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Abstract 

This review summarizes mechanical ventilation in acute brain injury (ABI) through the lens of 

integrated brain–lung interactions, with a focus on how gas exchange, ventilatory mechanics, 

and hemodynamics influence cerebral physiology and clinical outcomes. Among these 

interactions, the effects of arterial blood gases on the cerebral circulation are particularly 

important. Carbon dioxide is a key determinant of cerebrovascular tone. Hypocapnia reduces 

cerebral blood flow (CBF), blood volume, and intracranial pressure (ICP), whereas 

hypercapnia increases CBF and may exacerbate intracranial hypertension. Observational data 

demonstrate a U-shaped association between arterial partial pressure of carbon dioxide 

(PaCO₂) and mortality, with increased risk at both low and high values. Current evidence 

supports targeting normocapnia (approximately 35–45 mm Hg) in most patients, with transient 

hypocapnia reserved for short-term management of intracranial hypertension. Oxygenation is 

similarly associated with outcomes. Hypoxemia is consistently associated with increased 

mortality and worse neurological outcomes, while hyperoxemia leads to oxidative injury and 

is associated with adverse outcomes in observational studies. Data from large cohorts suggest 

lowest mortality at intermediate arterial partial pressure of oxygen (PaO₂) levels. Beyond gas 

exchange, ventilatory mechanics may also influence cerebral physiology. Positive pressure 

ventilation affects intracranial dynamics through changes in pleural pressure, venous return, 

and cardiac output. The effect of positive end-expiratory pressure (PEEP) on ICP is variable 

and depends on lung and chest wall compliance, intracranial compliance, and hemodynamic 

status. Despite these physiologic considerations, evidence for specific ventilator targets in ABI 

remains limited. Observational studies suggest associations between higher tidal volume (Vt), 

plateau pressure (Pplat), driving pressure (ΔP), and mechanical power (MP) with increased 

mortality; however, randomized data are sparse, and results are heterogeneous. In patients with 

concomitant acute respiratory distress syndrome (ARDS), lung-protective ventilation strategies 

                  



improve respiratory outcomes but may influence cerebral physiology, particularly through 

effects on PaCO₂ and intrathoracic pressure. Future research should focus on integrating 

multimodal neuromonitoring with respiratory physiology to define patient-specific ventilatory 

targets and evaluate their impact on neurological outcomes in prospective studies. 

Keywords: Acute brain injury; Acute respiratory distress syndrome; Mechanical ventilation; 

Lung-protective ventilation 

  

                  



Introduction 

Critically ill patients with acute brain injury (ABI), including traumatic brain injury (TBI), 

aneurysmal subarachnoid hemorrhage (aSAH), intracerebral hemorrhage (ICH), and acute 

ischemic stroke (AIS), frequently require mechanical ventilation during their intensive care 

unit (ICU) course, often for reasons that extend beyond respiratory failure. Indications for 

ventilatory support include depressed consciousness with loss of airway protection, impaired 

respiratory drive, need for controlled ventilation during management of intracranial 

hypertension or refractory seizures, and facilitation of neuroimaging and neuromonitoring.[1,2] 

Pulmonary complications such as aspiration, pneumonia, neurogenic pulmonary edema, and 

acute respiratory distress syndrome (ARDS) also contribute to the need for mechanical 

ventilation.[3–5]
 

Although ABI subtypes differ substantially in their underlying pathophysiology, they share 

common ventilatory challenges related to gas exchange, intracranial dynamics, and 

cardiopulmonary interactions. Changes in arterial carbon dioxide tension alter 

cerebrovascular tone and cerebral blood flow (CBF). At the same time, positive pressure 

ventilation influences intrathoracic pressure, venous return, and cardiac output, with 

downstream effects on intracranial pressure (ICP) and cerebral perfusion pressure (CPP).[6,7] 

These interactions frequently generate competing physiologic priorities. Lung-protective 

strategies, such as low tidal volume (Vt) ventilation and higher positive end-expiratory 

pressure (PEEP), may alter arterial partial pressure of carbon dioxide (PaCO2), pleural 

pressure, and systemic hemodynamics in ways that affect ICP and CPP.[8] Conversely, 

approaches historically used to control ICP, such as higher Vt and low PEEP strategies, may 

contribute to lung injury and increase the risk of pulmonary complications.[9] This tension is 

increasingly relevant with the widespread adoption of lung-protective ventilation in general 

                  



critical care, where strategies that benefit the lungs may not translate directly to patients with 

competing cerebral priorities. 

This review synthesizes current evidence on mechanical ventilation in ABI through the lens 

of integrated brain-lung interactions. We first review gas-exchange targets, focusing on how 

carbon dioxide and oxygen affect cerebral physiology. We then examine the physiologic 

interactions between positive pressure ventilation and the injured brain, with specific 

emphasis on the effects of Vt and PEEP. We subsequently evaluate evidence for key 

ventilatory targets, including Vt, plateau pressure (Pplat), driving pressure (ΔP), and 

mechanical power (MP), followed by considerations in patients with concurrent ARDS. We 

conclude by highlighting emerging research priorities focused on defining patient-specific 

ventilatory strategies that preserve both lung and brain homeostasis. This review primarily 

addresses the acute phase of invasive mechanical ventilation, when ventilatory management 

is directed toward preventing secondary brain injury through optimization of gas exchange, 

respiratory mechanics, systemic hemodynamics, and intracranial physiology. Weaning, 

liberation from mechanical ventilation, and extubation are not covered. Hypoxic-ischemic 

brain injury following cardiac arrest is also beyond the scope of this review. 

Gas Exchange Targets in ABI: Carbon Dioxide and Oxygen Management 

Oxygen and carbon dioxide exert powerful effects on CBF, ICP, and metabolic homeostasis. 

Yet, defining optimal targets in ABI remains challenging, and current practice relies on 

physiological principles, observational evidence, and expert consensus rather than on clinical 

trial data. 

Carbon dioxide, CBF, and ICP 

                  



Carbon dioxide is one of the most potent regulators of cerebral vascular tone and CBF. 

Cerebral resistance arterioles contract in response to hypocapnia and dilate with hypercapnia 

– a phenomenon termed cerebrovascular CO2 reactivity.[10–12] This response is pH-mediated: 

CO2 diffusion alters perivascular pH, promoting vasodilation at lower pH and 

vasoconstriction at higher pH.[11] Each 1 mm Hg increase or decrease in PaCO2 leads to a 4–

8% increase, or 1–4% decrease, in CBF, respectively.[13,14] CO2 reactivity may be impaired 

with increasing age and among patients with severe ABI, such that changes in PaCO2 may 

produce little to no change in CBF. The CBF response to PaCO2 is also modulated by mean 

arterial pressure (MAP). When MAP is severely reduced, cerebral vasodilatation is maximal, 

and hypercapnia exerts little further augmentation of CBF, whereas hypocapnia leads to 

limited vasoconstriction and little to no additional reduction in CBF.[15]
 

Prophylactic hyperventilation was found in a randomized controlled trial (RCT) to lead to 

worse outcomes following severe head injury, and is not recommended[16]; however, 

therapeutic hyperventilation remains a potent short-term rescue therapy for intracranial 

hypertension.[17] Caution is required as the accompanying reduction in CBF may trigger 

anaerobic metabolism,[18,19] especially at PaCO2 levels near 25 mm Hg in the first 24–36 h 

after ABI.[20] The vasoconstrictive effect of hypocapnia is transient because local buffering 

normalizes perivascular pH within hours, rendering prolonged hyperventilation 

ineffective[2,10,11]; moreover, rebound ICP elevation may occur when CO2 is normalized. 

Conversely, hypercapnia can also be problematic because excess CO2 increases cerebral 

blood volume (CBV) and may exacerbate intracranial hypertension. Accordingly, 

normocapnia (35–45 mm Hg) should be considered the default target, while hypocapnia 

should be reserved as a short-term rescue strategy in the setting of acute intracranial 

hypertension. 

                  



A CENTER-TBI study found that deviations from normocapnia during the first week of 

ventilation were common, with only 53% of patients having at least half of all recorded 

PaCO2 values in the normocapnic range.[21] In a secondary analysis of the ENIO cohort, a U-

shaped relationship between PaCO2 and mortality was observed, with increased risk at PaCO2 

values below approximately 32 mm Hg and above 45 mm Hg.[22] International consensus 

recommends maintaining PaCO2 between 35 mm Hg and 45 mm Hg in patients without 

significant ICP elevation, reserving short-term hyperventilation (never below 30 mm Hg) 

only for imminent herniation as a bridge to definitive therapy.[23,24] Ideally, arterial blood gas 

(ABG) analysis (as opposed to end-tidal CO2 [EtCO2]) should be used to guide CO2 

management. Large PaCO2–EtCO2 gradients have been described and are associated with 

increased mortality, highlighting the need for ABG targeting during early and acute phases of 

ABI.[25,26] Taken together, PaCO₂ should not be interpreted as a static target, but as a dynamic 

determinant of cerebral hemodynamics, whose optimal range varies across patients 

depending on intracranial compliance, blood pressure, and metabolic demand. 

Oxygen tension 

Systemic hypoxemia impairs mitochondrial oxidative phosphorylation, promotes 

excitotoxicity, and amplifies neuronal cell death.[27] Following ABI, brief episodes of PaO2 

below 60 mm Hg have been associated with higher mortality and worse neurological 

outcomes.[28] Accordingly, the American College of Surgeons trauma quality improvement 

program (ACS TQIP) Best Practices Guidelines for the Management of Traumatic Brain 

Injury emphasize strict avoidance of hypoxemia, recommending maintenance of arterial 

oxygen saturation ≥94% and arterial partial pressure of oxygen (PaO₂) ≥60 mm Hg 

throughout the acute phase.[29]
 

                  



Moreover, the long-standing assumption that higher oxygen levels are protective has been 

progressively challenged. Excess oxygen delivery promotes oxidative stress, mitochondrial 

dysfunction, and cerebral vasoconstriction.[30] An analysis of the CENTER-TBI and 

OzENTER-TBI data found that higher PaO2 values and greater exposure to supplemental 

oxygen during the first week in ICU were independently associated with increased 6-month 

mortality in TBI.[31] In the ENIO study, the lowest mortality was observed within an 

intermediate PaO2 range.[32] These findings align with the ESICM consensus 

recommendations, which advocate avoidance of both hypoxemia and hyperoxemia and 

suggest targeting a PaO2 range of approximately 80–120 mm Hg in patients with ABI, 

irrespective of ICP status.[24]
 

Another key parameter is the brain tissue oxygen tension (PbtO2), which is influenced by 

hemoglobin concentration, microcirculatory integrity, and tissue diffusion, in addition to 

PaO2 and SpO2.
[33] In the BOOST-Ⅱ trial, management protocols incorporating PbtO2 

monitoring reduced the proportion of time with brain hypoxia.[34] Direct brain oxygenation 

monitoring may also detect occult cerebral hypoxia despite “acceptable” PaO2 and SpO2.
[35] 

While the recent OXY-TC trial showed no difference in clinical outcomes when PbtO2 

monitoring was added to ICP monitoring in patients with severe TBI,[36] two additional 

randomized trials investigating the role of a PbtO2-guided strategy are nearing completion 

and will further inform this question (NCT03754114; ACTRN12619001328167). 

Collectively, current evidence suggests that oxygen should be titrated to avoid both 

hypoxemia and hyperoxemia, while recognizing that normal systemic oxygenation does not 

guarantee adequate cerebral oxygen delivery. These observations support a shift away from 

uniform oxygenation targets toward individualized strategies, in which systemic and cerebral 

oxygenation are jointly considered rather than assumed to be concordant. 

                  



Physiologic Interactions Between Mechanical Ventilation and the Injured Brain 

Mechanical ventilation in patients with ABI produces a complex bidirectional interplay 

between the lungs and the central nervous system.[8,37] Positive pressure ventilation, 

particularly with high PEEP and low Vt, can have important effects on CBF, ICP, and CPP. 

The magnitude of these effects depends heavily on cardiac function, volume status, 

respiratory system compliance, and cerebral autoregulation. Understanding how ventilator-

induced changes in gas exchange, intrathoracic pressure, and systemic hemodynamics 

translate to cerebral physiology is essential for avoiding secondary brain injury.[6]
 

Low Vt ventilation in ABI 

Low Vt ventilation can influence cerebral physiology through several interdependent 

mechanisms and should not be regarded as an isolated intervention. Its net physiological 

effect depends on the respiratory rate (RR), minute ventilation, dead-space fraction, lung 

mechanics, PEEP, sedation, patient–ventilator synchrony, and PaCO₂ control. Reducing Vt 

also leads to hypercapnia if minute ventilation is not adequately maintained; this risk is more 

pronounced when the dead space fraction is high (e.g., pneumonia, ARDS). The increase in 

PaCO2 may not be clinically relevant in most ICU patients, but among those with ABI, even 

small elevations in PaCO2 can increase CBF, CBV, and ICP – effects that are amplified in 

patients with reduced intracranial compliance.[38] On the other hand, compensatory increases 

in RR to preserve normocapnia can lead to dynamic hyperinflation if expiratory time is 

insufficient, increasing intrathoracic pressure, with the potential to impede cerebral venous 

outflow. A higher RR also increases the frequency with which energy is delivered to the 

respiratory system and may therefore increase MP despite a lower Vt. Moreover, very low Vt 

may promote atelectasis or derecruitment when PEEP is insufficient and may require deeper 

sedation or neuromuscular blockade to maintain patient–ventilator synchrony. Thus, the 

                  



cerebral and pulmonary consequences of lowering Vt depend on the accompanying 

ventilatory and supportive strategy. These trade-offs also illustrate why low-Vt ventilation in 

ABI cannot be interpreted solely through a pulmonary lens. 

PEEP–ICP–CPP interactions 

The impact of PEEP on ICP and CPP is determined by the degree to which airway pressure is 

transmitted to the pleural space and how this interacts with jugular venous drainage, cardiac 

output, and MAP. The overall effects are nuanced and not always easily predictable. In a 

prospective study of ventilated patients with ABI, slow incremental PEEP increases from 

5 cm H2O to 15 cm H2O produced clinically modest ICP rises (median ≈2 mm Hg) without 

triggering interventions, and did not worsen autoregulation indices.[39] Li et al.[40] found that 

the ICP to central venous pressure (CVP) gap (ICP–CVP) was a strong predictor of the ICP 

response to increasing PEEP. A baseline gap of <2.5 mm Hg predicted with high sensitivity 

and specificity a clinically relevant increase in ICP when PEEP was increased from 3 cm 

H2O to 15 cm H2O; this parameter was a better predictor of ICP increase than the baseline 

ICP or CVP alone. The supine position also increases ICP through the loss of gravity-

dependent drainage from the jugular veins, meaning that for the same level of PEEP, the 

impact on ICP is often higher when supine.[7]
 

The effect of PEEP on CPP is mediated primarily by changes in MAP. Georgiadis et al.[41] 

showed that increasing PEEP led to little change in CPP as long as MAP was maintained, 

whereas when PEEP augmentation led to a reduction in MAP, CPP also decreased. These 

observations highlight the importance of ensuring stable MAP to reduce the risk of cerebral 

ischemia whenever PEEP is manipulated. 

Role of lung and chest wall compliance 

                  



The effect of PEEP on intracranial dynamics is further modulated by lung and chest wall 

mechanics. PEEP that recruits collapsed alveoli improves lung compliance and primarily 

increases transpulmonary pressure rather than pleural pressure, resulting in minimal ICP 

effects. As the latter creates the gradient for jugular venous drainage, ICP is relatively 

unimpacted because cerebral venous outflow is maintained.[39] On the other hand, PEEP that 

causes overdistension with minimal alveolar recruitment increases pleural pressure, 

obstructing venous outflow and raising ICP. For example, in patients with normal lungs and 

poor chest wall compliance (e.g., morbid obesity and intra-abdominal hypertension), PEEP 

often leads to significant increases in ICP owing to the large increase in pleural pressure.[7]
 

Influence of autoregulation 

PEEP-mediated changes in intracranial dynamics also depend in part on the integrity of 

cerebral autoregulation. When cerebral autoregulation is intact, modest reductions in CPP 

secondary to PEEP augmentation can elicit compensatory cerebral vasodilation that maintains 

CBF but increases CBV and may increase ICP, especially when cerebral compliance is 

impaired. Conversely, when autoregulation is impaired, CBF becomes passively dependent 

on perfusion pressure, such that reductions in CPP may reduce CBF with heightened risk of 

ischemia. The pressure reactivity index (PRx), a correlation between slow waves in arterial 

pressure and ICP, can be used to assess autoregulatory function and identify patients who are 

unlikely to tolerate aggressive PEEP increases.[42]
 

Importance of individual patient physiology 

Taken together, these mechanisms highlight that the cerebral effects of mechanical 

ventilation are not determined by individual ventilator settings alone. Furthermore, there is no 

universally “brain-safe” ventilator strategy, and the interplay among PaCO2, PEEP, 

hemodynamics, and autoregulation status is highly patient-specific. Nevertheless, the general 

                  



framework presented here – which considers arterial inflow, venous outflow, and 

respiratory/chest wall mechanics – can be used as a starting point to understand the impacts 

of key ventilator manipulations on intracranial dynamics (Figure 1). This integrated approach 

is essential to identifying the least injurious compromise between lung protection and 

preservation of cerebral physiology.[24]
 

Evidence for Lung-Protective Mechanical Ventilation in ABI 

Over the past two decades, lung-protective ventilation strategies centered on low Vt 

ventilation, appropriate PEEP, and limitation of ΔP have become standard in critical care. In 

patients with isolated ABI and normal lung function, the principal objective of mechanical 

ventilation is optimization of cerebral physiology rather than treatment of respiratory failure, 

whereas patients with coexisting ABI and ARDS require a more balanced approach that 

simultaneously prioritizes lung protection and prevention of secondary brain injury. These 

considerations have been increasingly examined in registry data, observational studies, and 

randomized trials. 

Vt 

Low Vt ventilation close to 6 mL/kg predicted body weight (PBW) is a cornerstone of 

modern critical care, supported by evidence demonstrating reduced mortality across ARDS 

and non-ARDS populations.[43,44] These data have partly driven the observed reduction in 

delivered Vt over time.[45] Among patients with ABI, global practice has similarly shifted 

toward lower Vt ventilation.[46,47] A longitudinal multinational study of 4152 patients with 

ABI found that mean delivered Vt was 9.1 mL/kg PBW in 2004, whereas by 2016 it had 

decreased to 8 mL/kg PBW.[46] In the VENTIBRAIN study, which recruited 2095 patients 

with ABI from 26 countries between 2020 and 2023, median Vt at admission was 6.5 mL/kg 

PBW.[48]
 

                  



The optimal approach to Vt selection in patients with ABI has not been clearly established. A 

meta-analysis of eight observational studies found no clear benefit of Vt <8 mL/kg PBW in 

ABI,[49] whereas a recent observational study found a reduction in mortality with sustained 

delivery of Vt ≤8 mL/kg PBW (compared with > 8 mL/kg PBW) over the first 7 days of 

mechanical ventilation.[50] In contrast, the PROLABI randomized trial of 190 patients with 

ABI showed harm with more aggressive Vt reduction (≤6 mL/kg PBW) combined with 

higher PEEP.[51] The VENTIBRAIN observational study also found that lower Vt was 

linearly associated with higher mortality, although caution is warranted given the 

observational nature of this study and the possibility of residual confounding.[48] Direct 

comparisons between these studies are challenging because of differences in designs, analytic 

approaches, proportion of ABI subtypes, and Vt thresholds. While it is plausible that very 

low Vt should be approached with caution (e.g., due to hypercapnia, excess sedation to 

abolish asynchrony, and alveolar derecruitment), a safety threshold has not been established. 

Current data are further limited by the inclusion of heterogeneous ABI populations and 

limited applicability to patients with coexisting ABI and ARDS. In addition, the treatment 

group in the PROLABI trial received lower Vt together with a higher PEEP strategy, making 

it difficult to determine whether the reported harm was attributable to Vt itself or to 

concomitant interventions such as increased PEEP, sedation, neuromuscular blockade, or 

other aspects of ventilatory management. 

Taken together, it is unlikely that a single universal Vt target will be appropriate for all ABI 

conditions across all phases of injury. For example, the Vt strategy must also consider the 

need to avoid hypocapnia in patients with large ischemic penumbra (e.g., following AIS) or 

active delayed cerebral ischemia (e.g., following a SAH). A practical clinical suggestion is 

therefore to initiate ventilation near 6–8 mL/kg PBW, with further individualization based on 

patient-specific considerations and evolving physiology (e.g., high ICP, imminent herniation, 

                  



severe ARDS).[6,25] Caution with Vt lower than 6 mL/kg PBW may be appropriate until 

further evidence becomes available. 

Pplat and PEEP 

Pplat represents the pressure in the small airways and alveoli during the inspiratory phase of 

mechanical ventilation. A secondary analysis of the LUNG SAFE study in ARDS found a 

significant increase in the slope of the Pplat-mortality association curve above Pplat of 20 cm 

H2O and again above 30 cm H2O.[52] ARDS guidelines recommend maintaining Pplat below 

30 cm H2O.[53,54] Data are sparser in the ABI population, and the ESICM consensus statement 

does not specifically mention a target for Pplat.[24] The VENTIBRAIN study found a linear 

association between Pplat and ICU mortality (hazard ratio 1.5; 95% CI, 1.3–1.8 comparing 

the 75th percentile with the 25th percentile)[48]; importantly, however, a safety threshold was 

not examined. 

The role of PEEP in ABI has been more challenging to clarify due to concerns regarding ICP 

elevation. The VENTIBRAIN study found a U-shaped association between PEEP and 

mortality, with the lowest mortality at approximately 8 cm H2O of PEEP.[48] However, the 

optimal PEEP likely depends on multiple patient-specific factors (e.g., ARDS, potential for 

lung recruitment, ICP impact). Reluctance to use higher PEEP in patients with ABI is 

common: a registry-based cohort study found that PEEP was significantly lower in ABI (vs. 

non-ABI) patients, including in patients with PaO2/FiO2 ≤ 150 where higher PEEP may be 

especially important.[47] These findings suggest that concern about cerebral effects may 

sometimes lead to underuse of potentially beneficial PEEP. 

ΔP 

                  



ΔP, defined as Pplat minus PEEP, incorporates the interaction between Vt and respiratory 

system compliance. A landmark analysis of nine ARDS trials demonstrated a strong 

association between higher ΔP and mortality (relative risk 1.41 per one-standard-deviation 

increase in ΔP, 95% CI 1.31–1.51) with an inflection point at 15 cm H2O; furthermore, in this 

analysis, reductions in Vt or increases in PEEP were associated with improved survival only 

when accompanied by a reduction in ΔP.[55] A Bayesian analysis of five ARDS RCTs 

demonstrated that the mortality impact of low Vt depended on respiratory system elastance 

(posterior probability: 93%), effectively implicating ΔP rather than Vt as the causal driver of 

outcomes.[56]
 

In ABI, evidence for ΔP-limited ventilation is less well-established. A secondary analysis of 

the ENIO study found that a one-standard-deviation increase in ΔP (corresponding to ≈14 cm 

H2O) on day 3 (compared with the median ΔP of 10 cm H2O) was associated with increased 

in-hospital mortality.[57] The VENTIBRAIN study found that higher ΔP was linearly 

associated with increased ICU mortality, 6-month mortality, and worse neurologic outcome 

at 6 months.[48] A prespecified secondary analysis of VENTIBRAIN found a tight association 

between higher time-varying dynamic ΔP (peak pressure minus PEEP) and mortality; 

furthermore, patients with lower PaO2/FiO2 and lower Glasgow Coma Scores had worse 

outcomes for the same level of dynamic ΔP.[58] Although causality cannot be inferred from 

these observational data, ΔP is increasingly recognized as an important marker of ventilatory 

intensity in ABI, even if it is not yet a formal target in current consensus statements.[24]
 

MP 

MP integrates Vt, ΔP, RR, flow, and PEEP into a composite measure of the total energy 

delivered to the lung per unit time. This concept is particularly relevant in ABI, where 

permissive hypercapnia is often undesirable, and maintenance of normocapnia with lower Vt 

                  



may necessitate higher RRs (especially in the presence of increased physiological dead 

space), potentially increasing MP despite unchanged Vt. MP may represent an important 

determinant of outcome in ARDS and general critical care populations,[59–61] but no 

randomized trials have evaluated MP–guided ventilation; moreover, its specific role in ABI 

remains to be defined. A secondary analysis of ENIO (n=1217 patients) found that higher MP 

on days 1, 3, and 7 of mechanical ventilation was associated with higher hospital mortality, 

increased reintubation, and higher tracheostomy placement, whereas higher MP on days 1 

and 3 was also associated with increased ARDS.[62] Associations with clinical outcomes were 

similar for a related formula based on 4  ΔP + RR.[57] Importantly, ABI consensus 

recommendations do not address MP,[24] and the incremental predictive value of this 

composite variable beyond its individual components has not been definitively established.[63]
 

Management of ARDS and ABI 

The challenge of competing ventilatory priorities is exemplified in patients with coexisting 

ABI and ARDS. ARDS develops in 20–48% of patients with ABI[64–67] and is associated with 

increased mortality, worse neurologic outcomes, and longer durations of mechanical 

ventilation and ICU length of stay.[65,68] Concomitant ARDS and ABI poses several 

challenges. Patients with ABI, particularly those with intracranial hypertension, were 

excluded in several landmark ARDS trials,[44,69–71] resulting in limited direct evidence to 

guide decision-making. Moreover, clinicians may need to balance competing management 

priorities, as lung-protective strategies for ARDS may induce secondary brain injury, while 

attempts to optimize cerebral physiology may worsen pulmonary injury. Key areas of 

potential brain-lung conflict include: (1) low Vt, PEEP titration, and optimization of Pplat 

and ΔP; (2) prone position ventilation; (3) use of extracorporeal membrane oxygenation 

(ECMO) in refractory cardiorespiratory failure; and (4) use of a conservative fluid 

management strategy. 

                  



In patients with coexisting ARDS and ABI without ICP elevation, the ESICM consensus 

statement recommends standard lung-protective ventilation, including low Vt, standard PEEP 

(same as in patients without ABI), and prone-position ventilation. However, no 

recommendations are provided for patients with ARDS and clinically significant ICP 

elevations.[24] When using low Vt in ARDS and ABI, vigilant monitoring of PaCO2 is 

warranted. Of note, the daily mean PaCO2 in the low Vt (4–6 mL/kg/PBW) arm in the 

ARMA trial ranged between 40 mm Hg and 44 mm Hg,[44] suggesting that normocapnia may 

be feasible. When there is strong clinical concern for elevated ICP, and hypercapnia is 

unavoidable, invasive and non-invasive measures of brain physiology can help determine 

individualized PaCO2 thresholds. 

Similarly, PEEP titration should be deliberate, accounting for lung compliance and 

hemodynamic effects while strictly avoiding alveolar hyperinflation. Concerns about 

intracranial hypertension can be mitigated by optimizing cerebral venous drainage and 

maintaining MAP to preserve CPP.[41,72] Lung ultrasonography can also help to individualize 

PEEP titration in ABI. A study of 30 patients showed that the effect of PEEP on ICP could be 

predicted by the lung ultrasound score. Specifically, improvement in the lung ultrasound 

score following PEEP augmentation from 5 cm H2O to 15 cm H2O correlated with a 

significant reduction (or no change) in ICP.[73] Prolonged recruitment maneuvers should 

generally be avoided in patients with ABI, as elevations in intrathoracic pressure may impair 

cerebral venous drainage and increase ICP without established clinical benefit.[74,75] If 

considered for refractory hypoxemia, recruitment maneuvers should be brief and reserved for 

carefully selected patients with close monitoring of ICP, CPP, and systemic hemodynamics. 

Prone-position ventilation improves survival in moderate to severe ARDS, with the 

PROSEVA trial demonstrating a 17% absolute reduction in 28-day mortality with ≥16 h/day 

                  



of proning among patients with PaO2/FiO2 ≤ 150.[69] Proning also results in substantial 

improvements in arterial oxygenation, P/F ratio, and PbtO2.
[76,77] Despite these benefits, prone 

positioning remains under-utilized in ABI,[78] largely due to concerns regarding its effects on 

ICP. Studies have reported median ICP increases from 3 mm Hg to 12.7 mm Hg during 

proning[76,77,79,80]; patients with a higher baseline ICP appear to be at greater risk.[77] 

However, a recent study of 30 patients with aSAH found that only 5/97 proning sessions were 

terminated due to medically refractory ICP crises.[81] Overall, available evidence suggests 

that prone-position ventilation is feasible in carefully selected patients with close 

neuromonitoring. Strategies to mitigate intracranial hypertension during proning include 

positioning techniques that preserve cerebral venous outflow (e.g., reverse Trendelenburg or 

orienting the dominant jugular vein superiorly) and minimize intra-abdominal pressure (e.g., 

padding the shoulders and hips).[82,83] ICP can be treated before or during proning, and CPP 

can be preserved via blood pressure augmentation. 

ECMO represents a potential rescue strategy to manage carefully selected patients with 

severe ARDS and ABI who remain refractory to conventional lung-protective ventilation. 

While ABI has historically been considered a relative contraindication for ECMO, 

improvements in circuit technology have expanded its use. Heparin-bonded circuits and 

polymethylpentene oxygenators may allow for VV-ECMO support, potentially with minimal 

systemic anticoagulation, in carefully selected ABI patients or those at risk for hemorrhagic 

conversion.[84] Femoral access can mitigate concerns regarding impaired cerebral venous 

drainage related to neck cannulation. In addition, careful control of sweep gas can avoid rapid 

PaCO2 correction and the attendant risk of cerebral ischemia due to vasoconstriction.[85,86]
 

In parallel with respiratory support, fluid management must also be carefully considered. 

Both hypo- and hypervolemia have been associated with worse outcomes in ABI,[87–89] and a 

                  



strategy targeting euvolemia is generally appropriate. Among patients with ARDS, the 

FACTT trial found that fluid restriction led to improved lung function and shorter duration of 

mechanical ventilation compared to liberal fluid management[90]; however, this strategy 

should be balanced against the risk of compromising cerebral perfusion in patients with 

concomitant ABI. In patients with cerebral vasospasm or acute large vessel occlusion, even 

transient hypovolemia may precipitate ischemia, necessitating caution with diuresis. Fluid 

administration and volume status should ideally be guided using a combination of dynamic 

indices of fluid responsiveness, bedside echocardiography to assess cardiac output and 

preload, and integration with neuromonitoring parameters such as ICP, CPP, and PbtO₂ when 

available. Furthermore, because the hemodynamic effects of positive-pressure ventilation are 

highly dependent on intravascular volume status, optimization of preload, cardiac output, and 

MAP should accompany ventilatory adjustments to preserve both cerebral oxygen delivery 

and perfusion. 

In practice, ventilatory priorities in patients with concomitant ABI and ARDS should be 

dynamically adjusted according to the dominant physiological threat at a given time. In the 

presence of intracranial hypertension or impaired cerebral compliance, strict control of 

PaCO₂ may take precedence. When cerebral autoregulation is impaired, particular attention 

should be paid to maintaining stable MAP to preserve CBF. Conversely, in severe 

hypoxemia, optimization of oxygenation and limitation of ventilator-induced lung injury 

(VILI) become primary goals. This context-dependent prioritization underscores the need for 

integrated brain–lung monitoring rather than fixed ventilatory targets. 

Strategies to Promote Best Ventilation Practices 

Recent literature increasingly advocates for individualization of patient management guided 

by advanced monitoring strategies. Integration of multimodal neuromonitoring with 

                  



respiratory mechanics and gas exchange allows clinicians to balance cerebral and pulmonary 

goals in real time.[37,91,92] Electrical impedance tomography and transpulmonary pressure 

measurements may further refine Vt and PEEP selection.[93,94] Esophageal manometry may 

help identify patients in whom higher airway pressures do not translate into harmful 

transpulmonary pressures, thereby allowing safer application of lung-protective strategies in 

the setting of ABI. 

Careful sedation management and optimizing ventilator synchrony also play a pivotal 

role.[95,96] Excessive sedation may prevent accurate neurological assessment, whereas 

inadequate control of patient–ventilator interaction can increase cerebral metabolic demand. 

Protocolized sedation strategies and early mobilization, when feasible, may help mitigate 

these risks.[97] Adjuncts such as short-term neuromuscular blockade may be considered in 

selected patients with severe ventilator dyssynchrony or refractory hypoxemia, although their 

use must be balanced against the need for ongoing neurologic assessment.[24,54] Ventilator 

modes that improve synchrony (e.g., proportional assist ventilation or neutrally adjusted 

ventilatory assist) may offer advantages in reducing patient effort, although data in ABI 

populations remain sparse. 

Finally, implementation science is essential to translate these insights into practice. 

Variability in clinician behavior and local resources and economic status remain major 

barriers in clinical practice, as highlighted by recent surveys and cohort studies.[98,99] 

Standardized care pathways that integrate neurologic and respiratory targets (e.g., paired 

ICP/CPP and ventilatory goals) may reduce practice variability and improve consistency in 

bedside decision-making.[100] Audit-and-feedback frameworks and incorporation of 

ventilation metrics (e.g., ΔP, MP) into routine quality dashboards may further facilitate 

implementation at the institutional level.[101]
 

                  



Future Directions and Research Priorities 

Future research in mechanical ventilation for ABI should move beyond “one-size-fits-all” 

strategies toward a precision physiology-based approach. Rather than defining universal 

ventilatory targets, the field should aim to identify patient-specific thresholds for PaCO₂, 

oxygenation, and ventilatory intensity based on intracranial compliance, perfusion, cerebral 

autoregulation, and cerebral metabolic demand. 

A key priority will be the integration of multimodal invasive and non-invasive 

neuromonitoring with advanced respiratory metrics to define individualized “safe operating 

zones,” within which both lung and brain homeostasis can be preserved (Figure 2). In 

parallel, future studies should account for heterogeneity across major neurological conditions, 

including TBI, ICH, aSAH, and AIS, while also identifying biologically and physiologically 

distinct sub-phenotypes within each disease that may differ in their tolerance to ventilatory 

interventions. The concept of “ventilator-associated brain injury” also warrants further 

investigation and its potential impact on long-term neurological outcomes.[102,103] Prospective 

trials integrating both pulmonary and neurological endpoints and accounting for patient-

centered outcomes will be essential to validate these strategies. 

Conclusion 

Mechanical ventilation in ABI should be understood not simply as respiratory support, but as 

a dynamic intervention that simultaneously modulates pulmonary mechanics, systemic 

hemodynamics, and cerebral physiology. Within this framework, PaCO₂ should be treated as 

a dynamic determinant of CBF rather than a static target, while PaO₂ should be titrated to 

avoid both hypoxemia and hyperoxemia, recognizing that systemic oxygenation may not 

reflect brain tissue oxygen tension. Similarly, Vt, PEEP, and other ventilatory targets should 

be individualized according to their effects on gas exchange and intracranial physiology. 

                  



These principles support a shift away from fixed ventilatory strategies based on thresholds 

and ranges, toward integrated, physiology-guided strategies informed by real-time 

neuromonitoring and cardiopulmonary mechanics. Future progress will depend on the ability 

to align ventilatory intensity with individual cerebral responses, thus transforming ventilation 

from a standardized protocol into a precision tool to improve neurologic recovery. 
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Figure 1: Integrated brain–lung crosstalk during mechanical ventilation in ABI. Mechanical 

ventilation in ABI should be interpreted as an integrated physiological intervention with 

impacts on both the lungs and brain. Ventilatory variables, including Vt, PEEP, Pplat, ΔP, 

RR and MP, interact with respiratory system mechanics and chest wall properties. These 

interactions modulate carbon dioxide homeostasis, oxygen delivery, pleural pressure 

transmission and systemic hemodynamics, with downstream effects on ICP, CPP, CBF and 

brain tissue oxygen tension (PbtO₂). Integrated monitoring of ABGs, respiratory mechanics, 

hemodynamics, ICP/CPP, PbtO₂, and autoregulation indices may support patient-specific 

                  



titration aimed at minimizing both VILI and secondary brain injury. ABGs: Arterial blood 

gases; ABI: Acute brain injury; CBF: Cerebral blood flow; CPP: Cerebral perfusion pressure; 

ICP: Intracranial pressure; MP: Mechanical power; PEEP: Positive end-expiratory pressure; 

Pplat: Plateau pressure; RR: Respiratory rate; VILI: Ventilator-induced lung injury; Vt: Tidal 

volume; ΔP: Driving pressure. 

 

Figure 2: Conceptual brain–lung “safe operating zone” for ventilatory management in ABI. 

The optimal ventilation strategy in ABI depends on the balance between cerebral and 

pulmonary threats rather than on fixed universal thresholds. When cerebral vulnerability 

predominates, such as in patients with intracranial hypertension, low CPP, or impaired 

autoregulation, priority should be given to PaCO₂ control, preservation of venous drainage, 

and support of MAP/CPP. When pulmonary injury predominates, such as in severe 

hypoxemia, recruitable ARDS, or high ventilatory intensity, priority shifts toward limiting 

                  



VILI through individualized Vt, limitation of ΔP and MP, and physiologically guided 

recruitment strategies. Patients with both high cerebral and pulmonary risk require stepwise 

titration guided by neuromonitoring and respiratory mechanics. The central “safe operating 

zone” represents a dynamic physiological range in which lung and brain homeostasis are 

jointly preserved through real-time reassessment, not a fixed treatment algorithm. ABI: Acute 

brain injury; ARDS: Acute respiratory distress syndrome; CPP: Cerebral perfusion pressure; 

MAP: Mean arterial pressure; MP: Mechanical power; PaCO₂: Arterial partial pressure of 

carbon dioxide; VILI: Ventilator-induced lung injury; Vt: Tidal volume; ΔP: Driving 

pressure. 
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