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Abstract

Acute respiratory failure (ARF) often leads to ICU admission, ventilatory support, illness,
and death. The usual classification into hypoxemic and hypercapnic types does not capture
its full complexity. Precision medicine uses the concept of “treatable traits” to guide care
based on traits that are clinically relevant, identifiable, measurable, and possibly changeable.
Arterial carbon dioxide pressure (PaCO2) reflects factors like alveolar ventilation, dead
space, respiratory mechanics, and how patients respond to ventilatory support. This
makes it clinically relevant in selected situations. We carried out a scoping review using
PRISMA-ScR and JBI guidelines to summarize evidence on hypocapnia and hypercapnia
as prognostic, stratification, or clinically relevant variables during respiratory support. We
searched PubMed/MEDLINE, ScienceDirect, and Web of Science (1994–2025), and checked
references by hand. Thirty-four studies met our criteria and were grouped into four areas:
pre-intubation or early acute presentation, non-invasive support (NIV/HFNC), invasive
mechanical ventilation (IMV), and weaning or post-extubation. In summary, hypocapnia
was linked to worse outcomes or failure of support in hypoxemic or cardiogenic cases.
Hypercapnia helped identify patients who benefited from NIV, such as those with chronic
obstructive pulmonary disease or obesity hypoventilation. For IMV, the effects depended
on the presence and severity of acidosis and on its duration. Overall, PaCO2 showed
context-dependent clinical relevance, acting mainly as a prognostic or stratification marker
and, in narrower settings, as a variable that may inform monitoring or support decisions.
This review provides a pragmatic framework for interpreting PaCO2 across respiratory
support contexts and highlights the need for safe and clinically meaningful targets.
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1. Introduction
Acute respiratory failure (ARF) is one of the most prevalent and clinically relevant

syndromes in critical care medicine and represents a major cause of admission to intensive
care units (ICUs), the need for ventilatory support, and significant hospital morbidity and
mortality [1]. Although its classic approach has been based on the distinction between
hypoxemic and hypercapnic forms, this classification offers an incomplete view of a hetero-
geneous, dynamic pathophysiological process that is strongly dependent on the clinical
setting [2]. In this context, the growing interest in precision medicine strategies has favored
the incorporation of the concept of “treatable traits,” which, in operational terms, must
be clinically relevant, identifiable, measurable, and potentially modifiable through inter-
vention [3–5]. Within this framework, arterial carbon dioxide pressure (PaCO2) emerges
as a candidate of particular interest, as it integrates information on alveolar ventilation,
physiological dead space, respiratory mechanics, and response to ventilatory support.
Furthermore, it may be involved in biological pathways with potential immunomodulatory
relevance, lending mechanistic plausibility to its consideration as a potentially treatable
trait in selected scenarios of ARF [6,7].

Recent clinical evidence suggests that PaCO2 alterations, including hypocapnia and
hypercapnia, are associated with clinically important outcomes across the respiratory sup-
port continuum, from non-invasive ventilation (NIV) to invasive mechanical ventilation
(IMV) and the weaning or post-extubation phase [8–13]. In this regard, PaCO2 could
provide valuable information not only as a physiological marker, but also as a variable
with potential utility for clinical stratification and therapeutic guidance in selected ARF
scenarios [6]. Additionally, particularly complex situations, such as refractory hypercapnia,
illustrate both the complexity of ventilatory management and the need for operational
physiological frameworks to guide decision-making [14]. However, the available evidence
remains heterogeneous in terms of the populations studied, clinical contexts, and opera-
tional definitions of PaCO2 alterations, which limits an integrated understanding of its role
as a potential treatable trait in ARF.

In this context, we conducted a scoping review with the aim of mapping the available
evidence and identifying knowledge gaps regarding the role of PaCO2 as a potential
treatable trait in adults with ARF, with particular emphasis on the clinical scenarios in
which it has been studied (pre-intubation, NIV/high-flow nasal cannula [HFNC], IMV,
and weaning/post-extubation), identifying its association with relevant outcomes and its
potential usefulness for prognostic stratification and therapeutic decision-making [15,16].
Therefore, the question that guided this review was as follows: What evidence is there on
the role of PaCO2 as a possible treatable trait in adults with ARF, and what gaps remain for
its use in risk stratification and therapeutic decision-making?

2. Materials and Methods
We developed and reported this scoping review according to the PRISMA-ScR

guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analyses ex-
tension for Scoping Reviews) [15,16] and followed methodological recommendations
for scoping reviews. We registered the protocol on the Open Science Framework (OSF;
https://osf.io/vszkg) on 18 March 2026. Because registration took place after the study
period and initial strategy were set, it was considered post hoc. We documented any later
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changes in a decision log (Supplementary Table S1). The PRISMA-ScR checklist is available
in Supplementary Table S2.

2.1. Eligibility Criteria

This scoping review was structured according to the PCC framework (Population,
Concept, Context), as recommended for JBI scoping reviews. The population comprised
adult patients with ARF or acute respiratory deterioration; the concept was the clinical in-
terpretation of PaCO2, hypercapnia, hypocapnia, or related CO2 derangements as exposure,
stratification, monitoring, or prognostic variables; and the context included pre-intubation,
non-invasive respiratory support, IMV, and weaning/post-extubation settings.

Original studies in adult patients with ARF or acute respiratory deterioration were
included, in which PaCO2, hypercapnia, hypocapnia, or CO2 dysfunction were assessed as
exposure, stratification, monitoring, or prognostic variables. Prospective or retrospective
observational studies, randomized controlled trials, and comparative studies reporting
clinically relevant outcomes, including mortality, non-invasive ventilation failure, need
for intubation, duration of mechanical ventilation, extubation failure, reintubation, or
length of hospital stay, were considered. Studies published in English or Spanish were
considered eligible. We excluded studies in pediatric populations, animal models, narrative
reviews, editorials, letters to the editor, and publications without sufficient clinical data
for extraction. Studies focused exclusively on stable chronic populations without acute
exacerbations; episodes of acute respiratory failure were also excluded.

2.2. Information Sources and Search Strategy

A structured literature search was conducted in PubMed/MEDLINE, ScienceDirect,
and Web of Science to identify studies on PaCO2 alterations across the clinical continuum
of acute respiratory failure. The strategy combined controlled terms and free-text words
related to “PaCO2,” “hypercapnia,” “hypocapnia,” “dyscapnia,” “hypercapnic acidosis,”
“acute respiratory failure,” “non-invasive ventilation,” “high-flow nasal cannula,” “me-
chanical ventilation,” “weaning,” and “extubation.” The complete strategy is reported in
Supplementary Table S3. Additionally, a manual search of references was performed using
the selected articles to identify potentially relevant studies not captured in the electronic
search. Duplicates were managed in EndNote X8.

2.3. Study Selection

The retrieved records were exported to a reference manager for duplicate removal.
Subsequently, the selection was carried out in two phases: (i) screening by title and abstract
according to the previously defined eligibility criteria and (ii) full-text review of potentially
relevant studies. Screening was conducted independently by two reviewers. Disagreements
were resolved by discussion and, when necessary, by consultation with a third reviewer.
Articles that explicitly addressed the role of PaCO2 in any of the scenarios defined for
mapping were ultimately included early acute presentation/pre-intubation, non-invasive
respiratory support, invasive mechanical ventilation, ventilator weaning, or the post-
extubation period.

2.4. Data Extraction

Data extraction was performed independently by two reviewers. Extracted variables
included author and year, study design, sample size, population and clinical setting, opera-
tional definitions of hypercapnia/hypocapnia (including cut-off values when available),
primary objective, and relevant outcomes (mortality, treatment failure, intubation, duration
of mechanical ventilation, weaning, extubation/reintubation, and length of stay). The role
assigned to PaCO2 in each study was also recorded (prognostic marker, physiological moni-
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toring variable, stratification criterion, or context-dependent variable with potential clinical
relevance). Discrepancies in extracted data were resolved by consensus, with adjudication
by a third reviewer when required.

2.5. Evidence Synthesis and Mapping

Given the exploratory nature of this scoping review and the clinical and method-
ological heterogeneity of the included studies, a meta-analysis was not performed. The
evidence was synthesized narratively and organized into predefined clinical domains:
(1) pre-intubation/early acute presentation, (2) non-invasive respiratory support, (3) in-
vasive mechanical ventilation, and (4) weaning/post-extubation. These domains were
used as practical categories for organizing the evidence, rather than as a fixed sequence of
progressively more invasive therapies. In clinical practice, patients do not always follow
the same pathway and may move between these settings depending on the underlying
cause, severity, response to treatment, and local management strategies. This approach
allowed us to describe how PaCO2 has been evaluated in different clinical settings and to
identify patterns of association between hypocapnia, hypercapnia, and relevant outcomes.

2.6. Transparency and Data Availability

All analyzed data were obtained from previously published studies accessible in
the consulted databases. The search strategy, selection criteria, and extraction vari-
ables were explicitly defined to promote reproducibility. We deposited the decision log
(Supplementary Table S1), the PRISMA-ScR checklist, and the complete search strategies
(Supplementary Tables S2 and S3) on OSF.

3. Results
The electronic search found 4442 records. After removing 344 duplicates, 4098 unique

references remained for the initial screening. Reviewing titles and abstracts excluded
3839 records. We then evaluated 259 full texts and excluded 234 that did not address the
research question. In the end, 25 studies were chosen from the primary search, and 9 more
were added from the secondary search. Altogether, 34 studies met the inclusion criteria
(Figure 1). Table 1 summarizes the general characteristics, including author, year, country,
and study design.

Table 1. General characteristics of included studies (chronological order by year of publication).

Citation Year Country Type of Study

Piper AJ [17] 1994 Australia Retrospective observational study
Rabec C [18] 1998 France Prospective observational study

Hilbert G [19] 1998 France Observational case–control study
Plant PK [20] 2000 United Kingdom Multicenter randomized controlled trial

Gattinoni L [21] 2003 Italy Retrospective analysis of a randomized
controlled trial

Nava S [22] 2003 Italy Multicenter randomized controlled trial

Diaz GG [23] 2005 Spain Prospective, open-label, uncontrolled
observational study

Ferrer M [24] 2006 Spain Prospective observational study
Ortega González [25] 2006 Spain Prospective observational study

Duarte AG [26] 2007 USA Retrospective observational study
Ferrer M [13] 2009 Spain Randomized clinical trial
Sellarés J [27] 2011 Spain Prospective cohort study
Girault C [28] 2011 France Randomized clinical trial (multicenter)
Carrillo A [29] 2012 Spain Prospective observational study
Marik PE [30] 2013 USA Retrospective observational study
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Table 1. Cont.

Citation Year Country Type of Study

Pu L [31] 2015 China Multicenter prospective cohort study
Tiruvoipati R [11] 2017 Australia/New Zealand Retrospective multicenter observational study

Nin N [12] 2017 Multinational * Prospective cohort study
Çiftci F [32] 2017 Turkey Prospective observational study

Fuller BM [33] 2017 USA Prospective observational study
Sellarés J [34] 2017 Spain Randomized controlled trial

Bry C [35] 2018 France Retrospective observational study
Thille AW [36] 2019 France Randomized clinical trial

Li X [37] 2020 China Randomized clinical trial
Madotto F [38] 2020 Multinational * Multicenter observational study

Kato T [8] 2021 Japan Retrospective observational study
Carrillo-Alemán L [9] 2022 Spain Retrospective observational study

Tsonas AM [39] 2022 Netherlands Retrospective multicenter observational study
Xu X [10] 2024 China Retrospective observational study

Braunsteiner J [40] 2024 Germany Retrospective observational study
Robba C [41] 2024 Multinational * Multicenter prospective observational study

Tan D [42] 2024 China Randomized controlled trial
Villar J [43] 2024 Multinational * Prospective cohort study

Rusnak J [44] 2025 Germany Prospective observational study
* Multinational indicates studies conducted across multiple countries/intensive care units.

Figure 1. PRISMA-ScR flow diagram.

3.1. Characteristics of the Included Studies

The 34 included studies, published between 1994 and 2025, evaluated the clinical
implications of PaCO2 alterations across different stages of acute respiratory failure and
during respiratory support. Sample sizes ranged from 13 to 252,812 participants. Collec-
tively, the included studies comprised 268,123 patients, excluding one study for which the
sample size was not available in the preliminary extraction table. Most studies were obser-
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vational (n = 27), including retrospective and prospective cohorts, while 7 were randomized
controlled trials.

The evidence is distributed across four main clinical domains: pre-intubation phase
or early acute presentation (n = 4), non-invasive respiratory support including NIV and
HFNC (n = 12), IMV and assessment of CO2 dysfunction in the ICU (n = 9), and ventilatory
weaning or post-extubation management (n = 9).

3.2. Mapping of Evidence by Clinical Domain

Table 2 maps the included studies according to the main clinical context in which
PaCO2 was assessed. These domains are descriptive and may overlap in real-world practice.

Table 2. Evidence mapping by clinical domain.

Citation Design n Context PaCO2
Definition/Strata Key Outcome

Pre-intubation/early acute presentation (before IMV initiation or in early acute decompensation)

Kato T et al., 2021
[8]

Retrospective
observational 435 Acute heart failure

PaCO2 as continuous;
cut-offs 31 and

40 mmHg

PaCO2 < 31 associated
with higher mortality

(HR 1.71)

Carrillo-Alemán
L et al., 2022

[9]

Retrospective
observational 1138

Cardiogenic
pulmonary edema

(NIV)

Hypocapnia/eucapnia/
hypercapnia

(hypercapnia threshold
NR)

Hypocapnia: higher
NIV failure and

in-hospital mortality

Xu X et al., 2024
[10]

Retrospective
observational 1029

Hypoxemic
respiratory failure

(NIV)

Hypocapnia ≤
32 mmHg

Hypocapnia: higher
NIV failure (adjusted

HR 1.23)

Rusnak J et al.,
2025
[44]

Prospective
observational 238 Cardiogenic shock

Hypocapnia ≤
33 mmHg; hypercapnia

> 48.13 mmHg

Hypocapnia: higher
30-day mortality;
hypercapnia not

associated

Non-invasive respiratory support (NIV/HFNC-treated populations)

NIV in hypercapnic acute respiratory failure (COPD/OHS/OSA–OHS)

Piper AJ et al.,
1994
[17]

Retrospective
observational 13

Obesity, BMI > 35;
nocturnal nasal

ventilation
PaCO2 > 45 mmHg NIV success ~64–69%

Rabec C et al.,
1998
[18]

Prospective
observational 41

Sleep apnea +
respiratory

acidosis (NIV)

pH < 7.35;
PaCO2 > 45 mmHg

Intubation avoided
in 95%

Diaz GG et al.,
2005
[23]

Prospective
observational
(open-label)

681 Hypercapnic coma
(NIV) PaCO2 > 45 mmHg NIV success 80%

Ortega González
et al., 2006 [25]

Prospective
observational
(open-label)

53 COPD, OHS, AHF
(NIV)

pH > 7.25;
PaCO2 > 45 mmHg

At 3 h: pH ↑ and
PaCO2 ↓

Duarte AG et al.,
2007
[26]

Retrospective
observational 50

Morbid obesity,
BMI > 35 kg/m2

(NIV)
PaCO2 > 50 mmHg NIV success 64%

Çiftci F et al.,
2007
[32]

Prospective
observational 106

Hypercapnic
respiratory failure

(assured
volume PS)

pH < 7.35;
PaCO2 > 45 mmHg NIV success 76.4%
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Table 2. Cont.

Citation Design n Context PaCO2
Definition/Strata Key Outcome

Carrillo A et al.,
2012
[29]

Prospective
observational 716 ARF episodes due

to OHS and COPD
pH < 7.35;

PaCO2 > 45 mmHg NIV success 88.4%

Marik PE et al.,
2013
[30]

Prospective
observational 61 OHS, BMI > 40

kg/m2 (BiPAP) PaCO2 > 45 mmHg 37.7% progressed
to IMV

Sellarés J et al.,
2017
[34]

Randomized
clinical trial 120

NIV prolongation
after ARF
resolution

pH < 7.35;
PaCO2 > 45 mmHg ARF recurrence 13%

Bry C et al., 2018
[35]

Retrospective
observational 53

BMI > 30;
long-term NIV

after ARF
hospitalization

PaCO2 > 45 mmHg NIV success 90%

HFNC vs. NIV trials/strategies in hypercapnic COPD

Plant PK et al.,
2000
[20]

Multicenter
randomized
clinical trial

236 AECOPD: NIV pH 7.25–7.35;
PaCO2 > 45 mmHg

15% progressed
to IMV

Li X et al., 2020
[37] Randomized

clinical trial 320 COPD: HFNC pH > 7.35;
PaCO2 > 45 mmHg

19% progressed
to IMV

Tan D et al., 2024
[42]

Randomized
clinical trial 225 COPD: HFNC vs.

NIV
pH 7.25–7.35;

PaCO2 > 50 mmHg
IMV: 25.7% (HFNC)

vs. 14.3% (NIV)

IMV/ICU CO2 derangements

Gattinoni L et al.,
2003
[21]

Retrospective
analysis of an

RCT
225 ALI/ARDS

(prone)

Prone responders:
PaCO2 decrease ≥
1 mmHg after 6 h

Responders had
higher 28-day

survival

Tiruvoipati R
et al., 2017

[11]

Retrospective
multicenter

observational
252,812 IMV patients

Hypercapnia >
45 mmHg; hypercapnic

acidosis: pH < 7.35

Hypercapnia/
hypercapnic acidosis

associated with
higher mortality

Nin N et al., 2017
[12]

Prospective
non-

interventional
cohort

889 ARDS <48 h
Hypercapnia >

40 mmHg; >50 mmHg
emphasized

PaCO2 > 50 is
associated with higher
mortality (first 48 h)

Fuller BM et al.,
2017
[33]

Prospective
observational 1491 IMV (first 48 h)

Hypocapnia <
35 mmHg; hypercapnia

> 45 mmHg

Higher survival with
hypercapnia vs.

hypocapnia

Madotto F et al.,
2020
[38]

Multicenter
observational 2813 Early ARDS

Hypocapnia <
35 mmHg; hypercapnia

> 45 mmHg

Mortality:
hypercapnia 36%;
hypocapnia 38.1%

Tsonas AM et al.,
2022
[39]

Retrospective
multicenter

observational
824 COVID-19 on IMV Hypercapnia >

45 mmHg

Longer MV duration
and ICU/hospital

LOS

Braunsteiner J
et al., 2024

[40]

Retrospective
observational 435 Mechanical power

+ dyscapnia

Hypocapnia <
35 mmHg; hypercapnia

> 50 mmHg

Hypocapnia is
associated with

higher mortality;
hypercapnia > 50 is

not associated
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Table 2. Cont.

Citation Design n Context PaCO2
Definition/Strata Key Outcome

Robba C et al.,
2024
[41]

Multicenter
prospective

observational
1476 Acute brain injury

Hypocapnia <
35 mmHg; hypercapnia

> 45 mmHg

Both hypo- and
hypercapnia

associated with
higher mortality

Villar J et al.,
2024
[43]

Prospective
cohort 253 Moderate-to-

severe ARDS

Hypercapnia >
45 mmHg; early PaCO2

changes

Early PaCO2 changes
predict MV duration >

14 days

Weaning, extubation, and post-extubation

Predictors of prolonged weaning/extubation failure

Ferrer M et al.,
2006
[24]

Prospective
observational 162 Weaning Hypercapnia >

45 mmHg
Higher orotracheal

re-intubation

Sellarés J et al.,
2011
[27]

Prospective
cohort 181 SBT/weaning Hypercapnia >

45 mmHg; ≥54 mmHg

Associated with
prolonged weaning

and extubation failure

Pu L et al., 2015
[31]

Multicenter
prospective

cohort
343 First SBT Hypercapnia >

50 mmHg

Associated with
prolonged mechanical

ventilation

Post-extubation interventions (NIV/HFNC) in hypercapnic patients

Hilbert G et al.,
1998
[19]

Case–control
observational 30 COPD

post-extubation
PaCO2 ↑ 20% + pH <

7.35
NIV reduced
re-intubation

Nava S et al.,
2003
[22]

Multicenter
randomized
clinical trial

122 NIV ≥ 8 h/day for
48 h

Hypercapnia >
45 mmHg

NIV prevented
post-extubation

ventilatory failure

Ferrer M et al.,
2009
[13]

Randomized
clinical trial 164 NIV vs. standard

oxygen
Hypercapnia >

45 mmHg

NIV reduced
ventilatory failure and

90-day mortality

Girault C et al.,
2011
[28]

Randomized
clinical trial 388 NIV as a bridge to

wean from IMV

Hypercapnia >
45 mmHg or PaCO2 ↑ >
10% vs. pre-extubation

NIV reduced
re-intubation

Thille AW et al.,
2019
[36]

Prospective
observational NR Post-extubation

HFNC or NIV
Hypercapnia >

45 mmHg
Lower re-intubation

rate

Abbreviations: ABI: acute brain injury; AECOPD: acute exacerbation of chronic obstructive pulmonary disease;
AHF: acute heart failure; APE: acute pulmonary edema; ARDS: acute respiratory distress syndrome; BMI: body
mass index; BiPAP: bilevel positive airway pressure; COT: conventional oxygen therapy; COPD: chronic obstruc-
tive pulmonary disease; CO2: carbon dioxide; CPAP: continuous positive airway pressure; CPE: cardiogenic
pulmonary edema; ECMO: extracorporeal membrane oxygenation; ECCO2R: extracorporeal carbon dioxide
removal; ED: emergency department; ETCO2: end-tidal carbon dioxide; FiO2: fraction of inspired oxygen;
HFNC: high-flow nasal cannula; HR: hazard ratio; ICU: intensive care unit; IMV: invasive mechanical ventilation;
LOS: length of stay; NIV: non-invasive ventilation; NR: not reported; OHS: obesity hypoventilation syndrome;
OSA: obstructive sleep apnea; PaCO2: arterial partial pressure of carbon dioxide; PaO2: arterial partial pressure of
oxygen; PEEP: positive end-expiratory pressure; RCT: randomized controlled trial; RR: respiratory rate; SBT: spon-
taneous breathing trial; SD: standard deviation; SILI: self-inflicted lung injury; TBI: traumatic brain injury; Vt: tidal
volume; ↑: increase; ↓: decrease.

3.2.1. Pre-Intubation and Early Acute Presentation

In this review, the pre-intubation and early acute presentation domain refers to patients
evaluated during the initial phase of acute respiratory failure, before IMV when applicable,
or during early clinical deterioration. Four studies looked at how changes in PaCO2 affect
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patients during the early stages of ARF or acute cardiopulmonary decompensation [8–10,44].
In these studies, low PaCO2, or hypocapnia, often signaled worse outcomes. For patients
with acute heart failure, cardiogenic acute pulmonary edema (APE), hypoxemic respiratory
failure, and cardiogenic shock, lower PaCO2 levels were linked to higher mortality [8,44]
and, in some groups, a greater risk of non-invasive ventilation failure [9,10]. Overall, these
findings suggest that hypocapnia may help identify patients with a more severe form of
acute respiratory failure early on. See Table 2.

3.2.2. Non-Invasive Respiratory Support

The non-invasive respiratory support domain includes studies in which NIV or HFNC
constituted the main support strategy being evaluated, regardless of whether patients had
received prior conventional oxygen therapy or other initial measures. Twelve studies evalu-
ated PaCO2 in the context of NIV or HFNC, primarily in patients with acute exacerbations
of chronic obstructive pulmonary disease (COPD), obesity hypoventilation syndrome, or
APE [20,29]. In acute hypercapnic respiratory failure, NIV was consistently associated with
favorable outcomes, including reduced intubation rates and high therapeutic success rates
in several observational cohorts and clinical trials [20,29]. In contrast, studies in hypercap-
nic COPD have evaluated alternatives, such as HFNC, compared with standard strategies,
suggesting variable efficacy depending on severity and context [37]. Taken together, these
studies support the clinical relevance of hypercapnia as a marker of a phenotype in which
non-invasive ventilatory support may be particularly beneficial. See Table 2.

3.2.3. Invasive Mechanical Ventilation and CO2 Dysfunction in the ICU

Nine studies evaluated the association between PaCO2 alterations and outcomes in
patients undergoing IMV, including cohorts with ARDS, COVID-19, acute brain injury, and
general ICU populations [11,12,38,41]. In this domain, the relationship between PaCO2

and outcomes varied by clinical context. Several studies have shown that both hypocap-
nia and marked hypercapnia are associated with worse outcomes, including increased
mortality, ventilator load, and prolonged IMV [12,41]. Hypercapnic acidosis during the
first 24–48 h of mechanical ventilation appears to be particularly consistently associated
with adverse outcomes [11]. However, not all studies demonstrated excess mortality as-
sociated with hypercapnia, suggesting that the prognostic impact of elevated PaCO2 may
depend on its magnitude, temporal profile, degree of compensation, and underlying clinical
phenotype [38]. See Table 2.

3.2.4. Ventilatory Weaning and Post-Extubation

The weaning and post-extubation domain includes both predictors of weaning or
extubation failure and studies evaluating post-extubation support strategies, including
reintubation as a clinically relevant outcome when reported. Nine studies focused on
the role of PaCO2 during weaning from mechanical ventilation and the post-extubation
period [13,28]. In this context, hypercapnia was associated with a risk of post-extubation
respiratory failure and more complex weaning trajectories, supporting preventive or res-
cue strategies with non-invasive support [13]. Furthermore, another study reported that
NIV reduced post-extubation respiratory failure and reintubation in selected hypercapnic
patients [13]. These findings suggest that PaCO2 not only functions as a physiological
marker in the post-extubation phase but also as a clinically actionable variable for risk
stratification and optimization of respiratory support strategies. See Table 2.
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4. Discussion
4.1. PaCO2 in Hypoxemic Respiratory Failure

In patients with hypoxemic respiratory failure, PaCO2 should not be interpreted as
a defining diagnostic criterion, but rather as a contextual physiological variable. In this
setting, low or low–normal PaCO2 values may reflect increased respiratory drive, greater
ventilatory demand, or evolving respiratory distress [10,45]. Recent guidelines and meta-
analyses support the early use of HFNC over conventional oxygen therapy and NIV in
selected forms of acute hypoxemic respiratory failure [46,47]. In APE, recent evidence also
supports the use of HFNC [48,49]; however, current guidelines continue to recommend
NIV as the first-line strategy in this scenario [50–52]. In this population, PaCO2 appears
to function primarily as a prognostic marker. Consequently, in patients with acute heart
failure/APE, a PaCO2 < 31 mmHg was associated with increased mortality, and the risk
increased as PaCO2 decreased [8]. Hypocapnia has also been consistently linked to NIV
failure and an increased risk of mortality in patients with APE [9].

Beyond APE, an association has been described between PaCO2 ≤ 32 mmHg and NIV
failure in hypoxemic respiratory failure, with an inverse relationship between PaCO2 and
the risk of failure above this threshold [10]. From a physiological perspective, hypocapnia
may reflect increased minute ventilation and/or elevated tidal volumes, which are vari-
ables associated with NIV failure in de novo hypoxemia [53], and may indicate increased
respiratory drive, vigorous inspiratory effort, and marked negative oscillations in pleural
pressure [54]. These mechanisms may promote self-induced lung injury (SILI), as supported
by experimental evidence showing that intense spontaneous exertion is associated with
elevated transpulmonary pressures and worsening lung damage [55]. Overall, in acute
hypoxemia, PaCO2 is a readily available and clinically relevant signal that helps identify a
high-exertion phenotype and a higher risk of non-invasive support failure. See Figure 2.

 

Figure 2. Proposed conceptual framework for the clinical interpretation of PaCO2 in acute respiratory
failure. The figure summarizes the context-dependent associations identified across the included
studies. Similar PaCO2 values may have different clinical implications depending on the respiratory
support strategy, timing of assessment, acid–base status, and stage of care. In most scenarios, PaCO2

functions primarily as a prognostic or stratification marker; only in selected contexts may it help
support modality selection or monitoring of response. The figure is intended as a conceptual summary
rather than a treatment algorithm. Created by the authors.

4.2. PaCO2 in Hypercapnic Respiratory Failure

In hypercapnic respiratory failure (pH ≤ 7.35 and PaCO2 > 45 mmHg), evidence
supports NIV as a first-line intervention [52,56]. In APE, hypercapnia is relatively common
in a clinically relevant subgroup of patients and may help identify individuals more likely
to require or benefit from NIV; however, APE itself should not be equated with hypercapnic
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respiratory failure. In this subgroup, NIV has been associated with a lower need for
intubation and lower in-hospital mortality [9], and randomized evidence supports its
efficacy in APE [22]. Furthermore, in patients with pulmonary edema treated with NIV,
severe hypercapnia (PaCO2 > 60 mmHg) has been associated with a longer duration of
NIV, without a proportional increase in the risk of intubation [57].

In other etiologies, hypercapnia accompanied by severe acidosis may still warrant
NIV and may be successfully managed in selected patients, including those treated in inter-
mediate respiratory care units [58]. Some observational studies have also reported the use
of NIV in selected cases of hypercapnic encephalopathy or even hypercapnic coma [23,59].
However, these findings should be interpreted with caution, as impaired consciousness
may compromise airway protection and increase aspiration risk; therefore, intubation
remains necessary when airway safety cannot be assured. Similarly, in acute hypercapnic
respiratory failure associated with obesity and alveolar hypoventilation, NIV has shown
clinical benefit [29], and PaCO2 remains a useful marker to support clinical assessment and
modality selection according to the underlying cause and overall patient status.

Although there is growing interest in HFNC in hypercapnic respiratory failure, com-
parative literature suggests that NIV remains the gold standard, and meta-analytic evidence
comparing HFNC vs. NIV in acute hypercapnic respiratory failure supports careful patient
selection [60]. In line with this, a randomized trial in acute COPD exacerbation showed a
higher progression rate to IMV with HFNC than to NIV in acute-to-moderate hypercap-
nic respiratory failure [42]. After initiating NIV, the early trajectory of PaCO2 provides
useful clinical information: a decrease is a favorable predictor of success and may sup-
port weaning, whereas the absence of early improvement suggests a higher risk of failure.
Overall, in hypercapnic respiratory failure, PaCO2 is identifiable and measurable, and
in selected hypercapnic phenotypes it may help support modality selection; however, its
direct treatability remains context-dependent. See Figure 2.

4.3. PaCO2 in Patients on Invasive Mechanical Ventilation

Once the patient is intubated, PaCO2 remains a key variable for monitoring and prog-
nosis. A large, multicenter, retrospective study (252,812 patients) found that hypercapnic
acidosis (PaCO2 > 45 mmHg; pH < 7.35) in the first 24 h was more strongly associated
with higher in-hospital mortality than compensated hypercapnia or normocapnia [11].
In moderate-to-severe ARDS, marked hypercapnia during the first 48 h has also been
associated with higher ICU mortality [12]. Importantly, in patients with COVID-19 on IMV,
hypercapnia was associated with longer ventilation duration and longer ICU/hospital
stays [39]. However, the clinical impact of a given PaCO2 level depends on the underlying
mechanism and the ventilation strategy. A meta-analysis in ARDS assessed acute hyper-
capnia and its relationship to short-term mortality and physiology [61], and early changes
in PaCO2 have also been proposed as predictors of prolonged ventilation [43]. In parallel,
integrating variables such as mechanical power and ventilator ratio have been associated
with mortality during IMV [62–64]. Furthermore, dyscapnia has been associated with
mortality in ARDS cohorts [40], and the LUNG SAFE study showed higher ICU mortality
in patients with sustained hypocapnia in mild-to-moderate ARDS [38]. In cardiogenic
shock, hypocapnia has consistently been associated with increased 30-day mortality [44].

In neurocritical patients, prophylactic hyperventilation to very low PaCO2 levels is
discouraged in modern head trauma guidelines [65]. In acute kidney injury under mechan-
ical ventilation, both severe hypocapnia and hypercapnia were associated with increased
in-hospital mortality [41], reinforcing the notion of “risk zones” at the extremes of PCO2.
On the other hand, prone positioning is an intervention with strong recommendations for
ARDS [66,67]. In a retrospective analysis, responders to prone positioning, defined as a
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PaCO2 decrease ≥ 1 mmHg after 6 h, showed improved 28-day survival [21]. Physiological
studies suggest that PaCO2 and dead space metrics may better capture the response to
prone positioning than oxygenation alone [68]. See Figure 2.

4.4. PaCO2 in Extubation and Post-Extubation Outcomes

Finally, in the weaning and post-extubation phase, hypercapnia during the spon-
taneous breathing trial has been associated with prolonged weaning and extubation
failure [27,31]. Following extubation, NIV has shown efficacy in preventing post-extubation
respiratory failure and intubation in hypercapnic patients [13,28,69]. In high-risk patients,
HFNC combined with NIV has also been evaluated against HFNC alone; it was associated
with a reduction in reintubation [36]. This effect appears to be concentrated in high-risk
populations, so its extrapolation to low-risk patients should be approached with caution.
Regarding advanced therapies, extracorporeal CO2 removal has been evaluated as a strat-
egy to correct severe hypercapnia and facilitate protective ventilation [70], and its evidence
has been synthesized in recent meta-analyses [71,72], although its clinical role still requires
confirmation. See Figure 2.

Taken together, the evidence suggests that the interpretation of PaCO2 is highly context-
and mechanism-dependent: in acute hypoxemia, hypocapnia often reflects a high respira-
tory drive phenotype and a greater risk of non-invasive support failure; in hypercapnic
failure due to COPD/obesity–hypoventilation, hypercapnia identifies a phenotype in which
NIV is particularly effective and where early PaCO2 changes signal a response. In IMV,
both sustained hypocapnia and hypercapnia accompanied by acidosis have been associated
with worse outcomes in various settings, suggesting the need to define safety margins
based on pH and exposure time. Thus, rather than a “universal target,” PaCO2 can be
conceptualized as a potential stratification variable whose clinical utility lies in integrating
physiology, prognosis, and strategy selection along the continuum of ventilatory failure.

Table 3 summarizes the main clinical contexts in which PaCO2 may have prognostic
value, support monitoring, or help inform respiratory support decisions in selected patients.

Table 3. Pragmatic interpretation of PaCO2 in acute respiratory failure.

Clinical Context PaCO2 Pattern Main Role Practical Message

Acute hypoxemia/
pre-intubation Low or low–normal Prognostic/stratification

Hypocapnia may suggest
higher respiratory drive and
greater risk of non-invasive

support failure, but it should
not be used alone to determine

support modality.

Cardiogenic pulmonary
edema/acute heart

failure/cardiogenic shock
Often low Prognostic/monitoring

Hypocapnia has been
associated with worse

outcomes in some studies, but
it is not, by itself, a
treatment target.

Acute hypercapnic
respiratory failure

(COPD/OHS)

>45 mmHg, often with
acidemia

Modality
selection/monitoring

This is the clearest setting in
which PaCO2 helps identify

patients likely to benefit from
NIV; early improvement may

also support
response assessment.
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Table 3. Cont.

Clinical Context PaCO2 Pattern Main Role Practical Message

IMV
Hypocapnia,

hypercapnia, or
hypercapnic acidosis

Monitoring/prognostic

Dyscapnia is associated with
outcomes, but often reflects
disease severity, ventilatory

strategy, or dead space rather
than an independent

therapeutic target.

ARDS/lung-protective
ventilation

Hypercapnia may be
tolerated

Contextual physiological
variable

Direct correction of PaCO2
may conflict with

lung-protective ventilation,
and safe thresholds
remain uncertain.

Prone positioning Trend more important
than isolated value Response monitoring

A decrease in PaCO2 may
support physiological

response assessment, but
should not be interpreted as a
stand-alone treatment target.

Neurocritical care Avoid marked
hypocapnia Safety/monitoring

PaCO2 is particularly
important to avoid extremes,

especially excessive
hypocapnia.

Weaning and
post-extubation Persistent hypercapnia Stratification/support

selection

Hypercapnia may identify
patients at higher risk of

extubation failure and help
support non-invasive

strategies in selected cases.
Abbreviations: ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary disease;
IMV: Invasive mechanical ventilation; NIV: non-invasive ventilation; OHS: obesity hypoventilation syndrome;
PaCO2: arterial partial pressure of carbon dioxide.

4.5. Limitations

Several limitations must be considered when interpreting the findings. First, as a
scoping review, this study was designed to map the extent and characteristics of the avail-
able evidence rather than to estimate effect sizes, establish causality, or determine whether
targeted modification of PaCO2 improves patient-centered outcomes. In addition, although
a structured search strategy was applied in indexed databases (PubMed/MEDLINE, Sci-
enceDirect, and Web of Science) and supplemented by manual reference review, some
relevant studies may have been missed, particularly in gray literature, conference abstracts,
non-indexed publications, or when PaCO2 was embedded within related physiological
constructs rather than explicitly indexed as a primary variable. Because the search strategy
was intentionally centered on PaCO2 and direct dyscapnia-related terminology, studies
focused on related constructs such as dead space, ventilatory ratio, minute ventilation, or
non-invasive ventilation failure may not have been captured.

Second, the included evidence was markedly heterogeneous across populations, clin-
ical settings, respiratory support modalities, timing of PaCO2 assessment, operational
definitions, and outcomes. Most studies were observational, and many were retrospective
and single-center, increasing susceptibility to selection bias, residual confounding, and
limited external validity. A formal risk-of-bias assessment was not performed, in keeping
with the exploratory purpose of a scoping review. Therefore, the observed associations
between PaCO2 alterations and clinical outcomes should be interpreted cautiously and
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should not, by themselves, be considered sufficient to justify PaCO2-targeted practice
changes across ARF scenarios.

4.6. Clinical Implications and Future Directions

Taken together, current evidence suggests that PaCO2 is a clinically informative,
context-dependent physiological variable in ARF. Its main value appears to lie in prognos-
tic assessment, early evaluation of treatment response, and support for clinical stratification
in scenarios such as non-invasive ventilation, weaning, extubation, and invasive mechan-
ical ventilation. However, substantial heterogeneity across populations, cut-off values,
timing of measurement, and reported outcomes limits the development of standardized
clinical algorithms. Future prospective studies should evaluate PaCO2-defined subgroups,
temporal trajectories, and intervention thresholds to determine whether PaCO2 can be
used safely and effectively beyond its current role as a marker of physiological stress and
risk. At present, the available evidence supports PaCO2 primarily as a prognostic and
stratification variable rather than as an independent therapeutic target. Accordingly, PaCO2

abnormalities should not be interpreted as causal or, by themselves, sufficient to justify
protocolized treatment changes across ARF scenarios. Another underreported dimension in
the available literature is right ventricular function, which may have important prognostic
and pathophysiological relevance in acute respiratory failure but was not consistently
described across the included studies and should be better addressed in future research.

5. Conclusions
The clinical relevance of PaCO2 varies across the continuum of acute respiratory failure.

In the early presentation or pre-intubation phase, hypocapnia may identify patients with
increased respiratory drive and a greater risk of non-invasive support failure. During non-
invasive respiratory support, hypercapnia helps define phenotypes, particularly chronic
obstructive pulmonary disease and obesity hypoventilation syndrome, in which non-
invasive ventilation is most likely to be beneficial, while early changes in PaCO2 may
support response assessment. In intubated patients, the interpretation of PaCO2 is more
complex and depends on pH, timing, and the underlying pathophysiology rather than
on a single numerical target. This relevance extends to the weaning and post-extubation
phases, where hypercapnia may help identify patients at higher risk of extubation failure
and support the use of non-invasive post-extubation strategies in selected settings. Overall,
PaCO2 is best understood as a context-dependent clinical marker rather than a universal
therapeutic target. This review adds to current knowledge by providing a pragmatic
framework for interpreting PaCO2 across different respiratory support contexts and by
distinguishing its prognostic role from its more selective use in clinical stratification. At the
same time, as a scoping review, it is intended to map the available evidence rather than
establish causal effects or define definitive treatment thresholds. Future studies should
define safe and clinically meaningful targets according to pH, dyscapnia severity, and
exposure time.
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