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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Postoperative pulmonary complications frequently occur

e High positive end-expiratory pressure with recruitment maneuvers
can protect the lungs against repetitive tidal recruitment but can
potentially cause lung overdistension

e A recent individual patient data meta-analysis pooling the infor-
mation from three large randomized clinical trials found that sub-
jects ventilated with high positive end-expiratory pressure with

ABSTRACT

Background: The influence of high positive end-expiratory pressure (PEEP)
with recruitment maneuvers on the occurrence of postoperative pulmonary
complications after surgery is still not definitively established. Bayesian anal-
ysis can help to gain further insights from the available data and provide
a probabilistic framework that is easier to interpret. The objective was to
estimate the posterior probability that the use of high PEEP with recruitment
maneuvers is associated with reduced postoperative pulmonary complications
in patients with intermediate-to-high risk under neutral, pessimistic, and opti-
mistic expectations regarding the treatment effect.

Methods: Multilevel Bayesian logistic regression analysis was performed on
individual patient data from three randomized clinical trials carried out on sur-
gical patients at intermediate to high risk for postoperative pulmonary com-
plications. The main outcome was the occurrence of postoperative pulmonary
complications in the early postoperative period. This study examined the effect
of high PEEP with recruitment maneuvers versus low PEEP ventilation. Priors
were chosen to reflect neutral, pessimistic, and optimistic expectations of the
treatment effect.

Results: Using a neutral, pessimistic, or optimistic prior, the posterior mean
odds ratio for high PEEP with recruitment maneuvers compared to low PEEP
was 0.85 (95% credible interval, 0.71 to 1.02), 0.87 (0.72 to 1.04), and 0.86
(0.71 to 1.02), respectively. Regardless of prior beliefs, the posterior proba-
bility of experiencing a beneficial effect exceeded 90%. Subgroup analysis
indicated a more pronounced effect in patients who underwent laparoscopy
(odds ratio, 0.67 [0.50 to 0.87]) and those at high risk for postoperative pul-
monary complications (odds ratio, 0.80 [0.53 to 1.13]). Sensitivity analysis,
considering severe postoperative pulmonary complications only or applying a
different heterogeneity prior, yielded consistent results.

Conclusions: High PEEP with recruitment maneuvers demonstrated a
moderate reduction in the probability of postoperative pulmonary complica-
tion occurrence, with a high posterior probability of benefit observed consis-
tently across various prior beliefs, particularly among patients who underwent
laparoscopy.

(ANESTHESIOLOGY 2025; 142:72-97)

recruitment maneuvers were less likely to develop postoperative
pulmonary complications; however, this result was not significant
at the standard P value threshold

What This Article Tells Us That Is New

e This post hoc Bayesian reanalysis of individual patient data from
three large randomized clinical trials showed that using high pos-
itive end-expiratory pressure and recruitment maneuvers led to a
high likelihood of a slight reduction in the probability of complica-
tions occurrence

This article is featured in “This Month in ANESTHESIOLOGY,” page A1. This article is accompanied by an editorial on p. 6. Supplemental Digital Content is available for this article. Direct
URL citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links to the digital files are provided in the HTML text of this article on
the Journal’s Web site (www.anesthesiology.org). This article has an audio podcast. This article has a visual abstract available in the online version.

Submitted for publication November 22, 2023. Accepted for publication July 9, 2024. Published online first on July 22, 2024.

Guido Mazzinari, Ph.D.: Department of Anesthesiology and Pain Medicine, La Fe Research Institute, Valencia, Spain; Perioperative Medicine Research Group, Valencia, Spain; and
Department of Statistics and Operational Research, Universidad de Valencia, Valencia, Spain.
Copyright © 2024 American Society of Anesthesiologists. All Rights Reserved. ANESTHESIOLOGY 2025; 142:72-97. DOI: 10.1097/ALN.0000000000005170

JANUARY 2025

ANESTHESIOLOGY, V 142 o NO 1


www.anesthesiology.org
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

Mazzinari et al.

Postoperative pulmonary complications frequently
occur, increasing mortality, hospital length of stay,
and healthcare costs.! Although the protective role of
low tidal volume has been established,? the effect of high
positive end-expiratory pressure (PEEP) with recruit-
ment maneuvers during intraoperative ventilation is less
certain, because it can protect the lungs against repet-
itive tidal recruitment but can potentially cause lung
overdistension.” A recent individual patient data meta-
analysis pooled the information from three large random-
ized clinical trials to assess the effect of high PEEP and
recruitment maneuvers versus low PEEP on postoperative
pulmonary complications occurrence.! Subjects venti-
lated with high PEEP with recruitment maneuvers were
less likely to develop postoperative pulmonary complica-
tions. However, this result was not significant at the stan-
dard P value threshold.

Several recent papers used a Bayesian approach to
reanalyze data from previous anesthesiology and critical
care randomized clinical trials with indeterminate fre-
quentist results to gain further insights.>™'" We aimed to
reanalyze the individual patient data set from the previ-
ous REPEAT frequentist meta-analysis* with a Bayesian
approach according to previously published recom-
mendations.” We hypothesized that intraoperative high
PEEP with recruitment maneuvers reduced the poste-
rior probability of developing postoperative pulmonary
complications.

The study is an individual patient data meta-analysis using
a database pooling individual patients from three recent

randomized clinical studies of intraoperative ventilation
during general anesthesia for surgery.* This analysis’s proto-
col and statistical analysis plan were previously published.
The data harmonization procedure is described in detail
elsewhere.'” Briefly, the three studies shared a similar intra-
operative management and outcome definition and com-
pared high PEEP (10 to 12cm H,O) with recruitment
maneuvers to low PEEP (0 to 5cm H,0) without Rm.
Of note, two of the studies were two-arm parallel trials,
whereas one was a four-arm parallel trial with additional
interventions in the early postoperative period. The pri-
mary analysis focused on the intraoperative intervention,
i.e. the high PEEP with recruitment maneuvers strategy.
The protocols of the three studies were approved by the
institutional review boards of the participating hospitals and
published previously.”*™** The detailed characteristics of the
studies are shown in supplemental table S1 (https://links.
Iww.com/ALN/D637).

The studies included patients with an intermediate risk
of developing postoperative pulmonary complication as
assessed by the Assess Respiratory Risk in Surgical Patients
in Catalonia (ARISCAT) score'® who underwent major
abdominal surgery. No additional exclusion criteria were
added for this analysis.

Baseline characteristics, as well as intraoperative data and
postoperative pulmonary complications occurrence, were
collected. Of note, for postoperative pulmonary complica-
tions, the follow-up was available up to 5 postoperative days
for every patient and up to 7 days in one study."
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Postoperative pulmonary complications are defined as a
collapsed composite of mild and severe respiratory failure,
acute respiratory distress syndrome, pulmonary infection,
pleural effusion, atelectasis, pneumothorax, and broncho-
spasm. The definition of the individual components of the
composite is shown in supplemental table S2 (https://links.
lww.com/ALN/D637).

The outcome of this analysis was the proportion of
patients developing one or more postoperative pulmonary
complication.

We used all of the available data without any a priori
power calculations and carried out a one-stage approach
meta-analysis by fitting a multilevel Bayesian logistic
model using the brms R package,"” including the effect
of the PEEP strategy as population (fixed) effect and the

study and site as a random effect modeling heterogeneity

of effect across different studies. The site was introduced as
a nested effect for the study (supplemental fig. S1, https://
links.Iww.com/ALN/D637).

Priors were set for the fixed effect, i.e., the effect of PEEP
strategy, standard deviations of the random effects, and the
correlation structure of the random effects. We defined a
neutral, a pessimistic, and an optimistic prior probability
distribution with moderate belief strength to cover the full
range of possible beliefs for the effect of the PEEP strategy
as previously recommended and shown in detail in table 1.7
We used normal distributions for the eftects on the log odds
scale (supplemental fig. S2, https://links.Iww.com/ALN/
D637). This allows the null effect to be centered at zero
and a symmetrical distribution, which can be transformed
back to odds ratios by exponentiating the log odds values.
We assigned some strength to our prior beliefs to be weakly
informative; i.e., we set them so that we cannot rule out an
eventual benefit but can mostly rule out large effect sizes for
the intervention and acknowledge a non-negligible chance
of the intervention being harmful.*

Table 1. Defining Priors to Explain What We Expect the Intervention Will Achieve and How Strong These Assumptions Are

Belief

Strength Neutral Optimistic Pessimistic

Weak We do not know much about the intervention We believe the intervention is beneficial, but We believe the intervention is harmful, but we
effect. we have no reason to exclude that it can be rule out a benefit.

We will use a normal distribution with a mean of harmful. We will use a normal distribution with a mean
0 and a large SD. The extreme case willbea  We will use a normal distribution with a mean at the expected effect and an SD to retain
“flat” prior with an infinite SD. at the expected effect and an SD to retain at at least a 30% probability of benefit (i.e., OR

Example: N ~ (0, 5) least a 30% probability of harm (i.e., OR > 1, <1, log odds < 0).

log odds > 0).

Moderate We do not know whether the intervention may be ~ We believe the intervention is beneficial, but We believe the intervention is harmful, but
beneficial or harmful, but we exclude that the we cannot exclude that there is a certain we cannot exclude that there is a certain
effect is large. chance that it can be harmful. chance that it can be beneficial.

We will use a normal prior with a mean of 0 and ~ We will use a normal distribution with a mean We will use a normal distribution with a mean
an SD to retain only 2.5% of probability of large  at the expected effect and an SD to retain at the expected effect and an SD to retain
effect of more than OR > 2 or OR < 0.5. at least a 15% probability of harm (OR > 1, at least a 15% probability of benefit (i.e., OR

Example: N ~ (0, 0.355). log odds > 0. <1,log odds < 0).

We used this prior for the analysis. We used this prior in the analysis using aver- We used this prior in the analysis using

aged effect size estimate from the three origi- averaged effect size estimate from the
nal studies (OR = 0.51, log odds = —0.67). three original studies (OR = 1/0.51, log
odds = 0.67).
Strong We strongly believe that the intervention does not  We believe the intervention is beneficial, but We believe the intervention is harmful, but there

have an effect.

We will use a normal prior with a mean of 0 and
an SD to retain only 2.5% of probability of large
effect of more than OR > 1.5 or OR < 0.66.

Example: N ~ (0, 0.205)

there is a very low chance for it to be harmful.

We will use a normal distribution with a mean
at the expected effect and an SD to retain at
least a 5% probability of harm (OR > 1, log
odds > 0).

is a very low chance for it to be beneficial.

We will use a normal distribution with a mean
at the expected effect and an SD to retain
at least a 5% probability of benefit (i.e., OR
<1,log odds < 0.

This table is based on an example to study the intervention effect on a harmful binary outcome, meaning that positive ratios represent harm. In this context, we usually express our
initial guess as an effect ratio; for instance, the odds ratio (OR) using the log of this ratio that allows to use normal distribution to model it. Such distribution will be defined by the
mean (location) and the standard deviation (SD; scale) and parameterized according to our set of beliefs. For instance, a log odds of 0 represents no effect, i.e., an OR of 1, and a log
odds greater than 0 represents higher odds for the event. The normal distributions are reported as N ~ (mean, SD). The weakly pessimistic prior was initially chosen to retain a 0.30
probability of benefit [Pr(OR < 1)]; however, because this returned an almost flat prior due to the great variance needed to retain that probability density for benefit with an average of
OR of 1.98 that mirrors the effect from the optimistic prior, we opted for a symmetric prior retaining 0.15 probability of benefit, as previously used in a recent study.®
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The prior distribution for the standard deviations of the
random effects, i.e. the intervention heterogeneity across
studies, was defined as a half-normal distribution with a
mean of 0 and a SD = 0.5; this yields prior probabilities of
52% in the reasonable category, 27% in the fairly high cate-
gory, and 5% in the extreme category (supplemental fig. S3,
https://links. Iww.com/ALN/D637)."  Furthermore, the
prior distribution for the correlation matrix of the random
effects was based on the Lewandowski—Kurowicka—Joe dis-
tribution with an 1 parameter of 2 (supplemental fig. S4,
https://links.Iww.com/ALN/D637)."

We also looked at how different beliefs about the inter-
vention affected the main results as postulated in previously
published recommendations.” We did this by treating the
estimates from different priors’ models as if they were sep-
arate studies and fitting an aggregate data Bayesian meta-
analysis. This helped us see how much these beliefs
influenced the results because the heterogeneity of this
meta-analysis is the influence of the priors, because there is
no other sampling difference. We used a weekly informative
neutral prior similar to the one we used in the main analysis
for the effect size and a DuMouchel prior for heterogeneity.
We chose such heterogeneity prior following the recom-
mendations on Bayesian reanalysis;” the DuMouchel prior
has been shown to provide good coverage for this kind of
analysis, not deviating much from uniform priors while
providing some regularization.”

We chose the region of practical equivalence as the
interval between odds ratios of 0.9 and 1.1. The region of
practical equivalence is usually defined based on the con-
text of the study and specific use; it is set based on previous
knowledge, expert opinions, or thinking about how param-
eter values practically affect the outcome; parameters within
region of practical equivalence are seen as having similar
effects, and any differences between them might not be
seen as important in a clinical context.?' The extent of the
95% posterior highest density interval overlap with region
of practical equivalence helps to understand the chances of
an intervention being helpful or harmful. In addition, we
defined a threshold for severe harm at an odds ratio of 1.25.

We used the threshold suggested by previously published
recommendations in a critical care setting’ because we con-
sidered that our clinical scenario bears sufficient similari-
ties. We drew 7,000 samples from the posterior distribution
after fitting the models with brms Hamiltonian Markov No
U-turn sampler using each of the previously defined pri-
ors and determined how much of the posterior probability
density laid in the region of practical equivalence interval
or exceeded the threshold for severe harm and determined
the posterior probability density of treatment effect using
estimated marginal means with the emmeans package for R
(version 1.8.5).%

We reported the effect of the intervention both as a mar-
ginal effect and as a conditional effect. For the conditional
effect, we conditioned on a new random effect simulated by

drawing posterior samples from the random effect mixture
distribution of trials and sites. In other words, this condi-
tional effect draws random values from the joint posterior
distribution to reflect the observed uncertainty within and
across all subjects for the random effects included in the
model, thus allowing assessment of the effect of the inter-
vention for hypothetical or unobserved scenarios as an
additional assessment of the heterogeneity. Furthermore, we
compared the interval of the region of practical equiva-
lence with the 95% posterior highest density interval, as
previously recommended, to see whether the highest den-
sity interval posterior probability density falls outside the
region of practical equivalence.

We performed the following preplanned subgroup
analyses by refitting the multilevel logistic regression
model by adding an interaction term between treatment
and a subgroup of interest and reporting the effect esti-
mated by pairwise contrasts in the groups of interest. We
carried out these analyses for the effect of high PEEP
and recruitment maneuver versus low PEEP in (1) type of
surgery, i.e., laparoscopic versus open surgery; (2) risk for
postoperative pulmonary complications, i.e., ARISCAT
score less than 45 versus greater than or equal to 45; and
(3) body mass index less than 30 versus greater than 30.
Next, we evaluated potential heterogeneity due to the
different design of one of the studies.' Therefore, we
assessed the effect of (4) type of PEEP selection, i.e., fixed
versus titrated, in the high PEEP and recruitment maneu-
ver cohort and the (5) use of a postoperative element as
part of the tested intervention, i.e., applied postoperative
continuous positive airway pressure (CPAP) versus stan-
dard oxygen support.

We performed sensitivity analyses by (1) refitting the
model and using only severe postoperative pulmonary
complications as the primary outcome; (2) varying the het-
erogeneity prior to a half~Cauchy prior'®; and (3) assessing
prior-data conflicts by examining the perturbation on pos-
terior distributions of parameters by power-scaling priors
with the R priorsense package.” We could not perform the
previously planned analysis including only patients with
lung collapse before the intervention as previously speci-
fied," because we could not identify such a group with the
available data. All analyses used R software (version 4.2.3,
Core Team,Vienna, Austria).

The pooled database contained 3,836 patients: 1,913 high
PEEP and recruitment maneuver patients and 1,923 low
PEEP patients. Demographic, perioperative, and care-
delivery characteristics were well balanced at baseline
between high PEEP and recruitment maneuver and low
PEEP patients (supplemental table S3, https://links.Iww.
com/ALN/D637). Intraoperative and ventilatory vari-
ables and differences between groups by every outcome

ANESTHESIOLOGY 2025; 142:72-97
Copyright © 2024 American Society of Anesthesiologists. All Rights Reserved. Unauthorized reproduction of this article is prohibited.

75


https://links.lww.com/ALN/D637
https://links.lww.com/ALN/D637
https://links.lww.com/ALN/D637
https://links.lww.com/ALN/D637

76

component are shown in supplemental tables S4 and S5
(https://links. Iww.com/ALN/D637).

The posterior mean effect of high PEEP and recruit-
ment maneuver on the occurrence of postoperative pulmo-
nary complications was 0.85 (95% credible interval, 0.71 to
1.02), 0.87 (0.72 to 1.04), and 0.86 (0.71 to 1.02) for the
models fitted with neutral, pessimistic, and optimistic priors,
respectively. The posterior probability of a beneficial effect
was more than 90% regardless of the prior (table 2; figs. 1
and 2). The conditional effects estimated by considering
the random effect of trial and site have similar posterior
means but a wider 95% credible interval and some posterior
probability of harm, i.e., more than 10% regardless of prior
(supplemental table S6 and figs. S5 and S6, https://links.
lww.com/ALN/D637). The posterior probability density
comprised in the region of practical equivalence was always
less than 30%. The prior choice had little influence on the
results; the estimated heterogeneity I? from the aggregate
estimate meta-analysis was 0.107. Therefore, approximately
10% of the variance was caused by the priors (supplemental
fig. S7, https://links.Iww.com/ALN/D637).

The effect of high PEEP and recruitment maneuver ver-
sus low PEEP had a higher posterior probability of benefit
in the laparoscopic surgery group compared to the open
surgery group. High PEEP and recruitment maneuver
was slightly more likely to be beneficial in the high-risk
ARISCAT cohort.We did not find any differences between
the other subgroups (table 3). As for the main analysis, the
conditional effects reported a similar posterior mean with
wider 95% credible intervals and some posterior proba-
bility of harm (supplemental table S6 and figs. S8 to S12,
https://links.lww.com/ALN/D637). We found that the
posterior distributions changed little when we used only
severe postoperative pulmonary complications as the out-
come or when we used a different prior for heterogeneity
(table 3; fig. 3). In addition, the post hoc prior sensitivity did
not report any conflicts for the intervention estimates.

We applied a Bayesian analysis framework on a large, harmo-
nized data set to estimate the effect of high PEEP and recruit-
ment maneuver ventilation on the occurrence of postoperative
pulmonary complications compared to a strategy based on low
PEEP, an approach that allows for flexible hypothesis testing,
the intuitive use of probabilities.*** Our results showed that
(1) using high PEEP and recruitment maneuver led to a slight
reduction in the posterior probability of complications occur-
rence; (2) this benefit was highly likely in general, although
(3) it can be less likely to benefit depending on the variability
of patients. Moreover, (4) the different prior distributions did
not influence the results. Subgroups and sensitivity analyses
showed that (5) the effect of the high PEEP and recruitment
maneuver was more beneficial in the laparoscopic and high
ARISCAT risk score patients’ groups, and no effect was asso-
ciated with the use of postoperative CPAP or an individualized
high PEEP instead of a fixed high PEEP.

The physiologic basis of mechanical ventilation studies
in the operating room is that general anesthesia with mus-
cle paralysis causes airway and lung collapse. This can lead
to injury due to the excessive pressure or volume applied
to the shrunk parenchyma or to the shear force occurring
in cyclically opening regions.” The use of high PEEP with
recruitment maneuvers is intended to counteract these del-
eterious effects. However, apart from a recent meta-analysis
of mainly small studies in which the authors acknowledged
some publication bias,* several large randomized clinical
trials yielded indeterminate results on the benefit of such
a ventilatory strategy. Our results based on a different sta-
tistical framework provide a reasonable belief that a high
PEEP and recruitment maneuver strategy can be benefi-
cial. The magnitude of this benefit, although not negligible
based on the prespecified region of practical equivalence
criteria, is probably small. We applied a region of practical
equivalence criterion suitable for similar clinical contexts

Table 2. Average Effect Estimates from Main Model for Primary Outcome

0dds Ratio Absolute Risk Probability Mass in  Probability of Benefit
(95% Credible ~ Reduction* (95% the Region of Practical Odds Ratio <1 (Odds
Belief Prior Subject Matter Justification Interval)* Credible Interval) Equivalence Ratio < 0.8; > 1.25)
Neutral There is no previous firm evidence to believe 0.85(0.71101.02) —3% (—6 to 0%) 25% 96% (23%; 0%)
the intervention is good or bad, but large
effect sizes can be reasonably ruled out.
Pessimistic ~ The intervention is believed to be harmful, but ~ 0.87 (0.72 to 1.04) —3% (-5 to 0%) 30% 93% (18%; 0%)
there are few data, and an eventual benefit
cannot be ruled out.
Optimistic ~ The intervention is believed to be good, but 0.86 (0.71 10 1.02) —3% (—6 to 0%) 25% 96% (25%; 0%)

a non-negligible chance of harm must be
acknowledged.

The region of practical equivalence was defined by an odds ratio interval of 0.9 and 1.1.

*This risk reduction is a simple estimation derived from the posterior draws of the predictor transformed by the inverse-link function with only the intervention as previously

described.?
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Fig. 1. Prior and posterior distributions for the high positive end-expiratory pressure and recruitment maneuver intervention are reported in
the odds ratio (OR) scale. Blue lines, prior distribution; red lines, posterior distribution of the effect.

based on different parameters or combinations thereof

and discovered that approximately 25% of the posterior
using regions of practical equivalence occurs after evaluat-

probability density lies within this interval. A similar den-

sity is observed for a significant benefit (odds ratio less than ing this primary information. In addition, we should try to
0.8), whereas no density is found above an odds ratio of  avoid making strict yes or no decisions, because we might
1.25. Ultimately, the essence of Bayesian analysis lies in the ignore how important or uncertain a parameter value really
full posterior distribution, akin to a map illustrating prob- is. This type of thinking can lead to misunderstandings and
abilities across various parameter values. Making decisions  confusion.’!*
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Fig. 2. Posterior distributions of the effects of high positive end-expiratory pressure and recruitment maneuver on the probability of postop-
erative pulmonary complication occurrence with a highlighted probability of benefit area. Blue area, probability density for the benefit thresh-
old (odds ratio, less than 1); orange area, probability density for the harm threshold (odds ratio, greater than 1); dark orange area, probability
density for the harm threshold (odds ratio, greater than 1.25); black vertical lines, region of practical equivalence boundaries (odds ratio, 0.9
to 1.1). PPC, postoperative pulmonary complications; ROPE, region of practical equivalence.
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Table 3. Subgroups and Sensitivity Analyses

Region of Practical

Probability of Benefit or Harm, %

0dds Ratio (95% Equivalence
Pairwise Comparison Subgroup Credible Interval)* Probability, % Odds Ratio <1 0dds Ratio < 0.8 0dds Ratio > 1.25
Subgroup analyses
High PEEP and RM Laparoscopic 0.67 (0.50 to 0.87) 0 99 90 0
versus low PEEP surgery
0.67 (0.50 to 0.87) 0 99 90 0
0.67 (0.50 to 0.85) 0 99 91 0
Open surgery 1.01(0.79 10 1.23) 66 48 2 3
1.01(0.79 10 1.27) 62 46 3 4
0.98 (0.76 to 1.22) 62 56 4 2
High ARISCAT risk 0.80(0.53t0 1.13) 22 88 50 1
0.80(0.53t0 1.13) 23 88 49 1
0.79 (0.54 t0 1.12) 21 89 52 1
Intermediate 0.90 (0.73 10 1.07) 46 87 13 1
ARISCAT risk 0.90 (0.74 t0 1.10) 50 85 1 1
0.88 (0.71 to 1.06) 37 91 18 1
Body mass index 0.88 (0.67 t0 1.13) 40 83 24 1
<30kgm- 0.89 (0.66 to0 1.16) 42 79 21 1
0.84 (0.62 t0 1.08) 29 89 35 1
Body mass index 0.84 (0.66 t0 1.07) 27 91 34 1
> 30kg m- 0.85 (0.65 to 1.06) 28 91 33 1
0.84 (0.64 to 1.06) 26 91 38 1
Postoperative CPAP High PEEP and RM 1.19(0.73 10 1.78) 28 21 3 42
versus no 1.20 (0.71 t0 1.79) 27 21 3 42
postoperative CPAP 1.22 (0.74 t0 1.85) 25 18 3 46
Low PEEP 1.14(0.7910 1.57) 34 21 2 31
1.15(0.77 t0 1.57) 34 22 2 32
1.14 (0.791t0 1.58) 34 22 2 30
Individualized PEEP High PEEP and RM 1.14 (0.71 10 1.70) 32 27 4 34
versus fixed high 1.14(0.72t0 1.71) 32 27 4 34
PEEPt 1.14 (0.70 t0 1.68) 32 26 2 34
Sensitivity analyses
Severe postoperative pulmonary 0.84 (0.69 t0 1.01) 21 96 30 0
complications 0.87 (0.70 to 1.06) 34 91 20 0
0.86 (0.69 to 1.04) 28 93 26 0
Different heterogeneity prior 0.86 (0.71 t0 1.01) 25 96 23 0
0.87 (0.72 t0 1.03) 33 93 18 0
0.86 (0.70 t0 1.01) 26 95 24 0

The region of practical equivalence is the probability distribution between 0.9 and 1.1 odds ratio.

*Results for the posterior means and posterior probabilities are reported according to the prior distribution from top to bottom: neutral, pessimistic, and optimistic. 1This comparison
is carried out in the cohort receiving high PEEP and RM because no patient in the low PEEP cohort received it.

ARISCAT, Assess Respiratory Risk in Surgical Patients in Catalonia; CPAP, continuous positive airway pressure; PEEP, positive end-expiratory pressure; RM, recruitment maneuver.

Furthermore, the effects of the intervention estimated
conditional on a new random effect reflecting the uncer-
tainty within and across subjects show how the estimate
distributions widen even to contain some posterior proba-
bility of harm. Hence, high PEEP and recruitment maneu-
ver should not be a one-size-fits-all solution, but when and
how to apply them should be carefully chosen. A partial
explanation of these results comes from subgroup analy-
sis. For instance, the effect of high PEEP and recruitment
maneuver is more beneficial in specific groups such as lapa-
roscopic surgery and high-risk ARISCAT patients, whereas
in obesity, there is only a small interaction effect.

In addition, lung injury is ultimately related to the amount
of stress and strain applied to the parenchyma during the
mechanical ventilation process,” and ventilation must be

tailored to minimize it. Thus, applying high PEEP, recruitment
maneuvers, or both can be beneficial as long as they decrease
lung strain. This could not always be the case because, on the
one hand, they can reduce the strain dynamic component by
applying the same tidal volume to a greater number of alveoli
thanks to recruitment and the pressure to keep them open, but
on the other, they can increase the static strain by administer-
ing more force to the lung scaffold.* Other parameters, such
as driving pressure, have been proposed to guide ventilation
during general anesthesia, although its physiologic rationale
is still being debated and laid out, and specific randomized
clinical trials to evaluate its effect are ongoing.*® Also, other
more comprehensive measurements of the total force, i.e., the
mechanical power applied to the lung during ventilation, have
been described. Results from post hoc analysis show that this
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Fig. 3. Sensitivity analysis results for the posterior probability distributions for the effect of high positive end-expiratory pressure and recruit-
ment maneuvers on the probability of postoperative pulmonary complications occurrence. Reported are the effect estimates conditionally on a
new random effect for a new hypothetical scenario. Blue lines, different heterogeneity prior; red lines, only severe postoperative complications

as the outcome; orange lines, main model.

can be a promising measurement,” but we are not aware of ~ non-negligible heterogeneity between studies cannot be ruled

any study specifically designed to test whether this parameter ~ out. Although we introduced a random effect in the model to

can reduce postoperative pulmonary complications. precisely account for potential between studies differences, the

Several limitations of this study must be acknowledged. effect of high PEEP and recruitment maneuver may be dif-

First, although our database was previously harmonized, a  ferent in particular clinical scenarios or patients with specific
ANESTHESIOLOGY 2025; 142:72-97 Mazzinari et al.
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preoperative medications that cannot be ascertained by this
study. Second, we chose to focus on individual patient data
from large randomized clinical trial, leaving out some small
studies. We could have switched to aggregate data meta-
analysis and potentially had some difference in the point esti-
mates, although with the trade-oft of losing data granularity. As
in our previous frequentist analysis, we decided to concentrate
on the binary composite main outcome. However, it is import-
ant to note that this type of outcome has limitations, such as
increased heterogeneity. Moreover, because the studied inter-
vention combined the use of recruitment maneuvers and high
PEEP, we cannot isolate the individual role of each component,
and the synergistic or antagonistic effect in specific clinical sit-
uations could not be investigated. In addition, data on dynamic
and static strain, such as functional residual capacity estimation
or stress index, were not collected in the original studies thus,
we cannot elucidate when the PEEP effect changes from ben-
eficial to injurious by adding only overdistension. Moreover,
although we did not observe any effect from other types of
intervention, such as postoperative CPAP or the individualized
setting of PEEP according to the pulmonary compliance after
the recruitment maneuver, these interventions were adminis-
tered in only one of the three studies; thus, our results should
be interpreted with caution. Finally, we could not carry out the
prespecified subgroup analysis on patients who presented atel-
ectasis before the intervention administration because no data
could identify such a group reliably. This must be investigated in
future studies because the application of PEEP, and recruitment
maneuvers in particular, seem sensible if a significant amount of
collapsed parenchyma is present.

In conclusion, intraoperative mechanical ventilation
with high PEEP and recruitment maneuvers slightly
reduces the risk of occurrence and adverse postoperative
pulmonary events as compared to low PEEP. This effect is
likely not generalizable and is more pronounced in patients
undergoing laparoscopy or at high risk of complications.
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