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Abstract 

Purpose: Hypercapnia is frequent during mechanical ventilation for acute respiratory distress syndrome (ARDS), but 
its effects on morbidity and mortality are still controversial. We conducted a systematic review and meta‑analysis to 
explore clinical consequences of acute hypercapnia in adult patients ventilated for ARDS.

Methods: We searched Medline, Embase, and the Cochrane Library via the OVID platform for studies published from 
1946 to 2021. “Permissive hypercapnia” defined hypercapnia in studies where the group with hypercapnia was venti‑
lated with a protective ventilation (PV) strategy (lower VT targeting 6 ml/kg predicted body weight) while the group 
without hypercapnia was managed with a non‑protective ventilation (NPV); “imposed hypercapnia” defined hypercap‑
nia in studies where hypercapnic and non‑hypercapnic patients were managed with a similar ventilation strategy.

Results: Twenty‑nine studies (10,101 patients) were included. Permissive hypercapnia, imposed hypercapnia under 
PV, and imposed hypercapnia under NPV were reported in 8, 21 and 1 study, respectively. Studies testing permissive 
hypercapnia reported lower mortality in hypercapnic patients receiving PV as compared to non‑hypercapnic patients 
receiving NPV: OR = 0.26, 95% CI [0.07–0.89]. By contrast, studies reporting imposed hypercapnia under PV reported 
increased mortality in hypercapnic patients receiving PV as compared to non‑hypercapnic patients also receiving PV: 
OR = 1.54, 95% CI [1.15–2.07]. There was a significant interaction between the mechanism of hypercapnia and the 
effect on mortality.

Conclusions: Clinical effects of hypercapnia are conflicting depending on its mechanism. Permissive hypercapnia 
was associated with improved mortality contrary to imposed hypercapnia under PV, suggesting a major role of PV 
strategy on the outcome.

Keywords: Hypercapnia, ARDS, Hemodynamics

Introduction

Mechanical ventilation is a frequently used support-
ive technique for acute respiratory distress syndrome 
(ARDS). The main purpose of mechanical ventilation 
in this setting is to maintain oxygenation, lower oxy-
gen consumption and reduce respiratory work. Despite 

*Correspondence:  armand.dessap@aphp.fr 
1 AP‑HP, Hôpitaux Universitaires Henri‑Mondor, Service de Médecine 
Intensive‑Réanimation, 94010 Créteil, France
Full author information is available at the end of the article

http://orcid.org/0000-0002-8223-4411
http://orcid.org/0000-0002-7691-6635
http://orcid.org/0000-0002-4373-0711
http://orcid.org/0000-0002-4179-3583
http://orcid.org/0000-0001-5961-5577
http://crossmark.crossref.org/dialog/?doi=10.1007/s00134-022-06640-1&domain=pdf


518

the clear benefits of this therapy, the mechanical forces 
generated by the ventilator can cause worsening injury 
in previously damaged lungs (ventilator induced lung 
injury, VILI). To minimize VILI, a strategy of lung pro-
tective ventilation (PV) involving lower tidal volume 
(VT targeting 6 ml/kg predicted body weight) is recom-
mended [1]. In practice, PV may elevate carbon dioxide 
 (CO2) levels in the blood inducing hypercapnia. “Permis-
sive” hypercapnia, which results from lowering VT to 
achieve PV is, therefore, generally accepted to minimize 
VILI. In addition, some authors have suggested a specific 
beneficial role for hypercapnia in the experimental set-
ting [2].

Recent evidence suggests that acute hypercapnia could 
have harmful physiological and clinical effects in patients 
with ARDS, particularly impacting the hemodynamic 
system [3–5]. The fact that hypercapnia is specifically 
driven by VT reduction from non-protective ventilation 
(NPV) to PV (“permissive” hypercapnia) or is rather the 
result of ARDS severity, may have a major role in its net 
clinical effect, given the associated benefits of PV on VILI 
and survival [1, 6].

The aim of the current review and meta-analysis 
was to summarize the clinical consequences of acute 
hypercapnia in mechanically ventilated patients while 
considering its mechanism (“permissive” or not). 
The primary objective was to determine the associa-
tion between acute hypercapnia and mortality in adult 
patients mechanically ventilated for ARDS. The second-
ary objective was to identify association between acute 
hypercapnia and hemodynamics (systemic and pulmo-
nary circulation) in adult patients mechanically venti-
lated for ARDS.

Methods
Search strategy and selection criteria
We performed this study in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement [7]. The follow-
ing electronic databases were searched via the OVID 
platform on November 2018:  MEDLINE® In-Process & 
Other Non-Indexed Citations, MEDLINE (1946 to pre-
sent), Embase (1980 to present), The Cochrane Library, 
incorporating the Cochrane Database of Systematic 
Reviews (Cochrane Reviews), the Database of Abstracts 
of Reviews of Effects, the Cochrane Central Register of 
Controlled Trials, the Health Technology Assessment 
Database, and the NHS Economic Evaluation Database. 
To identify any recent studies for which there are cur-
rently no full publications, the following conference 
proceedings were examined for relevant abstracts (and 
posters/slide decks, if available) from 2011 to 2018: 

American Thoracic Society, European Respiratory Soci-
ety, European Society of Intensive Care Medicine, Inter-
national Symposium on Intensive Care and Emergency 
Medicine, International Society for Pharmacoeconom-
ics and Outcomes Research (International and Euro-
pean meeting), and Society for Critical Care Medicine. 
Research was updated on November 2021 with the 
same research method. The search strategies used are 
detailed in online resource, Appendix A. Potentially rel-
evant studies were screened by two independent review-
ers in separate databases. We included all studies with 
mechanically ventilated patients reporting acute hyper-
capnia with no restriction on severity of hypercapnia, 
intervention, countries, or study design (we included 
cross-sectional studies, case–control studies, cohort 
studies, database/registries analyses, hospital records 
analyses, and randomized controlled trials). We excluded 
studies in children and animals and focused primarily 
on studies written in English. After the removal of the 
duplicates, two reviewers independently screened titles 
and abstracts to obtain relevant articles for full text anal-
ysis (first pass). Full-text publications of all potentially 
relevant citations identified at first pass were reviewed 
for eligibility (2nd pass). Eligible papers were then inde-
pendently selected for inclusion if they involved adult 
patients fulfilling ARDS criteria as per the Berlin defini-
tion (considering “acute lung injury” as per the previous 
definition as mild ARDS; 3rd pass) [8]. Papers on the use 
of extracorporeal carbon dioxide removal for ultrapro-
tective ventilation were excluded. Any disagreement was 
resolved by discussion with a third reviewer. This study 
was registered in the International Prospective Register 
of Systematic Reviews (PROSPERO) database (registra-
tion number CRD42020159018). Ethical approval was 
not required.

Data analysis
The following data were independently extracted by the 
review authors from each selected study: year of publi-
cation, study design,  PaCO2, and ventilation strategy 
(defined as PV if targeting 6 ml/kg predicted body weight 
of VT [1] and NPV otherwise), hemodynamics (pulmo-
nary and systemic circulation) and mortality.

Take‑home message 

We found conflicting clinical effects of hypercapnia during ARDS 
depending on its mechanism.

The protective effects of permissive hypercapnia seemed driven 
by protective ventilation while the deleterious effects of imposed 
hypercapnia seemed mediated by pulmonary vascular dysfunction.
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For quality (risk of bias) assessment, we used the risk-
of-bias tool (RoB2) [9] for randomized controlled trials 
(RCTs) and the Quality Assessment Tool for Quantitative 
Studies produced as part of the Effective Public Health 
Practice Project for observational studies (including pro-
spective interventional studies) [10]. For every study, 
each component was rated as: strong, moderate or weak, 
and used to assign an overall rating for the study.

Definitions
We used the term “permissive hypercapnia” to define 
hypercapnia in studies where the group with hypercap-
nia was ventilated with a PV strategy (lower VT targeting 
6  ml/kg predicted body weight) while the group with-
out hypercapnia was managed with a NPV strategy. We 
used the term “imposed hypercapnia under PV” to define 
hypercapnia in studies were hypercapnic and non-hyper-
capnic patients were both managed with a PV strategy. 
We used the term “imposed hypercapnia under NPV” to 
define hypercapnia in studies were hypercapnic and non-
hypercapnic patients were both managed with a NPV 
strategy [11]. Hypercapnia was primarily the result of the 
chosen ventilation strategy (PV or NPV), and the strategy 
was mostly guided irrespective of  PaCO2 values.

Statistical analysis
We conducted a meta-analysis of observational pro-
spective and retrospective studies. Data were summa-
rized using medians and interquartile ranges (IQRs) or 
mean ± standard deviation (SD) where appropriate [12]. 
The odds ratio (OR) with 95% confidence interval (CI) 
was calculated for death.

We adopted a random effect model with Mantel–
Haenszel method for individual study effects, to assess 
the population OR and 95% confidence interval for death 
according to hypercapnia. We used the Knapp–Hartung 
adjustment for test statistics and confidence intervals 
[13]. Between study variances and their square roots 
was adjusted by the Sidik–Jonkman estimator [14]. We 
quantified heterogeneity using I2 and Q statistics, with 
values greater than 50% regarded as being indicative of 
moderate-to-high heterogeneity [15]. To measure the 
dispersion of the pooled effect across study settings, we 
generated predictions intervals [16]. Results were visual-
ized through forest plot.

We performed prespecified subgroup analyses accord-
ing to the mechanism of hypercapnia (permissive or 
imposed). Test for differences in effect sizes between sub-
groups was performed using mixed-effect model, with a 
random-effect model for the overall effect size for each 

subgroup, and a fixed-effect model for subgroup differ-
ences [17]. Mortality was also assessed after  exclusion 
of outliers  and  after exclusion of studies with COVID-
19-related ARDS.

Heterogeneity was assessed graphically through L’Abbé 
plot [18]. Data were pooled and analyzed using R 4.1.0 
(The R Foundation for Statistical Computing, Vienna, 
Austria).

Results
Studies
The overall flow of studies across the reviews is reported 
in the PRISMA flow diagram in Fig.  1. The electronic 
database searches identified a total of 5513 citations 
which were screened on the basis of title and abstract. At 
this stage, a total of 5786 articles were excluded, and 423 
were deemed to be potentially relevant. These citations 
were retrieved for full publication review. Upon review of 
the full publications, a further 345 articles were excluded. 
Hand searching yielded eleven additional relevant papers, 
resulting in a total of 89 relevant publications from which 
29 met the eligibility criteria of the review after the third 
pass. We, therefore, selected these 29 studies (10,101 
patients) reporting the clinical consequences of hyper-
capnia in adults with ARDS for the present review [5, 
11, 19–45]. All included studies were published as full 
publication. The sample size among the included studies 
varied from N = 4 [34] to N = 3642 [44]. An overview of 
all included studies is presented in Table 1. Two studies 
shared some  patients [19, 20]:  hemodynamic data were 
extracted from Amato 1995 [19], and mortality  data 
from Amato 1998 [20].  Results from quality assessment 
checklist for included studies are presented in Table 2: for 
observational studies, 15 studies had overall weak rating 
(high risk of bias), eight had moderate rating and three 
had strong rating (low risk of bias). For RCTs, two stud-
ies had overall concerns, and one had low overall risk of 
bias. These bias are reported in Table 2. Due to the small 
number of studies, statistical tests to investigate for the 
presence of publication bias were not conducted.

Hypercapnia and tidal volumes
Definition of hypercapnia and VT used among the 
included studies have been captured in Table  1. A 
clear threshold for hypercapnia was reported in 
11/29 of the included studies, that was defined as 
 PaCO2 ≥ 38  mmHg [19],  PaCO2 ≥ 45  mmHg [11, 25, 
41], ≥ 48  mmHg [23], ≥ 50  mmHg [5, 28, 33, 35, 44] 
or ≥ 55  mmHg[34]. Information regarding VT were 
reported in all but three studies [5, 26, 27]. Permis-
sive hypercapnia, imposed hypercapnia under PV, and 
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Fig. 1 Study flowch art; * primary search from 2011 to 2018 and second search updated in November 2021
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imposed hypercapnia under NPV were reported in 
eight studies (218 patients) [19, 20, 22, 24, 25, 29, 31, 
32], 21 studies (9514 patients) [5, 11, 21–23, 26–28, 30, 
33–44] and one (369 patients) [11] study, respectively. 
The latter study [11] was unique for  imposed hyperca 
pnia in NPV and reported < 1% (3/369) patients with 
sustained  PaCO2 > 45  mmHg, precluding any further 
analysis of imposed hypercapnia under NPV.

Clinical consequenc es of acute hypercapnia
Mortality
Data for mortality were reported for hypercapnic 
and non-hypercapnic groups in three studies with 
permissive hypercapnia (157 patients) [19, 25, 45], 
and six others with imposed hypercapnia under PV 
(9,096 patients) [5, 11, 21, 23, 43, 44]. Studies test-
ing permissive hypercapnia reported a lower mortal-
ity in hypercapnic patients receiving PV co mpared 
to non-hypercapnic patients receiving NPV (OR for 
random effect model = 0.26, 95% CI [0.07–0.89]). 
By contrast, studies reporting imposed hypercapnia 
under PV reported increased mortality in hypercapnic 
patients rece iving PV as compared to non-hypercap-
nic patients also receiving PV (OR for random ef fect 
model = 1.54, 95% CI [1.15–2.07]). There was a sig-
nificant interaction between the mechanism of hyper-
capnia (permissive or imposed under PV) and the 
effect on mortality (p < 0.01) (Fig.  2), which persisted 
even after exclusion of outliers [43] (online resource, 
Appendix B) or exclusion of studies with ARDS 
related to coronavirus disease 2019 (COVID-19) [44] 
(online resource, Appendix C) (see Fig. 3). 

Hemodynamics
The impact of hypercapnia on hemodynamic param-
eters was reported in seven studies [19, 22, 24, 28, 
29, 31, 32] involving 102 patients (see Fig.  4). Per-
missive hypercapnia induced an increase in cardiac 
index/output [19, 24, 31, 32], which could be due to 
increased systemic vasodilation as evidenced by a 
decrease in systemic vascular resistances [29, 31, 32]. 
This increased cardiac index was associated with: 
(i) an increase in pulmonary shunt [24, 28, 31] (see 
Fig.  4), with deterioration in gas exchange [24, 28] 
in all but one [19] study reporting shunt data; (ii) 
increased pulmonary pressures [19, 24, 31, 32], but 
no significant change in pulmonary vascular resist-
ances [24, 29, 31, 32]. During PV, imposed hypercap-
nia was associated with conflicting effects on cardiac 

index [22, 28] and worsened pulmonary vascular 
function [22, 28].

Discussion
To the best of our knowledge, we herein report the first 
review of the literature with meta-analysis on the clini-
cal consequences of hypercapnia in adult patients with 
ARDS, with the following findings: (i) the clinical effects 
of hypercapnia were conflicting depending on the mech-
anism of hypercapnia; (ii) permissive hypercapnia was 
associated with improved survival whereas imposed 
hypercapnia under PV worsened mortality, suggesting a 
major role of the PV strategy on the outcome and indi-
cating imposed hypercapnia as a marker of ARDS sever-
ity; (iii) permissive hypercapnia was associated with 
increased cardiac index whereas imposed hypercapnia 
yielded conflicting results with worsened lung vascular 
function.

Conflicting role of hypercapnia
Complex findings were observed across literature. 
From these findings, it appeared that hypercapnia is 
protective when driven by lower VT, but is associated 
with increased mortality when imposed at lower VT 
(targeting 6 ml/kg predicted body weight). Overall, PV 
is probably driving the protective effect of permissive 
hypercapnia, in accordance with observational cohorts 
[5], randomized trials [1] and recommendations [46]. 
By contrast, the association of imposed hypercapnia 
under PV with increased mortality indicates it could 
be a marker of ARDS severity and/or have own detri-
mental effects. The former point is in accordance with 
studies suggesting pulmonary dead space as a strong 
prognostic factor in ARDS [47]. The latter point is 
corroborated by the finding of more renal and cardiac 
failure in patients with imposed hypercapnia under 
PV [5]. The main hemodynamic effect of imposed 
hypercapnia under PV relates to pulmonary vascular 
dysfunction, with pulmonary hypertension and RV 
dysfunction, which could trigger or worsen renal fail-
ure via a decreased cardiac output and/or an increased 
congestion [48]. This pulmonary vasoconstrictive 
effect of hypercapnia is in accordance with previous 
data in critically ill patients with [49] or without [50] 
ARDS.

Altogether, our findings suggest that, in the clinical 
setting, (i) permissive hypercapnia to achieve PV should 
be preferred to normocapnia under NPV; (ii) normocap-
nia under PV could be preferred to imposed hypercapnia 
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under PV. However, we are still lacking randomized tri-
als to assess if mitigating imposed hypercapnia under 
PV via reduced  CO2 production (e.g., hypothermia) 
or increased elimination (e.g., increased respiratory 
rate, and/or decreased instrumental dead space) alters 
clinical outcomes. Whether the use of extracorporeal 
 CO2 removal for imposed hypercapnia under PV may 
improve outcomes [51] also require further studies. 
Future studies are similarly necessary to scrutinize the 
prognostic role of increased  PaCO2 generated by ultra-
protective ventilation (UPV i.e. VT targeting 3–4  ml/
kg of predicted body weight), as compared to PV (i.e. 
VT targeting 6 ml/kg of predicted body weight), and its 
potential mitigation by extracorporeal  CO2 removal [52]. 
In the recent REST randomized clinical trial, the use of 

extracorporeal  CO2 removal to facilitate UPV, compared 
with PV, did not significantly reduce 90-day mortality 
and was associated with more serious adverse events 
[53].

Strengths and limitations
Strengths of our study include the wide period of 
assessment and selection process. Our search ended 
in 2021, and little new information has been published 
since on this topic, including for COVID-19-related 
ARDS. One limitation is the lack of standardization in 
the definition and duration of hypercapnia. However, 
we performed a subgroup analysis to scrutinize the 
respective roles of permissive and imposed hypercap-
nia. We cannot exclude that some part of the permissive 
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Fig. 2 Forest plot of effect of hypercapnia on mortality according its mechanism (imposed or permissive). PV: lung protective ventilation
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hypercapnia in studies of PV is due to ARDS severity. 
There was heterogeneity among studies concerning 
their design (prospective or retrospective), tidal volume 
under PV (especially in observational cohorts), report-
ing of tidal volume related to predicted body weight, 
and hypercapnia definition. In addition, other potential 
confounding factors that might be associated with both 
hypercapnia and mortality were not taken into account. 
Last, we used the Berlin definition for ARDS, which was 
published after many studies included in the meta-anal-
ysis. However, included patients with acute lung injury 

before the Berlin definition were considered as having 
mild ARDS.

Conclusion
We performed a systematic review and meta-analysis 
of a wide population of adult patients with ARDS, and 
found conflicting clinical effects of hypercapnia depend-
ing on its mechanism. The favorable effects of permis-
sive hypercapnia seemed driven by the associated PV, 
with improved hemodynamics. On the contrary, imposed 
hypercapnia under PV was associated with a worse 
outcome.

Fig. 3 L’Abbé plot for assessment of heterogeneity. Pooled estimate of the random effects model is plotted in the red line

Fig. 4 Forest plots of hemodynamic changes in hypercapnic and normocapnic patients according to their mechanism. Results are reported in 
mean difference (SD). Only two studies [22, 28] (N = 11 and N = 7) reported cardiac index in imposed hypercapnia under PV, and were not included 
in meta‑analysis due to this limited number and high clinical heterogeneity

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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