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The physiological effects of hyper-
capnia are increasingly well under-
stood, but the literature remains 

confusing. Important insights have emerged 
regarding the impact of hypercapnia on 
cellular and molecular function. Hyper-
capnia may have potentially beneficial 
effects in patients with acute respiratory 
distress syndrome (ARDS), independent 
of the benefits from ventilation with low 
tidal volumes (Broccard et al. 2001; Curley 
and Laffey 2013), including reduction in 
pulmonary inflammation (Takeshita et al. 
2003) as well as reduced oxidative alveo-
lar damage (Shibata et al. 1998). It has 
also been suggested that CO

2
 can act as a 

signalling molecule via pH-independent 

mechanisms resulting in deleterious effects 
in the lung, all derived from hypercapnia 
(Briva et al. 2007). Clearly, hypercapnia 
has potent but potentially beneficial as well 
as potentially harmful effects. It becomes 
increasingly important to determine the 
net effect in specific conditions (Kregenow 
et al. 2006).

We review the biological and clinical 
effects of hypercapnia, especially in the 
patient with ARDS.

Biological effects
Ventilator-induced lung injury (VILI)
Hypercapnia has potential beneficial 
effects, which have been observed in 
experimental studies of acute lung injury, 
such as reduction in the levels of inflam-
matory mediators or oxidative alveolar 
damage. However, several studies suggest 
that CO

2
 could exert deleterious effects 

on the lung, independent of pH levels. 
The effects of CO

2
 on lung tissue are 

summarised in Table 1.

Beneficial effects
Several studies have shown that hypercap-
nia reduces ventilation–induced damage 
through its effects on mechanical stretch–
induced injury:
1.	 Improvement of oxygenation, pulmo-

nary elastance and vascular perme-
ability with histological improvement 
of lung lesions (Halbertsma et al. 
2010; Peltekova et al. 2010).

2.	 Prevention of the activation of the 

mitogen-activated protein (MAP)-
kinases pathway, thus reducing the 
production of pro-inflammatory 
mediators (Gillespie and Walker 2001; 
Pugin 2003; Otulakowski 2014).

3.	 Reduction of apoptosis, oxidative 
stress and markers of inflammation by 
inhibiting the activation of the MAP-
kinase and stress-activated protein 
kinases (SAPK)/Jun amino-terminal 
kinases (JNK) pathways at the level of 
the alveolar epithelial cells (Yang et al. 
2013).

4.	 Decreased inflammatory response and 
improvement of pulmonary mechan-
ics by inhibiting the canonical nuclear 
factor (NF)-κB pathway, degradation 
of IkB-α and translocation of nuclear 
p65 into cells (Contreras 2012).

CO2 in the critically ill
Implications for the intensive care physician

CO2 exerts potent effects on lung biology that could be clinically relevant 
in critically ill patients, in particular those with acute respiratory distress 
syndrome (ARDS). The impact of hypercapnia on outcome in these patients 
is yet to be determined.
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Table 1. Effects of hypercapnia on the lung

Beneficial
Decrease inflammatory response 
through NFkB pathway inhibition:
•	 Decrease neutrophil migration 
•	 Decrease pro-inflammatory cyto-

kine release

Deleterious
Alveolar epithelial function: 
•	 Alveolar oedema clearance 

impairment through Na+/K+- 
ATPase pump endocytosis

Epithelial cell repair
Innate immunity/host defence



35

ICU Management & Practice 1 - 2018

SERIES: Gases

©
Fo

r 
pe

rs
on

al
 a

nd
 p

ri
va

te
 u

se
 o

nl
y.

 R
ep

ro
du

ct
io

n 
m

us
t 

be
 p

er
m

it
te

d 
by

 t
he

 c
op

yr
ig

ht
 h

ol
de

r.
 E

m
ai

l t
o 

co
py

ri
g
ht

@
m

in
db

yt
e.

eu
.

Harmful effects
At the cellular level, hypercapnia delays 
epithelial and alveolar repair of lung 
tissue induced by mechanical ventilation 
through the following mechanisms:
1.	 Delayed repair of the alveolar 

membrane by decreasing cellular 
migration dependent on the NF-κB 
pathway (Doerr 2005; O’Toole 
2009).

2.	 Decreased clearance of alveolar oede-
ma through inhibition of the Na+ 
-K+ -ATPase pump through an endo-
cytosis process. This process has been 
shown to be pH independent (Briva 
2007; Welch 2010; Vadász 2012; 
Lecuona 2013).

3.	 Suppression of the innate immu-
nity and host defence by inhibiting 
mRNA and the expressions of inflam-
matory cytokines (IL-6 and TNF-α) 
and autophagy in macrophages (Lang 
2005; Oliver 2012).

Effects of hypercapnia in the 
setting of ARDS
Permissive hypercapnia
Hickling et al. were the first to propose 
protective ventilation strategies as a rescue 
therapy for patients with severe ARDS with 
the aim of limiting VILI (Hickling et al. 
1990). These strategies incorporated the 
following measures: 1) low peak inspi-
ratory pressure and low Vt ventilation; 
2) use of positive end-expiratory pres-
sure (PEEP); and 3) acceptance of higher 
partial pressure of arterial carbon diox-
ide (PaCO

2
) levels. Although that study 

had a series of limitations, the signifi-
cant difference in hospital mortality in 
favour of protective ventilation strategies 
and permissive hypercapnia (16% vs. 
39.6%) led to a series of prospective stud-
ies of protective ventilation in patients 
with ARDS. Based on those findings, five 
prospective randomised clinical trials 
of protective ventilatory strategies were 
carried out (Amato et al. 1998; Brochard 
et al. 1998; Stewart et al. 1998; Brower 
et al. 1999; Acute Respiratory Distress 
Syndrome Network 2000). In these stud-
ies, two showed a significant reduction 
in mortality (Acute Respiratory Distress 

Syndrome Network 2000; Brower et al. 
1999) (Table 2) of protective ventilation 
over ventilation with high Vt (12 ml/kg/
IBW). Although permissive hypercap-
nia was present in these studies, there are 
certain limitations to conclude a protective 
effect of CO

2
, such as high statistical vari-

ability, and non-randomisation of patients 
to receive normocapnia or hypercapnia, 
since the primary aim of these studies 
was to investigate the effect of low stretch 
ventilation in ALI/ARDS.

With the intention to determine 
whether, in addition to the effect of tidal 
volume reduction, there may be an inde-
pendent effect of hypercapnic acidosis, the 
database of the ARMA trial was re–anal-
ysed (Kregenow et al. 2006). It was found 
that permissive hypercapnia reduced 
mortality in patients randomised to the 
higher tidal volume, but not in those 
receiving lower tidal volumes.

Although the approach of permissive 
hypercapnia is tempting, high levels of 
CO

2
 are not an easy partner for a patient 

with ARDS who suffers with low compli-
ance, severe hypoxia, dyspnoea and high 
respiratory drive, and who requires a 
certain amount of sedation to allow the 
ventilator to take over their ventilatory 
distress.

Recently, in a secondary analysis of 
three prospective non-interventional 
cohort studies focusing on ARDS patients 
in 40 countries including a total of 1899 
patients, it was found that severe hyper-
capnia (PaCO

2
 > 50 mmHg) was associat-

ed with higher ICU mortality compared to 
patients who kept normocapnia (OR 1.58, 
CI 95% 1.04–2.41; p = 0.032). Acidosis 
or the combination of hypercapnia and 
acidosis were independently positively 
associated with ICU mortality, as well 
as barotrauma, renal and cardiovascular 

dysfunction (Nin et al. 2017).
These findings are in line with those 

reported by Tiruvoipati et al. (2017). They 
performed a retrospective analysis includ-
ing more than 250,000 patients receiv-
ing mechanical ventilation. They found 
that patients who developed hypercapnic 
acidosis (pH< 7.35 paCO

2
 > 65 mmHg) 

during the first 24 hours of mechani-
cal ventilation had a significantly higher 
mortality than those who had compen-
sated hypercapnia or normocapnia.

Alveolar dead space
In ARDS, the alveolar dead space (VDALV) 
is particularly interesting. VDALV comes 
from respiratory units that receive dispro-
portionately low perfusion compared 
with ventilation (Q < V), resulting in an 
increase in West Zone 1 physiology. In 
many patients with ARDS, the disordered 
pulmonary ventilation-perfusion ratio 
results from endothelial injury, microvas-
cular plugging with cellular aggregates 
and thrombi, and disordered pulmonary 
blood flow, leading to increased alveo-
lar dead space (Tomashefski et al. 1983), 
decreasing CO

2
 clearance. Clinical inter-

est in physiological dead space measure-
ment was reawakened in 2002, linking 
dead space measurements to prognosis 
in ARDS (Nuckton et al. 2002). Physi-
ological dead space was measured in 179 
mechanically ventilated ARDS patients on 
the day of the syndrome onset. The mean 
dead space fraction (VD/VT) was 0.54 in 
eventual survivors and 0.63 in patients 
who succumbed to the syndrome, and the 
risk of death increased with every 0.05 
increment in VD/VT. The physiological 
dead space measurement outperformed 
all of the previous prognostic measures 
including traditional measures of oxygen-
ation impairment, lung compliance and 
illness severity (Nuckton et al. 2002). 
Unfortunately, in clinical practice, VD/VT 
measurements are uncommon. We believe 
that is due to poor understanding of 
dead space physiology and poor integra-
tion of CO

2
 waveforms and derived data 

with other monitoring systems. Based 
on the arterial CO

2
 measurements and 

predicted mixed expired CO
2
 concentra-

increasingly 
recognised that CO2 is much 

more than a waste product of 
cellular metabolism
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tions, Siddiki et al. found that at both day 
1 and day 3 of ARDS diagnosis, patients 
with a V

D
/V

T 
in excess of 0.50 had a risk 

of death that increased with every addi-
tional 0.10 increment in V

D
/V

T
 (Siddiki 

et al. 2010), a risk prediction that almost 
exactly equalled the predictive power of 
the complete CO

2
 measurements on ARDS 

patients described by Nuckton.

Mechanical ventilation: a life-saving proce-
dure that can kill the lung
In the past 20 years, VILI has become one 
of the most studied topics in critical care 
(Tremblay and Slutsky 2006), confirm-
ing that mechanical ventilation not only 
damages lung tissue but even contributes to 
mortality. A major cause of VILI in the past 
was ventilation with high Vt, which was 
used to maintain adequate alveolar recruit-
ment and mean airway pressures (Pontop-
pidan and Geffin 1972). Although the 
seminal ARDS Network trial gave the guide-
lines for ventilation with low Vt, it has been 
observed that up to 30% of patients with 
ARDS ventilated with Vt 6 ml/kg (IBW) 
show alveolar overdistension, generat-
ing VILI (Terragni et al 2007). It is worth 
noting other mechanical ventilator-associ-
ated complications such as ventilator-asso-
ciated pneumonia (VAP), ventilator-asso-
ciated diaphragmatic dysfunction (VIDD), 
and a range of neurological disorders asso-
ciated with prolonged sedation and immo-
bilisation (Melsen and Rovers 2009; Jack-
son et al. 2011; Jaber et al. 2011).

Extracorporeal carbon dioxide removal: a 
bright future?
The use of extracorporeal devices to 
remove CO

2
 (ECCO

2
R) has been evaluated 

as an adjuvant for protective ventilation, 
with the aim of reducing Vt levels to values 
lower than 6 ml/kg (IBW). This strategy is 
called "ultraprotective ventilation".

Terragni et al., in a study with 32 
patients with early ARDS (<72 hours), 
observed a decrease in the levels of 
inflammatory cytokines in bronchoalveo-
lar lavage in patients undergoing ultrapro-
tective pulmonary ventilation (Vt close to 
4 ml/Kg IBW) + ECCO

2
R, showing less 

damage induced by mechanical ventila-

tion (Terragni et al. 2009).
The Xtravent study did not observe 

an impact on mortality in patients with 
ARDS undergoing ultraprotective ventila-
tion + ECCO

2
R. However, a post hoc anal-

ysis of the group of patients with PaO
2
/

FiO2<150 showed a decrease in mechani-
cal ventilation days in patients who 
received ultraprotective ventilation (Vt 3 
ml/kg IBW + ECCO

2
R) (Bein et al. 2013).

Recently the EuroELSO working group 
carried out a systematic review of current 
clinical experience with extracorporeal 
CO

2
 removal in the critically ill (Taccone 

et al. 2017). They included only stud-
ies with a proper control group (studies 
comparing extracorporeal CO

2
 removal 

to standard treatment). Six case-control 
trials with a total of 279 adult patients 
(142 treated with ECCO

2
R) were identi-

fied: three of them were performed in 
COPD patients with hypercapnic respira-
tory failure and three in ARDS patients; 
only two trials were randomised, both 
in ARDS patients, in which ECCO

2
R was 

applied to allow ultraprotective ventila-
tion. No study was sufficiently powered 
to disclose an effect on relevant clinical 
outcomes such as ICU length of stay or 
mortality. The overall quality of the studies 
was low, with a high methodological bias, 
not allowing any conclusion to be drawn 
on the clinical effectiveness of ECCO

2
R in 

critically ill patients.

The Strategy of UltraProtective Lung 
Ventilation With Extracorporeal CO

2
 

Removal for New-Onset Moderate to 
seVere ARDS (SUPERNOVA) trial (clini-
caltrials.gov/ct2/show/NCT02282657), 
which has completed its first pilot 
recruitment of patients with moderate 
ARDS undergoing ultraprotective ventila-
tion + ECCO

2
R, will show more data on 

the use of extracorporeal CO
2
 removal 

in this group of patients. In addition, 
a randomised clinical trial, pRotective 
vEntilation With Veno-venouS Lung assisT 
in Respiratory Failure (REST) is underway 
to observe 90-day mortality in patients 
with hypoxaemic acute respiratory failure 
who undergo ultraprotective ventilation 
with ECCO

2
R (clinicaltrials.gov/ct2/

show/NCT02654327).
To date, the available literature does 

not have enough evidence to make clear 
recommendations for the use of this tech-
nique in the critical patient, and its use is 
currently experimental.

Should we use a buffer to treat 
acidosis?
The use of a buffer to treat hypercapnic 
acidosis remains a common clinical prac-
tice, although it is controversial.

The justification for its use is the physi-
ological effects associated with extreme 
levels of hypercapnic and metabolic acido-
sis (pH < 7.10) (Forsythe and Schimdt 

Table 2. Ventilatory strategies and management of CO2 in clinical trials

Study Mortality 
Benefit

PaCO2Standard 
Mechanical 
ventilation (mm 
Hg, mean ± SD)

PaCO2Lung 
Protective 
Ventilation 
(mm Hg, 
mean ± SD)

Buffering 
Permitted

ARDSNet 2000 Yes 35.8 ± 8.0 40.0 ± 10.0 Yes

Amato et al. 1998 Yes 36.0 ± 1.5 58.0 ± 3.0 No

Stewart et al. 1998 No 46.0 ± 10.0 54.5 ± 15.0 No

Brochard et al. 1998 No 41.0 ± 7.5 59.5 ± 19.0 No

Brower et al. 1999 No 40.1 ± 1.6 50.3 ± 3.5 Yes
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2000; Kraut and Madias 2010). In partic-
ular these are myocardial contractility 
depression and haemodynamic instability 
refractory to catecholamine infusion, in 
addition to the effects of acidosis on the 
central nervous system and the immune 
function, as well as metabolism reduction.
Specific concerns exist regarding sodium 
bicarbonate (NaHCO

3
), the buffer used 

most frequently in the clinical setting. 
Although the physiochemical effect of 
NaHCO

3
 is to increase the strong ion 

difference, the net effect is the generation 
of CO

2
, therefore NaHCO

3
 is an inappro-

priate therapy in patients with hypercapnic 
acidosis.

Tromethamine (THAM: tris-hydroxy-
metylaminomethane) has been consid-
ered a better choice of buffer. THAM, by 
diffusing easily into cells, corrects pH 
and simultaneously reduces carbon diox-
ide levels. By increasing pH levels, THAM 
could mitigate the adverse effects of 
acidosis produced on the cardiovascular 
system and restore haemodynamic stabil-
ity (Weber et al. 2000). However, it does 
not solve the problem of underperfused 
regions of the lung, which remain under 

severely alkalotic conditions, or control 
the PaCO

2
 in patients with high dead space 

(Pesenti and Patroniti 2010).

Future directions
It is increasingly recognised that CO

2
 

is much more than a waste product of 
cellular metabolism. Indeed, it is a potent 
biological agent that exerts multiple 
effects. Although the protective effects 
of CO

2
 have been observed in multiple 

models of acute lung injury, hypercapnia 
also exerts meaningful harmful effects. 
There is a clear need for robust evidence 
from well–powered RCTs to determine 
whether hypercapnia adds to or subtracts 
from the benefits of ventilation with low 
lung volumes and distending pressures. 

ECCO
2
R may be a promising adjuvant 

therapeutic strategy for the management of 
patients in order to achieve protective or 
ultra-protective ventilation in patients with 
ARDS without life-threatening hypoxae-
mia. However, difficulties in predicting the 
progression of disease at an early stage may 
limit its use in clinical practice.

It would be interesting to analyse the 
impact of hypercapnia on outcome not 

only in the different forms of ARDS (mild, 
moderate and severe), but also to look at 
the impact of CO

2
 in patients at low and 

high risk for ARDS, and how they move 
from different stages according to CO

2
 

levels and V
D
/V

T
, consider the causes of 

hypercapnia and target the ideal PaCO
2
 to 

best balance the favourable and unfavour-
able biological effects of hypercapnia.
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Abbreviations
ARDS acute respiratory distress syndrome
IBW ideal body weight
JNK Jun amino-terminal kinases
MAP mitogen-activated protein 
NF-κB nuclear factor-κB 
PaCO2 partial pressure of arterial carbon dioxide
SAPK stress-activated protein kinases
VILI ventilator-induced lung injury
Vt tidal volume
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