controlled intravenous analgesia was provided for up 
to three postoperative days. After surgery, patients were routinely transferred to the post-anaesthesia care unit 
(PACU) or, if necessary, the intensive care unit (ICU).

All patients received volume-controlled ventilation using the Dägger Fabius Tiro system (Dägger, Lübeck, 
Germany), and had a tidal volume of 7 ml kg−1 of predicted body weight (PBW), an inspiratory to expiratory 
ratio of 1:1.5, an inspiratory pause of 20%, and an oxygen to air ratio of 1:4 (fraction of inspired oxygen [FiO2] 
of 35% approximately). The respiratory rate was adjusted to maintain end-tidal carbon dioxide within 30 to 50 
mmHg, and a Pplat of 30 cmH2O or less was the target in all the groups. Surgical procedures were conducted in 
a 30-degree Trendelenburg position with pneumoperitoneum pressure maintained at 12 mmHg.

In the PARM group, PEEP was set at 0 cmH2O, and ARM was initiated within 10 min after tracheal intubation 
and repeated every 30 min or following any disconnection from the ventilator. For the PEEP group, PEEP was 
initially set at 6 cmH2O, and adjusted to 8 cmH2O during pneumoperitoneum or in the Trendelenburg position, 
without ARM. In the combination group, both PEEP and PARM were applied. ARM was under volume-
controlled ventilation, referred to previous studies10,20,21 and detailed as follows:

	1.	 PEEP was set at 12 cmH2O, RR at 6 breaths minute−1.
	2.	 Vt was increased in steps of 4 ml kg−1 PBW until a Pplat of 30–35 cmH2O was reached. If the Vt reached the 

upper limit of the ventilator but the Pplat still did not reach the target value, then PEEP was increased in steps 
of 4 cmH2O until a targeted Pplat was reached.

	3.	 Three to five breaths were administered under each increased Vt. If the basal Pplat was higher (≥ 20–25 cm-
H2O), Vt should be increased at least two steps of 5 breaths each.
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	4.	 Vt, RR, and PEEP were set back to the settings preceding each ARM.

ARM administration was postponed if mean arterial pressure (MAP) ≤ 70 mmHg. If ARM led to a MAP ≤ 55 
mmHg, it was to be immediately discontinued. In case of relative hypotension (MAP ≥ 70 mmHg) before 
ARM, we recommended assessing the patient’s condition first, and then using vasopressors and/or rapid fluid 
resuscitation to ensure hemodynamic stability (with a target MAP of ≥ 75 mmHg for those with a history of 
hypertension, or ≥ 70 mmHg for others) based on our team’s experience22. During anaesthesia, the hemodynamic 
management protocol was standardised across groups. Intraoperative hypotension was defined as MAP < 60 
mmHg lasting more than 3 min, or MAP ≤ 55 mmHg lasting more than one minute. Bradycardia was defined 
as Heart rate (HR) ≤ 50 beats per minute (bpm) and the decrease of HR from the basal value ≥ 20% lasting more 
than 3 min, or HR ≤ 40 bpm. Need for vasopressors was defined as MAP < 60 mmHg and vasopressors used. 
It was recommended to administer a single dose of dopamine 2 mg intravenously for patients with low blood 
pressure and bradycardia (HR ≤ 60 bpm), or norepinephrine 5 µg for patients with only low blood pressure. 
Vasopressors could be administered repeatedly or infused via pump as needed.

In cases of intraoperative hypoxemia (SpO2 ≤ 92%) persisting for more than 3 min, rescue therapy involving a 
10 to 20% increase in FiO2 was administered across all groups. If oxygenation did not improve sufficiently when 
FiO2 reached 100%, PEEP settings equivalent to those in the PEEP group were applied in the PARM group, 
whereas a single ARM was administered in the PEEP group.

Measurements and follow-up
Intraoperative measurements were taken at three time points. The first point (T1) was 15 to 20 min post-tracheal 
intubation and before pneumoperitoneum. The second point (T2) was 30 min after pneumoperitoneum. The 
third point (T3) was at the end of surgery, with the patient repositioned supine without spontaneous breathing. 
Arterial blood gas analysis was conducted at T1 and T3, and central venous blood gas analysis at T3. Venous blood 
samples were drawn at T1 and T3. Plasma was immediately extracted and stored at − 80 ℃. Plasma concentrations 
of lung injury biomarkers, including soluble receptor for advanced glycation end products (sRAGE), Clara Cell 
Protein 16 (CC16), surfactant protein D (SP-D) and angiopoietin 2 (Ang-2), were measured using validated 
enzyme-linked immunosorbent assay kits. In the PACU, arterial blood gas analysis and SpO2 measurements 
were performed once patients were awake and breathing room air. The patients were followed up once daily for 
the first three postoperative days to collect clinical symptoms and signs of the lungs.

Endpoints
The primary endpoint was MP at T3. MP was calculated as follows14: MP = 0.098 × RR × Vt × (PEEP + 
½[Pplat − PEEP] + [Ppeak − Pplat]). Secondary endpoints included: mechanical energy (ME, calculated as the 
area under the curve of MP and time. ME = MP at T1 × duration of ventilation before pneumoperitoneum + MP 
at T2 × duration of ventilation under pneumoperitoneum + MP at T3 × duration of ventilation after 
pneumoperitoneum); MP at T2; PaO2/FiO2 ratio, shunt fraction and alveolar dead space at T3; intraoperative 
hypoxemia, hypotension or bradycardia; respiratory failure23 at PACU or within three postoperative days; 
sustained hypoxemia (SpO2 ≤ 92% on room air or a decrease in SpO2 [ΔSpO2] ≥ 5% during two consecutive 
days) and PPCs grade24 (see Supplemental Table S2) of 2 to 4 within three postoperative days; pneumothorax 
and pleural effusion23 within seven postoperative days; ratios of plasma concentrations (T3/T1) of lung injury 
biomarkers; postoperative hospital stays; unplanned admissions to the ICU; and in-hospital mortality. Post-hoc 
endpoints included time-weighted average MP (MPtwa), calculated as ME divided by the number of minutes 
of ventilation duration; MP-T3, ME or MPtwa normalised by PBW. Additionally, we defined two variables 
reflecting intraoperative oxygenation impairment: the PaO2/FiO2 ratio difference (T1 – T3) and the PaO2/FiO2 
ratio reduction (T3/T1 < 1).

Sample size calculation
According to a previous study15the estimated MP was 6.6 J min−1 in the PEEP group and the combination group. 
A quarter reduction of MP in the PARM group was expected according to our clinical experience. With an 
estimated standard deviation of 1.5 J min−1, assuming a 90% power at a 2-sided α level of 0.05 and a dropout rate 
of 10%, the sample size was 25 patients in each group. However, this small sample size may be underpowered for 
detecting differences in clinical outcomes, such as PPCs.

Statistical analysis
Data distribution was assessed using the Shapiro–Wilk test. Normally distributed data were presented as 
mean ± standard deviation (SD) and compared using one-way analysis of variance (ANOVA) followed by 
Bonferroni correction. Non-normally distributed data were expressed as medians with interquartile range (IQR) 
and analyzed using Kruskal-Wallis tests followed by Bonferroni corrections. Categorical variables were described 
as frequencies (percentages) and analyzed using Fisher’s exact tests. For the primary endpoint and MP at T2, if no 
significant differences were found between the PEEP and the combination group, these would be merged into a 
newly defined control group. The Hodges-Lehmann estimator would then be employed to calculate the median 
differences (95% CIs) between the PARM group and the new control group. All analyses were performed on an 
intention-to-treat basis. There were no missing data for the endpoints. All statistical tests were two-sided and 
conducted at an α level of 0.05. Statistical analyses were carried out using SPSS statistical software, version 17.0.

Results
This trial was conducted from August 21, 2023, to November 8, 2023. Seventy-five patients were enrolled in the 
study, with 25 patients in each group (Fig. 1). No serious protocol violations were noted. No patients were lost 
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to follow-up. Baseline and intraoperative characteristics are shown in Tables 1, 2 and 3. Fewer patients in the 
combination group experienced longer mechanical ventilation (≥ 3 h) compared to the other groups (PARM, 13; 
PEEP, 17; combination, 8 patients; P = 0.048).

Primary endpoint
The median (IQR) MP was significantly lower in the PARM group than in the PEEP group and combination 
group (PARM, 4.34 [3.58–5.27]; PEEP, 6.47 [5.83–7.74]; combination, 6.32 [5.16–7.36] J min−1; P < 0.001) (Fig. 
2 A). The median difference (95% CI) between the PARM group and control group was 2.05 (1.34–2.74) J min−1, 
with a significant reduction (32.2%, P < 0.001) in the PARM group (Fig. 2B).

Secondary endpoints
As shown in Fig. 2 C, no significant difference was observed in ME (P > 0.05). The median (IQR) MP in the PARM 
group at T2 was significantly lower than in other groups (PARM, 7.72 [5.93–9.78] vs. PEEP, 9.92 [8.07–11.29] 
vs. combination, 9.78 [8.91–11.68] J min−1; P = 0.001). The PaO2/FiO2 ratio at T3 was significantly lower in the 
PARM group than in other groups (348 ± 77 vs. 424 ± 78 vs. 446 ± 121 mmHg, P = 0.001). As shown in Table 4, 
no significant differences were observed in the shunt fraction and alveolar dead space at T3 (P > 0.05). There 
were no significant differences in the rates of intraoperative hypotension, need for vasopressors, bradycardia, 
or hypoxemia (P > 0.05). No significant differences (P > 0.05) were observed in the absolute plasma levels (see 
Supplemental Table S3) and ratios of plasma concentrations (T3/T1) of lung injury biomarkers (Fig. 2E–H).

There were no missing data for all the endpoints. Violin plot A–H: dots represent each individual data point 
and lines represent medians with IQR; primary endpoint (A), primary endpoint after merging the data of PEEP 
group and combination group (B), mechanical energy (C), mechanical power (MP) during pneumoperitoneum 
(D) and the ratios of plasma concentrations of Clara cell protein 16, CC16 (E), soluble advanced glycation end 
products receptor, sRAGE (F), angiopoietin-2, Ang-2 (G) and surfactant protein D, SP-D (H). Primary endpoint, 
MP at the end of surgery (T3). As there was no group difference in the primary endpoint between the PEEP 
group and the combination group, we merged them into one group, i.e. control group. *P < 0.05; # the median 
difference (95% CI) of the primary endpoint between the PARM group and the combined control group was 

Fig. 1.  Consolidated standards of reporting trial diagram. PARM, periodic alveolar recruitment manoeuvre; 
PEEP, positive end-expiratory pressure; SpO2, pulse oxygen saturation; COPD, chronic obstructive pulmonary 
disease; PPCs, postoperative pulmonary complications.
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2.05 [1.34–2.74] J min−1; P < 0.001), with a significant reduction (32.2%, P < 0.001) in the PARM group. ns, no 
statistical significance; T1, before surgery; PARM, periodic alveolar recruitment manoeuvre; PEEP, positive end-
expiratory pressure.

No significant differences were observed in the PACU respiratory failure, or the respiratory failure, sustained 
hypoxemia, and pulmonary complications grade ≥ 2 within postoperative three days (P > 0.05). No statistical 
differences were detected in the extrapulmonary complications, and the length of postoperative hospital stays 
(P > 0.05). Pneumothorax with a 70% compression of the right lung was found in one patient in the combination 
group. One patient in the PARM group underwent re-operation and was transferred to the ICU. None of the 
patients died within 30 days.

Post-hoc analysis
As shown in Supplementary Table S4, MPtwa (PARM, 6.7 ± 1.9; PEEP, 8.6 ± 1.7; combination, 8.6 ± 1.5 J min−1; 
P < 0.001), MP-T3/PBW (0.08 ± 0.02 vs. 0.12 ± 0.03 vs. 0.10 ± 0.02  J kg−1 min−1; P < 0.001) and MPtwa/PBW 
(0.11 ± 0.03 vs. 0.15 ± 0.03 vs. 0.15 ± 0.02 J kg−1 min−1; P < 0.001) were significantly lower in the PARM group 
than in the PEEP group and combination group. As shown in Table 4, no significant differences were observed 
regarding the PaO2/FiO2 ratio difference and the PaO2/FiO2 ratio reduction among groups.

As shown in Supplementary Table S5, the occurrences of MP >6.7 J min−1 at T3 and MP>9.2 J min−1 at T2 were 
significantly lower in the PARM group compared with the other two groups. As shown in Supplementary Table 
S6, the median difference (95% CI) of MP at T2 between the PARM group and control group was 2.27 (1.19–3.28) 
J min−1, with a significant reduction (23.0%, P < 0.001) in the PARM group. The IQRs of MP overlapped partially 
(overlapping range: 8.63–9.78 J min−1, 2 (8.0%) in PARM vs. 13 (26.0%) in control) between PARM group and 
control group at T2. No overlap in the IQRs of MP was found between PARM group and the control group at T3.

Discussion
In this randomised controlled trial involving non-obese patients undergoing laparoscopic anterior resection, we 
found that utilising PARM alone as an open-lung strategy of protective ventilation resulted in a 32% reduction 
in MP with no significant changes in shunt fraction, lung injury biomarkers, oxygenation impairment or PPCs, 
when compared with strategies employing medium PEEP alone or a combination of PARM and medium PEEP.

Previous study has found that most re-expanded atelectatic lung tissue remains inflated for at least 40 min 
following an ARM in lung-healthy patients during general anaesthesia25. Consequently, the current PARM 
regimen (ARM/0.5 h) appears to be a reasonable and viable open-lung strategy for short-duration of intraoperative 
mechanical ventilation in lung-healthy patients. However, to our knowledge, the role of PARM in intraoperative 
protective ventilation has been rarely investigated. PARM exhibits some similarities with sigh ventilation, but 
their high-pressure/high-volume ventilation frequency (PARM vs. sigh, 2 vs. 10 times per hour) and per ARM/
sigh duration (30–200 vs. 5 s) differ significantly, making them essentially two different treatments. Fixed PEEP 

PARM
(n = 25)

PEEP
(n = 25) Combination (n = 25) P value

Age (years) 70.4 ± 5.5 70.3 ± 5.1 69.7 ± 5.1 0.873

Body mass index (kg m−2) 22.9 ± 3.0 21.0 ± 2.4 21.7 ± 3.3 0.076

Predicted body weight (kg) 59.3 ± 7.7 57.4 ± 7.7 59.3 ± 7.8 0.606

Sex (male) 20 (80.0) 18 (72.0) 20 (80.0) 0.832

ASA physical status classification (II/III) 21/4 21/4 23/2 0.758

Pre-operative PPC risk classification (2/3) 24/1 24/1 22/3 0.609

Pre-operative PPCs risk score 17 [16.5 to 20] 20 [17 to 23.5] 20 [17 to 23.5] 0.112

SpO2 (%) 97 [95.5 to 98] 97 [96 to 98] 97 [96 to 98] 0.669

SpO2 < 96% 6 (24.0) 2 (8.0) 2 (8.0) 0.197

Current smokers 8 (32.0) 6 (24.0) 9 (36.0) 0.739

Major abdominal surgery history 8 (32.0) 10 (40.0) 4 (16.0) 0.209

OSAS 1 (4.0) 0 (0.0) 0 (0.0) 1.000

Chronic obstructive pulmonary disease 1 (4.0) 0 (0.0) 1 (4.0) 1.000

Diabetes mellitus 8 (32.0) 4 (16.0) 5 (20.0) 0.477

Chemotherapy 6 (24.0) 12 (48.0) 10 (40.0) 0.249

Radiotherapy 3 (12.0) 7 (28.0) 5 (20.0) 0.425

Loss of body weight > 10% in the last 6 months 7 (28.0) 11 (44.0) 11 (44.0) 0.441

Cardiocerebral vascular diseases 3 (12.0) 2 (8.0) 4 (16.0) 0.903

Hemoglobin (g dl−1) 11.8 ± 2.5 11.9 ± 1.8 12.0 ± 1.9 0.945

Albumin (g dl−1) 3.59 ± 0.34 3.59 ± 0.44 3.63 ± 0.24 0.890

Table 1.  Baseline characteristics of patients. Values are the frequencies (percentage), mean ± standard 
deviation or median [interquartile]. PARM, periodic alveolar recruitment manoeuvre; PEEP, positive 
end-expiratory pressure; PPCs, postoperative pulmonary complications; ASA, American Society of 
Anaesthesiologists; SpO2, pulse oxygen saturation; OSAS, obstructive sleep apnea syndrome.
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PARM
(n = 25)

PEEP
(n = 25)

Combination
(n = 25) P value

Duration of surgery (min) 206 ± 91 206 ± 56 165 ± 57 0.064

Duration of surgery > 3 h 13 (52.0) 17 (68.0) 8 (32.0) 0.048

Duration of mechanical ventilation (min) 231 ± 89 235 ± 56 192 ± 58 0.058

Duration of pneumoperitoneum (min) 156 ± 75 155 ± 52 127 ± 47 0.146

Antagonistic muscle relaxant 17 (68.0) 12 (48.0) 13 (52.0) 0.342

Gastric tube insertion 2 (8.0) 0 (0.0 2 (8.0) 0.537

Prophylactic antibiotics 25 (100.0) 25 (100.0) 25 (100.0) NA

pneumoperitoneum 25 (100.0) 25 (100.0) 25 (100.0) NA

Trendelenburg position 25 (100.0) 25 (100.0) 25 (100.0) NA

Patient controlled intravenous analgesia 25 (100.0) 25 (100.0) 25 (100.0) NA

Urine output (ml) 400 [200 to 650] 350 [200 to 500] 300 [200 to 450] 0.307

Blood loss (ml) 50 [20 to 50] 50 [40 to 50] 50 [20 to 50] 0.272

Blood loss > 100 ml 5 (20.0) 5 (20.0) 4 (16.0) 1.000

Volume of fluids administered (ml) 3015 [2585 to 3350] 2600 [2600 to 3225] 2800 [2600 to 3150] 0.800

Crystalloid (ml) 2100 [1900 to 2450] 2100 [1950 to 2475] 2100 [1700 to 2600] 0.930

Blood products infusion 5 (20.0) 2 (8.0) 1(4.0) 0.257

Table 3.  Intraoperative characteristics. Values are the frequencies (percentage), mean ± standard deviation or 
median [interquartile]. NA, no analysis; PARM, periodic alveolar recruitment manoeuvre; PEEP, positive end-
expiratory pressure.

 

PARM
(n = 25)

PEEP
(n = 25)

Combination
(n = 25) P value

Before surgery (T1)

PEEP (cmH2O) 2 [2 to 2] *# 6 [6 to 6] 6 [6 to 6] < 0.001

Fraction of inspired oxygen (%) 34 [34 to 35] 35 [34 to 36] 35 [34 to 36] 0.225

PaO2 (mmHg) 128.3 ± 43.1*# 160.7 ± 48.7 159.1 ± 38.7 0.016

Tidal volume (ml kg−1 PBW) 7.0 ± 0.3 6.9 ± 0.5 6.9 ± 0.4 0.602

Respiratory rate (breaths min−1) 12 [11.5 to 12] 12 [11.5 to 12] 12 [11 to 12] 0.376

PETCO2 (mmHg) 32 [30.5 to 34] 34 [31.5 to 36] 35 [31.5 to 36] 0.090

Driving pressure (cmH2O) 8 [7 to 9]# 7 [7 to 8.5] 6 [6 to 7] 0.009

P/F ratio (mmHg) 365 ± 96*# 449 ± 104 456 ± 116 0.005

Mechanical power (J min−1) 3.76 [3.28 to 4.51]*# 5.29 [4.79 to 6.12] 5.65 [4.81 to 6.42] < 0.001

0.5 h after pneumoperitoneum (T2)

PEEP (cmH2O) 2 [1 to 2] 8 [8 to 8] 8 [8 to 8] < 0.001

Tidal volume (ml kg−1 PBW) 7.3 ± 0.3 7.2 ± 0.5 7.1 ± 0.4 0.139

Respiratory rate (breaths min−1) 14 [12 to 15] 14 [12 to 15.5] 14 [13 to 15] 0.653

PETCO2 (mmHg) 36 [34 to 38] 38 [34 to 39] 36 [33 to 38] 0.567

Driving pressure (cmH2O) 16 [14.5 to 18]*# 14 [12.5 to 16] 13 [12.5 to 15] 0.001

End of surgery (T3)

PEEP (cmH2O) 2 [2 to 2] 6 [6 to 6] 6 [6 to 6] < 0.001

Fraction of inspired oxygen (%) 34 [33 to 35] 35 [32 to 35] 34 [33 to 37] 0.723

PaO2 (mmHg) 119.5 ± 28.0# 144.0 ± 25.3# 155.8 ± 48.3 0.002

Tidal volume (ml kg−1 PBW) 7.0 ± 0.4 7.1 ± 0.6 7.0 ± 0.4 0.773

Respiratory rate (breaths min−1) 12 [12 to 13.5] 13 [12 to 15] 12 [12 to 13] 0.479

PETCO2 (mmHg) 35 [33 to 37.5] 35 [32 to 39] 35 [32 to 37.5] 0.809

Driving pressure (cmH2O) 8 [8 to 9]# 8 [7 to 9] 7 [6 to 8] 0.017

Alveolar recruitment manoeuvres (times) 7 [5 to 9] 0 [0 to 0] 6 [4.5 to 7] < 0.001

Table 2.  Intraoperative ventilation parameters. Values are the frequencies (percentage), mean ± standard 
deviation or median [interquartile]. * P < 0.05 compared with PEEP group. # P < 0.05 compared with 
combination group. PARM, periodic alveolar recruitment manoeuvre; PEEP, positive end-expiratory pressure; 
PBW, predicted body weight; PETCO2, partial pressure of end-tidal carbon dioxide; PaO2, arterial partial 
pressure of oxygen; Driving pressure = plateau pressure – PEEP.
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and its combination with PARM have been shown to have protective effects in previous studies8,10,26 and are 
thus included as controls. While individualised PEEP is considered a potentially ideal strategy27the optimal 
parameters for its individualisation are still under investigation, thus it was not included as a control.

Previous studies have shown that intraoperative elevated MP (e.g. >6.7 or >9.2 J min−1) and ME are correlate 
with poorer clinical outcomes15–19. MP at the end of surgery encapsulates the cumulative detrimental effects of 
various factors during intraoperative ventilation, guiding the selection of the primary endpoint. We observed 
that MPs (MP at three time points, PBW normalised MP and MPtwa) were significantly lower in the PARM 
group compared to the other groups. Notably, the PARM group had fewer patients with elevated MP during 
pneumoperitoneum and at the end of surgery, resulting in a 32% reduction in the primary endpoint compared 
to the control group, with similar findings during pneumoperitoneum. There was no significant difference in 
ME between the three groups, likely attributed to the shorter ventilation duration of the combination group, 
as ME is the product of MP and ventilation duration. Above all, our findings underscore the effectiveness of 
PARM in minimizing intraoperative MP. Contrarily, we found that the open-lung strategy, whether employing 
PEEP alone or combined with PARM, increased airway pressure, MP and higher MP occurrence. This might 
provide a reasonable explanation in terms of respiratory mechanics for the unclear relationship between PEEP 
or individualised PEEP and clinical outcomes20,28–32.

Despite the improved MP with PARM in this study, biomarkers indicative of lung injury33–35—including 
CC16, sRAGE, Ang-2, and SP-D—showed no significant differences among the three groups. Similarly, there were 
no between-group differences in clinical outcomes such as respiratory failure at the PACU, sustained hypoxemia, 
PPCs within the first three days, or length of hospital stay. Previous studies have indicated that differences in 
lung injury biomarkers often emerge after prolonged ventilation durations36 (e.g., > 5  h) or in patients with 
ARDS34rather than in those with shorter ventilation durations37,38. In addition, high MP is associated with an 
increased incidence of PPCs only when ventilation duration is extended16. Thus, long ventilation time seems to be 
a key risk factor for intraoperative VALI. In our study, the ventilation times across all groups were relatively short 
(3–4 h), which may explain the lack of observable differences in lung injury biomarkers and PPCs. Additionally, 
the small sample size and the low risk for PPCs in this population may significantly contribute to the null results 
observed for biomarkers and PPCs. Notably, the length of postoperative hospital stay was marginally longer in 
the PARM group, potentially linked to a higher incidence of extrapulmonary complications39 in this cohort.

While pulmonary atelectasis increases shunt fraction40our findings indicated no significant differences in 
shunt fraction between the groups, implying that the three open-lung strategies tested may be similarly effective 
in preventing atelectasis formation. Interestingly, the PaO2/FiO2 ratios at both the beginning and end of surgery 
were lower in the PARM group than in the other two groups. This result may imply that the open-lung strategies 
incorporating PEEP are better at enhancing oxygenation. However, previous studies20,30,31 have demonstrated 
that improvements in intraoperative oxygenation (e.g., higher SpO2 or PaO2/FiO2 ratios, or reduced hypoxemia 
occurrence) do not necessarily correlate with a reduction in postoperative complications (PPCs) in at-risk 
patients undergoing abdominal surgery. Similarly, in ARDS patients, a liberal oxygenation strategy targeting 

Fig. 2.  Primary and secondary endpoints.
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SpO2 levels of 96% or higher showed no advantage in terms of new organ dysfunction, ICU admission, or 90-
day mortality compared to a conservative strategy targeting SpO2 levels of 88–92%41. This dissociation between 
oxygenation improvement and clinical benefits may be related to the potential risks of oxygen toxicity42. In our 
study, we further found no between-group differences in PaO2/FiO2 ratio reduction, PaO2/FiO2 ratio difference, 
or incidence of intraoperative hypoxemia. This suggests that none of the tested open-lung strategies exacerbated 
oxygenation impairment. Above all, the higher PaO2/FiO2 ratios observed in the groups utilising PEEP may not 
be clinically significant.

Although ARM theoretically increase the risk of pneumothorax, previous large trials11,20,30 have not reported 
a heightened incidence. In this study, pneumothorax occurred in one patient of the combination group, while 
no such events were observed in the PARM or PEEP group. Despite normal intraoperative airway pressures and 
oxygenation, the patient developed wheezing and hypoxemia on the third postoperative day. The pneumothorax 
was diagnosed on the fifth day and treated with closed thoracic drainage. Finally, the patient was discharged 

PARM
(n = 25)

PEEP
(n = 25)

Combination
(n = 25) P value

Intraoperative endpoints

P/F ratio at T3 (mmHg) 348 ± 77*# 424 ± 78 446 ± 121 0.001

P/F ratio difference (T1-T3) 17.0 ± 83.9 25.0 ± 63.8 10.0 ± 89.4 0.802

P/F ratio reduction (T3/T1 < 1) 11 (44.0) 16 (64.0) 15 (60.0) 0.430

Hypoxemiaa 0 (0.0) 0 (0.0) 0 (0.0) NA

Shunt fractionb at T3 (%) 6.24 ± 2.80 5.82 ± 1.75 5.35 ± 2.37 0.415

Dead spacec at T3 (%) 22.0 ± 7.0 20.2 ± 9.1 17.9 ± 6.5 0.170

Hypotensiond 1 (4.0) 3 (12.0) 1 (4.0) 0.609

Bradycardiae 1 (4.0) 0 (0.0) 2 (8.0) 0.769

Need for vasopressorsf 3 (12.0) 5 (20.0) 4 (16.0) 0.923

Postoperative endpoints

Respiratory failureg at PACU 5 (20.0) 5 (20.0) 3 (12.0) 0.799

Respiratory failure within 3 days 1 (4.0) 0 (0.0) 2 (8.0) 0.769

Sustained hypoxemiah within 3 days 2 (8.0) 0 (0.0) 1 (4.0) 0.769

PPCs gradei ≥ 2 within 3 days 2 (8.0) 1 (4.0) 2 (8.0) 1.000

Pneumothorax 0 (0.0) 0 (0.0) 1 (4.0) 1.000

Pleural effusion 2 (8.0) 3 (12.0) 2 (8.0) 1.000

Admission to ICU within 30 days 1 (4.0) 0 (0.0) 0 (0.0) 1.000

Extrapulmonary complicationsj 7 (28.0) 2 (8.0) 3 (12.0) 0.208

Death within 30 days 0 (0.0) 0 (0.0) 0 (0.0) NA

Postoperative hospital stays (days) 8 [6 to 12.5] 7 [6 to 8] 7 [5.5 to 8.5] 0.264

Table 4.  Secondary Endpoints. Values are the frequencies (percentage), mean ± standard deviation or 
median [interquartile]. * P < 0.05 compared with PEEP group. # P < 0.05 compared with combination group. 
NA, no analysis; PARM, periodic alveolar recruitment manoeuvre; PEEP, positive end-expiratory pressure; 
T1, 5 to 15 min after tracheal intubation (at least 5 min after the first ARM) and before the insufflation of 
pneumoperitoneum; T2, 0.5 h after pneumoperitoneum; T3, the end of surgery, when pneumoperitoneum 
was stopped for at least 5 min, and the patient was in supine position without spontaneous breathing; P/F, 
arterial partial pressure of oxygen: fraction of inspired oxygen (PaO2/FiO2); PACU, post-anaesthesia care 
unit; PPCs, postoperative pulmonary complications; ICU, intensive care unit. a Pulse oxygen saturation ≤ 92% 
lasting more than 3 min. bShunt fraction = (CcO2CaO2)/(CcO2−CvO2)×100%. Arterial oxygen content 
(CaO2) = (Hb × 1.31 × SaO2) + (PaO2 × 0.003); mixed venous blood oxygen content (CvO2) = (Hb × 1.31 
× SvO2) + (PvO2 × 0.003); pulmonary capillary blood oxygen content (CcO2) = (Hb × 1.31 × SaO2) + (713-
PaCO2/0.8) × 0.003. Hb, hemoglobin; SaO2, arterial saturation of oxygen; SvO2, venous saturation of oxygen; 
PvO2, venous partial pressure of oxygen; PaCO2, arterial partial pressure of carbon dioxide. c Dead space = 
(PaCO2−PETCO2)/PaCO2. PETCO2, partial pressure of end-tidal carbon dioxide. d Mean arterial pressure 
(MAP) < 60 mmHg lasting more than 3 min, or MAP ≤ 55 mmHg lasting more than one minute. e Heart rate 
(HR) ≤ 50 bpm and the decrease of HR from the basic value ≥ 20% lasting more than 3 min, or HR ≤ 40 bpm. 
f MAP < 60 mmHg and vasopressors used. g PaO2 < 60 mmHg or SpO2 < 90% on room air, or a P/F ratio < 300 
mmHg and requiring oxygen therapy. h Hypoxemia (SpO2 ≤ 92% or the change of SpO2 [ΔSpO2, preoperative 
SpO2-postoperative SpO2] ≥ 5% when the patient was awake and breathing room air) at any two consecutive 
postoperative days. i Scored using a grade scale ranging from 0 to 4, with grade 0 representing the absence 
of any pulmonary complication and grades 1 through 4 representing successively the worse forms of 
complications. j Including anastomotic fistula, anastomotic stenosis, intra-abdominal infection, ileus, incision 
infection, chylous fistula, postoperative hemorrhage.
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on the eleventh day. This incident underscores that the potential adverse effects of high intraoperative airway 
pressures, possibly linked to ARM, cannot be entirely dismissed.

Contrary to findings in previous studies10,20,30no significant differences were observed in the rates of 
intraoperative hypotension or the need for vasopressors among the groups, potentially due to proactive 
hypotension management and liberal fluid administration. Specifically, we administered 500–1000 ml of fluid 
prior to anaesthesia and suggested vasopressor administration preemptively if blood pressure was low, as per 
our earlier findings22. Furthermore, the use of PARM did not lead to an increase in intraoperative bradycardia. 
These results suggest that ARM’s potential hemodynamic effects can be mitigated with vigilant monitoring and 
preventive strategies.

The study presented several limitations. First, the primary endpoint, i.e. MP, is an intermediate measure 
that, while supported by numerous observational studies, has not been validated in randomised trials. However, 
given that this was a small sample size study with innovative elements, a clinical outcome such as PPCs, which 
would require a larger sample size, was deemed unsuitable for a primary endpoint. Consequently, the use of an 
intermediate measure was a practical compromise. Second, driving pressure, a possible predictor of PPCs43 was 
suboptimal in the PARM group. However, driving pressure contains fewer factors contributing to VALI, whereas 
MP encompasses more injury factors including driving pressure itself, enhancing its relevance as an outcome 
measure. Third, although small, the sample size was scientifically calculated, and the results regarding the primary 
endpoint validated its appropriateness. Fourth, the study population was homogenous, which, while potentially 
limiting the generalizability of the findings, ensured balanced subject characteristics and reliable results for 
a study of this scale. Fifth, while the baseline characteristics, such as the duration of mechanical ventilation, 
were not perfectly balanced, the strict randomisation process and the nature of the primary endpoint minimise 
concerns about the effect of this imbalance. Sixth, the study did not utilise advanced imaging techniques like 
computed tomography, lung ultrasonography, or electrical impedance tomography to evaluate atelectasis; future 
studies should address this gap. Seventh, we conducted PARM using a stepwise increase in tidal volume, and 
it remains uncertain whether other ARM techniques would yield similar results. However, existing literature 
suggests comparable efficacy across various ARM methods44–46. Eighth, given the high incidence of atelectasis 
after anaesthesia induction, baseline measurements of MP without PEEP and ARM were not considered in 
the study design. Ninth, the biomarkers presented may lack sufficient sensitivity to detect low-grade injuries 
in short-duration surgeries. However, there are currently no identified perioperative biomarkers with greater 
specificity and sensitivity for lung injury, indicating the need for further investigation.

In conclusion, in non-obese patients undergoing laparoscopic anterior resection, employing PARM alone as 
an open-lung strategy for protective ventilation led to a significant reduction in MP without significant changes 
in shunt fraction, lung injury biomarkers, oxygenation impairment or PPCs, compared with medium PEEP 
alone or a combination of PARM and medium PEEP. Thus, PARM alone may represent a viable open-lung 
strategy for short-duration intraoperative ventilation in non-obese patients. The implications of PARM for PPCs 
merit further explorations, which are currently in progress.

Data availability
Due to ethical restrictions, the datasets used and/or analyzed during the current study are available from the 
corresponding author on reasonable request.
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