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s u m m a r y

Intubation is the most common procedure performed in intensive care units and in operating rooms.
Nevertheless, it can be associated with life-threatening complications when difficult airway access occurs
or when performed in an emergency setting on critically ill patients. To improve its safety, several
techniques have been developed, most of them combined in bundle. Among those techniques, preox-
ygenation is a major one. Preoxygenation consists in increasing the lung stores of oxygen, located in the
functional residual capacity, and helps preventing hypoxia that may occur during intubation attempts.
Although it has been incriminated to potentially cause atelectasis when high FiO2 was delivered, its
benefits outweigh this possible complication in patients at risk.

Recent studies in the field have indicated that in order to maximize the value of preoxygenation,
patients at risk can benefit from the combination of breathing 100% oxygen and non-invasive positive
pressure ventilation (NIV) with end expiratory positive pressure (PEEP) in the proclive position.
Recruitment manoeuvres may be of interest immediately after intubation to limit the risk of lung
derecruitment.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Airway management is one of the most commonly performed
procedures in operating rooms (OR), intensive care units (ICUs) and
emergency departments (EDs). Hypoxaemia and cardiovascular
collapse represent the initial and most serious life-threatening
complications associated with difficult airway access, both in
planned intubations (e.g. scheduled surgeries) and in emergency
intubations of the critically ill patients.1e3 To prevent and limit the
incidence of hypoxaemia following intubation, several preoxyge-
nation techniques have been entertained. Nonetheless, these
techniques, which usually combine breathing manoeuvres and
high inspired oxygen fraction (FiO2), may be associated with some
adverse effects and may be complicated by post-intubation atel-
ectasis.4 They may also provoke discomfort for patients and are
time consuming on a daily practice. The objectives of the present
review are to describe the rationale for optimizing preoxygenation
and its existing manoeuvres, to discuss the evidence of performing
these manoeuvres, and finally to propose an algorithm for secure
airway management in patients considered “at risk” for life-
threatening complications.
er).

All rights reserved.
2. Preoxygenation: what is the rationale?

2.1. Cellular oxygenation

The aim of preoxygenation is ultimately to prevent and to limit
cellular hypoxia during the intubation process, by increasing
oxygen stores. Cellular oxygenation directly depends on the arterial
delivery of oxygen (DO2) to the cells and is calculated as follows (Eq.
(1)):

DO2 ¼ 10� CO� 1:33� ½Hb� � SaO2 þ 0:003*PaO2 (1)

(DO2 is the oxygen delivery in mlO2/min, CO the cardiac output in l/
min, [Hb] the plasma haemoglobin concentration in g/l; SaO2 the
arterial oxygen saturation in percentage and PaO2 the partial
arterial pressure for O2 in mmHg).

Even though blood product transfusions and drugs increasing
cardiac output may promote oxygen delivery to cells, we do not
consider these treatments “preoxygenation manoeuvres”.

Oxygen stores are limited to what is present in the blood and in
the lungs. Since dissolved oxygen (non-linked to haemoglobin)
represents a minor portion of the arterial oxygen content (Eq. (1)),
the main blood oxygen store will vary based on the haemoglobin
concentration and its affinity to oxygen (variables that cannot be
simply modified). Even after oxygenation with 100% O2, the blood
stores of oxygen will only mildly increase, from about 850 ml to
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Fig. 2. Figure describing the spirometric nomenclature. Note that the closing capacity
is the sum of the residual volume and the closing volume. By definition, at closing
capacity, distal airways in the dependent areas start to close which impairs ventilation,
possibly resulting in hypoxaemia. Adapted from Ref. 9.
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950 ml.5 However, the lungs can store a much larger amount of
oxygen. This amount depends on both the patient’s functional
residual capacity (FRC) and the maximal alveolar pressure of
oxygen (PAO2).

2.2. Functional residual capacity

The FRC is the volume of air (approximately 3e4 L in a healthy
adult, smaller in women) that is present in the lungs after passive
expiration, i.e. when the inward elastic recoil of the lungs is
counterbalanced by the outward recoil of the chest wall and dia-
phragm. Indeed, if the lung elastic recoil decreases (age, chronic or
acute obstructive lung disease), FRC will increase. If the lung elastic
recoil increases (i.e. pulmonary fibrosis) FRC will decrease (Fig. 1).

Surgical procedures, anaesthesia, intubation and mechanical
ventilation are associated with certain factors that may affect FRC,
such as the supine position and anaesthetic drugs. Supine position
decreases FRC (0.8e1.0 L on average) through multiple mecha-
nisms, including the lungs’ weights on a rigid chest wall, and the
heart and chest wall weights decreasing the transverse thoracic
diameter.6 Abdominal contents are also moved upwards, causing
a cranial shift of the diaphragm, thereby impairing lung volumes.
Obesity is therefore also associated with a reduction in FRC.7,8

Anaesthetic drugs induce a decrease in muscular tone. This will
result in a reduction in FRC (0.4e0.5 L on average) by shifting the
balance between the inward elastic recoil force of the lung
(unchanged) and the outward recoil of the chest wall (reduced)6

towards smaller lung volumes.

2.3. Closing volume (CV)

Despite a maximum expiratory effort, the lungs will not
completely empty. The remaining lung volume is called the residual
volume (RV). There are two main mechanisms explaining why the
lungs do not collapse at the end of expiration. First, the chest wall
would need to be totally deformed, which is mechanically not
possible. Second, in adults, at the end of a forceful expiration, the
distal airways close before complete alveolar collapse.9

The volume at which airways begin to close during expiration is
called the closing capacity (CC). The volume of air between the
closing capacity and the residual volume is called the closing
volume (CV) (Fig. 2).

It is important to note that the distal airways do not close at the
same time throughout the lungs during a forceful expiration
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Fig. 1. Figure describing the expected changes with age, with regards to the closing
capacity and Functional Residual Capacity (FRC). Note how the FRC is lower in the
supine position. It is approached by the closing capacity around the age of 65 in an
upright patient. Adapted from Ref. 9.
manoeuvre. Airways in the dependent areas (located in the lower
lobes when upright and in the lower/posterior lobes when supine)
close first. This concept can be easily understood when the changes
in pleural pressures within the chest are taken into account.9

In a normal subject at any lung volume, the pleural pressure is
slightly more positive in the dependent areas of the thorax due to
gravity. For instance, in a healthy standing adult at end-expiration
(FRC), the pleural pressure is about �10 cmH2O at the top of the
thoracic cavity and about �2 cmH2O at the bottom. During
a forceful expiration, the pleural pressure is (voluntarily) increased
and becomes positive (more so at the bottom of the chest). This
pressure is transmitted to the alveoli and permits exhalation of air
via a pressure drop over the course of the larger airways. At low
lung volumes, the higher pleural pressure in the lower chest will
preferentially compress the lower distal airways, causing some
lower airway closure. Airways will be kept patent either due to the
cartilage within their walls (larger airways) or due to the traction
created by the adjacent parenchyma. Therefore, any process that
would decrease lung recoil and parenchymal traction (emphysema,
age, oedema), weaken the small airways (asthma, bronchitis) or
exaggerate the pleural pressure gradient over the chest (obesity,
pregnancy in the supine position) will promote earlier closure of
the lower airways and thereby increase the closing capacity
(Fig.1).9,10 In the above-mentioned cases, thework of breathingwill
necessarily include the work required to open the closed distal
airways.
2.4. Alveolar pressure of oxygen (PAO2)

PAO2 depends on inspiratory pressure of oxygen, alveolar
pressure of carbon dioxide and the respiratory quotient, which
represents the ratio of carbon dioxide production per oxygen
consumption (Eq. (2)):

PAO2 ¼ PIO2 � PACO2=R (2)

(PAO2 is the alveolar pressure of oxygen in mmHg, PIO2 is the
inspiratory pressure of oxygen in mmHg, PACO2 is the alveolar
pressure of carbon dioxide in mmHg and R the respiratory quotient
which is usually 0.8 in most of the patients).

Equation(2) shows how hypoventilation, which may occur
during anaesthesia due to difficult airway access and through the
effects of anaesthetic agents, decreases PAO2. One effective preox-
ygenation manoeuvre could include an increase in minute
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ventilation to avoid hypercapnia. Furthermore, preoxygenation
needs to be performed with a FiO2 set at 100% O2 (maximal PIO2) to
increase as much as possible PAO2 (usually about 100e150 ml of
O2).

However, if pure oxygen is administered without positive
pressure applied, the clinician must be aware of the increased risk
of atelectasis in the dependent lung areas, a condition labelled
denitrogenation-related atelectasis.4 In fact, the oxygen adminis-
tered will be rapidly diffused from the alveoli to the blood causing
alveolar collapse. In contrast, when positive pressure is applied
and/or air is co-administered with oxygen, the nitrogen delivered
(which diffuses much more slowly than oxygen) will prevent
alveoli from collapsing.

To summarize, during induction of anaesthesia for intubation,
several factors contribute to the development of hypoxia: hypo-
ventilation, decreased lung volumes, and increased airway resis-
tance. Maximizing oxygen stores before induction could delay the
onset of hypoxaemia; a concept that makes sense.

3. Who are the patients “at risk”?

Themain indication for intubation in the ICU is acute respiratory
failure.1e3 In these cases, the risk of hypoxaemia and cardiovascular
collapse during the intubation process (often crucial) is particularly
elevated. Respiratorymuscle weakness (“ventilatory insufficiency”)
and gas exchange impairment (“respiratory insufficiency”) are
often present. It is then worth anticipating life-threatening
complications that may occur during intubation.4

Some non-critically ill patients (scheduled for surgery) are also
considered “at risk”. As explained earlier, obesity and pregnancy are
the two main situations where FRC is decreased and where the risk
of atelectasis is increased.4 Other ‘at risk’ patients include those
who cannot safely tolerate a mild degree of hypoxaemia (epilepsy,
cerebrovascular disease, coronary artery disease, sickle cell disease
etc). Finally, patients considered to be “difficult to intubate” also
require adequate preoxygenation.11

4. Preoxygenation: how to do it?

4.1. Spontaneous ventilation

Several manoeuvres in spontaneous ventilation (e.g. 3e8 vital
capacities vs 3 min tidal volume breathing) exist and seem to be
almost equally effective.5,12 Some technical details, however, can
make a significant difference. First, the clinician needs to make sure
the facemask properly fits the patient’s facial morphology. Second,
fresh gas flow needs to be set at a high range to homogenize
ventilation through the lungs and to decrease the impact of
leaks.13,14 Third, leaks should be avoided and diagnosed either by
flaccid reservoir bag or by the absence of a normal capnograph
waveform, since leaks impair the efficacy of preoxygenation.

Newer technology may also be useful. In modern anaesthesia
workstations, end-tidal oxygen concentration is available as
a surrogate for PAO2. The target commonly adopted is 90%.5 This
target is reached more quickly when pure oxygen is administered.
Though the clinicianmust be aware of the potential complication of
denitrogenation-induced atelectasis, the benefit of reaching an end
inspiratory oxygen fraction of 90% before attempting intubation
outweighs the risk of developing atelectatic-related hypoxia in “at
risk patients”.

In critically ill patients, the advantage of a prolonged period of
preoxygenation has not been clearly demonstrated. Most of them
present with acute respiratory failure with a certain amount of
shunt, a reduced FRC, and do not respond to administration of
oxygen as well as patients scheduled for surgery.15 Mort
demonstrated a moderate increase of PaO2 after a 4 min oxygen
therapy before intubation (from 62 to 88 mmHg before and after
oxygen therapy). Despite preoxygenation, half of the 34 patients
included in the study experienced severe hypoxia during
intubation.15

4.2. Position

Patient position is also an important factor and limits the
decrease in FRC. Studies have reported that preoxygenation in the
semi-sitting position or in the 25� head-up position can achieve
higher arterial oxygen pressure. It may also prolong the time to
hypoxaemia in obese patients scheduled for surgery.16,17 To our
knowledge thus far, only one study performed in non-obese
patients scheduled for surgery reported a beneficial impact of
proclive position (20� head-up) during preoxygenation in terms of
time to desaturation.18 Proclive position seems not to be beneficial
in pregnant patients probably because of the gravid uterus con-
straining the diaphragm in its upper position and because of the
detrimental effect of the sitting position in venous cava back flow.19

In the critically ill, there are so far no preoxygenation studies
evaluating the proclive versus the supine positions.

4.3. Positive pressure

Positive end expiratory pressure (PEEP) with high-flow oxygen
has been evaluated as a preoxygenation method in the morbidly
obese. The aim of positive pressure used as a preoxygenation
method is to increase the proportion of aerated lung, thereby
increasing FRC. This increase in FRCwill result in an increase in lung
oxygen stores, and may also help keep the CC below FRC.

The first study was performed in the early 2000s and found that
applying 7 cmH2O of CPAP for 3 min did not prolong time to
desaturation in morbidly obese women. Important limitations of
that study were the absence of ventilation between the onset of
apnoea and the intubation; and the relative brevity of the preox-
ygenation (only 3 min).20 Later studies, however, showed a benefit
of applying CPAP with oxygen during preoxygenation in morbidly
obese patients.21,22 Compared to O2 alone, CPAP of 10 cmH2O þ O2
for 5 min increased the time to desaturate and reduced the amount
of atelectasis following intubation.21,22 Immediately after intuba-
tion, the amount of atelectasis measured by computed tomography
was 10% in the oxygen group compared to only 2% in the 10 cmH2O
PEEP group.21

In a landmark study of morbidly obese patients, Delay et al
showed that NIV using PSV (8 cmH2O) and PEEP (6 cmH2O) for
5 min was safe, feasible, and efficient.23 They reported that 95% of
patients could reach the target of end-expiratory oxygen fraction of
90% with NIV in comparison with 50% in the oxygen group.23

Arterial blood gases at both the end of the preoxygenation period
and at 5 min after intubation were not significantly different
between the groups. The impact of the combination of both pro-
clive position and NIV in surgical patients needs to be evaluated.

Preoxygenation with NIV in pregnant patients has never been
formally evaluated, as it may be harmful owing to the risk of
aspiration in this patient population.

NIV as a preoxygenation manoeuvre has also been evaluated
in critically ill patients. Our team reported its superiority
compared to administration of oxygen alone.24 Indeed, in
a randomized controlled trial, the incidence of severe hypoxaemia
(SpO2 below 80%) within 30 min after intubation was 7% in the
NIV group (PSV 5e15 cmH2O, PEEP 5e10 cmH2O, FiO2 100%),
compared to 42% in the oxygen group. If NIV seems to be bene-
ficial compared to spontaneous breathing in the critically ill, its
impact on patient’s outcome has only been recently evaluated in



Table 1
Intubation bundle care management, adapted from (Jaber).

Pre-intubation
1. Presence of two operators
2. Fluid loading (isotonic saline 500 ml or starch 250 ml)

in absence of cardiogenic oedema
3. Preparation of long-term sedation
4. Preoxygenate for 3 min with NIV in case of acute respiratory

failure (FiO2 100%, pressure support ventilation level between
5 and 15 cmH2O to obtain an expiratory tidal volume between
6 and 8 ml/kg and PEEP of 5 cmH2O)

Per-intubation
5. Rapid sequence induction:

- Etomidate 0.2e0.3 mg/kg or ketamine 1.5e3 mg/kg
- Succinylcholine 1e1.5 mg/kg (in absence of allergy, hyperkalemia,
severe acidosis, acute or chronic neuromuscular disease, burn
patient for more than 48 h and medullar trauma)

- Rocuronium : 0.6 mg/kg IVD in case of contra indication to
succinylcholine or prolonged stay in the ICU or risk factor
for neuromyopathy

6. Sellick manoeuvre
Post-intubation

7. Immediate confirmation of tube placement by capnography
8. Norepinephrine if diastolic blood pressure remains <35 mmHg
9. Initiate long-term sedation

10. Initial “protective ventilation”: tidal volume 6e8 ml/kg,
PEEP < 5 cmH2O and respiratory rate between 10 and 20
cycles/min, FiO2 100% for a plateau pressure <30 cmH2O

11. Recruitment manoeuvre: CPAP 40 cmH2O during 40 s, FiO2

100% (if no cardiovascular collapse)
12. Maintain intubation cuff pressure from 25 to 30 cmH2O
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a multiple centre randomized controlled trial25 and the results
will be presented in the following months. To perform NIV in
critically ill patients, the facial masks available in every ICU room
is sufficient. The patient should be in the proclive position, FiO2
Fig. 3. Patients “at risk” present several factors such as obesity, pregnancy, chronic respirat
decrease minute ventilation leading to hypoxia. Preoxygenation techniques should be com
threatening hypoxia following intubation attempt(s). COPD: chronic obstructive pulmona
ventilation; CPAP: continuous positive airway pressure. Blue arrows: factors which increas
ratory parameters and decrease the risk of life-threatening hypoxia following intubation atte
referred to the web version of this article.)
set at 100%, inspiratory pressure set to observe a tidal volume of
6e10 ml/kg and respiratory rate of 10e25 cycles/min. The dura-
tion of the procedure corresponds usually with the time to
prepare the drugs and tools to intubate. NIV was included in
a bundle and was associated with a decrease in life-threatening
hypoxaemia following intubation in a multiple centre study1,2

(Table 1).
4.4. Recruitment manoeuvre

As discussed earlier, the aim of NIV during preoxygenation is to
recruit lung tissue available for gas exchange (“open the lung”).
Conversely, the combination of both denitrogenation (with 100%
O2) and the apnoeic period associated with the intubation proce-
dure can dramatically decrease the aerated lung volume ratio,
thereby causing atelectasis. In obese patients preoxygenated
without positive pressure, the proportion of atelectasis following
intubation can represent 10% of the total lung volume.21

One option to limit derecruitment after intubation is to ventilate
the patient using a bag-valve balloon. However, it is not possible to
measure the pressure delivered when the patients are ventilated
with this method.

A recruitment manoeuvre (RM) consists of a transient increase
in inspiratory pressure. Several manoeuvres exist, but the one best
described in this situation consists of applying a continuous posi-
tive airway pressure of 40 cmH2O for 30e40 s.26e28

In the ICU, a randomized controlled trial was conducted in 40
critically ill patients requiring intubation for acute hypoxaemic
respiratory failure.26 Compared to no RM, RM performed immedi-
ately after intubation was associated with a higher PaO2
(under 100% FiO2) both 5 min after intubation (93 � 36 vs
236 � 117 mmHg) and 30 min after intubation (110 � 39 and
180 � 79 mmHg).
ory diseases,. which increase closing volume, impair functional residual capacity and
bined in those patients to minimize the risks of anaesthesia and intubation on life-
ry disease; FRC: functional residual capacity; CV: closing volume, NIV: non-invasive
e the risk of hypoxia. Red arrows: preoxygenation techniques that can improve respi-
mpt(s). (For interpretation of the references to colour in this figure legend, the reader is
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In the operating room, a first study assessed the impact of
applying several PEEP (0, 5,10 cmH2O) values following intubation in
both obese and non-obese patients scheduled for surgery.28 At each
step, end-expiratory lung volume, static elastance, gas exchange and
dead space were measured. In both obese and non-obese patients,
PEEP of 10 cmH2O compared with ZEEP improved end-expiratory
lung volume and elastance without effects on oxygenation.

The same team then randomized 66 morbidly obese patients
(body mass index 46 � 6 kg/m2) scheduled for surgery in 3 groups:
conventional preoxygenation, preoxygenation with NIV and pre-
oxygenation with NIV þ post-intubation RM.27 They nicely
demonstrated that the combination of preoxygenation with
NIV þ post-intubation RM helped maintain both lung volumes and
oxygenation during anaesthesia induction more so than preox-
ygenation with either pure oxygen alone or with NIV. One of the
main take home messages of that study is that to improve PaO2
5 min after intubation, RM added to NIV was needed. Both
oxygenation (PaO2, 234�73mmHg vs 128� 54mmHg) and capnia
(PaCO2 42 � 3 vs 40 � 3 mmHg) was improved in the RM þ NIV
group compared to NIV alone.

4.5. Bundle

Preoxygenation is only one of the procedures that may improve
airway safety. Managing the airway of “at risk” patients poses some
unique challenges for the anesthesiologist/intensivist. The combi-
nation of a limited physiologic reserve in these patients and the
potential for difficult mask ventilation and intubation mandates
careful planning with a good working knowledge of alternative
tools and strategies, should conventional attempts at securing the
airway fail. Preoxygenation techniques can be combined to limit
the risk of hypoxia during intubation attempt (Fig. 3).

To limit the incidence of severe complications occurring after
this potentially hazardous procedure, we believe that the whole
process (pre-, per- and post-intubation) should be guided by
protocols geared towards patients’ safety. In the ICU, we designed
a multiple centre study and described how implementation of such
bundle protocols improves the safety of airway management.1,2

This bundle is summarized in Table 1.

5. Conclusion

Preoxygenation is a standard of care before intubation in oper-
ating rooms and in the ICU. Its aim is to increase the lung stores of
oxygen. Denitrogenation can be associated with resorption-related
atelectasis but the benefit of increasing oxygen stores is higher than
the risk of developing atelectasis in patients “at risk”. These
patients include the critically ill but also the obese, the pregnant
and those in whom even slight hypoxaemia can be life-threatening
(mainly brain or heart disease). In these patients, the combination
of pure oxygen, non-invasive ventilation, denitrogenation and post-
intubation recruitment manoeuvres outweighs the potential risk of
post-intubation atelectasis.
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