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Acute hypercapnic ventilatory failure is becomingmore frequent in critically ill patients. Hypercapnia is the elevation in the partial
pressure of carbon dioxide (PaCO2) above 45mmHg in the bloodstream. ,e pathophysiological mechanisms of hypercapnia
include the decrease in minute volume, an increase in dead space, or an increase in carbon dioxide (CO2) production per sec.,ey
generate a compromise at the cardiovascular, cerebral, metabolic, and respiratory levels with a high burden of morbidity and
mortality. It is essential to know the triggers to provide therapy directed at the primary cause and avoid possible complications.

1. Introduction

Carbon dioxide (CO2) is a gas and metabolic product that
influences several cellular processes, including respiration,
the affinity of hemoglobin for oxygen, and regulation of
blood pH and acid-based balance [1]. Healthy people can
regulate CO2 levels by negative feedback mechanisms
modulated by central and peripheral chemoreceptors [2, 3].
Hypercapnia is the elevation in the partial pressure of carbon
dioxide (PaCO2) above 45mmHg [4].

Carbon dioxide levels alter in response to alveolar
ventilation (VA) changes caused by respiratory depression,
airway obstruction, and increased dead space (VD),
reflecting excessive production of CO2, inadequate elimi-
nation of the same [5–7], or a neuromuscular disorder.
Hypercatabolic states, sepsis, thyrotoxicosis, overfeeding,
and malignant hyperthermia can elevate CO2 levels; each
degree Celsius increase in body temperature increases CO2
production by 14% [8].

Hypercapnia in critically ill patients is related to read-
mission to the intensive care unit and increased in-hospital
and 30-day mortality [9]. Many patients affected by various

respiratory diseases may develop hypercapnia, for instance,
obesity, obesity-hypoventilation syndrome, COPD, sleep
apnea, and neuromuscular disorders, among others, in the
acute or chronic phase, which contributes during their
hospitalization to the appearance of severe hypercapnic
respiratory failure.

,e objective of this review is to summarize the path-
ophysiological aspects of hypercapnia in critically ill patients
and, based on them, offer a diagnostic, therapeutic, and
preventive approach to impact fewer complications and
better clinical outcomes.

2. Physiology of CO2: Production and
Diffusion of CO2

In 1776, Lavoisier said that “of all the phenomena of the
animal economy, there is not one more surprising or worthy
of the attention of philosophers and physiologists than those
that accompany respiration” [10]. Even though there was a
brief description of carbon dioxide by van Helmont
(1580–1644) [11], it took more than a century for what
should now be recognized as the discovery of CO2, published
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in 1754 by Josephus Black in his inaugural medical dis-
sertation on “humore acido a cibis ortho, et magnesia alba”
[12].

Carbon dioxide is a gas and metabolic product that
influences several cellular processes, including respiration,
the affinity of hemoglobin for oxygen, and the regulation of
blood pH and acid-based balance [13]. Additionally, it has
potent vascular and immunological effects [14, 15]. CO2 is a
small molecule that crosses biological cell membranes by
passive diffusion, depending on the transmembrane con-
centration gradient of CO2 and the gas’s lipid/water parti-
tioning behavior. Once inside the cell, CO2 equilibrates with
its hydrated form, H2CO3, rapidly dissociating into H+ and
HCO3, catalyzed by carbonic anhydrase [13]. It is possible
that under extreme circumstances, such as severe ischemia,
thyroid crisis, hypoxia, sepsis, highly high metabolic rates
(such as during maximal exercise), or severe acid-base
disturbances, the final product might be strongly favored
over other products [8]. Healthy people can regulate CO2
levels by negative feedback mechanisms modulated by
central and peripheral chemoreceptors [2, 3] (Figure 1).

One of the purposes of respiration is to remove CO2
from the body through gas diffusion. Under normal con-
ditions, the diffusion capacity is 25ml/min/mmHg and can
increase with effort [17]. Fick’s laws of diffusion state that the
amount of gas transferred through a sheet of tissue is directly
proportional to the exchange surface (A), the diffusion
constant (D), and the partial pressure difference (P1− P2)
and inversely proportional to its thickness (T) [17] (Table 1).

During the diffusion process, in addition to the thickness
of the alveolar-capillary membrane, it is crucial to see the
differences in capillary pressures, determining that O2 up-
take, for example, occurs in 2 stages. ,e first stage corre-
sponds to the diffusion of O2 through the blood-gas barrier
(plasma and erythrocytes); the second refers to the reaction
of O2 with hemoglobin, in such a way that the definition of
diffusion capacity is the gas flow divided by the pressure
difference [17] (Figure 2).

,e partial pressure of carbon dioxide levels represents
the amount of CO2 dissolved in blood. ,e partial pressure
of carbon dioxide is affected by VA, CO2 production, and a
fraction of inspired CO2. An important lung function is to
transmit air from the atmosphere to the gas exchange units
of the lung, including the alveoli, alveolar sacs, alveolar
ducts, and respiratory bronchioles. ,e rate at which air
reaches the gas exchange units of the lung is known as the
VA rate, which the respiratory rate (f ) and VD1 influence
(Table 1, Figure 2).

Alveolar ventilation means exhaling alveolar air to the
environment, defined as the expired minute volume that
reaches the alveoli, which is minute ventilation (VE) and the
relationship between VD and tidal volume (VT) [18]. ,e
human body is adapted and capable of eliminating CO2 as
the body produces it in excess; unless there is a significant
loss of pulmonary ventilation, metabolic processes will not
induce hypercapnia [1, 18].

,e compliance of the rib cage influences minute volume
[13]. ,us, despite an adequate central respiratory drive and

peripheral muscle function, limitations in lung expansion
may occur [13]. ,ese limitations lead to an increase in the
compensatory respiratory rate (RR) that will result in fatigue
that fails to increase total ventilation enough to compensate,
leading to hypercapnia [13]. ,ese relationships indicate that
RR and VT are the two components of ventilation regulated
by central and peripheral receptors, which are physiologically
or artificially controlled to moderate CO2 elimination [13].

,e total VD will be given by the sum of the anatomical
and physiological dead space, referring to air that fills an
airway but does not generally participate in gas exchange
[13]. It comprises the nasopharynx, oropharynx, trachea,
bronchi, bronchioles, and the alveolar space; when these do
not receive adequate perfusion, the latter dramatically im-
pacts systemic levels of CO2 and O2 [1, 13]. Intrinsic lung
diseases that increase dead space are responsible for most
cases of hypercapnic respiratory failure, while a smaller
proportion is due to extrapulmonary conditions. ,e al-
veolar ventilation rate significantly impacts systemic CO2
and oxygen levels. Most commonly, PaCO2 levels get altered
in response to changes in ventilation, respiratory depression
(i.e., due to sedatives or narcotics), airway obstruction, and
increased VD [1, 13].

,e general impairment of alveolar ventilation cannot
overcome CO2 production, resulting in hypercapnia,
explained by the VA equation [19]. Based on this equation,
an increase in respiratory rate should result in a reciprocal
decrease in PaCO2. However, an increase in this parameter
can shorten the overall inspiratory time, worsening dynamic
hyperinflation and hypercapnia, as well as increased intra-
thoracic pressure that can result in hypotension, pneumo-
thorax, and barotrauma [20–23].

3. Epidemiology: Frequency of Hypercapnia in
Critical Patients

Hypercapnia is a frequent complication in critically ill pa-
tients and is associated with high morbidity and mortality.
Ahmed et al. reported that 53% of patients treated with
noninvasive mechanical ventilation for hypercapnic acute
ventilatory failure died during hospitalization [24]. Another
study looking at patients discharged from the ICU after an
episode of acute hypercapnic ventilatory failure reported
that readmission of 46% occurred within the first month,
and 17% died within 12 months [25].

Hypercapnic ventilatory failure in patients with neu-
romuscular disorders represents 10% of all ICU admissions
[26]. Patients with multiple comorbidities related to the
development of hypercapnia, such as obesity and tobacco
use [27], chronic obstructive pulmonary disease, or sleep-
disordered breathing, may be hospitalized for pneumonia,
hypertensive crisis, or decompensated heart failure, these
being events that favor the appearance of hypercapnia and
adverse outcomes [27, 28]. Multimorbidity contributes to
the appearance of severe hypercapnic respiratory failure that
requires ICU management and becomes one of the main
predictors of mortality [29, 30].
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4. Effects of Hypercapnia Oriented to the
Critical Patient: the Good, the Bad, and
the Ugly

,e increase in CO2 produces a series of actions in the body
with different physiological effects and clinical
manifestations.

4.1. Cerebrovascular. ,e partial pressure of carbon dioxide
levels and associated changes in pH impact arterial vascular
tone and increase cerebral blood flow by 1-2ml/100 g/min
for every 1mmHg increase in PaCO2 [31], which can cause
cerebral edema and intracranial hypertension [32]. It is
worth mentioning that hypocapnia also has deleterious ef-
fects described as ischemia and neuronal injury [33]. In

Table 1: Respiratory physiology formulas.

Name Formula
Diffusion of simple gases, Fick Gv � A∗D∗ (P1 − P2)/T

Alveolar ventilation VA � VE − V D

VA � VCO2 ∗K/PaCO2
Minute volume VE � FR × VT

Tidal volume VT � VE/FR

Alveolar O2 pressure PAO2 � FiO2 ∗ (Patm − PH2O) − (PCO2/R)

Cellular respiration C6H12O6 + 6O2 � 6CO2 + 6H2O
CO2 blood pressure PaCO2 � K∗ (VCO2/VA)

Acid-base balance PH � 6, 1 + log(HCO3 − /0, 03∗PCO2)

CO2 + H20 � H2CO3 � H + HCO3

GV, gas volume; A, exchange surface;D, diffusion constant; P1− P2, partial pressure difference (of 2 gases or one same gas in two different areas); T, thickness;
VA, alveolar ventilation; VE, minute volume; VD, dead space; RR, respiratory rate; VT, tidal volume; PaO2, alveolar pressure of oxygen; FiO2, fraction of
inspired oxygen; Patm, atmospheric pressure; PH2O, water vapor pressure; PaCO2, pressure arterial CO2; R, respiratory quotient (0.8); C6H12O6, glucose; K,
constant (863); VCO2, volume of CO2; HCO3, bicarbonate. Adapted from [17].
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Figure 1: Gas exchange. Figure adapted from [16].

International Journal of Clinical Practice 3



addition, a recent study showed an association between
hypocapnia and in-hospital death [34]. On the other hand,
restoring normocapnia after sustained hypocapnia can result
in normocapnic acidosis due to relative bicarbonate defi-
ciency due to no compensation at the renal level [35].

Hypercapnia also generates increased sympathetic tone
and decreased parasympathetic tone. Although there is still
no clarity on the production mechanism, it may be due to
increases in brain glutamine and gamma-aminobutyric acid,
as well as reductions in glutamate and aspartate that act at
the mid-level depressing VE and inspiratory work [36].

A multicenter, retrospective study in patients with brain
injury (trauma, postarrest, and cerebrovascular event) be-
tween 2000 and 2015 reported that hypercapnic acidosis
(HA) was associated with an increased risk of hospital
mortality in 30,742 patients. However, when compensated to
normal pH during the first 24 hours of ICU admission,
hypercapnia might not be harmful in brain-injured patients
undergoing mechanical ventilation [37].

,ere is a very narrow safety range of CO2 for brain
protection; therefore, hypocapnia and hypercapnia can be
harmful, increasing comorbidities and worsening the
prognosis of patients.

4.2. Cardiovascular. Hypercapnic acidosis inhibits cardiac
contractility and reduces systemic vascular resistance [38].
,e net impact of mild hypercapnia is an increase in cardiac
output through activation of sympathoadrenal mechanisms
and sympathetic tone, increasing preload, decreasing
afterload, and increasing contractility, heart rate, capaci-
tance, and venous return [38]. Depending on the severity, it
can progress to hemodynamic instability, fatal arrhythmias,
and death. On the other hand, hypercapnia can produce
cardiovascular depression with direct inhibition of cardiac
and smooth muscle cell contractility, independently of pH
levels [39].

4.3. Immune System and Inflammation. Hypercapnic aci-
dosis suppresses innate and adaptive immune responses,
specifically reducing neutrophil migration to septic foci
while inhibiting phagocytosis. In addition, it impairs the
release of proinflammatory cytokines by inhibiting hyper-
capnia; it selectively prevents the expression of interleukin-6
(IL-6) and tumor necrosis factor (TNF) [40]. On the other
hand, it can influence lymphocytes and natural killer cells
and affect phagocytosis by decreasing the macrophage cell
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Figure 2: Pulmonary physiology: gas diffusion. When the gas reaches the alveolus (a), the oxygen diffuses through the alveolar-capillary
membrane (b). Carbon dioxide diffuses from plasma to the alveoli and gets eliminated on exhalation (c). Figure adapted from [16].
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line and alveolar macrophages, while the inhibition of
phagocytosis occurs independently of hypoxia. Likewise, pH
levels less than or equal to 7.20 are associated with increased
bacterial proliferation in infectious models, increasing the
growth of germs such as Escherichia coli and other bacterial
species [41–43].

Other effects include the reduction of energy metabolism
evidenced by the inhibition of the P65 protein pathway
responsible for repair, proliferation, and growth at a cellular
level, which makes it susceptible to apoptosis and sup-
pression of free radical production [44].

4.4. Metabolic: Renal and Ionic. ,e kidneys are acutely
sensitive organs to changes in PaCO2 [45]. Hypercapnia
generates an increase in the secretion of hydrogen ions and
the reabsorption of bicarbonate and sodium, which at a
vascular level produces an alteration in blood flow directly
by stimulating renal vasoconstriction and indirectly by
systemic vasodilation secondary to high levels of PaCO2,
which induces a drop in blood pressure and renal perfusion
by activating the renin-angiotensin-aldosterone system [46,
47].

,ese changes observed with hypercapnia are inde-
pendent of the changes seen in toxemia.,e long-term effect
of hypercapnia, caused by long-standing lung disease, is
reduced glomerular filtration. Frank hypercalcemia by this
mechanism is rare.

4.5. Respiratory. First, hypercapnia improves lung compli-
ance through surfactant-independent mechanisms of actin-
myosin interaction at the level of the lung parenchyma and
increases pulmonary vascular resistance by enhancing
hypoxic vasoconstriction [48, 49]. Regarding diaphragmatic
function, certain studies show that patients with hyper-
capnia and spontaneous ventilation present dysfunction
secondary to alterations in electrical signals of the afferent
pathways of the phrenic nerve [50].

Hypercapnic acidosis affects cell membrane repair and
alveolar fluid clearance [43] and suppresses the immune
response [51]. Since most acute respiratory distress syn-
dromes (ARDS) result from a lung infection, these effects
[52] are vital [51], as they could worsen lung injury and
spread distant organ failure.

5. Causes of Hypercapnia in the Ventilated and
Nonventilated Critically Ill Patient

Once hypercapnia is suspected, it is necessary to carry out a
comprehensive clinical assessment, ruling out risk factors
and a complete physical examination to determine its
possible cause [53]. For example, while looking for signs of
imminent ventilatory failure that warrant the protection of
the airway, it is essential first to take arterial blood gases and
paraclinical tests that evaluate the internal environment and
complete blood count [53].

,ere is no sensitive or specific imaging study for hy-
percapnia; however, taking a chest X-ray is helpful to rule

out anatomical alterations, infectious pathologies, and
pulmonary edema [53]. ,e metabolic, toxicological, car-
diovascular, central nervous system, and neuromuscular
disorders, among other extension studies, are requested
according to the suspected diagnosis (Figure 3).

Hypermetabolic states such as sepsis, malignant hy-
perthermia, thyrotoxicosis, and overfeeding can elevate CO2
levels. ,e presence of fever significantly impacts PaCO2
levels, with each degree Celsius increase in core body
temperature increasing CO2 production by 14% [8, 54].

,e administration of sodium bicarbonate in a clinical
setting can result in the generation of CO2. Patients re-
quiring dialysis are commonly administered citrate-con-
taining anticoagulants, as citrate metabolizes into
bicarbonate in the liver, which combines with hydrogen ions
produced by organic acids and dissociates to produce CO2.
Citrate may contribute to an increase in PaCO2 [54].

While in nonventilated patients, the fraction of inspired
CO2 is negligible, and critically ill patients who are on
mechanical ventilation can become hypercapnic through
rebreathing of CO2 that accumulates in the respiratory
circuit [55]. Although healthy individuals regulate blood
CO2 levels through negative feedback mechanisms modu-
lated by central and peripheral chemoreceptors [2, 3], hy-
percapnia can be intentionally or inadvertently induced in
patients requiring mechanical ventilation [54, 55].

In patients with acute respiratory distress syndrome,
where the work of breathing increases CO2 production by up
to 30%, there is an increased demand for O2 on the re-
spiratory muscles, producing tachypnea and imminent
ventilatory failure, requiring invasive mechanical ventilation
as a means of support [56].

Noninvasive ventilation (NIV) is usually indicated in
patients with hypercapnia with respiratory acidosis (pH< or
equal to 7.35), as has been elegantly summarized by the most
recent guidelines [57]. Regarding the use of NIV in neu-
romuscular diseases, its initiation is recommended in the
presence of symptoms of hypoventilation accompanied by
PaCO2 levels >45mmHg, oxygen saturations <88% for at
least 5 minutes, forced vital capacity <50% of the theoretical
value in a supine or upright position, and maximal inspi-
ratory pressure ≥60 cm H2O, as indicators of diaphragmatic
weakness [58]. A recently published survey showed that
although these are the major indications, there are other
important parameters that need to be considered [59]. In
these patients, bilevel NIV with fixed or self-adjusting
pressure with low expiratory positive pressure (EPAP) can
be used to improve CO2 elimination [58].

Mechanical ventilation with parameters of lung pro-
tection or less harmful has shown a significant benefit in
survival [60]. Such a strategy has been associated with a
progressive reduction in VT in recent decades [61, 62],
bringing a progressive increase in PaCO2 levels. One of the
great clinical questions, fundamental to resolving in our
patients, is to define to what extent low VT are protective
when they generate hypercapnia, which, in turn, is associ-
ated with increased morbidity and mortality [54, 63].

Permissive hypercapnia in patients receiving lung-pro-
tective mechanical ventilation can occur in two contexts: (1)
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hypercapnia and acidosis, where there are elevated CO2
levels with lower pH, and (2) hypercapnia with normal pH.
,e latter may be present in states of volume contraction or
metabolic compensation for respiratory acidosis [64]. It is
unclear whether HA leads to survival benefits as an inde-
pendent factor of lung-protective ventilation.

Hypercapnic acidosis can reduce protein leakage, pul-
monary edema, and inflammation and protect against free
radical-mediated injury while preserving lung compliance
[7, 64]. When we counteract this effect, it leads to higher
levels of permeability and oxidative damage due to increased
xanthine oxidase activity [65, 66].

In two randomized controlled trials evaluating lung-
protective ventilation, PaCO2 levels remained higher in
patients receiving low-VT ventilation, even though they had
an equivalent minute volume to the conventional group [60,
67].,ere were no differences in pH for both groups after 36
hours, possibly due to buffering agents or metabolic com-
pensation. A secondary analysis of the ARDS network
showed a reduction in mortality with VTof 6ml/kg, not with
VTof 12ml/kg.,e investigators’ theory was that ventilator-
induced lung injury occurred to a lesser extent in subjects
receiving VT 6ml/kg. Some patients may generate lung
injury even at low VT; thus, a VTpersonalization strategy is
suggested to decrease this risk [60, 67].

6. Permissive Hypercapnia: Evidence

One of the essential concepts in critical care has been the
recognition of mechanical ventilation as supportive therapy
in patients with respiratory failure. However, such therapy

can worsen or even cause lung injury, multiple organ failure,
and death in what is known as ventilator-induced lung
injury (VILI). Protective ventilation with low VT and the
consequent elevation of the partial pressure of carbon di-
oxide has been called “permissive hypercapnia” [7]. Over the
years, clinical studies have evaluated a progressive increase
in PaCO2 levels (Table 2).

To our knowledge, no extensive clinical studies evaluate
the effect of acute hypercapnia or compensated hypercapnia
in patients undergoing mechanical ventilation. Two large
series can guide the impact of hypercapnia on mortality.

A secondary analysis of three cohort studies in 40
countries, performed on 1,899 patients with ARDS, reported
that a PaCO2≥ 50mmHg had more complications, organ
failure, and worse outcomes. ,us, hypercapnia was asso-
ciated with higher mortality in the ICU (OR 1.93, CI
1.32–2.81;p � 0.001) [56]. A multicenter, binational, retro-
spective study that included 252,812 patients showed that
HA and compensated hypercapnia were associated with
increased in-hospital mortality, extended ICU stay, and
prolonged hospitalization [68].

7. How to Manage Hypercapnia

In hypercapnic respiratory failure associated with hypox-
emia, the administration of supplemental oxygen is essential.
According to the alterations at the level of the sensorium and
the arterial blood gas, the device will be defined, among
which are assistance with noninvasive positive pressures
such as CPAP and BiPAP or orotracheal intubation with
invasive ventilation [53]. ,e main objective of oxygen

Pathophysiological 
mechanisms hypercapnia

Decreased minute 
volume

Respiratory Center 
Depression

-Drug effect or 
poisoning: sedatives, 

narcotics
-Central nervous 
system disorders: 

encephalitis, ischemia, 
congenital central 

alveolar 
hypoventilation

-Metabolic 
disturbances: obesity, 

obstructive sleep 
apnea, 

hypothyroidism, 
alkalosis, starvation

Neuromuscular and chest wall 
disorders

Primary spinal cord 
disorders

Lower 
motoneuron

Neuromuscular 
disorders

-Syringomyelia
-Amyotrophic lateral 

sclerosis
-Guillain-Barré 

syndrome
-Myasthenia gravis

-Polymyositis
-Poliomyelitis

-Muscular dystrophy
-Transverse myelitis

Chest wall 
disorders

-Kyphoscoliosis
-Thoracoplasty

-Flail chest
-Ankylosing 

spondyloarthritis
-Pectus excavatum

-Fibrothorax

Others

Metabolic 
disorders affecting 

chest wall

-Hypophosphatemia
-Hypomagnesemia

-Hypo/Hyper 
thyroidism

Toxins and 
pharmacological 

effects

-Tetanus
-Seafood poisoning 

(marine Dinoflagellate, 
shellfish)
-Botulism

-Organophosphates
-Succinylcholine and 

neuromuscular 
blockade

-Procainamide

Increased dead 
space

Anatomical

-Decreased 
perfusion

-Short, shallow 
breath

Physiological

-Lung diseases:
-Embolism
Dynamic 

Hyperinflation: 
COPD, Asthma
Interstitial lung 

disease

Increased CO2 
production

-Fever
-Thyrotoxicosis

-Increased 
catabolism (sepsis, 

steroids)
-Overfeeding 

syndrome
-Metabolic 

acidosis
-Exercise
-Seizures

Miscellaneous 
causes

-Weaning from invasive 
mechanical ventilation
-Airway obstruction: 
foreign body, goiter, 

tumors
-Serious laryngeal or 

tracheal disorders 
(stenosis / tumors / 

angioedema / 
tracheomalacia)

-Vocal cords paralysis
-Epiglottitis

-Retropharyngeal 
disorders

-Intensive care unit-
acquired muscle 

weakness

Figure 3: Pathophysiological mechanisms hypercapnia. Source: self-made.

6 International Journal of Clinical Practice



therapy in these patients is the management of hypoxemia,
while the secondary objective is to avoid a clinically sig-
nificant worsening of hypercapnia [53].

,e prone position unloads the right ventricle and re-
distributes the VILI, improves oxygenation and compliance,
and, when performed early, improves prognosis and mor-
tality [69–71]. For effects of hypercapnia when a patient is in
a prone position, it is necessary to monitor PaCO2 reduction
instead of PaO2, which may better reflect the degree of
pulmonary recruitment [72, 73].

Protective mechanical ventilation can result in the
production of hypercapnia, but it can also be the result of
increased dead space. Early hypercapnia in the context of
ARDS results in increased mortality [74]. To reduce this risk,
some authors have proposed various strategies or inter-
ventions [56, 75–77]:

(1) Look for optimal PEEP levels (PEEP-FiO2 titration),
avoiding alveolar overdistention

(2) Look for optimal tidal volume 6–8ml/kg, limit
10ml/kg

(3) PaCO2 threshold 50mmHg, upper limit 70mmHg
(4) Target PaO2 55–80mmHg to avoid high FiO2

(5) Find optimum driving pressure
(6) In increases in RR to correct hypercapnia, monitor

tolerance to reduce the risk of dynamic hyperin-
flation and significant right ventricular dysfunction

(7) Low plateau pressure was associated with driving
pressure when PaO2/FiO2< 150 had shorter me-
chanical ventilation times

(8) Prone position
(9) Low tidal volumes
(10) Monitor lung compliance
(11) Permissive underfeeding 40–60%
(12) Mechanical power
(13) BICARB-ICU protocol if PH< 7.20,

PaCO2< 45mmHg, HCO3< 20mmol/L, and lac-
tate> 2mmol/l start sodium bicarbonate solution at
4.2% volumes of 125–250ml in 30 minutes maxi-
mum 1 l per day to maintain PH> 7.30

Using a buffer remains a controversial issue for patients
with hypercapnic acidosis. HA is only beneficial when as-
sociated with low VT [78]. Deep metabolic and hypercapnic

acidosis with pH levels <7.10 are associated with adverse
physiological effects [44, 79], to the point that severe acidosis
can impair myocardial contractility and reduce cardiac
output, leading to refractory hypotension. Other effects
caused by severe acidosis are the alteration of the mental
sphere, immune function, and reduction of energy meta-
bolism [79].

Studies with bicarbonate infusions have shown no
benefit in improving pH and suggest many treatment-re-
lated adverse effects, including hypervolemia, hyper-
osmolarity, and increased lactate levels [79]. ,e ARDS
network clinical trial and the ARMA study allowed bicar-
bonate infusions when the pH fell below 7.15 [60, 80–82].

In the available evidence concerning the mortality vs.
CO2 level outcome, it is noteworthy that in studies using
bicarbonate to control acidosis, there was less variation in
PaCO2 levels, but there is no clear benefit in mortality [60,
75–77, 81]. ,e efficacy of bicarbonate infusion depends on
the ability to excrete carbon dioxide; this ability is physio-
logically maintained at a pH> 7.20 in such a way that there
could be a benefit with bicarbonate solutions when the pH is
above this level, an effect that was demonstrated in the
BICARB-ICU protocol having CO2 as limiting [43]. Finally,
bicarbonate infusion can worsen cellular acidosis by pas-
sively diffusing into cells and reacting with carbonic
anhydrase to produce carbonic acid [44, 79].

,e use of tris-hydroxymethyl aminomethane may be
helpful to buffer HA by buffering cell pH and reducing CO2
levels. It may also mitigate the adverse effects of acidosis on
the cardiovascular system and restore hemodynamic sta-
bility [83]. Further studies are required to standardize its use
since it does not solve the problem of nonperfused regions of
the lung.

Finally, refractory respiratory acidosis is considered a
criterion for starting extracorporeal life support (ECCO2R)
[60, 84]. ECCO2R is a novel technique to eliminate CO2
through a venovenous bridge without affecting oxygenation
[85]. To date, it is used in refractory acidosis or as a
treatment for complicated respiratory acidosis in low VT
lung-protective ventilation with permissive hypercapnia;
further studies are needed to standardize its routine ap-
plication in the treatment of hypercapnia [85].

8. Conclusion

Although most respiratory insufficiencies are hypoxemic,
acute hypercapnic respiratory failure is becoming more
frequent. Pneumonia commonly causes hypoxemic ven-
tilatory failures, and hypercapnic ventilatory failures are
primarily due to intrinsic pulmonary diseases, which
increase dead space, such as COPD, while a smaller
proportion is due to additional lung conditions. Protec-
tive ventilation with low volumes and, amid the pandemic,
the management of advanced phases of ARDS increased
the frequency of patients with hypercapnia. It is essential
to know the triggering factors, the pathophysiology, and
the impact on clinical outcomes to provide therapy di-
rected at the primary cause and avoid possible
complications.

Table 2: Evolution of PaCO2 levels in a cohort of critically ill
patients under mechanical ventilation.

Year Study Patients PaCO2 level (mmHg)
2016 Lung safe 29.1400 46 (45.1–46.6)
2015 eICU 4,361 41 (35–48)

2013 PROSEVA 237 Control: 47± 14;
intervention: 45± 9

2012 MIMIC-III 3,846 39 (34–44)

2010 ACURASYS 340 Control: 44± 9;
intervention: 45± 11

2000 ARDS network 861 Control: 35± 8;
intervention: 40± 10
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