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[bookmark: _Toc211542180]1. LIST OF ABBREVIATIONS 
ARDS	acute respiratory distress syndrome
ARMs	alveolar recruitment maneuvers
Cdyn	dynamic compliance
CG	control group
CI	confidence interval
CRP	C-reactive protein
Cstat	static compliance
CT	computed tomography
dP	driving pressure
ECMO	extracorporeal membrane oxygenation
EIT	electrical impedance tomography
HA	hemoadsorption
IBW	ideal body weight
ICU	intensive care unit
IL-6	interleukin 6
IL-8	interleukin 8
LOS	length of stay
MD	mean difference
NE	norepinephrine
OR	odds ratio
PCT	procalcitonin
PEEP	positive end-expiratory pressure
Peso	esophageal pressure
PPC	postoperative pulmonary complication
Pplat	plateau pressure
Ptp	transpulmonary pressure
RCT	randomized controlled trial
RR	risk ratio
SD	standard deviation
Se Lac	serum lactate level
SG	study group
TNF-α	tumor necrosis factor alfa
US	ultrasound
VT	tidal volume
ZEEP	zero end-expiratory pressure



[bookmark: _Toc211542181]2. STUDENT PROFILE 
[bookmark: _Toc211542182]2.1. Vision and mission statement, specific goals 
The objective of my PhD work was to deepen my knowledge in scientific methodology and expand understanding in advanced strategies during mechanical ventilation, a key aspect of my field of residency, anesthesiology and intensive therapy. To achieve my goals, I have conducted two systematic reviews and meta-analyses to summarize and evaluate the current evidence in the literature on two important topics.
[bookmark: _Toc211542183]2.2. Scientometrics
	Number of all publications
	5

	   Cumulative IF
	 19.9

	   AvIF/publication:
	3.98

	   Ranking (SciMago)
	D1: -, Q1: 5, Q2: -

	Number of publications related to the subject of the thesis
	2

	   Cumulative IF
	6.8

	   AvIF/publication
	3.4

	   Ranking (SciMago)
	D1: -, Q1: 2, Q2: -

	Number of citations on Google Scholar
	60

	Number of citations on MTMT (independent)
	36

	H-index
	2


[bookmark: _Toc211542184]2.3. Future plans 
My future plans include deepening my professional and practical knowledge in anesthesiology and intensive care. I am grateful to my mentors for equipping me with a valuable tool that supports staying up-to-date and embracing opportunities for growth. They have taught me the importance of reading scientific literature and developing a more critical mindset. I am also looking forward to participate in and lead future research projects both in perioperative and intensive care medicine.



[bookmark: _Toc211542185]3. SUMMARY OF THE THESIS
The aim of this thesis is to present advanced strategies designed to improve patient health outcomes in both anesthesia and intensive care via two relatively novel approaches to treatment. 
Applying positive end-expiratory pressure (PEEP) is already known to be a cornerstone of lung protective ventilation, however average settings may not fit everyone [1–6].This systematic review and meta-analysis focused on the effects of individualized PEEP (positive end-expiratory pressure) settings compared to fixed PEEP values during abdominal surgery. Our findings demonstrated that individualized PEEP led to better perioperative outcomes, including fewer postoperative pulmonary complications (PPCs), improved oxygenation (PaO2/FiO2), higher PEEP levels, and enhanced respiratory mechanics. However, there was a tendency toward a higher vasopressor requirement with individualized PEEP. These findings highlight the potential benefits of individualized PEEP in improving respiratory outcomes while suggesting the need for further research to evaluate its hemodynamic effects comprehensively.
The second study addressed the emerging role of hemoadsorption (HA) therapy as an adjunctive treatment for acute respiratory distress syndrome (ARDS), a condition often associated with hyperinflammation[7]. This systematic review intended to analyze the effects of HA in ARDS. While the available studies were limited in number and quality, our results revealed promising outcomes, including improved oxygenation, attenuation of the inflammatory response, and reduced vasopressor requirements after HA. Importantly, no serious device-related adverse events were reported. These findings provide a foundation for future high-quality clinical trials to better define the role of HA in ARDS management.
In summary, both studies contribute to advancing our understanding of individualized strategies and adjunctive therapies in mechanically ventilated patients. These findings not only synthesize the current evidence but also provide valuable insights for designing future studies to optimize patient outcomes in anesthesiology and intensive therapy.

[bookmark: _Toc211542186]4. GRAPHICAL ABSTRACTS 
[image: A poster of a medical procedure

AI-generated content may be incorrect.]
Figure 1- Graphical abstracts of the studies included in the thesis


[bookmark: _Toc211542187]5. INTRODUCTION 
[bookmark: _Toc211542188]5.1. Overview of Study I. – Individualized vs. fixed intraoperative PEEP settings
During general anesthesia, functional residual capacity reduces, progressive atelectasis develops in dependent areas of the lungs[8]. At the same time, due to atelectasis, inspiratory pressures may cause excessive overdistention in the aerated parts of the lungs [9]. Other perioperative factors, e.g. pain in general can impair respiration, as it limits respiratory muscle function for secretion elimination and adequate ventilation. All these can lead to increased morbidity and mortality, especially in older patients with comorbidities, but harm otherwise healthy individuals too [10]. Postoperative pulmonary complications (PPCs) are among the most frequent perioperative complications, with prevalence estimates ranging from 9% to 40%, depending on the definition used, on patient and surgical factors [11]. To enhance outcome measurement in clinical trials, a consensus definition of PPCs was established. It encompasses respiratory conditions with common pathophysiological mechanisms—pulmonary collapse and airway contamination—such as atelectasis, pneumonia, ARDS, and aspiration [11].
There are existing evidence that following a perioperative lung-protective ventilation approach may reduce the incidence of PPCs [10,12]. In addition to low tidal volumes (VT = 6–8 mL/kg of ideal body weight), applying PEEP is an important component of lung-protective ventilation strategies during general anesthesia and in the management of ARDS [1–6]. Given that an optimal PEEP has yet to be clearly defined, individualized ventilation strategies have recently gained attention, focusing on setting PEEP based on patient-specific needs and optimizing parameters like driving pressure, respiratory compliance, or transpulmonary pressure to reduce both atelectrauma and barotrauma [1,13–15]. However, whether individualized PEEP titration reduces the incidence of PPCs compared with conventional settings remains uncertain, and more robust evidence is needed [14,16,17]. Therefore, conducting a systematic review and meta-analysis of the currently available randomized controlled trials in this field may provide firmer conclusions.


[bookmark: _Toc211542189]5.2. Overview of Study II. – Hemoadsorption as Adjuvant Therapy in ARDS
Acute respiratory distress syndrome (ARDS), first described in 1967, is a clinical syndrome of acute hypoxemic respiratory failure[18]. Regarding its pathogenesis, it is usually a secondary result of a wide range of pulmonary and extrapulmonary triggers, including severe infections, shock, trauma, and extensive burns. Despite decades of research, ARDS remains associated with high mortality and substantial management difficulties [18,19]. 
Lung-protective ventilation has been extensively studied in patients with ARDS and remains a cornerstone of supportive care, typically involving the use of lower tidal volumes and various levels of PEEP to improve oxygenation, prevent further ventilator-induced lung injury (VILI) and reduce mortality [20,21]. Clinical trials have shown that adjunctive approaches, such as prone positioning, recruitment maneuvers, conservative fluid management, and extracorporeal support (ECMO, hemoadsorption) may improve oxygenation in ARDS, though survival benefits remain unproven [22].
The pathophysiology of ARDS involves hyperactivated or dysregulated host-response of immune pathways, with a central role of circulating cytokins [23]. These local and systemic effects of inflammation may exacerbate lung injury, worsening ventilation–perfusion mismatch and increasing diffusion distance, ultimately leading to more severe hypoxemia. Studies in conditions other than ARDS have suggested that extracorporeal adsorption of vasoactive substances may reduce circulating cytokine concentrations and exert a positive effect on survival [24–27]. This provides a rationale for investigating the effects and potencial role of immunomodulatory therapies, such as hemoadsorption in improving oxygenation in ARDS. Although publications on the pathophysiological rationale and clinical use of hemoadsorption in severe acute respiratory failure have increased over the past eight years, solid evidence to define its overall role remains lacking.


[bookmark: _Toc211542190]6. OBJECTIVES
[bookmark: _Toc211542191]6.1. Study I. – Individualized vs. fixed intraoperative PEEP settings 
Conducting a systematic review and meta-analysis we aimed to assess the perioperative effects of two mechanical ventilation strategies in patients undergoing abdominal surgery: using individualized PEEP titration methods versus conventional fixed PEEP settings maintained throughout the surgical procedure. We hypothesized that individualized approach is superior and may reduce the incidence of PPCs.
[bookmark: _Toc211542192]6.2. Study II. – Hemoadsorption as Adjuvant Therapy in ARDS 
Given the current lack of solid evidence in the literature, our aim was to to summarize the existing data and currently available evidence regarding hemoadsorption in patients treated for severe ARDS in this systematic review and meta-analysis. 



[bookmark: _Toc211542193]7. METHODS
We conducted two systematic reviews and meta-analyses following the PRISMA 2020 guideline and adhered to the recommendations outlined in the Cochrane Handbook. Additionally, the pre-study protocols were registered in advance in PROSPERO [28,29].
[bookmark: _Toc211542194]7.1. Study I. – Individualized vs. fixed intraoperative PEEP settings
[bookmark: _Toc211542195]7.1.1. Systematic search, eligibility
The study was registered on PROSPERO (CRD42021282228) on October 13, 2021. A systematic search was conducted on October 14, 2021, and updated on April 26, 2024, across four medical databases: MEDLINE (via PubMed), Cochrane Library (CENTRAL), Embase, and Web of Science, using a predefined search strategy. The research included only randomized controlled trials (RCTs) comparing individually titrated PEEP with fixed PEEP levels or zero PEEP (ZEEP) in adult patients undergoing abdominal surgery under general anesthesia. Both elective and non-elective surgeries, including laparoscopic and open abdominal procedures (major gastrointestinal, gynecological, and urological), were considered. Trials involving pediatric patients (<18 years) or patients ventilated for reasons unrelated to abdominal surgery were excluded.
[bookmark: _Toc211542196]7.1.2. Selection, data synthesis and statistical analysis
Two authors independently performed the study selection process, first by screening titles and abstracts, and then by reviewing the full texts of studies that met the inclusion criteria. Any disagreements were resolved through consultation with a third author. Data extraction from the selected articles was also carried out independently to ensure accuracy and precision.
Given at least three studies reporting a specific outcome, performing a meta-analysis was feasible. For continuous variables, mean differences were calculated based on the reported mean ± SD. If medians, quartiles, minimums, and maximums were presented in the article, we employed the Luo and Shi methods to estimate the mean ± SD. For dichotomous outcomes, risk ratios (RRs) with 95% confidence intervals (CIs) were calculated to compare the different PEEP strategies. For pooled results, the exact Mantel–Haenszel method (without continuity correction) was used to address zero cell counts [30,31]. The Hartung–Knapp adjustment was applied when more than five studies were available for a given outcome [32,33].
Statistical analyses were performed with R (R Core Team 2021, v4.1.2) using the meta (Schwarzer 2022, v6.2-1) and dmetar (Cuijpers, Furukawa, and Ebert 2020, v0.0.9000) packages [34–36].
[bookmark: _Toc211542197]7.1.3. Quality of evidence and risk of bias assessment
Following the Cochrane Collaboration's recommendations, investigators independently evaluated the quality of the studies using the "Revised Tool for Assessing the Risk of Bias in Randomised Trials." Any disagreements were resolved by involving a fourth author. The quality assessment of the included studies was conducted using the Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) approach, following Cochrane guidelines, and implemented through the GRADEPro Guideline Development Tool [37].
[bookmark: _Toc211542198]7.2. Study II. – Hemoadsorption as Adjuvant Therapy in ARDS
[bookmark: _Toc211542199]7.2.1. Systematic search, eligibility
After registering our study protocol on PROSPERO (CRD42022292176), we conducted a systematic search in the same five databases—MEDLINE via PubMed, Embase, Cochrane Central Register of Controlled Trials (CENTRAL), Scopus, and Web of Science—on December 17, 2021, using a predefined search query. The search was repeated on February 25, 2023. The target population for this research comprised patients with ARDS, and we aimed to compare those who received hemoadsorption therapy with patients who received only standard medical treatment. Prospective and retrospective studies, as well as case reports and case series, were eligible for inclusion in our systematic review.
[bookmark: _Toc211542200]7.2.2. Selection, data syntesis and statistical analysis
As in the previous study, the selection and data extraction were conducted independently by two authors following the selection criteria. Any disagreements were resolved by involving a third author.
For case reports or case series with very few eligible patients, data were pooled and visualized using boxplots. A Wilcoxon test was performed to determine whether there was a significant difference in the before- and after-treatment values.
The meta-analysis followed the recommendations of Harrer et al. [38]. For each continuous outcome, we analyzed the before- and after-treatment means as well as mean differences. In one outcome, at least one study also provided the difference between before- and after-treatment means for a control group (CG). In such cases, we also analyzed the difference in these mean differences. The Hartung-Knapp adjustment was applied, and we used the classical inverse variance method with the restricted maximum likelihood estimator [32].
Heterogeneity was assessed using the I² statistic with confidence intervals and the Cochrane Q test. I² values of 25%, 50%, and 75% were interpreted as low, moderate, and high heterogeneity, respectively.
In some instances, only the median and interquartile range of a continuous outcome were available. In these cases, we used methods outlined by Luo et al., and Wan et al., similar to the first study [39,40]. While standard deviations for before- and after-treatment outcomes were available or estimable, the standard deviation of the change was missing. Following the Cochrane Handbook guidelines, we tested correlations ranging from −0.5 to 0.9 [29]. All tested correlations yielded similar results, and the published results were based on a correlation of 0.8.
[bookmark: _Toc211542201]7.2.3. Quality of evidence and risk of bias assessment
We followed the Cochrane Collaboration's recommendations for evaluating the quality of studies and used the GRADE approach for assessment [29,37]. The methodological quality of the case series was recommended to be assessed using the Joanna Briggs Institute Critical Appraisal Tool [41]. The evaluations were conducted independently by two authors, with a third author consulted to resolve any disagreements. For the risk of bias assessment, we employed study-type-appropriate tools: the Joanna Briggs Institute Critical Appraisal Tool [42] for case reports and case series; the ROBINS-I tool for cohort studies; and the RoB-2 tool for randomized controlled trials [43,44].


[bookmark: _Toc211542202]8. RESULTS
[bookmark: _Toc211542203]8.1. Study I. – Individualized vs. fixed intraoperative PEEP settings
[bookmark: _Toc211542204]8.1.1. Systematic search and selection 
Our systematic search identified 1,541 articles, which underwent the selection process. Eventually, 30 studies were deemed eligible for inclusion in our data synthesis. The selection process is presented on the PRISMA flowchart (Figure 2). 
[image: ]
[bookmark: _Ref204002502][bookmark: _Ref204002496][bookmark: _Toc204637055]Figure 2 - PRISMA 2020 flow chart. Steps of the search and selection process of the included articles of Study I.
[bookmark: _Toc211542205]8.1.2. Baseline characteristics 
We analyzed data from 30 studies encompassing a total of 2,602 patients [1,3,6,13–15,17,45–67]. Baseline characteristics of the included studies, such as patient population, PEEP titration strategies, and types of surgery, are summarized in Table 1. Seven trials focused on PEEP titration in obese patients, while the remaining studies involved non-obese patients undergoing either laparoscopic or open surgeries. Some studies included mixed populations or surgery types; these were categorized into the miscellaneous group for analysis.
[bookmark: _Ref204000358][bookmark: _Ref204000325]Table 1 - Baseline characteristics of the included studies in Study I.
	Study
	Patients – intervention/control (n)
	Type of surgery
	Study group titration method
	Control group PEEP used (cmH2O)

	Deeparaj et al., 2023[47]
	41/41
	laparoscopic gynaecological surgery
	Cstat -guided
	5

	Eichler et al., 2018[48]
	20/17
	laparoscopic bariatric surgery
	Ptp-guided
	10

	Elshazly et al., 2021[49]
	20/20
	laparoscopic bariatric surgery
	US-guided
	4

	Fernandez-Bustamante et al., 2020[46]
	24/13
	laparoscopic and open-abdominal surgeries
	Cstat,or Ptp-guided
	</=2

	Ferrado et al., 2017[50]
	18/18
	open abdominal surgery
	Cdyn-guided
	5

	Ferrado et al., 2018[13]
	241/244
	laparoscopic and open-abdominal surgeries
	Cdyn-guided
	5

	Gao et al., 2023[51]
	23/23
	robotic-assisted laparoscopic prostatectomy
	FiO2-guided
	5

	Girrbach et al., 2020[51]
	20/20
	robot-assisted laparoscopic radical prostatectomy
	EIT-guided
	5

	Kim et al., 2023[52]
	178/185
	laparoscopic/robotic abdominal surgery
	dP-guided
	5

	Li et al., 2021[53]
	60/60
	laparoscopic surgery
	Cdyn-guided
	5

	Li et al., 2023[54]
	20/20
	laparoscopic bariatric surgery
	Cdyn-guided
	8

	Liu et al., 2019[3]
	58/57
	laparoscopic radical gastrectomy
	Cstat-guided
	ZEEP

	Liu et al., 2020[55]
	44/43
	laparoscopic total hysterectomy
	Cstat-guided
	ZEEP

	Luo et al., 2023[56]
	36/36
	laparoscopic gastrointestinal surgery
	US-guided+dP-guided
	5

	Mini et al., 2021[57]
	41/41
	open abdominal surgery
	dP-guided
	5

	Nestler et al., 2017[14]
	25/25
	laparoscopic bariatric surgery
	EIT-guided
	5

	Pan et al., 2023[58]
	26/26
	robot-assisted prostate surgery
	EIT-guided
	5

	Pereira et al., 2018[1]
	20/20
	laparoscopic and open-abdominal surgeries
	EIT-guided
	4

	Piriyapatsom et al., 2020[59]
	22/22
	laparoscopic gynaecological surgery
	Ptp guided
	5

	Ruszkai et al., 2021[6]
	15/15
	open radical cystectomy
	Cstat-guided
	6

	Salama et al., 2023[60]
	33/33
	open abdominal surgery
	Cstat-guided
	5

	Van Hecke et al., 2019[61]
	50/50
	laparoscopic bariatric surgery
	Cdyn-guided
	10

	Xavier et al., 2024[62]
	10/10
	laparoscopic bariatric surgery
	Cstat-guided
	5

	Xiao et al., 2023[67]
	24/24
	CRS + HIPEC
	EIT-guided
	5

	Xu et al., 2022[45]
	17/16
	laparoscopic surgery
	dP-guided
	6

	Yang et al., 2023[63]
	23/22
	laparoscopic sleeve gastrectomy
	dP-guided
	5

	Yoon et al., 2021[15]
	30/30
	robot-assisted radical prostatectomy
	Cdyn-guided
	7

	Zhang et al., 2021[64]
	67/67
	open upper abdominal surgery
	dP-guided
	6

	Zhang et al, 2022[65]
	67/67
	laparoscopic gynaecological surgery
	dP-guided
	5

	Zhou et al., 2021[66]
	32/32
	laparoscopic robot-assisted prostatectomy
	Cdyn-guided
	ZEEP


Cstat: static compliance; Ptp: transpulmonary pressure; US: ultrasound; Cdyn: dynamic compliance; FiO2: fraction of inspired oxygen; EIT: electronic impedance tomograph; dP: driving pressure. 
Among the included randomized controlled trials (RCTs), various titration methods were applied, including electrical impedance tomography (EIT)-guided [1,14,17,58,67], ultrasound (US)-guided [49,56], driving pressure-guided [45,52,57,63–65], transpulmonary pressure-guided [46,48,59], and compliance-optimizing techniques [6,13,15,46,50,53–55,60–62,66,68].
[bookmark: _Toc211542206]8.1.3. Primary outcome 
The primary outcome was the incidence of postoperative pulmonary complications (PPCs). Data on atelectasis, pneumonia, ARDS, and pulmonary aspiration—either individually or in combination—were pooled from 12 studies involving 1,466 patients [13–15,46,49,52,54,55,60,64,66,67]. Among these, 444 patients experienced PPCs. Our analysis indicated that patients receiving personalized PEEP settings were 30% less likely to develop PPCs than those receiving fixed PEEP settings (24.8% vs. 35.7%; RR = 0.70, CI: 0.58–0.84, I² = 7%, p = 0.002), as shown in Figure 3. 
[image: ]
[bookmark: _Ref204002695][bookmark: _Toc204637056]Figure 3 - Forest plot of studies representing the incidence of postoperative pulmonary complications, with subgroups. 
[bookmark: _Toc211542207]8.1.4. Secondary outcomes
8.1.4.1. PaO2/FiO2 at the End of Surgery
Based on the results of 20 trials (1,843 patients) [1,6,13–15,17,48–52,56,58,60–62,64,66,67], patients receiving optimal PEEP had a nearly 56 mmHg higher PaO2/FiO2 ratio at the end of the surgery, then those receiving a fixed level of PEEP (MD = 55.99 mmHg, 95% CI: 31.78–80.21, I2 = 91%, p < 0.001) presented in Figure 4.
[image: ]
[bookmark: _Ref204002754][bookmark: _Toc204637057]Figure 4 - Forest plot of the mean difference in PaO2/FiO2 ratio at the end of surgery, with subgroups. 
8.1.4.2. Titrated PEEP Values in the SGs
We analyzed and compared the PEEP levels in each group. Based on data from 20 studies (1,471 patients) [1,6,13–15,17,45–48,50,54,56,58,60–64,67], the PEEP level was approximately 6 cm H2O higher in the individually titrated PEEP group compared to the group receiving a predefined PEEP setting (MD = 6.27 cm H2O, CI: 4.30–8.23, I² = 98.0%, p ≤ 0.001), as shown in Figure 5. 
[image: A képen szöveg, képernyőkép, Betűtípus, szám látható

Előfordulhat, hogy a mesterséges intelligencia által létrehozott tartalom helytelen.]
[bookmark: _Ref204002813][bookmark: _Toc204637058]Figure 5 - Forest plot presenting the mean PEEP values, and mean differences of the studies.
8.1.4.3. Vasopressor Requirement
Data from 14 studies (1,261 patients) [1,13–15,17,45,46,51,53,56,61,64–66] indicated a higher prevalence of vasopressor use when individually titrated PEEP was applied compared to the CG receiving any vasopressor agent (58.9% vs. 54.7%). This was further supported by analysis, which showed a tendency toward a higher risk of requiring vasopressors with individually titrated PEEP (Figure 6). However, this finding did not reach statistical significance (RR = 1.07, 95% CI: 1.00–1.14, I² = 0%, p = 0.062).
[image: A képen szöveg, diagram, Betűtípus, szám látható

Előfordulhat, hogy a mesterséges intelligencia által létrehozott tartalom helytelen.]
[bookmark: _Ref204002973][bookmark: _Toc204637059]Figure 6 - Forest plot showing the risk ratio for vasopressor requirement. 

Our analysis found no significant differences between groups regarding the maximum norepinephrine doses, or the amount of vasopressors (ephedrine, phenylephrine) used (MD = −0.19 mcg/min/kg 95% CI: −2.40–2.01; MD = 0.22 mg 95% CI: −1.23–1.68; MD = 0.00 mcg 95% CI: −0.00–0.00). 
8.1.4.4. Respiratory Mechanics
Data on dynamic and static compliance (Cdyn, Cstat) from 20 studies (1,573 patients) [1,6,14,15,47,49–54,56–61,64,64,67] at the end of surgery suggested an increase in dynamic compliance, though it did not reach statistical significance (Cdyn: MD = 3.26 mL/cm H2O, 95% CI: −0.08 to 6.61, I² = 96%, p = 0.055). However, the increase in static compliance was statistically significant (Cstat: MD = 11.92 mL/cm H2O, 95% CI: 6.40 to 17.45, I² = 85%, p < 0.001) (Figure 7 and Figure 8).
[image: A képen szöveg, képernyőkép, Betűtípus, szám látható

Előfordulhat, hogy a mesterséges intelligencia által létrehozott tartalom helytelen.]
[bookmark: _Ref204003291][bookmark: _Toc204637060]Figure 7 - Forest plot of mean differences in dynamic compliance (Cdyn) between groups.
[image: A képen szöveg, Betűtípus, képernyőkép, szám látható

Előfordulhat, hogy a mesterséges intelligencia által létrehozott tartalom helytelen.]
[bookmark: _Ref204003294][bookmark: _Toc204637061]Figure 8 - Forest plot of mean differences in static compliance (Cstat) between groups
Driving pressure (dP) at the end of surgery, based on 15 studies including 1,530 patients [1,6,13–15,17,50,52,57–60,62,64,67], was significantly lower with titrated PEEP settings compared to a fixed PEEP strategy (MD = −2.75 cm H2O, 95% CI: −3.95 to −1.55, I² = 89%, p < 0.001).
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[bookmark: _Toc204637062]Figure 9 - Forest plot of mean differences of driving pressure (dP) between groups
Plateau pressure (Pplat) (18 studies, 1,762 patients) [1,13–15,17,47,49,52,54,56–60,64,65], was approximately 2.5 cm H2O higher in patients receiving individually titrated PEEP, a statistically significant difference compared to the CG (MD = 2.49 cm H2O, 95% CI: 1.08 to 3.90, I² = 92%, p = 0.002), seen on Figure 10.
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[bookmark: _Ref204003979][bookmark: _Toc204637063]Figure 10 - Forest plot of mean differences of plateau pressure (Pplat) between groups
8.1.4.5. Duration of Anaesthesia and Surgery
According to our analysis, both the duration of anesthesia (19 studies, 1,822 patients) [1,3,6,13,15,45,46,48,52–56,58,59,63–65,67] and the duration of surgery (24 studies, 2,096 patients) [1,3,6,13,15,45,46,48,50–53,55–60,62–67] were longer among patients receiving individualized PEEP. However, statistical significance was observed only for the latter outcome, with neither reaching a mean difference of 5 minutes (MD = +0.49 minutes, 95% CI: −6.08 to 7.06; MD = +4.82 minutes, 95% CI: −2.84 to 6.81, respectively) (Figure 11and Figure 12).
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[bookmark: _Ref204004283][bookmark: _Toc204637064]Figure 11 - Forest plot of mean differences of duration of anesthesia (mins) between groups.
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[bookmark: _Ref204004287][bookmark: _Toc204637065]Figure 12 - Forest plot of mean differences of duration of surgery (mins) between groups
8.1.4.6. Length of Hospital Stay, Length of ICU Stay, and Mortality
Our data on the length of hospital stay (14 studies, 1,699 patients) [1,3,6,13,15,46,52,55,57,59–61,64,66] and the length of ICU stay (4 studies, 626 patients) [3,13,14,60,64], showed no significant differences between the study groups (SGs) (MD = −0.06 days, 95% CI: −0.71 to 0.59, I² = 71.0%, p = 0.855, and MD = −0.10 days, 95% CI: −2.70 to 2.51, I² = 77%, p = 0.914, respectively, shown on Figure 13and Figure 14).
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[bookmark: _Ref204004578][bookmark: _Toc204637066]Figure 13 - Forest plot of mean differences of length of hospital stay (days) between groups.
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[bookmark: _Ref204004579][bookmark: _Toc204637067]Figure 14 - Forest plot of mean differences of length of intensive care unit stay (days) between groups.
The 28-day mortality rates were reported in 5 studies (850 patients) [3,13,14,60,64], and the overall risk ratio (RR) showed no significant differences between the groups (RR = 1.0, 95% CI: 0.41–2.46, I² = 0%, p = 0.991) shown on Figure 15.
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[bookmark: _Ref204004690][bookmark: _Toc204637068]Figure 15 - Forest plot of 28-day mortality in the study groups.
Finally, there were outcomes for which data were insufficient to conduct a meta-analysis, such as oxygen saturation, postoperative IL-6, C-reactive protein (CRP), and procalcitonin (PCT) [6,15,46,53].
[bookmark: _Toc211542208]8.1.5. Risk of bias and quality of evidence assessment
According to the recommendations, the authors assessed the risk of bias in the included studies using the Cochrane Collaboration Risk of Bias tool. They suggested "some risk" for the majority of the studies and a ’low risk’ of bias for some. (Figure 16). During the GRADE quality assessment, the level of evidence was ’high’ regarding the duration of anesthesia and ’moderate’ for PPCs, the PaO2/FiO2 ratio, the need for vasopressors, the duration of surgery, and the doses of ephedrine. It was ’low’ for outcomes such as the PEEP value used, the maximum dose of norepinephrine (NE), Cdyn, Cstat, dP, Pplat, LOH, LO ICU, and phenylephrine used, and ’very low’ level of evidence for 28-day mortality (Figure 16,Table 2). Any disagreements were resolved by a third author during both processes.
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[bookmark: _Ref204004884][bookmark: _Toc204637069][bookmark: _Ref205726910]Figure 16 - Risk of bias assessment of the included studies.

[bookmark: _Ref204005265][bookmark: _Ref204005222]Table 2 - GRADE quality assessment of the included studies in Study I.
	Individualized PEEP compared to fixed PEEP for patients undergoing abdominal surgery

	Patient or population: patients undergoing abdominal surgery
Intervention: individualized PEEP
Comparison: fixed PEEP

	Outcomes
	Anticipated absolute effects* (95% CI)
	Relative effect
(95% CI)
	№ of participants
(studies)
	Certainty of the evidence
(GRADE)
	Comments

	
	Risk with fixed PEEP
	Risk with individualized PEEP
	
	
	
	

	Postoperative pulmonary complications (PPCs)
follow-up: 7 days
	357 per 1000
	250 per 1000
(207 to 300)
	RR 0.70
(0.58 to 0.84)
	1466
(12 RCTs)
	⨁⨁⨁◯
Moderatea
	

	End of surgery PaO2/FiO2 (P/F) ratio (P/F ratio)
	The mean end of surgery PaO2/FiO2 (P/F) ratio was 0 mmHg
	MD 55.99 mmHg higher
(31.78 higher to 80.21 higher)
	-
	1843
(20 RCTs)
	⨁⨁⨁◯
Moderateb
	

	PEEP values used (PEEP)
	The mean PEEP values used was 0 cmH2O
	MD 6.27 cmH2O higher
(4.3 higher to 23.54 higher)
	-
	1471
(20 RCTs)
	⨁⨁◯◯
Lowb
	

	Number of patients need vasopressor
	548 per 1000
	586 per 1000
(548 to 624)
	RR 1.07
(1.00 to 1.14)
	1261
(14 RCTs)
	⨁⨁⨁◯
Moderate
	


	Maximum dose of norepinephrine
	The mean maximum dose of norepinephrine was 0 ug/kg/min
	MD 0.19 ug/kg/min lower
(2.4 lower to 2.01 higher)
	-
	157
(4 RCTs)
	⨁⨁◯◯
Low
	

	Respiratory compliance (dynmic) (Cdyn)
	The mean respiratory compliance (dynmic) was 0 cmH2O
	MD 3.26 cmH2O higher
(0.08 lower to 6.61 higher)
	-
	917
(11 RCTs)
	⨁⨁◯◯
Lowb
	

	Respiratory compliance (static) (Cstat)
	The mean respiratory compliance (static) was 0 cmH2O
	MD 11.92 cmH2O higher
(6.4 higher to 17.45 higher)
	-
	656
(11 RCTs)
	⨁⨁◯◯
Lowb
	

	Driving pressure (Pdriving)
	The mean driving pressure was 0 cmH2O
	MD 2.75 cmH2O lower
(3.95 lower to 1.55 lower)
	-
	1530
(15 RCTs)
	⨁⨁◯◯
Lowb
	

	Plateau pressure (Pplateau)
	The mean plateau pressure was 0 cmH2O
	MD 2.49 cmH2O higher
(1.08 higher to 3.9 higher)
	-
	1762
(18 RCTs)
	⨁⨁◯◯
Lowb
	

	Duration of anesthesia (min)
	The mean duration of anesthesia (min) was 0 min
	MD 0.49 min higher
(6.08 lower to 7.06 higher)
	-
	1822
(19 RCTs)
	⨁⨁⨁⨁
High
	

	Duration of surgery (min)
	The mean duration of surgery (min) was 0 min
	MD 6.24 min higher
(2.16 lower to 14.64 higher)
	-
	1299
(13 RCTs)
	⨁⨁⨁◯
Moderate
	

	Length of hospital stay
	The mean length of hospital stay was 0 days
	MD 0.06 days higher
(0.71 lower to 0.59 higher)
	-
	1699
(14 RCTs)
	⨁⨁◯◯
Lowa
	

	Length of ICU stay
	The mean length of ICU stay was 0 days
	MD 0.1 days lower
(2.7 lower to 2.51 higher)
	-
	626
(4 RCTs)
	⨁⨁◯◯
Lowa
	

	28-day mortality
	7 per 1000
	7 per 1000
(3 to 17)
	OR 1.00
(0.41 to 2.46)
	850
(4 RCTs)
	⨁◯◯◯
Very lowb
	

	Total amoung of ephedrine used (mg)
	The mean total amoung of ephedrine used (mg) was 0 mg
	MD 0.22 mg higher
(1.23 lower to 1.68 higher)
	-
	323
(6 RCTs)
	⨁⨁⨁◯
Moderateb
	

	Total amount of phenilephrine used (mcg)
	The mean total amount of phenilephrine used (mcg) was 0 mcg
	MD 0 mcg 
(0 to 0 )
	-
	416
(6 RCTs)
	⨁⨁◯◯
Lowb
	

	*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).

CI: confidence interval; MD: mean difference; RR: risk ratio

	GRADE Working Group grades of evidence
High certainty: we are very confident that the true effect lies close to that of the estimate of the effect.
Moderate certainty: we are moderately confident in the effect estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different.
Low certainty: our confidence in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.
Very low certainty: we have very little confidence in the effect estimate: the true effect is likely to be substantially different from the estimate of effect.





[bookmark: _Toc211542209]8.2. Study II. – Hemoadsorption as Adjuvant Therapy in ARDS
[bookmark: _Toc211542210]8.2.1. Systematic search and selection
The initial and un updated systematic literature search identified a total of 1,653 records. Following a two-stage screening process conducted independently by two reviewers—initially based on titles and abstracts, followed by full-text assessment—26 studies met the eligibility criteria and were included in the final analysis (Figure 17) [24,69–93].
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[bookmark: _Ref204007231][bookmark: _Toc204637070]Figure 17 - PRISMA 2020 Flowchart, Steps of the search and selection process of the included articles of Study II.
[bookmark: _Toc211542211]8.2.2. Baseline characteristics -táblázat, hivatkozás
The included studies primarily comprised case reports, case series, and retrospective analyses, along with two randomized controlled trials. Collectively, these studies encompassed data from 243 patients. A detailed summary of the baseline characteristics of the included studies is presented in Table 3 - Baseline characteristics of the included studies in Study II.
[bookmark: _Ref204007351]Table 3 - Baseline characteristics of the included studies in Study II.
	Study, year
	Indication
	Patients on HA therapy (n)
	Control group (n)
	Study design
	Cartridge
	Average No. of adsorbents
	Timeframe for use
	Results

	Acevedo et al., 2021[69]
	ARDS, COVID-19
	1
	-
	case report
	CytoSorb
	1
	9,2 h
	improved P/F ratio, reduction of NA need

	Akil et al., 2020[70]
	ARDS, pneumogenic septic shock
	13
	7
	prospective obs., + post hoc comparison to retrospective historical controls.
	CytoSorb
	min. of 2
	each for 24h
	mortality 0% SG vs 57% CG, sign. reduction of NA requirement and serum Lactate in SG

	Akil et al., 2022[71]
	COVID-19
	16
	10
	retrospective observational
	CytoSorb
	mean of 6 treatments (range 2-21)
	24 h each
	HA therapy led to hemodynamic stabilization, reduction of inflammation

	Alharthy et al., 2020[72]
	ARDS, COVID-19
	50
	-
	case series
	CytoSorb
	2±1 vs 6±2 (survivors vs non-survivors)
	each for 24h
	improved P/F ratio among survivors, PLT counts were reduced

	Berlot et al., 2020[73]
	ARDS, COVID-19
	1
	-
	case report
	CytoSorb
	3
	each for 24h
	improved P/F ratio, reduced CRP and IL-6,

	Berlot et al., 2021[74]
	ARDS, COVID-19
	2
	-
	retrospective observational
	CytoSorb
	3
	each for 24h
	PaO2/FiO2 ratio improved or remained stable, CRP, IL-6 decreased after HA

	David et al., 2017[75]
	ARDS, influenza pneumonia
	1
	-
	case report
	CytoSorb
	1
	24h
	Reduction in CRP, PCT, Hgb and NA requirements and improved P/F ratio 24 h after HA

	Geraci et al. 2021[76]
	ARDS, COVID-19
	10
	-
	case series
	CytoSorb
	-
	2 in the first 24 hour, then 1 every 24h
	HA is a feasible and safe treatment, HA reduced inflammatory markers

	Huang et al, 2012[92]
	acute lung injury induced by extrapulmonary sepsis
	25
	21
	RCT
	HA-330
	once a day for three consecutive days.
	each for 2 h
	improving respiratory function, reduction of IL-1 and
TNF-a.

	Huang et al., 2021[77]
	ARDS, COVID-19
	1
	-
	case report
	oXiris
	7
	each for 24 h
	reduced vasopressor requirements after HA, reduction in inflammatory markers (IL-6)

	Kogelmann et al., 2020[78]
	ARDS
	7
	-
	case series
	CytoSorb
	4
	12 - 24 hours
	improved P/F ratio, decrease in catecholamine
need,

	Kovacevic et al., 2020[93]
	ARDS, H1N1 influenza
	1
	-
	case report
	CytoSorb
	2
	
	decreased vasopressor requirements after HA

	La Camera et al., 2019[79]
	ARDS, postoperative patient, pneumonia
	1
	-
	case report
	CytoSorb
	2
	-
	reduced NA requirement,

	Lees et al., 2016[80]
	ARDS, PLV+ S.aureus pneumonia
	1
	-
	case report
	CytoSorb
	1
	24h
	improved oxygenation, decrease vasopressin and NA requirement

	Lother et al., 2019[81]
	ARDS, septic shock
	3
	-
	case series
	CytoSorb
	mean 1,3 median 1 [1-3]
	38.4, 12 and   13.5 h
	reduction in PLT count, no evidence of altered plasmatic coagulation, 67% mortality

	Nassiri et al., 2021[82]
	ARDS, COVID-19
	26
	-
	case series
	CytoSorb
	mean 2, median of 2 [1-3]
	median 35 IQR [18-48]
	significant reduction in inflammatory markers, reduction of NA requirement, improved P/F ratio and SOFA score

	Pieri et al., 2022[83]
	ARDS, COVID-19
	15
	-
	retrospective observational
	CytoSorb
	3
	17 h (mean)
	improved P/F ratio, reduced CRP

	Ramírez-Guerro et al., 2020[84]
	ARDS, COVID-19
	1
	-
	case report
	Jafron HA-380
	1
	10 h
	improved P/F ratio, and CT picture

	Rampino et al., 2020[85]
	COVID-19
	5
	4
	case series
	CytoSorb
	2
	4h sessions in 2 consecutive days
	better clinical course (mortality, PaO2/FiO2), lymphocyte no. improved, CRP decreased to grater extent, as well as IL-6, IL-8, and TNF-α decreased, IL-10 remained unchanged

	Rieder et al., 2020[86]
	ARDS, COVID-19
	1
	-
	case report
	CytoSorb
	1
	72 h
	reduction in PLT count, in CRP and IL-6.

	Rizvi et al., 2020[87]
	ARDS, COVID-19
	1
	-
	case report
	CytoSorb
	8
	first 4 for 12h, then 4 for 24h
	reduction of PLT, Hgb, WBC

	Rodeia et al., 2021[88]
	COVID-19
	5
	-
	case series
	CytoSorb
	2
	each 24h
	safe intervention, positive rational behind the therapy, but with low quality evidence

	Supady et al., 2021[24]
	COVID-19 pneumonia requiring ECMO
	17
	17
	RCT
	CytoSorb
	3, 24 h each
	72 h
	No significant differences for IL-6 were detected between the two groups after 72 h, increased mortality in the Cytosorb group

	Träger et al., 2016[89]
	ARDS, postoperative patient
	1
	-
	case report
	CytoSorb
	3
	85 h in total
	reduction of interleukin 6 and 8, reduction of NA requirements

	Wiegele and Krenn et al., 2015[90]
	ARDS, Legionella Pneumonia associated rhabdomyolysis
	1
	-
	case report
	CytoSorb
	2
	1st: 6 h 2nd: 5h
	myoglobin levels decreased, reduction of required NA dose, improvement in urinary output,

	Wunderlich-Sperl et al., 2021[91]
	ARDS, COVID-19
	13
	-
	case series
	CytoSorb
	Median of 4 HA treatment [range 1-15 days]
	max of 24 h, 
	decreased inflammatory parameters after HA, reduction of NA doses, improvement in PF ratio, reduction in PLT count


HA: hemoadsorption , P/F: PaO2/FiO2
[bookmark: _Toc211542212]8.2.3. Primary outcome
Data from eight studies (162 patients) [71,72,76,78,82,83,91,92], evaluating the primary outcome demonstrated a statistically significant enhancement in the PaO₂/FiO₂ ratio following HA therapy, with a mean difference (MD) of 68.93 mmHg (95% CI: 28.79 to 109.06; I² = 96%; p = 0.005) shown on Figure 18. Additionally, aggregated results from seven individual case reports (n = 7) indicated a trend toward improvement; however, this did not reach statistical significance (p = 0.15).
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[bookmark: _Ref204007551][bookmark: _Toc204637071]Figure 18 - Forest plot of the mean difference of PaO2/FiO2 ratio change after hemoadsorption therapy
[bookmark: _Toc211542213]8.2.4. Secondary outcomes
8.2.4.1. Inflammarory Biomarkers
Seven studies [70,72,76,82,83,88,91] involving COVID-19 patients (132 patients) demonstrated a significant reduction in serum CRP levels following treatment, with an MD of −45.02 mg/dL (95% CI: −82.64 to −7.39; I² = 95%; p = 0.026) shown on Figure 19. Serum interleukin-6 (IL-6) levels were assessed in seven studies [24,70–72,76,88,91] (124 patients), revealing a non-significant trend toward reduction after HA therapy (MD = −241.17 pg/mL; 95% CI: −570.38 to 88.05; I² = 77%; p = 0.123) presented on Figure 19. These results on CRP and IL-6 levels were further supported by the analysis of pooled individual case data, as illustrated in Figure Figure 20 (p = 0.008 and p = 0.016 respectively). 
[image: A screenshot of a computer screen

AI-generated content may be incorrect.]
[bookmark: _Ref204007777][bookmark: _Toc204637072]Figure 19 - Forest plots of the difference of mean differences of Se CRP (A) and Se IL-6 (B) after hemoadsorption treatment.
[image: ]
[bookmark: _Ref204008700][bookmark: _Toc204637073]Figure 20 - Pooled data from case reports showing CRP and IL-6 levels (mg/l) before and after the treatment.
8.2.4.2. Effects on vasopressor requirement and lactate
Data from seven studies [24,70–72,82,91,92] (160 patients) assessing norepinephrine (NE) requirements before and after HA therapy demonstrated a significant reduction following treatment, with a MD  of −0.23 μg/kg/min (95% CI: −0.43 to −0.04; I² = 99%; p = 0.028) Figure 21A. Additionally, analysis of four studies [24,70,71,92] (126 patients) that included a CG indicated a non-significant trend toward lower vasopressor requirements in patients treated with HA compared to those receiving standard medical care (MD = −0.12 μg/kg/min; 95% CI: −0.29 to 0.05; I² = 74%; p = 0.108). In this comparison, the certainty of evidence was rated as low. Serum lactate levels based on eight studies [70–72,76,78,82,88,91] were also significantly reduced after HA therapy, with a mean difference of −1.63 mg/L (95% CI: −3.05 to −0.21; I² = 96%; p = 0.030) shown on Figure 21B.
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[bookmark: _Ref204019746][bookmark: _Toc204637074]Figure 21 - Forest plots of change in required dose of NE (A) and the level of rerum lactate (B) after hemoadsorption therapy.
8.2.4.3. Length of Stay and Mortality
Based on data from three studies[70,71,92] (92 patients) comparing HA therapy to standard medical treatment, no significant difference was observed in ICU length of stay (MD = 1.17 days; 95% CI: −18.61 to 20.96; I² = 64%; p = 0.82), with the certainty of evidence rated as low. Mortality data were reported in five studies[24,70,71,85,92], though the follow-up periods ranged from 28 to 90 days. A non-significant reduction in mortality was noted in the HA group (RR = 0.64; 95% CI: 0.11 to 3.65; I² = 80%; p = 0.52), with the certainty of evidence rated as very low.
8.2.4.4. Safety Outcomes, and Subgroup Analysis 
No device-related adverse events were reported, irrespective of the platform used. We conducted a subgroup analysis on COVID-19 patients, and after excluding non-COVID cases, only the PaO₂/FiO₂ ratio improvement remained significantly better.
[bookmark: _Toc211542214]8.2.5. Risk of bias and quality of evidence assessment
The risk of bias evaluations (Figure 22) was assessed with the Rob-2 tool (randomized controlled trials), with the Robins I tool (retrospective studies).
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[bookmark: _Ref204020766][bookmark: _Toc204637075]Figure 22 - Risk of bias evaluation of the included RCTs (A) and retrospective studies (B) in Study II.
The JBI critical appraisal tools for case reports and case series (Figure 23). The GRADE summary of findings for the included studies are shown on Table 4.
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[bookmark: _Ref204020796][bookmark: _Toc204637076]Figure 23 - Risk of bias assessment of the case series (A) and case reports (B) included in Study II.
[bookmark: _Ref210333420]Table 4 - GRADE quality assessment of the included studies in Study II.
	Certainty assessment
	№ of patients
	Effect
	Certainty
	Importance

	№ of studies
	Study design
	Risk of bias
	Inconsistency
	Indirectness
	Imprecision
	Other considerations
	Hemoadsorption (HA) therapy
	Standard medical treatment
	Relative
(95% CI)
	Absolute
(95% CI)
	
	

	Vasopressor support (norepinephrine)

	4
	observational studies
	very seriousa
	not serious
	not serious
	not serious
	none
	71
	55
	-
	MD 0.12 ug/kg/min lower
(0.29 lower to 0.05 higher)
	⨁⨁◯◯
Low
	IMPORTANT

	Length of ICU stay

	3
	observational studies
	very seriousa
	not serious
	not serious
	not serious
	none
	54
	38
	-
	MD 1.17 days higher
(18.61 lower to 20.96 higher)
	⨁⨁◯◯
Low
	IMPORTANT

	Mortality (follow-up: range 28 days to 90 days)

	5
	observational studies
	very seriousa,b
	seriousb
	not serious
	not serious
	none
	28/76 (36.8%) 
	29/59 (49.2%) 
	RR 0.64
(0.11 to 3.65)
	177 fewer per 1 000
(from 437 fewer to 1 000 more)
	⨁◯◯◯
Very low
	IMPORTANT





[bookmark: _Toc211542215]9. DISCUSSION
[bookmark: _Toc211542216]9.1. Study I. – Individualized vs. fixed intraoperative PEEP settings
This systematic review and meta-analysis aimed to assess the impact of individualized versus fixed intraoperative PEEP settings on the incidence of postoperative pulmonary complications.
[bookmark: _Toc211542217]9.1.1. Positive End-Expiratory Pressure settings
On average, the optimal PEEP value in the intervention groups was approximately 6.27 cm H₂O higher than the mean PEEP used in the CGs, aligning with findings from previous studies. This suggests that individual PEEP requirements often exceed the currently recommended levels of 5–6 cm H₂O [16,94].
Subgroup analysis of the obese population revealed an even greater difference, with a mean PEEP increase of 8.16 cm H₂O, indicating that higher PEEP levels were required to prevent atelectasis in this group. The effects of higher PEEP levels (12 vs. 4 cm H₂O) were investigated in a previous large RCT, which did not demonstrate a reduction in postoperative pulmonary complications (PPCs)—a finding consistent with our subgroup analysis of obese patients (RR= 0.79, CI: 0.01–069,84, I2=48%, p=0.84) [14,49,54,95].
[bookmark: _Toc211542218]9.1.2. Postoperative Pulmonary Complications and Oxygenation
Our primary outcome was the incidence of PPCs(PPCs), defined based on a previous consensus recommendation and included atelectasis, pneumonia, acute respiratory distress syndrome (ARDS), and pulmonary aspiration, either occurring alone or in combination [11]. PPCs are common after major abdominal surgeries and contribute to prolonged hospital stays, increased morbidity, and higher mortality rates [96–98], thus reducing their incidence can improve patient recovery outcomes and decrease healthcare related costs [97,99].
One of the earliest meta-analyses comparing individualized PEEP titration to conventional settings reported a risk ratio (RR) of 0.52 for developing PPCs when titrated PEEP was used [94]. However, this analysis focused on patients receiving one-lung ventilation during thoracic surgery. Our findings align with a more recent meta-analysis, which found a RR of 0.69 in a broader population that also included patients undergoing abdominal surgery, further supporting the consistency of our results with existing evidence [16]. 
Except for two studies, a higher mean PaO₂/FiO₂ ratio was measured at the end of surgery in the individually set group [61,66]. Our findings reveal not only a significantly greater overall MD in PaO₂/FiO₂ ratios favoring individualized PEEP over fixed settings, but also a larger effect than those reported in earlier meta-analyses involving thoracic (MD = 37.72 mmHg) and abdominal surgeries (MD = 20.8 mmHg) [16,94]. Additionally, a recent meta-analysis comparing EIT-guided PEEP titration to fixed PEEP showed substantially improved intraoperative oxygenation, with individualized PEEP resulting in an oxygenation index over 90 mmHg higher [100].
[bookmark: _Toc211542219]9.1.3. Hemodynamics
Elevated levels of PEEP can increase right ventricular afterload and potentially reduce preload, which may result in decreased cardiac output. Consequently, PEEP should be administered with caution in patients who are hemodynamically unstable, especially in the presence of hypovolemia [101,102]. We noted a trend toward more frequent vasopressor use in the SG. In a previous study involving obese patients, those treated with individually adjusted PEEP levels required vasoactive support more often during alveolar recruitment maneuvers (ARMs) compared to those managed with a fixed PEEP of 12 cm H₂O (92% vs. 48%) [103]. The most marked difference in vasopressor requirement was observed in a study on robot-assisted radical prostatectomy, where vasopressor use was significantly more common in the SG (90.0% vs. 56.7%; p = 0.004) [15].
Our analysis found a relative risk of 1.07 for not requiring vasopressor support in the CG compared to the SG, though this result did not reach statistical significance. Among the four studies providing data on norepinephrine infusion rates, only one [48] reported lower mean dosing in the SG [6,14,17,48]. Given the limited data available, it remains difficult to draw firm conclusions about the impact of individualized PEEP titration on vasopressor requirements. Supporting this uncertainty, a recent physiological study found no significant difference in maximum norepinephrine infusion rates between individualized and fixed PEEP strategies [104].

[bookmark: _Toc211542220]9.1.4. Respiratory Mechanics
Our findings demonstrated improved respiratory compliance in the SG, reflected in both dynamic (Cdyn) and static (Cstat) measurements, with a statistically significant increase observed in Cstat. Although elevated pulmonary compliance may be seen in certain pathological conditions, the majority of studies included in our meta-analysis—except one—were conducted on patients without any known pre-existing lung disease [56]. The most commonly used method to determine the optimal PEEP (PEEPopt) involved targeting the level at which pulmonary compliance (either Cstat or Cdyn) was maximized. This introduces the possibility of selection bias, particularly since several of the included studies did not report compliance values. In one study by Boesing et al., both individualized titration methods tested were found to reduce dynamic lung strain and driving pressure more effectively than a fixed level of PEEP of 5 cm H₂O [104].
As for whether it is the PEEP level itself—high or low—or the individualized approach that matters most, evidence from another trial comparing personalized titration strategies suggested superior respiratory mechanics and oxygenation outcomes when PEEP was optimized by targeting an ideal transpulmonary pressure, measured with an esophageal catheter (Peso-guided method) titration over a gas exchange–based approach [105]. A recent RCT further emphasized the importance of re-evaluating PEEP throughout the surgical procedure, following the initial titration [45]. This practice is justified, given that prolonged mechanical ventilation is often associated with a gradual decline in respiratory compliance over time [45].
Excessive dP and high Pplat are well-established contributors to ventilator-induced lung injury [106]. It is therefore unsurprising that six studies in our review chose dP optimization as the preferred method for determining optimal PEEP [45,52,57,63–65]. In one earlier investigation involving obese patients, a secondary analysis compared three PEEP settings: individualized, a fixed 12 cm H₂O, and a fixed 4–5 cm H₂O. The lowest average intraoperative dP was observed in the individualized group (9.8 cm H₂O vs. 14.4 cm H₂O and 18.8 cm H₂O; p < 0.001), suggesting that individualization may be more beneficial than simply increasing PEEP [103].
Although previous studies have supported the use of repeated ARMs as part of lung-protective ventilation during general anesthesia, our analysis did not show improved outcomes in studies that routinely or intermittently used ARMs compared to those that did not [6,107–110].
[bookmark: _Toc211542221]9.1.5. Other Secondary Outcomes
The duration of anesthesia did not significantly differ between the groups. While the length of surgery was statistically longer in the SG, the difference was under five minutes, raising doubts about its clinical significance. These results imply that the intervention does not add a meaningful time burden. 
We found no significant differences in hospital or ICU length of stay, indicating that individualized PEEP appears to have no measurable impact on these outcomes. This may be attributed to the fact that most PPCs in elective surgical populations are recognized early and are generally mild diseases, that can be treated with supportive care. However, frail or comorbid patients may be more vulnerable to even mild complications, experiencing greater physiological stress, prolonged recovery, or functional decline.  Also, these complications often require increased monitoring, higher staff workload, and additional pharmacologic interventions, all of which contribute to elevated healthcare resource utilization and cost. Thus, while length of stay and mortality may remain unchanged, the burden on healthcare systems should not be underestimated.
Only a limited number of studies reported mortality data, which is an outcome that is expected to be low in these elective surgical populations. For example, a meta-analysis involving 3.6 million bariatric surgery patients reported just 4,707 perioperative deaths (0,13%) [111]. Similarly, in a study of over 35,000 radical prostatectomy cases, the 30-day mortality was below 0.5% [112]. These figures highlight the challenge of conducting a sufficiently powered mortality study in such low-risk populations. 


[bookmark: _Toc211542222]9.2. Study II. – Hemoadsorption as Adjuvant Therapy in ARDS
[bookmark: _Toc211542223]9.2.1. Hemoadsorption as an Adjunctive Therapy
Hemoadsorption has gained interest in treating hyperinflammatory critical conditions over the past decade. ARDS may be a potential target, but available scientific data are limited. This systematic review and meta-analysis found few studies, lacking high-quality evidence, yet showed signs of better oxygenation, reduced inflammation, and lower vasopressor needs, with no serious adverse events.
[bookmark: _Toc211542224]9.2.2. Inflammatory Response Modulation
Innate immune activation triggers pro-inflammatory signals, cytokine and chemokine release, and activates alveolar macrophages, causing endothelial and alveolar damage. [113,114]. Most ARDS cases result from uncontrolled host-response to hyperinflammation causing lung injury. The cytokine absorbing capacity of hemoadsorption cartridges supports their theoretic benefits in hyperinflammatory states. Our findings confirm growing interest in research and use of hemoadsorption in severe respiratory failure. 
An effective reduction in circulating inflammatory cytokines has been shown in in vitro studies [115], animal models [116], and clinical trials [117]. In our study, only CRP levels decreased significantly with hemoadsorption, though IL-6 levels also tended to decline, particularly in studies with higher baseline IL-6 levels [24,71,72].
CRP, due to its large molecular weight, is unlikely to be directly adsorbed; its reduction is likely an indirect effect of decreased inflammation. Nonetheless, similar CRP reductions during hemoadsorption have been reported by others, consistent with our findings [118]. The small sample size and high data variability likely limited the ability to draw firm conclusions for the overall population.
Dysregulated host-response often leads to the loss of vasomotor tone, resulting in hemodynamic instability or even vasoplegic shock. Clinical experience and published data suggest that hemoadsorption is often associated with hemodynamic improvement, indicated by reduced vasopressor needs [119] and decreased plasma lactate levels [120]. We were able to pool data on lactate levels and norepinephrine doses from six studies [70,72,76,82,88,91], and the significant reduction in both outcomes after orption treatment was consistent with the results of previous studies [119].
[bookmark: _Toc211542225]9.2.3. Effects on Oxygenation
A key finding of this study is the marked improvement in oxygenation following hemadsorption treatment, with an average increase of nearly 70 mmHg in the PaO₂/FiO₂ ratio. This improvement is clinically significant, and not only in cases of severe ARDS—where even modest gains in oxygenation can be life-saving—but also in moderate or less severe presentations, where it may alter the whole clinical picture and treatment. Such an increase has the potential to reduce the need for escalation of ventilatory support, it may also impact decisions regarding other forms of adjunctive therapies (e.g., prone positioning or ECMO), and ultimately may improve overall clinical outcomes. 
The first RCT on sepsis-induced lung injury using the HA-330 device showed reduced TNF-α and IL-1 levels and improved oxygenation, lung injury scores, and outcomes. Most studies in our review supported these results, with significant PaO₂/FiO₂ improvement after hemoadsorption [92]. In severe ARDS requiring ECMO, recent data suggest that hemoadsorption may reduce inflammation and vasopressor need while improving lung function [121]. Early combined use of ECMO and hemoadsorption could offer a new approach to enhance lung rest, warranting future investigation [71]. Regarding the limitations of this outcome in out meta-analysis, it should be mentioned, that it was conducted on a markedly heterogeneous patient population and relied predominantly on case reports, which are particularly prone to reporting bias. In such a context of heterogeneity and low-level evidence, the observed improvement in oxygenation should be interpreted with caution and cannot be clearly ascribed solely to hemoadsorption. Improvements in oxygenation may result from various pathophysiological mechanisms, such as better ventilation–perfusion matching or reduced diffusion distance, and are strongly influenced by multiple aspects of intensive care, including the underlying disease, the etiology of ARDS, ventilatory mode, patient positioning (supine or prone), the use of other organ support therapies such as CRRT or ECMO, and appropriate antimicrobial treatment.
[bookmark: _Toc211542226]9.2.4. Hemoadsorption in COVID-19 Patients
The role of hemoadsorption in COVID-19-related ARDS, influenced by varying phenotypes and inflammation levels, remains controversial and is beyond the scope of this review. Still, nearly half of the included studies involved COVID-19 patients, reflecting heightened interest during the pandemic [122]. In our COVID-19 subgroup analysis, only the PaO₂/FiO₂ improvement remained statistically significant, though other outcomes showed similar trends to the overall population. This may be due to the smaller sample size.
[bookmark: _Toc211542227]9.2.5. Procedure Safety and Mortality
None of the included studies reported major treatment-related adverse events. Bleeding was not observed, and thrombocytopenia—an expected risk—was analyzed in only three studies [72,76,91], showing a non-significant drop in platelet counts without serious, relevant consequences. It is unclear whether this is due to hemoadsorption or extracorporeal circulation. One small RCT in COVID-19 patients reported worse 30-day survival with early hemoadsorption during ECMO [24], but it had several baseline imbalances, unusually low CG mortality, and was underpowered. Our meta-analysis found no significant mortality difference between HA and CGs.
[bookmark: _Toc211542228]9.3. Strengths (including all studies)
Both of our studies included the most recently published cases and trials on their respective topics, with the literature search and selection process adhering to a predefined protocol. Our review on the effects of PEEP titration analyzed the largest number of patients compared to previous systematic reviews. Another strength of our study is that it exclusively included randomized controlled trials, thereby enhancing the level of evidence for its findings. To the best of our knowledge, our second meta-analysis was first systematic review in the literature that aims to summarize findings on hemoadsorption therapy in ARDS.
[bookmark: _Toc211542229]9.4. Limitations
Unfortunately, both of our systematic reviews have their own limitations, as well as shared ones.
Firstly, heterogeneity. Both reviews included heterogeneous populations, study designs, even differing definitions of PPC or ARDS. Variations also included measuring outcomes at different time points and using different interventions—e.g., different titration methods in the former review or varying concomitant organ support therapies in the latter. Data interpretation also differed between outcomes (e.g., means vs. medians). When only medians and quartiles were reported, estimating the mean and standard deviation is a commonly accepted method; however, these remain approximations of the true values.
Secondly, quality. Both studies had limited high-quality data for several outcomes. In the systematic review on hemoadsorption, we lacked well-designed trials especially randomized controlled trials and had to rely on a small number of case reports and case series, resulting in inadequate data pools. As a result, the evidence of our findings is inherently low. Additionally, the analyzed data likely suffered from skewed distributions and potential publication bias, especially in case reports. Without CGs, it is impossible to exclude the possibility that improvements were solely due to standard medical treatments rather than the intervention itself. 
In the first study, vasopressor requirements were underreported, limiting our ability to draw conclusions about the hemodynamic effects of titrated PEEP. Moreover, the study could not determine whether the benefits observed were due to the individualized approach itself or whether the commonly used PEEP levels (around 5–6 cm H2O) are suboptimal. Future research should test individualized PEEP titration against higher preset PEEP levels (e.g., 8-12 cm H2O).
Finally, long-term effects. We could not analyze data on postoperative pulmonary complications potentially associated with higher PEEP, as these outcomes were underreported. Similarly, due to the lack of data, we could not pool data on safety outcomes or mortality after hemoadsorption therapy. Long-term effects, therefore, need further investigation in future studies.


[bookmark: _Toc211542230]10. CONCLUSIONS 
[bookmark: _Toc211542231]10.1. Study I. – Individualized vs. fixed intraoperative PEEP settings
Our findings indicate that individualized PEEP titration significantly lowers the risk of PPCs and improves oxygenation compared to a conventional fixed PEEP strategy. It may also enhance lung mechanics. Based on these results, further research is needed in a more homogeneous population, with standardized titration methods, consistent definitions, uniform outcome measurement timepoints, and comparisons across various preset PEEP levels.
[bookmark: _Toc211542232]10.2. Study II. – Hemoadsorption as Adjuvant Therapy in ARDS
Based on our findings, hemoadsorption therapy in patients with ARDS appears to be safe and is associated with improved oxygenation and a reduction in inflammatory mediators. However, these conclusions are supported by a low level of evidence, in an heterogeneous population. Results should be interpreted with caution, and they highlight the necessity for stronger evidence from prospective studies, registries, and RCTs.



[bookmark: _Toc211542233]11. IMPLEMENTATION FOR PRACTICE 
This meta-analysis on PEEP titration highlights the potential clinical value of individualized ventilation during general anesthesia, especially in patients at increased risk of PPCs. The findings suggest that individualized PEEP improves oxygenation and respiratory mechanics without prolonging anesthesia or surgical time or significantly affecting hemodynamics in most patients. Although no corresponding decrease was seen in ICU or hospital length of stay or mortality, even mild complications can lead to increased workload, and costs—particularly in frail or comorbid patients—highlighting the importance of putting effort into individualized patient management.
Despite limited high-quality evidence, hemoadsorption appears to be a promising adjunctive therapy in hyperinflammatory ARDS. Clinicians should be aware of its potential to improve oxygenation, reduce vasopressor needs, and indirectly attenuate systemic inflammation.


[bookmark: _Toc211542234]12. IMPLEMENTATION FOR RESEARCH 
The current data and evidence is limited by heterogeneity, small sample sizes in both topics. Especially lacking randomized controlled trials, in the research of hemoadsorption as adjuvant therapy. The heterogeneity of treatment methods, outcome definitions, and reporting practices currently limits comparability across trials. There is also a lack of robust data on important secondary outcomes such as hemodynamic effects, vasopressor requirements, and patient-centered recovery markers. Future research must aim to address these limitations through well-designed, adequately powered trials. 


[bookmark: _Toc211542235]13. IMPLEMENTATION FOR POLICYMAKERS
The effects of individualized PEEP titration should be studied further and, if future evidence confirms its benefits, its use should be encouraged, as it may lower the risk of postoperative lung complications and improve oxygenation. To achieve this, operating rooms need access to titration methods, clear documentation of ventilation settings, and safety checks for vasopressor use. Policymakers should also support larger trials comparing individualized and fixed PEEP levels.
For hemoadsorption in ARDS, research is more difficult because only a few, very different studies are available, and there are no registries. To move forward, results on oxygenation, hemodynamics, and outcomes should be reported in a uniform way.

[bookmark: _Toc211542236]14. FUTURE PERSPECTIVES 
The key to safe and effective mechanical ventilation in the future is personalization. Novel technologies such as electrical impedance tomography (EIT) and esophageal pressure-guided titration may enhance the precision of PEEP setting, allow real-time optimization during surgery and intensive care unit treatment. With better-designed studies and refined clinical tools, individualized strategies in the OR may a standard care in patients undergoing surgeries. Finally, one cannot exclude the implementation of artificial intelligence and automated strategies in the everyday clinical routine, which enables us to titrate ventilator settings for the patients’ actual needs all around the clock.  
Hemoadsorption represents a novel direction in the management of ARDS, shifting the focus toward immune modulation and personalized critical care. The relevant  improvements in oxygenation and hemodynamics, combined with the safety of the therapy, suggest that it could become a part of treatment guidelines in severe ARDS.
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