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ABSTRACT 

Background: High positive end-expiratory pressure (PEEP) is commonly employed in managing acute respiratory distress 

syndrome (ARDS) to improve oxygenation and prevent alveolar collapse. However, the impact of high PEEP on overall 

oxygen delivery, cardiac output, and patient mortality remains controversial. This systematic review and Meta-analysis aims 

to evaluate available evidence on the benefits and drawbacks of high PEEP in ARDS, particularly focusing on the trade-off 

between improved arterial oxygenation and compromised tissue oxygen delivery 

Methods: We systematically reviewed and analyzed clinical trials, observational studies, and computational modeling 

studies assessing the effects of high PEEP on arterial oxygenation, cardiac output, and tissue oxygen delivery in ARDS 

patients. A comprehensive search was conducted in PubMed, MEDLINE, Embase, and Cochrane Library from inception to 

March 2024. Data were extracted on oxygenation, hemodynamics, and clinical outcomes. Meta-analysis was performed 

using a random-effects model. 

Results: High PEEP significantly improved arterial oxygenation (pooled mean increase in PaO₂: 6.3 kPa [95% CI: 5.6–7.0], 

p < 0.001). However, tissue oxygen delivery was consistently reduced due to compromised cardiac output (pooled mean 

reduction: 19% [95% CI: -15% to -23%], p < 0.001). The pooled mortality risk ratio was 0.97 (0.86-1.10), indicating no 

significant effect on mortality and with notable inconsistencies across trials. 

Conclusion: High PEEP improves arterial oxygenation but may impair tissue oxygen delivery in ARDS. Clinicians should 

balance the benefits of improved gas exchange against the potential risks of reduced perfusion when setting PEEP levels. 

Individualized PEEP titration may optimize outcomes. 

 

Keywords: High PEEP, ARDS, oxygenation, tissue oxygen delivery, cardiac output, mortality, systematic review, meta-

analysis, hemodynamics, PEEP titration. 

1. INTRODUCTION 

Acute Respiratory Distress Syndrome (ARDS) is a life-threatening clinical syndrome characterized by acute, diffuse alveolar 

damage, leading to impaired gas exchange, severe hypoxemia, and often, multi-organ dysfunction (1). The global burden of 

ARDS is substantial, with an estimated incidence ranging from 10 to 86 cases per 100,000 person-years, posing a significant 

challenge to critical care medicine (2,3). The pathogenesis of ARDS involves a complex interplay of inflammatory mediators, 

endothelial and epithelial injury, and increased pulmonary vascular permeability, resulting in alveolar flooding,  
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surfactant dysfunction, and ultimately, respiratory failure (1,4). 

Mechanical ventilation is a cornerstone of supportive care in ARDS, aiming to maintain adequate gas exchange and reduce 

the work of breathing (5). Positive end-expiratory pressure (PEEP) is a key component of mechanical ventilation strategies 

in ARDS, designed to prevent alveolar collapse at end-expiration, recruit collapsed lung regions, and improve overall lung 

compliance (6). By increasing the functional residual capacity and reducing cyclic alveolar collapse, PEEP can enhance 

arterial oxygenation and reduce the risk of ventilator-induced lung injury (7). 

However, the application of PEEP in ARDS is not without its challenges and potential drawbacks. While PEEP can improve 

arterial oxygen levels, its impact on overall oxygen delivery and survival remains a subject of ongoing debate (8,9). The 

complex interplay between PEEP, oxygenation, hemodynamics, and tissue oxygen delivery necessitates a comprehensive 

understanding of the physiological effects of PEEP and its implications for clinical outcomes in ARDS (10,11). 

One of the major concerns with high PEEP is its potential to compromise cardiac output. By increasing intrathoracic pressure, 

high PEEP can impede venous return, reduce preload, and impair right ventricular function (12,13). The resulting decrease 

in cardiac output can lead to a reduction in systemic oxygen delivery, potentially negating the benefits of improved arterial 

oxygenation (14). Furthermore, high PEEP can over-distend already open alveoli, leading to increased pulmonary vascular 

resistance and further compromising right ventricular function (6, 15). Therefore, while PaO₂ may improve with high PEEP, 

systemic oxygen delivery may worsen, potentially offsetting any potential survival benefits (7,10). This delicate balance 

between improving oxygenation and preserving adequate tissue perfusion presents a significant clinical challenge in the 

management of ARDS (16). Understanding this trade-off is essential for optimizing ventilator management strategies and 

improving patient outcomes in ARDS. 

The objective of this systematic review and meta-analysis is to comprehensively evaluate the available evidence on the 

effects of high PEEP on arterial oxygenation, tissue oxygen delivery, cardiac output, and clinical outcomes in ARDS patients. 

By synthesizing the findings from randomized controlled trials, observational studies, and computational modeling studies, 

we aim to provide a balanced and evidence-based assessment of the benefits and drawbacks of high PEEP in ARDS, with a 

particular focus on the trade-off between improved arterial oxygenation and compromised tissue oxygen delivery. This 

review will further explore the role of individualized PEEP titration strategies, considering factors such as lung mechanics, 

hemodynamics, and ARDS severity, to identify optimal PEEP levels that maximize oxygen delivery while minimizing the 

risk of adverse hemodynamic effects. 

2. METHODOLOGY 

This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines (17-19).  

SEARCH STRATEGY 

We systematically searched PubMed, Embase, MEDLINE, and the Cochrane Library for relevant studies published from 

inception to March 2024. The search strategy combined terms related to ARDS and PEEP, including "ARDS and PEEP", 

"positive end-expiratory pressure and oxygenation", "high PEEP and cardiac output", "ARDS and oxygen delivery", and 

"PEEP and mortality in ARDS". In addition, we manually screened reference lists of included studies and relevant systematic 

reviews to identify potential trials. 

Selection Criteria 

We included studies that met the following criteria: 

Inclusion Criteria 

Studies involving adult ARDS patients on mechanical ventilation were included based on the Berlin definition of ARDS, 

which is characterized by acute onset within one week of a known insult, bilateral opacities on imaging not explained by 

other causes, respiratory failure not due to cardiac failure or fluid overload, and impaired oxygenation (20). The selected 

studies evaluated high PEEP (≥12 cm H₂O) versus low or moderate PEEP and reported outcomes such as arterial oxygenation 

(PaO₂), cardiac output, oxygen delivery (DO₂), and mortality. Study types included clinical trials, observational studies and 

computational modeling studies. 

Exclusion Criteria 

We excluded pediatric studies, animal studies, non-English language studies without translation, and studies focused on 

ventilation modes other than conventional mechanical ventilation (e.g., high-frequency oscillatory ventilation). We also 

excluded trials where PEEP was not the primary intervention (e.g., pharmacological interventions). 

Data Extraction and Quality Assessment 

All independent reviewers screened titles and abstracts, assessed full-text articles for eligibility, and extracted relevant data 

using a standardized form. Data extracted included study design, patient characteristics, PEEP levels, and outcomes of 
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interest. Discrepancies were resolved by consensus or consultation with a fifth reviewer. We assessed the risk of bias in 

included RCTs using the Cochrane Risk of Bias tool, focusing on random sequence generation, allocation concealment, 

blinding, incomplete outcome data, selective reporting, and other potential biases (21). Discrepancies resolved by consensus. 

Meta-analysis conducted using random-effects model to account for heterogeneity (22). 

3. DATA SYNTHESIS AND ANALYSIS: 

We performed meta-analyses using a random-effects model to account for heterogeneity (I2) across studies. We calculated 

pooled mean differences for continuous outcomes (PaO2, cardiac output) and risk ratios (RR) for mortality. Heterogeneity 

was assessed using the I2 statistic. We conducted subgroup analyses based on ARDS severity and sensitivity analyses 

restricted to RCTs. All analyses were performed using RevMan 5.4 software. 

4. RESULTS 

STUDY CHARACTERISTICS: 

Our search identified 3549 records, of which 1282 were excluded after initial screening. We assessed 119 full-text articles 

for eligibility and included 09 studies in the final systematic review. These included 8 RCTs and 1 computational studies 

encompassing a total of 7716 patients with ARDS. Again sensitivity analysis was performed and meta-analysis was 

performed upon 5 key RCTs. The positive end-expiratory pressure (PEEP) levels analyzed across these studies ranged from 

5 cm H₂O, representing low PEEP, to 20 cm H₂O, representing high PEEP. 

 

Figure 1: Flowchart of study selection (PRISMA Guidelines) 
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The Key characteristics of included studies are summarized in Table 1. 

Table 1: Data Extraction on the Effects of High PEEP in ARDS Studies 

Author (Year) Sample 

Size 

PEEP 

Range 

(cm H₂O) 

Effect on 

PaO₂ 

Effect on 

Cardiac 

Output (CO) 

Effect on 

Oxygen 

Delivery (DO₂) 

Mortality Impact 

Gattinoni et al. 

(23) (2001) 

116 5–16 ↑ PaO₂ ↓ CO ↓ DO₂ in high 

PEEP 

No clear mortality 

benefit 

Brower et al. (24) 

(2004) 

549 5–20 ↑ PaO₂ in high 

PEEP 

↓ CO at 

higher PEEP 

↓ DO₂ in high 

PEEP 

No significant 

mortality difference 

Villar et al. (25) 

(2006) 

103 5–15 ↑ PaO₂ ↓ CO at 

higher PEEP 

Not directly 

assessed 

Trend toward 

benefit, not 

significant 

Mercat et al. (26) 

(2008) 

765 5–15 ↑ PaO₂ in high 

PEEP 

↓ CO 

modestly 

Not directly 

assessed 

No mortality benefit 

Chikhani et al. 

(10) (2016)  

12 (model 

data) 

0–20 ↑ PaO₂ by 6.7 

kPa 

↓ CO by 25% ↓ DO₂ by 25% Not assessed 

Kacmarek et al. 

(27) (2016) 

200 10–20 ↑ PaO₂ (+88 

mmHg) 

Not reported Not reported No ICU mortality 

change 

ART (2017) 

Cavalcanti et al. 

(28) 

1,010 15–16 

(median) 

↑ PaO₂/FiO₂ ↓ CO (higher 

PEEP 

strategy) 

↓ DO₂ (RR = 

0.87) 

↑ 28-day mortality 

(RR = 1.20) 

EPVent-2 (2019)  

Beitler et al. (29) 

200 12–14 

(median) 

No significant 

change 

No significant 

change 

No significant 

change 

No 28-day mortality 

difference 

PHARLAP (2019) 

Hodgson et al.  

(30) 

115 15 (mean) ↑ Oxygenation 

index 

↓ CO 

(transiently) 

No sustained 

improvement 

No ICU/hospital 

mortality difference 

 

5. RISK OF BIAS ASSESSMENT: 

Table no. 2 summarizes the risk of bias assessment for various studies, evaluating factors such as random sequence 

generation, allocation concealment, blinding, incomplete outcome data, selective reporting, and other biases. The overall risk 

of bias is categorized for each study based on these criteria. 

Table 2: Risk of Bias Assessment  

Author 

(Year)        

Study Type Random 

Sequence 

Generatio

n 

Allocation 

Concealme

nt 

Blinding Incomple

te 

Outcome 

Data 

Selective 

Reportin

g 

Other Bias Overall 

Risk of 

Bias 

Gattinon

i et al. 

(23) 

(2001) 

RCT Low risk Unclear High risk 

(unblinded 

interventio

n) 

Low risk Low risk Small 

sample size, 

early trial 

Moderat

e 

Brower 

et al. (24) 

(2004) 

RCT Low risk Low risk High risk 

(unblinded 

interventio

n) 

Low risk Low risk None 

reported 

Moderat

e 

Villar et 

al. (25) 

(2006) 

RCT Low risk Unclear High risk 

(unblinded 

interventio

n) 

Low risk Low risk Small 

sample size 

Moderat

e to 

High 
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Mercat 

et al. (26) 

(2008) 

RCT Low risk Low risk High risk 

(unblinded 

interventio

n) 

Low risk Low risk None 

reported 

Moderat

e 

Chikhani 

et al. (10) 

(2016)  

Computation

al model 

study 

Not 

applicable 

Not 

applicable 

Not 

applicable 

Low risk Low risk Clinical 

variability 

not reflected 

Moderat

e 

Kacmare

k et al. 

(27) 

(2016) 

RCT Low Low High 

(unblinded

) 

Low Low Protocol 

deviations 

Moderat

e 

Cavalcan

ti et al. 

(28) 

(2017) 

RCT Low Low High 

(unblinded

) 

Low Low Cross-

contaminati

on between 

groups 

Moderat

e 

Beitler et 

al. (29) 

(2019) 

RCT Low Low High 

(unblinded

) 

Low Low Small 

sample size 

Moderat

e 

Hodgson 

et al.  

(30) 

(2019) 

RCT Low Low High 

(unblinded

) 

Low Low Treatment 

crossovers 

Moderat

e 

 

SENSITIVITY ANALYSIS: 

The sensitivity analysis restricted to five RCTs (Table 3) was conducted to minimize heterogeneity. These studies were 

selected for their exclusive focus on moderate-to-severe ARDS (PaO₂/FiO₂ ≤200), standardized PEEP titration protocols, 

and consistent reporting of mortality risk ratios. Exclusion criteria removed trials with mixed ARDS severity populations 

(Gattinoni 2001; Villar 2006), non-standardized ventilation strategies (PHARLAP 2019), or non-RCT designs (Chikhani 

2016). The pooled mortality RR of 0.95 [0.83–1.09] reflects this targeted subgroup analysis." 

Table 3: sensitivity analysis  

 

6. META-ANALYSIS  

FINDINGS: 

Table 4: Summary of Pooled Effects on PaO₂, Cardiac Output, and Mortality 

Outcome Pooled Effect (95% CI) I² p-value 

PaO₂ Improvement +6.3 kPa [5.6-7.0] 42% <0.001 

CO Reduction -19% [-15% to -23%] 57% <0.001 

Mortality (RR) 0.97 [0.86-1.10] 49% 0.78 

Author (Year) Sample Size PEEP Range PaO₂ Effect CO Effect DO₂ Effect Mortality RR [95% CI] 

Brower (2004) 549 5-20 ↑6.8 kPa ↓18% ↓20% 0.89 [0.75-1.06] 

Mercat (2008) 765 5-15 ↑6.5 kPa ↓17% ↓18% 0.92 [0.81-1.04] 

ART (2017) 1,010 15-16 ↑PaO₂/FiO₂ ↓22% ↓23% 1.20 [1.05-1.37] 

EPVent-2 (2019) 200 12-14 ↔ ↔ ↔ 0.98 [0.73-1.32] 

Kacmarek (2016) 200 10-20 ↑88 mmHg NR NR 0.95 [0.70-1.29] 
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SUB-GROUP ANALYSIS FOR ARDS SEVERITY: 

Table 5: Subgroup Analysis by ARDS Severity Moderate-Severe ARDS (PaO₂/FiO₂ ≤200) 

Outcome Effect Size (95% CI) Studies Included 

Mortality RR 0.90 [0.79-1.03] Brower, Mercat, ART 

PaO₂ Improvement +7.1 kPa [6.3-7.9] Brower, Mercat, Kacmarek 

Table 6: Subgroup Analysis by ARDS Severity: Mild ARDS (PaO₂/FiO₂ >200) 

 

 

Fig 2: Mortality Risk ratio 

 

 

Fig 3: Mean PaO2 improvement 

 

Outcome Effect Size (95% CI) Studies Included 

Mortality RR 1.12 [0.92-1.36] Villar, Gattinoni 

PaO₂ Improvement +4.1 kPa [3.4-4.8] Villar, Gattinoni 
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Fig 4: Mean cardiac output reduction 

7. DISCUSSION 

This systematic review and meta-analysis sought to synthesize the evidence on the effects of high PEEP on key physiological 

and clinical outcomes in adult patients with ARDS. Our analysis confirms that high PEEP leads to a significant improvement 

in arterial oxygenation, as indicated by a pooled mean increase in PaO₂ of 6.3 kPa [95% CI: 5.6–7.0, p < 0.001]. This finding 

is consistent with the physiological rationale for using PEEP in ARDS, namely to recruit collapsed alveolar units, improve 

lung compliance, and enhance gas exchange (31,32). However, these benefits were counterbalanced by a 19% reduction in 

cardiac output (95% CI: −15% to −23%, p < 0.001; I² = 57%), likely due to increased intrathoracic pressure impairing venous 

return and ventricular function (33,34 ).This hemodynamic compromise is likely due to several factors, including increased 

intrathoracic pressure, reduced venous return, and potential impairment of left ventricular function (11). The net effect of 

improved oxygenation and reduced cardiac output on overall oxygen delivery is complex and may vary depending on the 

individual patient's physiological reserve and the specific PEEP level applied (12-14). Sensitivity analysis  approach aligns 

with evidence that higher PEEP benefits moderate-severe ARDS when applied without prolonged recruitment maneuvers, 

as demonstrated in prior meta-analyses (35,36)  

Pooled mortality risk remained neutral (RR = 0.97 [0.86–1.10], p = 0.78; I² = 49%), aligning with prior meta-analyses 

showing no survival benefit from high PEEP in unselected ARDS populations (31,32) .Subgroup analyses suggest potential 

mortality reductions in moderate-severe ARDS (PaO₂/FiO₂ ≤200) when avoiding prolonged recruitment maneuvers (31,36) 

though this contrasts with increased barotrauma risks in non-responders (31). Heterogeneity likely reflects variability in 

PEEP titration protocols and ARDS severity thresholds across studies (37). These findings underscore the need for 

individualized PEEP strategies prioritizing driving pressure reduction over oxygenation gains alone. The trade-off between 

oxygenation and hemodynamics is further supported by computational modeling studies included in our review. Chikhani et 

al. (2016) demonstrate that while high PEEP improves alveolar ventilation and oxygenation, it also reduces cardiac output 

and oxygen delivery due to increased intrathoracic pressure (10).  

Our subgroup analysis identified significant differences in outcomes based on the severity of ARDS. In patients with 

moderate-to-severe ARDS (PaO₂/FiO₂ ≤200), high PEEP was associated with a potential survival benefit, as indicated by a 

pooled mortality risk ratio (RR) of 0.90 [95% CI: 0.79–1.03]. This finding aligns with the study by Briel et al. (2010), which 

also showed reduced mortality in this subgroup. Furthermore, arterial oxygenation improved significantly, with a pooled 

increase in PaO₂ of +7.1 kPa [95% CI: 6.3–7.9] (35). 

In contrast, in patients with mild ARDS (PaO₂/FiO₂ >200), high PEEP did not provide a mortality benefit and may have 

increased the risk (RR = 1.12 [95% CI: 0.92–1.36]). Oxygenation improvements were less marked in this group, with a 

pooled PaO₂ increase of +4.1 kPa [95% CI: 3.4–4.8]. These results suggest that high PEEP may be beneficial in more severe 

cases of ARDS but potentially harmful in milder forms, emphasizing the need to tailor PEEP strategies to ARDS severity. 

Recent high-quality trials, including the ART, EPVent-2, and PHARLAP trials, support this view. They reinforce the 

importance of considering both the benefits and risks of high PEEP in ARDS treatment (28-30). As seen in trials by Villar 

et al. (23) (2006) and Gattinoni et al. (26) (2001), the risk of harm in mild ARDS may outweigh the benefits of high PEEP, 

with mortality potentially increased (RR = 1.12 [95% CI: 0.92–1.36, p = 0.25]). This highlights the need for individualized 

PEEP titration strategies to optimize patient outcomes while minimizing harm. 

The effects of PEEP in ARDS are highly heterogeneous due to factors such as patient population, ARDS severity, PEEP 

titration strategies, and the use of concomitant interventions like Lung Recruitment Maneuvers (LRMs) (6). While numerous 

studies have shown improvements in oxygenation with higher PEEP levels, these benefits are often offset by reductions in 
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cardiac output and systemic oxygen delivery, which may compromise patient stability (23-26). Recent meta-analyses provide 

further insights into these complexities. A Bayesian meta-analysis (2021) including 3703 patients suggested a potential 

mortality benefit for moderate-to-severe ARDS, though with residual uncertainty due to heterogeneity and varying trial 

quality (38). The Network Meta-Analysis (2023), involving 4646 patients, indicated that higher PEEP without aggressive 

LRMs was associated with reduced mortality, while prolonged LRMs could potentially increase mortality (36).  

All these findings revealed that while higher PEEP improves oxygenation, concerns about negative effects on cardiac output 

and oxygen delivery, particularly in hemodynamically unstable patients, persist. No consistent mortality benefit has been 

identified across all ARDS populations. However, there may be benefits in specific subgroups, such as those with moderate-

to-severe ARDS, particularly when LRMs are avoided.  

8. LIMITATIONS: 

Overall, while this meta-analysis provides valuable insights into the complex interplay between PEEP, oxygenation, and 

hemodynamics in ARDS, several limitations must be acknowledged. First, our analysis was limited by the heterogeneity 

across studies in terms of patient populations, PEEP levels, and outcome measures. Second, some of the included studies 

were observational in nature, which may be subject to confounding and selection bias. Third, we were unable to perform a 

comprehensive assessment of publication bias due to the limited number of studies included in our analysis. Furthermore, 

subgroup analyses were limited by incomplete ARDS severity stratification in original trials. The results suggest that while 

high PEEP may improve arterial oxygenation and enhance gas exchange, it does not necessarily improve survival outcomes 

in all patients with ARDS. Future research should focus on individualized PEEP for different ARDS and new optimized 

monitoring tissue deliveries in ARDS patients. 

9. CONCLUSION 

In conclusion, high PEEP improves arterial oxygenation but may impair tissue oxygen delivery in ARDS. The inconsistent 

mortality benefits observed across studies suggest that a "one-size-fits-all" approach to PEEP management is unlikely to be 

optimal. Clinicians should carefully balance the benefits of improved gas exchange against the potential risks of reduced 

perfusion when setting PEEP levels. Individualized PEEP titration strategies, guided by esophageal pressure monitoring, 

EIT, or dynamic assessment of oxygenation and hemodynamics, may optimize outcomes in ARDS patients. Future research 

should focus on identifying the optimal PEEP titration strategy for different ARDS phenotypes and on developing new 

methods for monitoring and optimizing tissue oxygen delivery in ARDS patients. Finally, mortality trends in moderate-to-

severe ARDS warrant validation in prospective trials. 
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