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The ICU is a similar extreme environment to those people may put themselves in within the normal
environment http://ow.ly/BDTJa
Just by changing their lifestyle, humans are challenging the respiratory system to an extent never previously
reached; by exposing it to extreme conditions. In an article in this issue of the European Respiratory Review,
ADIR and BOVE [1] have deciphered the conditions that may promote lung injury when the respiratory
system is exposed to low atmospheric pressure, high pressure surrounding the body and extreme exercise.
The intensive care unit (ICU) can also be seen as an extreme environment for the respiratory system. This is
because ICU management is required for the most severe forms of acute lung disease, in particular acute
respiratory distress syndrome (ARDS), and the components of the management may be extreme, such as
prone positioning [2] or extracorporeal lung oxygenation [3]. Therefore, I would like to discuss some
aspects of hypoxaemia and mechanical ventilation that occur in the ICU, and which closely link to the cases
described by ADIR and BOVE [1].
The main advance in ARDS management is the limitation of pressure and volume [4], which is delivered by
the ventilator and applied to the respiratory system, with the primary goal of minimising ventilator-induced
lung injury (VILI) [5]. Using a lower tidal volume (targeting 6 mL?kg-1 predicted body weight), set by the
ventilator, has been shown to improve survival to a two-fold higher volume in higher compared to lower
tidal volume [4]. Targeting modest oxygenation (arterial oxygen tension (PaO2) 55–80 mmHg) is also a
component of lung-protective mechanical ventilation. The rationale for this is four-fold. First, targeting
higher PaO2 (e.g. 100 mmHg) would commit the clinician to use potential harmful values of ventilator
settings. For instance, higher positive end-expiratory pressure (PEEP) may worsen haemodynamics. A
meta-analysis of three large randomised controlled trials comparing higher with lower PEEP found that the
former was associated with higher survival in ARDS, but with a trend towards lower survival in patients
with acute lung injury, i.e. patients with less severe hypoxaemia [6]. Secondly, avoiding hypoxaemia does
not imply prevention of VILI. In fact, the opposite may even be true. Indeed, in the ARMA trial [4], the
group of patients with acute lung injury and ARDS receiving lower tidal volume had worse oxygenation
during the first week but eventually had a better outcome than the group with a higher tidal volume.
Thirdly, hypoxaemia is not a primary cause of death in ARDS [7]. Finally, it has been claimed that very
profound hypoxaemia may be well tolerated by referring to a seminal study performed in four
mountaineers who climbed Mount Everest and in whom, for the first time in history, a direct measurement
of arterial blood gas was performed while there [8]. PaO2 and arterial oxygen saturation were in the ranges of
19.1–29.5 mmHg and 34.4–69.7%, respectively. However, it is difficult to translate these data to ARDS
patients because in the mountaineers, hypoxaemia was not acute and oxygen transport was maintained as a
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result of the increase in haemoglobin concentration due to acclimatisation to high altitude over several weeks.
One would argue that ARDS patients with severe hypoxaemia may benefit from blood transfusion to increase
oxygen transport. A randomised controlled trial in ICU patients with anaemia compared profuse use of blood
transfusion (target haemoglobin level 90 g?L-1) versus conservative use (haemoglobin level 70 g?L-1) and
found that the first strategy was harmful in terms of organ dysfunction [9]. Therefore, the current policy in the
ICU is to reduce the use of blood transfusion. However, a large number of ICU patients still receive blood
transfusions. Furthermore, to date, transfusion-related acute lung injury may be a main cause of ARDS [10].
Finally, trials aiming at maximising oxygen transport in ICU patients did not find any benefits and were even
harmful [11, 12]. A word of caution to the contention that low levels of hypoxaemia are safe has been pointed
out with the re-analysis of a large randomised controlled trial on fluid resuscitation in ARDS patients [13]. It
has been shown that even mild hypoxaemia can be associated with long-term cognitive dysfunction in ARDS
patients [13]. In fact, it should be noted that there is no prospective randomised controlled study comparing
different oxygenation targets on patient outcome in ARDS.
ADIR and BOVE [1] mention the stress capillary failure, initially described by WEST et al. [14], as breaks in the
alveolar-to-capillary membrane due to high hydrostatic lung microvascular pressure resulting from high
cardiac output, which is achieved during intense exercise. Stress capillary failure has many implications in
the ICU. First in the pathogenesis of high-altitude pulmonary oedema and neurogenic oedema, as
underlined by ADIR and BOVE [1], and secondly in the pathophysiology of VILI. DREYFUSS and SAUMON [15]
found similar alveolar-to-capillary membrane disruptions in rats with previously normal lungs who were
receiving a large tidal volume during positive pressure mechanical ventilation. Therefore, VILI and stress
capillary failure share a similar structural background. Furthermore, DREYFUSS and SAUMON [15] found that
the main determinant of VILI was the total end-inspiratory lung volume and not the peak airway pressure.
The relevant pressure that relates to change in lung volume is the transpulmonary pressure (Ptp), i.e. the
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FIGURE 1 a) Breath-holding end-expiration: pleural (Ppl) and transpulmonary (Ptp) pressures in normal subject at the
end of expiration. When the glottis is open and there is no flow at the mouth (breath-holding) the alveolar pressure is in
equilibrium with atmospheric pressure. b) Inspiration: Ppl and Ptp during inspiration in a normal subject. Ppl becomes
more negative with the inspiratory efforts. Alveolar pressure becomes lower than atmospheric pressure allowing air to
flow from the atmosphere to the alveoli. c) Breath-holding at end-inspiration: Ppl and Ptp at the end of inspiration with
breath-hold. Lung volume has increased by accommodating the tidal volume and Ptp is greater than at the end of
expiration. d) Inspiration: complete and fixed upper airway obstruction. There is no communication between the
atmosphere and the alveoli. The changes in Ppl are transmitted to the alveoli but the lung volume does not change. The
hydrostatic microvascular pressure gradient between lung capillaries (red) and alveoli increases promoting an increase in
fluid filtration across the alveolar-to-capillary membrane (arrow). e) End-inspiration: Ppl and Ptp in a patient receiving a
low level of pressure support ventilation. The high Ptp values that would result from this condition may not be recognised
as Ppl is not routinely measured in the intensive care unit. The key variable to monitor in such situations, in the
perspective of ventilator-induced lung injury prevention, is the expired tidal volume that must be maintained at
,6 mL?kg-1 predicted body weight. Numbers within the lung refer to alveolar pressure, and those at the proximal tube
refer to atmospheric pressue.
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FIGURE 2 Occlusion test to ascertain the correct position of the oesophageal balloon in the thorax of a pig. a) Trace of
airway pressure (Pao), oesophageal pressure (Poes) and transpulmonary pressure (Ptp), and b) flow in a pig that has been
tracheotomised and is being mechanically ventilated. At the time indicated (a, arrow), the airways were occluded and the
animal developed very high atmospheric pressure, during which time there was no change in flow and, therefore, in lung
volume. The change in Poes parallels that in Pao, validating the good position of the oesophageal device. It can be seen that
Ptp does not change (unpublished observation).

difference between alveolar and pleural pressure (fig. 1a–c). Thirdly, as mentioned previously, the
prevention of VILI is the main goal for any caregiver setting the ventilator in ARDS patients. In subjects
with normal lungs who are receiving mechanical ventilation for elective surgery [16] or in patients without
ARDS mechanically ventilated in the ICU [17], the use of a lower tidal volume and setting PEEP at
5 cmH2O was also found to be beneficial. Thus, there are a large number of conditions that require lungprotective mechanical ventilation. Finally, the limit between cardiogenic and non-cardiogenic pulmonary
oedema is not clear as high microvascular pressure can induce ARDS. This feature has been taken into
account in the recent definition of ARDS [18].
ADIR and BOVE [1] discuss negative pressure pulmonary oedema (NPPE) in scuba diving and mention that it
has also been reported in the field of anaesthesiology in patients with fixed and complete upper airway
obstruction. Two mechanisms may explain NPPE and have been reviewed recently [19]. The first is the
increase in central blood volume due to higher venous return promoted by negative pleural pressure swings,
which, together with a concomitant decrease in alveolar pressure, increase the capillary-to-alveoli pressure
gradient. This mechanism would lead to hydrostatic pulmonary oedema, as it favours filtration of fluid
across an intact alveolar-to-capillary membrane towards the interstitial space overwhelming the lymphatic
drainage, and then to the alveoli (fig. 1d). The second is that the stress capillary failure would lead to
protein-rich pulmonary oedema. In NPPE, Ptp should not change and the same is true for lung volume, as
the airway does not communicate with the atmosphere (fig. 2). The treatment of NPPE includes airway
patency and positive pressure ventilation. However, strong inspiratory efforts through patent airways may
also damage the lungs via another mechanism. In ICU patients undergoing pressure support ventilation at
the time of mechanical ventilation weaning, Ptp can be very high when patient inspiratory efforts
synchronise with mechanical breath delivery (fig. 1e). As a result, a large tidal volume may enter the lung
with the risk of barotrauma. It is worth emphasising that high Ptp may occur even at low levels of pressure
support set at the ventilator [20]. This high Ptp can remain unrecognised as Ptp is not routinely monitored
in ICU patients. Therefore, attention must be paid to expired tidal volume, which is the key variable to
monitor in patients under any pressure-regulated modes of mechanical ventilation.
In an extreme environment like the ICU, understanding the pathophysiological basis and management of
acute lung diseases is of paramount importance. The same is true for conditions arising from extreme
environments that we, as humans, choose to face.
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