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Ventilator Weaning and Extubation in Acute Brain Injury:

Challenges and Evidence-Based Approaches

ABSTRACT

Weaning from invasive mechanical ventilation is a critical phase of intensive care management.
While structured protocols, daily readiness assessments, and spontaneous breathing trials (SBTs)
improve outcomes in general ICU populations, their application in patients with acute brain
injury (ABI) is challenging. In these patients, respiratory mechanics are frequently preserved,
whereas impaired consciousness, ineffective airway protective reflexes, and excessive secretions
predominantly determine extubation readiness and success. This narrative review reframes
Boles’s Six Stages of Weaning within a neurocritical care perspective, incorporating ABI-
specific considerations including stabilization and pre-weaning optimization; suspicion that
weaning may be possible; readiness assessment; performance of SBTs; extubation decision-
making; and recognition and management of extubation failure. Across these stages, evidence
consistently demonstrates that neurological factors, especially cough strength, swallowing
function, ability to follow commands, and level of consciousness, are the main determinants of
extubation success in ABI patients. In contrast, traditional respiratory predictors, such as rapid
shallow breathing index (RSBI) or maximal inspiratory pressure (MIP)/negative inspiratory force
(NIF), show limited discriminatory value in this population. Emerging data suggest that
integrated models combining neurological and respiratory variables provide a more accurate
framework for extubation decision-making in ABI. By highlighting the limitations of

conventional weaning and extubation criteria, this review proposes practical, physiology-driven
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strategies to guide ventilator liberation in neurocritical care, with the goal of reducing extubation

failure and minimizing secondary neurological injury.

Keywords: Invasive mechanical ventilation; ventilator weaning; extubation; brain injury;

neurocritical care; spontaneous breathing trial; weaning predictors; extubation predictors.



INTRODUCTION

Weaning from invasive mechanical ventilation (IMV) is a major determinant of outcome in
critically ill patients [1-3]. Prolonged ventilation increases the risk of ventilator-associated
pneumonia, respiratory and peripheral muscle dysfunction, delirium, and extended intensive care
unit (ICU) stay, whereas premature extubation raises the likelihood of reintubation, a
complication consistently associated with worse prognosis [4, 5]. Accurate identification of
weaning readiness and optimal timing of extubation are therefore central components of ICU

care.

To structure this process, a multidisciplinary task force described weaning as a six-stage
continuum, spanning from initiation of IMV to sustained spontaneous breathing after extubation
[6]. This framework, subsequently incorporated into clinical practice and guidelines, emphasizes
respiratory mechanics, gas exchange, and tolerance of spontaneous breathing trials (SBTs).
However, delayed recognition of readiness unnecessarily prolongs exposure to mechanical
ventilation, while overly aggressive liberation strategies increase the risk of extubation failure [7,

8].

Patients with acute brain injury (ABI), including ischemic or hemorrhagic stroke, subarachnoid
hemorrhage, traumatic brain injury (TBI), and other acute neurological insults, represent a
particularly vulnerable population during weaning and extubation. The interplay of primary and
secondary brain injury, impaired consciousness, autonomic instability, and complex critical care
needs requires individualized ventilatory and neurological management [9, 10]. In many of these
patients, lung function is often relatively preserved or rapidly recovers, and intubation is

performed primarily for airway protection rather than respiratory failure [11]. As a result,



conventional respiratory indices often fail to predict successful extubation. Extubation failure
occurs more frequently in ABI patients (approximately 20—38%) than in general ICU populations

(10-15%) [12, 13].

Extubation failure in ABI is not a benign event. Reintubation may precipitate hypoxemia,
hypercapnia, hypotension, and sympathetic surges, all of which can impair cerebral perfusion
and exacerbate secondary brain injury, particularly in the setting of altered cerebral
autoregulation [11]. Beyond reintubation itself, the weaning process poses unique challenges in
ABI: spontaneous breathing may increase intracranial pressure (ICP) through fluctuations in
intrathoracic pressure, changes in arterial partial pressure of carbon dioxide (PaCO3), agitation,
or increased work of breathing. Consequently, neurological rather than respiratory constraints

often determine the timing and trajectory of ventilator liberation in this population [6].

In this narrative review, we propose an adaptation of Boles’s Six Stages of Weaning tailored to
patients with ABI. By integrating clinical evidence with physiological principles, we examine
how neurological injury modifies each stage of the weaning process, highlight the limitations of
standard respiratory criteria, and discuss practical strategies to optimize extubation readiness
while minimizing the risk of secondary brain injury. This physiology-driven framework aims to

support safer and more individualized ventilator liberation in neurocritical care.

REVIEW METHODS

This narrative review focused on adults (>18 years) with ABI, including TBI, subarachnoid

hemorrhage, intracerebral hemorrhage, ischemic stroke, who required IMV.

Eligibility Criteria



Eligible studies enrolled adult ABI patients receiving IMV and reported outcomes related to
ventilator weaning, SBTs, airway protection, extubation readiness, extubation success or failure,
or tracheostomy. We included prospective and retrospective cohort studies, randomized
controlled trials, and systematic reviews published in peer-reviewed journals. Pediatric studies,
case reports, conference abstracts, narrative opinions without original data, and studies not
addressing weaning or extubation outcomes were excluded. Only articles published in English

were considered.

Conceptual Framework

Boles’s Six Stages of Weaning served as the conceptual framework for this review. Each stage
was adapted to address ABI-specific physiological and clinical challenges. This framework
guided synthesis of evidence related to weaning readiness, SBT performance, extubation
decision-making, and extubation failure, with particular attention to interactions among
neurological status, sedation, airway protection, respiratory drive, and ventilatory support. It was
also used to illustrate why conventional ICU weaning protocols and respiratory indices

frequently perform poorly in ABI patients.

Literature Search and Study Selection

A targeted, non-systematic search of PubMed, Scopus, and Google Scholar was conducted to

identify clinically relevant and influential studies on ventilator weaning and extubation in ABI.
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Search terms included combinations of “acute brain injury,” “neurocritical care,” “mechanical
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ventilation,” “weaning,” “spontaneous breathing trial,” “airway protection,” and “extubation
failure.” The search included articles published up to the final search date (Month Year). Google

Scholar was used to identify highly cited studies not captured in database searches.



Titles and abstracts were independently screened by two reviewers, followed by full-text review
of selected articles. Disagreements were resolved by consensus. Study selection prioritized
clinical relevance, methodological rigor, and contribution to understanding ABI-specific
determinants of weaning and extubation outcomes rather than exhaustive coverage of the

literature.

STAGE 1. FROM “TREATMENT OF ACUTE RESPIRATORY FAILURE” TO AN ABI-

FOCUSED “PRE-WEANING OPTIMIZATION STAGE”

In Boles’s original framework, Stage 1 refers to the treatment and resolution of acute respiratory
failure (ARF) before initiating the weaning process [14]. In ABI patients, however, IMV is most
commonly required for airway protection, depressed level of consciousness, or peri-
neurosurgical management rather than for primary ARF [15]. Consequently, resolution of ARF
alone is insufficient to define readiness to enter the weaning process in this population. Instead,
early progression toward ventilator liberation is predominantly constrained by neurological status

rather than pulmonary recovery.

We therefore propose reframing Stage 1 as a Pre-Weaning Optimization Stage tailored to the
specific physiological priorities of ABI patients. This stage encompasses the stabilization of
respiratory, hemodynamic, and neurological parameters required to safely consider subsequent

weaning steps.

Basic respiratory prerequisites remain necessary but, in ABI patients, should be interpreted
conservatively, ensuring that ventilatory targets (e.g., slightly higher positive end-expiratory
pressure or lower arterial partial pressure of oxygen) do not compromise intracranial dynamics.

At this stage, the objective is not readiness for extubation, but transition from rescue ventilation



to a physiologically stable condition in which gas exchange is adequate and ventilatory settings
are tolerated without inducing intracranial hypertension or reducing cerebral perfusion pressure
(CPP). This includes absence of clinically significant hypoxemia or severe respiratory acidosis,
use of airway pressures compatible with stable ICP and CPP, manageable airway secretions, and
respiratory mechanics allowing progressive de-escalation of full ventilatory support. The
presence of spontaneous breathing effort is not mandatory, as ventilatory drive may remain
intentionally controlled for neurological indications. Hemodynamic stability should be ensured,
defined by stable mean arterial pressure with minimal or no vasopressor support and absence of
ongoing circulatory instability that could compromise cerebral perfusion during ventilatory

transitions.

Neurological optimization is central to this stage. Progression toward active weaning should only
be considered once ICP has been durably controlled (e.g., <22 mmHg for >24 hours) [16], Tier 3
therapies for refractory intracranial hypertension (such as barbiturate coma, decompressive
craniectomy, or hypothermia) have been discontinued, and there is no evidence of evolving
intracranial pathology on serial neuroimaging [16]. Although high-quality data directly linking
these criteria to weaning outcomes are limited, they reflect contemporary neurocritical care

standards aimed at minimizing secondary brain injury during ventilatory transitions.

Sedation management represents a critical and dynamic component of pre-weaning optimization.
Sedatives should be minimized and carefully titrated using validated scales such as the
Richmond Agitation—Sedation Scale (RASS) [17], balancing the need for neurological
protection, control of intracranial hypertension, and patient—ventilator synchrony. When feasible,
protocols favoring short-acting agents, adequate analgesia, and non-pharmacological measures

should be employed.



In summary, Stage 1 in ABI is defined not by resolution of respiratory failure, but by completion
of a comprehensive pre-weaning optimization process in which neurological stability is the

dominant determinant.

STAGE 2. SUSPICION THAT WEANING MAY BE POSSIBLE

In ABI patients, controlled ventilation is often maintained despite preserved pulmonary
mechanics because neurological rather than respiratory factors govern ventilatory management.
Suppression of spontaneous breathing is frequently required to ensure tight control of ICP and
PaCOz2, both key determinants of cerebral blood flow. Even modest PaCO2 fluctuations
associated with spontaneous effort may provoke clinically relevant ICP changes. In addition,
spontaneous breathing may increase agitation, cerebral metabolic demand, and intrathoracic

pressure swings that impair cerebral venous drainage [18].

As a result, many ABI patients remain on controlled ventilation beyond the point at which
assisted modes would be acceptable in other ICU populations [15]. Progression to Stage 2
therefore reflects completion of pre-weaning optimization rather than recovery from the primary
brain injury. Criteria include sustained ICP control, reduction of sedative requirements,
manageable secretions, stable or improving neuroimaging, and discontinuation of Tier 3

therapies [19].

At this stage, the central clinical question is whether spontaneous breathing can be cautiously
reintroduced without precipitating ICP elevation, ventilatory instability, or agitation. Suspicion
that weaning may be possible arises when neurological and systemic stability suggest that
limited respiratory effort may be tolerated. Given the dynamic and individualized nature of ABI,

spontaneous breathing should be introduced gradually, with close physiological monitoring and
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frequent reassessment before formal weaning readiness testing. Beyond traditional physiological
criteria, recent evidence highlights the potential role of sensory and cognitive stimulation in
supporting ventilator liberation. In a randomized trial of 45 patients receiving controlled
mechanical ventilation for neurological disease, repeated exposure to audio recordings of
patients’ relatives during assisted ventilation significantly reduced the duration of controlled
mechanical ventilation and increased measurable brain activity, particularly in right fronto-
central regions, without adverse effects [20]. Although this intervention did not significantly
reduce weaning failure, these findings underscore that engagement of cortical and cognitive
networks may complement respiratory and neurological assessments, potentially facilitating

earlier progression through the weaning stages.

STAGE 3. ASSESSING READINESS TO WEAN

Readiness to wean is generally assessed by evaluating clinical and physiological stability,
including adequate oxygenation, hemodynamic stability, preserved respiratory mechanics, and
sufficient neurological function to maintain ventilatory drive and airway protection. In patients
with ABI, however, these general criteria are often insufficient, as ventilator dependence is more
strongly influenced by neurological status and airway protective capacity rather than respiratory

mechanics alone [21, 22].

Once pre-weaning optimization has been achieved and spontaneous breathing is considered
physiologically tolerable (Stage 2), the limiting factor often shifts from ventilatory ability to
airway competence and neurological integrity. Gas exchange and respiratory system mechanics
are commonly preserved, allowing early tolerance of assisted ventilatory modes. Progression
beyond this stage is nevertheless often constrained by uncertainty regarding airway protection

rather than true respiratory failure [22].
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This pattern should not be interpreted as failure of the weaning process. Rather, it reflects a
distinct neurocritical care phenotype in which extubation is deferred because of anticipated
neurological risk. Neurological severity and systemic inflammatory burden further modulate
ventilator liberation in ABI. For example, in TBI, higher C-reactive protein to albumin ratios
have been independently associated with weaning failure, whereas higher Glasgow Coma Scale
(GCS) scores predict successful liberation. The combined assessment of inflammatory and
neurological markers improves prognostic discrimination, underscoring that ventilator
dependence in this population reflects a complex interaction between systemic physiology and

brain injury severity [23].

In selected patients with borderline pulmonary reserve, adjunctive physiological indices may
help refine the assessment of readiness to wean. Parameters reflecting respiratory drive and
inspiratory muscle performance,such as airway occlusion pressure at 100 ms (P0.1), maximal
inspiratory pressure during airway occlusion (Pocc) in non-collaborative patients, or maximal
inspiratory pressure/negative inspiratory force (MIP/NIF) in cooperative patients,can be
integrated with composite measures such as the pressure-muscle index (PMI) to provide a
bedside evaluation of the relationship between imposed respiratory load and neuromuscular
capacity. Other objective tools such as diaphragm ultrasonography may guide supportive
strategies, including respiratory physiotherapy, inspiratory muscle training, and gradual reduction
of pressure support with respiratory muscle training [24, 25]. Although these variables
sometimes change the decision to proceed with a SBT, markedly abnormal values may indicate
limited physiological reserve and justify postponement in patients considered at elevated risk of

weaning failure [26].
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Building on the adjunctive assessment of respiratory drive and inspiratory effort described above,
a similar rationale applies to patients who remain ventilator-dependent despite preserved
pulmonary mechanics. In such cases, serial evaluation of inspiratory muscle performance may be
considered to monitor physiological reserve over time rather than to determine immediate
readiness for extubation. These interventions aim to preserve respiratory muscle integrity;
however, the incremental value of advanced respiratory muscle assessments appears limited in
ABI, where definitive progression beyond this stage depends primarily on neurological recovery
and airway competence rather than respiratory mechanics alone. In a prospective study of
mechanically ventilated patients undergoing a first SBT, ultrasonographic measurement of
diaphragmatic excursion demonstrated poor discriminative ability for predicting weaning failure
(AUC 0.65) and did not outperform the Medical Research Council score, highlighting the limited

bedside utility of diaphragmatic ultrasound as a standalone predictor of weaning outcomes [27].

STAGE 4. SPONTANEOUS BREATHING TRIALS

As part of assessing readiness to wean (Stage 3), once basic physiological prerequisites are
met,adequate oxygenation on minimal ventilatory support, hemodynamic stability without
escalating vasoactive requirements, and preserved respiratory drive,patients may undergo an
SBT to confirm the ability to sustain spontaneous breathing [28]. A successful SBT confirms the
ability to maintain adequate ventilation, gas exchange, and cardiovascular stability under reduced
support but does not guarantee extubation success in patients with ABI. In this population, the
SBT primarily evaluates tolerance to decreased ventilatory assistance rather than definitive
readiness for tube removal [29]. While this distinction also exists in the general ICU
population;where extubation requires not only SBT success but also adequate consciousness and

effective cough,the divergence between ventilatory tolerance and extubation suitability is
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considerably more pronounced in ABI, where neurological status and airway protection are often

the decisive factors.

In general, different modes of SBT produce modest differences in work of breathing and
hemodynamic load [30]. Regardless of technique, excessive prolongation of the SBT should be
avoided [31]. Typical trial durations range from 30 to 120 minutes [32]. This consideration is
particularly relevant in patients with ABI, in whom fatigue, agitation, hyperventilation, or
sustained physiological stress during a prolonged SBT may increase metabolic demand, alter
carbon dioxide levels, and potentially precipitate secondary neurological injury. Criteria for SBT
failure include tachypnea, hypoxemia, hemodynamic instability, respiratory distress, and
acidosis. In ABI patients, agitation or delirium may also necessitate early termination of the trial.
Such findings should prompt reassessment of both respiratory and neurological factors before
further weaning attempts are pursued [33, 34]. In many patients with ABI, ventilatory support
can be reduced early, yet extubation is often delayed due to impaired consciousness, ineffective
airway protection, or excessive secretions [35, 36]. In this setting, repeated or prolonged SBTs

add little information and may impose unnecessary physiological stress [18, 33, 37].

In patients with ABI, the GLOBAL WEAN study showed that an unassisted SBT (PSVO0-PEEPO0)
most closely reproduced post-extubation inspiratory effort. However, the study did not evaluate
extubation success as an outcome. Therefore, while PSVO-PEEPO may better reflect true
respiratory workload in ABI, there is no evidence that its use improves extubation rates or
clinical outcomes in this population [38]. Recent evidence from the ENIO cohort indicates that
neither the SBT modality (pressure support, T-piece, or continuous positive airway pressure) nor

the duration of the trial significantly predicts extubation failure in ABI patients. Instead, airway
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protective capacity,particularly the presence of a vigorous cough,remains the primary

determinant of successful extubation [37].

In ABI patients, over-assistance during pressure support ventilation is common and may mask
true respiratory capacity. The ENVISION study demonstrated that reducing ventilatory support
during SBT is generally safe, improving regional ventilation distribution and respiratory effort
without affecting brain oxygenation or electrical activity. Measures such as P0.1 and respiratory
muscle pressure (Pmus) accurately identify under-assistance and can help guide titration of
support during weaning [39]. Such findings support the use of physiologically informed
monitoring to optimize SBTs and prevent both over- and under-assistance in ABI patients.
Considering these new findings, in ABI patients the SBT modality selection should be guided by

local practice, patient comfort, and careful monitoring of physiological responses.

While SBT remain a cornerstone of ventilator liberation, recent evidence highlights the benefits
of prompt extubation immediately following a successful trial in patients with ABI. In a
multicenter observational study of 1,406 adults with ABILincluding TBI, ischemic or
hemorrhagic stroke, seizures, and SAH,extubation on the same calendar day as the first
successful SBT was associated with a significant increase in ventilator-free days up to 28,
without reported safety concerns [36]. These findings support early extubation when
neurological and airway criteria are met, while acknowledging that certain injury patterns,
particularly brainstem lesions affecting swallowing or autonomic function, may still necessitate

delayed extubation despite preserved consciousness and respiratory mechanics.

Respiratory complications may further confound interpretation. In large neurocritical care
cohorts, ventilator-associated pneumonia and post-SBT tracheobronchitis have been associated

with delayed extubation, higher tracheostomy rates, and prolonged ICU stay, underscoring that
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failure to progress may reflect pulmonary complications rather than neurological impairment
alone [40, 41]. Notably, acute respiratory distress syndrome (ARDS) occurs in a meaningful
subset of ABI patients and is associated with increased ICU mortality, longer mechanical
ventilation duration, and prolonged ICU stay, with a trend toward higher extubation failure,

highlighting the impact of brain—lung interactions on ventilator liberation [42].

Finally, complex numerical respiratory indices, such as RSBI and vital capacity, may provide
adjunctive information during ventilatory liberation. Vital capacity is typically assessed prior to
SBT as a screening indicator of ventilatory reserve, whereas RSBI is usually measured during
SBT to evaluate tolerance to reduced ventilatory support. However, in patients with ABI, these
indices have limited incremental value for predicting extubation success and should be

interpreted alongside neurological and airway protective assessments [11] (Table 1).

STAGE 5. EXTUBATION

Extubation success is defined as the ability to maintain adequate ventilation and effective airway
protection after removal of the endotracheal tube without the need for reintubation. Unplanned
extubation, including both self- and accidental, is a relatively frequent occurrence in ICUs,
accounting for approximately 9% of all endotracheal removals. While accidental extubation is
associated with higher ICU mortality, self-extubation does not increase mortality compared with
planned extubation, though failure to maintain airway protection remains independently linked to

poor outcomes [43].

Common definition for extubation failure in general ICU patients is the occurrence of
reintubation within 48 hours (and up to 72 hours in some studies) [22, 44]. ABI-specific cohorts

have adopted longer observation periods to account for delayed neurological and airway
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complications. Notably, the ENIO study defined extubation failure as reintubation within 5 days,
reflecting the unique pathophysiology and time course of deterioration in this population.
Accordingly, extubation readiness in patients with ABI requires additional neurological and
airway-focused assessment beyond standard respiratory criteria [45]. This emphasis on
neurological assessment is consistent with contemporary ICU practice: in a recent national
survey of French intensivists, impaired level of consciousness was the most frequently cited
contraindication to extubation, reported by 69% of respondents, ranking above respiratory and

airway-related factors such as weak cough, sputum retention, and swallowing disorders [46].

In addition to adequate gas exchange and respiratory mechanics, key elements for assessing
extubation readiness in ABI patients include level of consciousness, integrity of airway reflexes,
and the ability to manage secretions. The ability to follow simple motor commands; such as
squeezing the examiner’s hand or protruding the tongue on request, is particularly informative, as
it reflects purposeful neurological engagement and correlates more closely with airway
protection than eye opening alone [11, 41]. Failure to follow commands is consistently
associated with a higher risk of extubation failure and often prompts delay of extubation or
consideration of tracheostomy [41, 47]. Neurological status at the time of extubation remains a
critical determinant of success in ABI patients. In a retrospective study of 641 adults with
surgical ABI, including spontaneous intracerebral hemorrhage, aneurysmal SAH, and TBI-GCS
scores at extubation independently predicted reintubation, while age and initial GCS were
associated with prolonged intubation [48]. These findings underscore the importance of
incorporating bedside neurological assessment, alongside airway protective reflexes, when

evaluating extubation readiness in patients with ABI.
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Effective cough, swallow, and gag reflexes are central to successful extubation. Tongue
protrusion, reflecting hypoglossal nerve function, provides additional insight into airway
integrity [49]. Secretions should be minimal and easily manageable, without the need for
frequent suctioning. [50]. Patients who are obtunded or unable to clear secretions have a
markedly increased risk of extubation failure, even when respiratory mechanics and gas

exchange appear satisfactory [51, 52].

Predictors of Extubation Failure in ABI

In neurocritical care, extubation failure is driven predominantly by impaired airway protection
rather than respiratory insufficiency. Prospective studies have developed clinical scores assessing
age, visual pursuit, swallowing attempts, GCS, cough, gag reflex, and deglutition, demonstrating
strong predictive value for extubation success, reduced duration of mechanical ventilation,
shorter ICU length of stay, and lower ICU mortality. In particular, Godet et al. proposed a
pragmatic score for brain-injured patients incorporating cough, gag reflex, deglutition, and the
Coma Recovery Scale—Revised visual subscale. Their study highlighted that the motor
component of the GCS alone was not predictive of extubation tolerance and that patients with
adequate airway protective function could be safely extubated even with low levels of
consciousness [53, 54]. A meta-analysis including 928 patients demonstrated that neurological
factors; such as low GCS scores (particularly 7-9), inability to follow commands, thick
secretions, and absent cough or gag reflexes, were the strongest predictors of failure, whereas
traditional weaning indices showed limited predictive value [41]. More recent multicenter data
suggest that the sum of the eye and motor components of the GCS alone (GCS-EM) may not
reliably predict extubation failure in ABI patients with predominantly moderate-to-high pre-

extubation scores, highlighting the importance of integrating airway protective function and
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command-following in extubation decision-making [55]. Additionally, neurocritical care
practices; including ventilatory management and weaning strategies, are influenced by local
resources and protocols. Survey data from the VENTILOMICS study, encompassing 204
respondents across 28 low- and middle-income countries, demonstrated that tidal volume
selection, PEEP, and weaning approaches vary according to local practice and resource
constraints, particularly in patients with intracranial hypertension [56]. These findings emphasize
that extubation timing, tracheostomy decisions, and overall outcomes may differ depending on
ICU setting and resource availability. A subsequent systematic review provided moderate-
certainty evidence that intact cough and swallow reflexes are essential for extubation success in

ABI [35].

Notably, many ABI patients exhibit preserved respiratory mechanics and gas exchange,
frequently passing spontaneous breathing trials and demonstrating normal values for RSBI,
negative inspiratory force, and vital capacity. Extubation failure in ABI patients is primarily
driven by impaired airway protection rather than respiratory mechanics. Structured clinical
scores incorporating deglutition, gag reflex, cough, and visual tracking may help identify high-
risk patients and guide extubation timing [57]. Similarly, ventilator parameters such as PEEP at
initiation or at extubation have been associated with extubation failure and mortality, likely
reflecting underlying disease severity rather than modifiable ventilatory targets [58]. Overall,
mechanical ventilation strategies in ABI should balance brain, lung, and diaphragm protection
using individualized ventilatory settings [59]. Conventional respiratory indices, including
respiratory rate, tidal volume, minute ventilation, and PaOz2/FiOz2 ratio, often fail to distinguish
between extubation success and failure in this population [41, 60, 61]. Moreover, effort-

dependent measurements may be misleading: reduced alertness can underestimate true



19

respiratory capacity, while certain brainstem lesions may produce deceptively normal indices

despite profound impairment of airway protection [62].

Accordingly, neurological and airway assessments are central to extubation decision-making in
ABI and should be interpreted within the broader six-stage ventilator-liberation framework [63].
Both clinical assessment and objective measures, such as peak cough expiratory flow,
consistently identify weak cough as an independent predictor of extubation failure in ABI
patients [49]. Even with an endotracheal tube in place, evaluation of cranial nerve function such
as asking patients to mouth words or move the lips or tongue can provide valuable information

regarding airway protective capacity (Figure 1).

Integrated Scores and Models

Given the multifactorial nature of extubation failure in ABI, several composite tools have been
proposed. In neurosurgical populations, the STAGE score [54], incorporating swallowing, tongue
protrusion, airway protective reflexes (including cough), and motor response on the GCS, has
been developed to support extubation readiness assessment. Another model combining
command-following, preserved cough reflex, and adequate oxygenation demonstrated moderate

sensitivity and specificity for predicting extubation success [64].

STAGE 6. EXTUBATION FAILURE

Extubation failure is generally defined as the need for reintubation, or death, within 5-7 days
following endotracheal tube removal, a time window that captures the vast majority of failures
and accommodates variability across studies [65]. In line with the CoVent Core Outcome Set, the
isolated use of post-extubation noninvasive ventilation or high-flow nasal oxygen is not

classified as extubation failure, although these modalities may delay reintubation and should be
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interpreted cautiously [44, 66]. Despite meeting conventional readiness criteria and completing a
successful spontaneous breathing trial, approximately 10-20% of general ICU patients require
reintubation, an event consistently associated with prolonged mechanical ventilation, longer ICU

stay, and mortality rates ranging from 25% to 50% [67-72] (Table 2).

In ABI patients, extubation failure most often reflects neurological and airway-related
mechanisms rather than inadequate respiratory muscle performance or gas exchange. The
predominant causes include ineffective airway protection due to absent or weak cough, impaired
swallowing with aspiration, inability to clear secretions, and depressed consciousness leading to
upper-airway obstruction, frequently related to posterior tongue displacement [73-75]. These
mechanisms explain why extubation failure may occur despite preserved pulmonary mechanics
and satisfactory performance during spontaneous breathing trials. Severity of neurological injury
remains central: patients with markedly depressed consciousness or brainstem involvement are at
particularly high risk, while advanced age and prolonged duration of mechanical ventilation

further increase vulnerability, likely reflecting frailty and ICU-acquired weakness [73].

Importantly, extubation failure in ABI should not be interpreted as failure of the weaning process
per se, but rather as a manifestation of unresolved neurological or airway-protection limitations.
Recognition of these mechanisms is essential, as delayed reintubation after failed extubation may
exacerbate secondary brain injury through hypoxemia, hypercapnia, agitation, or hemodynamic

instability.

Tracheostomy

Against this background, tracheostomy frequently emerges as a management strategy following

extubation failure or when extubation is deemed unsafe because of persistent neurological
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impairment. Tracheostomy rates in ABI patients have increased over time, from approximately
17% in 2004 to over 20% in recent cohorts [76, 77]. reflecting both improved survival and
ongoing challenges related to airway protection. ABI patients remain the ICU population most
likely to undergo early tracheostomy, particularly when neurological recovery is uncertain and

prolonged airway support is anticipated.

However, the optimal timing of tracheostomy remains controversial [78-83]. Contemporary
multicenter trials have shown no significant differences in long-term functional or survival
outcomes when tracheostomy is performed early (around day 5) versus later (approximately day
10) [84-86]. These findings support a more individualized approach, in which tracheostomy is
deferred when there is a reasonable expectation of neurological improvement that may permit
safe extubation. In routine practice, tracheostomy timing typically ranges between 9 and 12 days,

although substantial inter-center variability persists (Table 2).

In ABI, the high prevalence of tracheostomy primarily reflects persistent deficits in
consciousness, airway reflexes, and secretion management rather than failure to reduce
ventilatory support. Many patients tolerate spontaneous or pressure-supported ventilation early
but remain unsuitable for extubation because neurological recovery lags respiratory readiness. In
this context, tracheostomy should be viewed not as an endpoint of failed weaning, but as a
supportive strategy to facilitate airway clearance, neurological recovery, and rehabilitation while

minimizing the risks associated with repeated extubation failure.

CONCLUSIONS

Weaning from invasive mechanical ventilation in patients with acute brain injury requires

adaptation of conventional frameworks to account for neurological constraints not captured by
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standard respiratory indices. By reframing Boles’s Six Stages of Weaning for neurocritical care,
this review emphasizes that ventilator liberation in ABI is driven primarily by cerebral
physiology, airway protection, and neurological recovery rather than pulmonary mechanics

alone.

In this population, successful completion of a spontaneous breathing trial does not equate to
extubation readiness and must be interpreted alongside focused neurological and airway
assessments. Extubation decisions are therefore guided predominantly by consciousness level,
airway reflexes, and secretion management, while extubation failure most often reflects deficits
in airway protection rather than inadequate gas exchange. Adoption of a physiology- and
neurology-informed weaning framework may improve extubation safety, reduce preventable

failures, and support more individualized decision-making in neurocritical care.
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Table 1: Performance of Conventional Weaning Parameters in General ICU vs. Brain-

Injured Patients

Weaning (G;;lril;iﬂollg?&f :’t:::ilittsztive B-rail.l-lnjured Patients (Utility & Key
Parameter Findings)
Value)

RSBI RSB.I <105 bFeaths/mm/L . Consistently shown to have poor predictive

VT predicts weaning success with |\ ABI [60, 89, 90].
good sensitivity [87, 88]

VC considered adequate when | Frequently unreliable due to reduced

Ve >10-15 mL/kg (~0.7-1.0 L), cooperation or cognitive impairment
though specificity is limited providing little predictive value for
[50, 91, 92] extubation readiness in ABI [93].
Thresholds < —-20 to —30 Requires patient effort; measurements are

MIP cmH20 generally indicate often inaccurate or misleading and show no
sufficient inspiratory strength | consistent association with extubation
[62, 94-97]. outcomes in ABI [98, 99]

MEP Higher pressures reflect MEP is not a direct surrogate of cough
stronger expiratory muscle strength. Cough strength is a critical
strength; values >28 cmH20 determinant of success; weak or absent
have been associated with cough strongly predicts extubation failure in
better outcomes in some brain-injured patients [41, 47, 103].
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studies [50, 100-102].

Normal values ~3.5-4 cmH20;
reflects respiratory drive with

Evidence is inconsistent; may contribute
when combined with neurological

associated with risk of fatigue
[115, 116].

P0.1
moderate predictive accuracy | assessments but has limited independent
[26, 104-107] predictive value in ABI [26, 108-110]
Pl limited and context-d dent rol
Helps assess effort reserve; <5 | . ays a fmite 'an C(_m ex. epencent rofe
in ABI; extubation failure is more commonly
cmH20 suggests weakness, ) ) ] ) )
Pocc ) driven by impaired airway protection and
>15 cmH20 excessive effort . .
(111-114] neurological dysfunction rather than
) respiratory mechanics [64, 75, 77, 98, 108].
Indicates balance between May correlate with respiratory effort during
ventilatory support and patient | weaning but adds limited value for
PMI effort; values >5-6 cmH20 extubation decision-making beyond

neurological and airway protective
assessments. [35, 98, 108, 109].

Comparison of commonly used respiratory weaning indices in general ICU populations and their

applicability in patients with acute brain injury (ABI). ABI = acute brain injury; ICU = intensive

care unit; MEP = maximal expiratory pressure; MIP = maximal inspiratory pressure; NIF =

negative inspiratory force; P0.1 = airway occlusion pressure at 0.1 seconds; Pocc = maximal

inspiratory occlusion pressure; PMI = pressure—muscle index; RSBI = rapid shallow breathing

index; VC = vital capacity (maximal exhaled volume after deep breath).
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Table 2: Comparison of Weaning and Extubation Outcomes in Patients With and Without

Acute Brain Injury

failure rate

may reach 30% in high-risk
groups (COPD, heart failure,
neuromuscular disease)

Aspect General ICU Patients Neurocritical Care Patients
Approximately 10-15% of
) planned extubations fail; rates | Higher failure rates (~20-25%), increasing
Extubation

to 30—38% in severe brain injury or
neuromuscular respiratory failure

Respiratory muscle fatigue,

Predominantly impaired airway protection

failure risk in selected
patients.

Primary persistent pulmonary due to reduced consciousness, weak or
causes of pathology, cardiac absent cough/swallow, aspiration, or upper
failure dysfunction, or upper airway | airway collapse; pulmonary factors may
obstruction coexist but are seldom the primary cause
Considered after 7-10 days ) )
.. ... | More common, especially in prolonged
when prolonged ventilation is . .
expected or repeated weaning | SO SeVere stroke, or brainstem injury.
P ) P ) 8 Performed in ~30-50% of severe ABI
Tracheostomy | attempts fail; performed in e )
. cases. Timing is individualized; early
~10-20% of ICU patients.
tracheostomy has not demonstrated
Early tracheostomy may . . )
. outcome benefits in major stroke trials
benefit selected subgroups
Similar morbidity and mortality risks, with
additional concerns including delayed
Associated with increased . & . Y
. neurological assessment, sedation
ICU length of stay, morbidity, )
) exposure, and potential cerebral
Outcome of and mortality (25-50%); may )
) S hemodynamic consequences. Neuro ICUs
extubation delay rehabilitation. Post- typically defer extubation until maximal
failure extubation NIV can reduce ypicaty

readiness is confirmed; if failure occurs,
rapid reintubation and reassessment of
reversible neurologic contributors are
essential

Comparison of key determinants of weaning readiness, extubation success, and tracheostomy
practices between general ICU and neurocritical care populations. ABI = acute brain injury;
COPD = chronic obstructive pulmonary disease; ICU = intensive care unit; MIP = maximal
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inspiratory pressure; RSBI = rapid shallow breathing index; SBT = spontaneous breathing trial;
VC = vital capacity.
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Legend of the Figures

Figure 1. Neurological and Airway Readiness Markers for Extubation

This figure summarizes five key clinical indicators used to evaluate a patient’s readiness for
extubation. These include: (1) Spontaneous cough, reflecting the ability to clear airway
secretions; (2) Neurological function, commonly assessed using the Glasgow Coma Scale (GCS)
motor score; (3) Gag and swallow reflexes, which help determine adequacy of airway protection
and secretion management; (4) Tongue protrusion, indicating preserved motor control and ability
to follow commands; and (5) the VISAGE score, a structured assessment tool integrating these
elements to support extubation decisions. Together, these markers assist clinicians in identifying
patients who are neurologically and functionally prepared for safe liberation from mechanical
ventilation [11, 41, 93].

Gag and

Swallow

Reflexes
Checks for proper

swallowing and
secretion management. y Ton gue

Protrusion

Spontaneous
Cough

Assesses motor function

Evaluates the patient's and command following.

ability to clear airways
effectively.

Neurological
Function VISAGE Score

Provides a structured
Evaluates the patient’s evaluation of readiness.
neurological status using
GCS motor score




Figure 2. Boles’s six stages of weaning adapted for patients with acute brain injury.
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