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Summary

Mechanical ventilation of patients with acute lung injury/acute
respiratory distress syndrome (ARDS) should commence with
low tidal volume (VT), low stretch and adequate positive end-
expiratory pressure (PEEP), as proposed by the first ARDSnet
trial. The majority of patients with ARDS will achieve their goals
of oxygenation and plateau pressure, utilising the lung protective
strategy. In the remaining minority of patients, these end-points
may not be achieved. Such patients have a significantly high
mortality and should be considered for rescue strategies
relatively early on. If the patients respond positively to lung
recruitment trials, using rescue strategies may open atelectactic
alveoli and allow oxygenation or plateau pressure targets to be
achieved. None of these rescue strategies have been shown to
reduce mortality, although short-term objectives of improve-
ment in oxygenation or reduction in plateau pressures may be
achieved. Therefore, the selection of these strategies should be
based on availability and level of comfort of the operators.
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Acute lung injury (ALI) and its more severe counterpart, acute respiratory distress syndrome
(ARDS), are both syndromes of acute hypoxaemic respiratory failure that are associated with a

wide variety of aetiologies. In 1994, the American-European Consensus Conference on ARDS
standardised the definition of ALI and ARDS on the basis of certain clinical criteria, namely: 1) acute
onset of severe respiratory distress; 2) bilateral infiltrates on a frontal chest radiograph; 3) the absence
of left atrial hypertension or clinical signs of left heart failure, or a pulmonary capillary wedge pressure
f18 mmHg; and 4) severe hypoxaemia based on the ratio of arterial oxygen tension to the inspiratory
oxygen concentration (Pa,O2/FI,O2 f300 mmHg and 200 mmHg in ALI and ARDS, respectively) [1].
This widely used definition is limited by its inability to account for the diverse pulmonary and non-
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pulmonary aetiologies, or the level of positive end-expiratory pressure (PEEP) required in those
patients requiring mechanical ventilation. This is further buttressed by a recent study showing that a
moderate amount of PEEP was sufficient to reclassify patients from ARDS to ALI, resulting in a
reduction in the expected mortality [2]. In an attempt to circumvent the problems associated with this
existing definition, a new definition has been proposed [3]. The ‘‘Berlin definition’’ classifies ARDS
into mild, moderate and severe based upon the following variables: timing, hypoxaemia, origin of
oedema, radiological abnormalities and additional physiological derangements. This clinical definition
aims to quantify the degree of hypoxaemia based upon the level of PEEP used. However, it has its own
limitations and needs to be validated in clinical trials.

The vast majority of ALI/ARDS patients require mechanical ventilation for adequate gas exchange, as
well as for alleviating the increased work of breathing. However, in addition to providing life-sustaining
support, mechanical ventilation in ALI/ARDS patients can further worsen lung injury as a result of the
heterogeneous manner in which the lungs are affected [4]. Ventilator-induced lung injury (VILI) is the
collective term used to describe the various injuries that can occur, namely: barotrauma resulting from
the use of high inspiratory pressures; volutrauma due to over-distension from employing a large tidal
volume (VT); atelectrauma following cyclic collapsing and re-opening of unstable alveolar units; and
biotrauma ensuing from the release of inflammatory mediators into the systemic circulation [5–11].
Consequently, not only is the goal to provide life-sustaining support with mechanical ventilation in ALI/
ARDS patients, but to do so in a manner that minimises VILI, and thereby improve outcomes.

This chapter discusses different ventilator strategies that have been utilised to achieve these goals in the
management of ALI/ARDS patients, as well as the evidence from clinical trials regarding the efficacy of
these different ventilator strategies. The decision to employ a specific strategy should be based on an
appraisal of the benefits, strength of evidence, possible risks, familiarity of use and availability of
alternative modes of mechanical ventilation. A PubMed search was performed using each strategy as a
key phrase. The article search was limited to those published in English and that studied primarily
human subjects. The search was also expanded to comprise further articles, as suitable, from the
reference lists of those identified from our initial search. The articles specifically excluded non-
ventilatory strategies to maximise oxygenation (conservative fluid strategies, extra-corporeal membrane
oxygenation, prone position, etc.), as well as noninvasive positive pressure ventilation.

Volume-targeted ventilation

The initial ventilator strategy that should be promptly utilised is low VT and pressure ventilation,
currently regarded as the standard of care in the management of patients with ALI/ARDS. This strategy
attenuates the development of VILI, thus it is considered lung protective ventilation (LPV), and is the
only method of mechanical ventilation that has been demonstrated to improve survival in randomised
controlled trials (RCTs) of ARDS patients [12–14]. In the largest of these trials, conducted by the
ARDS Network (ARDSnet), and generally considered a pivotal study, a 9% absolute reduction in
mortality, and a greater number of both ventilator-free days and non-pulmonary organ failure-free
days occurred in ALI/ARDS patients mechanically ventilated in the volume assist-control mode with a
target VT of f6 mL?kg-1 predicted body weight (PBW) and a plateau pressure (Pplat) of f30 cmH2O
[14]. This was performed using an empirically but prospectively determined FI,O2–PEEP table to
obtain arterial saturations of 88–95% or a Pa,O2 of 55–88 mmHg, often resulting in initial decreases of
the Pa,O2/FI,O2 ratio, moderate increases in arterial carbon dioxide tension (Pa,CO2), and the use of high
respiratory rates with or without sodium bicarbonate to maintain pH goals, while minimising the
development of intrinsic auto-PEEP [14].

In contrast, three earlier RCTs of LPV (table 1) did not demonstrate an improvement in outcome [15–
17]. Like the ARDSnet study, these three studies had similar PEEP in both arms associated with low
versus high VT, unlike other studies with LPV that included both low VT and high PEEP [13, 18]. This
inconsistency with the earlier RCTs has been attributed to differences in sample size which may not
have been sufficiently powered to detect survival differences, lower differences in the tidal volumes and
Pplat utilised between groups, utilisation of lower pH thresholds, different methods for treating
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respiratory acidosis, as well as premature termination of the respective trials following interim analysis
[19–21]. Similarly, different systemic reviews and meta-analyses of the heterogeneous LPV trials have
had varying results [22–25]. In one of the early meta-analyses [23], it was reported that the two trials
demonstrating a survival benefit with LPV did not represent standard of care in the control groups [13,
14], and that as long as Pplat was kept between 28–32 cmH2O, there was no basis for the use of low VT.
This meta-analysis has been critiqued as having significant methodological errors [24, 26]. In addition, a
secondary analysis of the ARDSnet study [14] implied a higher, albeit nonsignificant mortality risk, even
when a Pplat ,31 cmH2O was used in the control group compared with the LPV group (fig. 1) [27].
Moreover, a subsequent physiological study has shown that regional overdistention can occur at a Pplat

of 28–30 cmH2O even with a VT of 6 mL?kg-1 PBW [28]. The investigators indicate that although
the existence of a ‘‘safe’’ Pplat limit remains unconfirmed, values ,28 cmH2O appear to be linked to
more protective ventilatory parameters [28]. It is important to be mindful that although alveolar
overdistension is usually estimated by Pplat measurement, it is the transalveolar pressure that accurately
reflects the degree of alveolar distension. This is particularly important in patients with reductions in
chest wall compliance such as in obesity, increased abdominal girth, abdominal compartment syndrome
or pleural effusions when pleural pressures would be elevated. Such patients may consequently have
elevated Pplat (.30 cmH2O), but the
transalveolar pressure would still be
within acceptable levels. Therefore,
measurement of the oesophageal pres-
sure as a surrogate for the pleural
pressure can provide an accurate assess-
ment of the transalveolar pressure; this
has been demonstrated in recent studies
in ARDS patients and is suggested to
have potential clinical benefit [29, 30].
However, the routine use of LPV is
reported in several other meta-analyses
to be beneficial to ALI/ARDS patients
since it has been shown to improve
hospital mortality [20, 22, 24, 25, 31].

Widespread adoption of LPV in the
management of ALI/ARDS was initially
reported to be slow in spite of its
beneficial effects [32–35]. Even though

Table 1. Randomised controlled trials of lung protective ventilation

First author
[ref.]

Patients
n

Intervention versus control group Mortality rates
%

p-value

Tidal volume mL?kg-1 Pressure cmH2O

AMATO [13] 53 f6 versus 12 ABW ,20 versus unlimited
driving pressure#

38 versus 71" 0.001

BROWER [15] 52 5–8 versus 10–12 PBW f30 versus f45–55 Pplat 50 versus 46 0.61
STEWART [16] 120 f8 versus 10–15 IBW f30 versus f50 PI,peak 50 versus 47 0.72
BROCHARD [17] 116 6–10 versus 10–15 DBW 25–30 versus f60 Pplat

versus PI,peak

47 versus 38+ 0.38

ARDSNET [14] 861 f6 versus 12 PBW f30 versus f50 Pplat 31 versus 40 0.007
VILLAR [12] 103 5–8 versus 9–11 PBW Unspecified Pplat 34 versus 56 0.04

Data for mortality rate are presented as the in-hospital mortality rates of intervention versus control groups,
unless otherwise stated. ABW: actual body weight; PBW: predicted body weight; Pplat: plateau pressure; IBW:
ideal body weight; PI,peak: peak inspiratory pressure; DBW: dry body weight. #: Pplat–positive end-expiratory
pressure; ": 28-day mortality; +: 60-day mortality.
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Figure 1. Mortality difference by quartile of day 1 plateau
pressure (Pplat) in the ARDSnet trial. The range of Pplat in cmH2O
and the number of patients is detailed in each bar. ARR:
absolute risk reduction; VT: tidal volume. Reproduced from [27]
with permission from the publisher.
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a ventilator strategy based on the ARDSnet study [14] serves as a rational starting point, certain
barriers, such as failure to recognise patients with ALI/ARDS, unwillingness to relinquish ventilator
control or follow a ventilatory strategy protocol, use of actual body weight instead of PBW in
calculating tidal volumes, apprehension regarding patient–ventilator asynchrony, increased need for
sedation or the development of auto-PEEP, tachypnoea, hypercapnia or acidosis, had limited extensive
implementation [33–35]. Nonetheless, these barriers are unfounded [14, 36–41], and recent studies
indicate that clinical practices are changing in response to current clinical evidence [42, 43]. In a recent
study aiming to improve adherence to LPV, an electronic medical record-based VILI alert system was
used to alert bedside providers via text paging notifications about potentially detrimental ventilator
settings, ultimately reducing patient exposure to the latter [44]. LPV remains the primary ventilatory
strategy recommended in the management of ALI/ARDS patients [12–14].

Pressure-targeted ventilation

Although volume-controlled ventilation (VCV), as was utilised in the ARDSnet study, is generally
recommended in the management of ALI/ARDS patients [14], the use of pressure-controlled
ventilation (PCV) has been proposed as an alternative in maintaining the goals of LPV, i.e. VT of 4–
8 mL?kg-1 PBW and end-inspiratory Pplat of ,30–35 cmH2O [45, 46]. The reasons for this originate
from studies that have demonstrated reduced work of breathing by the patient, improved patient-
ventilator synchrony and comfort, lower peak inspiratory pressures, higher mean airway pressures and,
thus, improved oxygenation due to the variable-flow, pressure-controlled breaths of PCV as opposed
to the fixed-flow, flow/volume-targeted breaths of VCV [47–51]. In addition, it has been argued that
PCV is inherently safer than VCV because of its ability to restrain detrimental transalveolar forces that
are produced and promoted by the fixed-flow and monotonous VT delivery of VCV [52]. In contrast,
other studies have indicated that the aforementioned advantages with PCV can be achieved with VCV
utilising a decelerating flow waveform as opposed to a square flow waveform [47, 53]. In acute
respiratory failure patients, CHIUMELLO et al. [54] reported no difference in the work of breathing
between PCV and VCV when VT and peak inspiratory flow were appropriately matched. Similarly,
KALLET et al. [55] demonstrated no difference in the work of breathing when providing LPV to ALI/
ARDS patients using PCV in comparison to VCV with a high inspiratory flow rate. Furthermore, VT

was not adequately controlled as a result of an active inspiratory effort in 40% of the patients during
PCV [55]. SCHMIDT et al. [56] reiterated that VT and, hence, alveolar distension may be increased
during active inspiratory efforts by the patient. While this may not translate to increased inspiratory
pressures, it may culminate in volutrauma. Thus, one may conclude that paying particular attention to
ventilator parameters such as VT, peak inspiratory flow, Pplat and waveform pattern minimises the
differences seen between PCV and VCV. In a recent multicentre RCT, MEADE et al. [57] compared a
low VT ventilation strategy using VCV with an experimental strategy (open lung approach) using PCV
in which both arms targeted a VT of 6 mL?kg-1 ideal body weight. There were no difference in
outcome; however, a direct comparison is confounded by the fact that different PEEP strategies were
utilised in both arms [58].

An adaptation to the use of PCV in ALI/ARDS patients has involved employing an inspiratory time
that is longer than the expiratory time in order to increase the mean airway pressure (P̄aw), and thereby
improve arterial oxygenation. This is called pressure-controlled inverted ratio ventilation (PC-IRV).
Early reports of this ventilatory approach following failure of VCV indicated reductions in peak airway
pressures, improvement in arterial oxygenation at lower minute ventilation and lower PEEP
requirements without any worsening of haemodynamic parameters [59–63]. Although less common,
volume-controlled (VC)-IRV has also being utilised in ARDS patients [64, 65]. However, later studies
did not demonstrate any significant benefit of PC-IRV over VCV in terms of arterial oxygenation,
haemodynamic compromise or risk of barotraumas resulting from the elevated P̄aw and intrinsic
PEEP, and that often led to the increased use of sedative and paralytic agents [66–70]. Based on current
evidence, IRV is of unproven benefit in the ventilatory management of ARDS patients [71, 72]. Airway
pressure release ventilation (APRV), another ventilatory mode that uses long inspiratory times will be
discussed in a subsequent section.
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Positive end-expiratory pressure

The use of PEEP in addition to LPV is a vital element in the ventilatory management of ALI/ARDS
patients. Low VT ventilation can lead to alveolar de-recruitment, particularly if an inadequate level of
PEEP is utilised [73, 74]. The resultant cyclic collapsing and re-opening of alveoli during tidal
ventilation are known to contribute to the development of VILI [5, 6, 9, 75]; thus, avoiding this
situation by the addition of the necessary amount of PEEP to keep the lung open is essential in limiting
its development [6, 76, 77]. Furthermore, the addition of PEEP results in enhanced oxygenation and
the subsequent reduction in FI,O2 requirements, believed to result from different mechanisms, namely,
recruitment of alveoli, increased functional residual capacity, extravascular lung water redistribution
and improvement in ventilation–perfusion matching [21, 78]. In addition, rescue therapies for severe
hypoxaemia, such as inhaled nitric oxide, prone positioning, high frequency oscillation and
extracorporeal membrane oxygenation, were used less frequently in some studies [57, 79]. Conversely,
high levels of PEEP may result in a reduction in venous return and impairment in the right ventricle,
ultimately leading to decreased cardiac output [80, 81]. However, the manner in which PEEP is
selected has varied and the level required optimising its benefits while maintaining LPV has been the
subject of multiple studies.

Several methods have been used to select the level of PEEP required in the ventilatory management of
ALI/ARDS patients (table 2). The use of a table of FI,O2–PEEP combinations has commonly been used
to select the level of PEEP required based on oxygenation targets (Pa,O2 55–80 mmHg) [14, 57, 83].
Increases in these combinations are performed to maintain the oxygenation target, while also ensuring
airway pressure limits are not exceeded i.e. Pplat f30 cmH2O. In contrast, regardless of its effect on
oxygenation, MERCAT et al. [79] individually titrated PEEP to a level that did not exceed a Pplat of 28–
30 cmH2O. A decremental approach has been used by some authors, in which PEEP is set to
o20 cmH2O, subsequently, stepwise decreases are made to identify the level that results in the best
Pa,O2 and compliance [84, 85]. The pressure–volume (PV) curve has been used to assess the lower and
upper inflection points (LIP and UIP, respectively) on the inspiratory limb of the curve to guide the
level of PEEP and inflation pressure required [12, 13, 18]. The level of PEEP is usually set slightly higher
than the LIP (e.g. 2–3 cmH2O higher) [12, 13, 18]. GRASSO et al. [86] employed the stress index (SI) to
determine the level of PEEP by using the pressure–time curve during constant-flow inhalation, i.e. tidal
volume delivery. An SI .1 (upward sloping concave curve) represents overdistension, i.e. excessive
PEEP, an SI ,1 (downward sloping concave curve) represents ongoing recruitment, i.e. inadequate
PEEP, and an SI equal to 1 (linear slope) represents no ongoing recruitment or overdistension i.e.
adequate PEEP (fig. 2) [86, 87]. Finally, the use of an oesophageal balloon (fig. 3) to measure the

Table 2. Methods for selecting positive end-expiratory pressure (PEEP)

Method Description

Incremental PEEP using
empirical table

Combinations of FI,O2 and PEEP are utilised to attain the desired oxygenation level
or highest compliance

Incremental PEEP using
Pplat

PEEP is individually titrated to a level such that Pplat is ,30 cmH2O

Decremental PEEP A high level of PEEP is set (e.g. 20 cmH2O); subsequently PEEP is decreased in
a stepwise manner until de-recruitment takes place, typically with a decrease in
Pa,O2 and compliance

Stress index
measurement

Pressure–time curve is monitored during constant-flow inhalation for indications of
tidal recruitment and over distension

Oesophageal pressure
measurement

Intrapleural pressure is estimated by using an oesophageal balloon to measure
oesophageal pressure; subsequently, the optimal PEEP level required is determined

Pressure–volume curve
guidance

PEEP is set slightly higher than the lower inflection point

Pplat: plateau pressure; FI,O2: inspiratory oxygen fraction; Pa,O2: arterial oxygen tension. Reproduced from [82],
with permission from the publisher.
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oesophageal pressure and thereby
estimate the intrapleural pressure
has also been used to determine the
optimal PEEP required [29, 30, 87].
Each of the aforementioned approa-
ches has limitations, and there is
currently no best method to selecting
PEEP. Furthermore, most of the
individualised approaches described
can be technically challenging, con-
sequently gas exchange targets using
FI,O2–PEEP tables are more often
clinically utilised to set PEEP.

Multiple randomised controlled stu-
dies (table 3) have been conducted
to determine the optimal level of
PEEP required in managing ALI/
ARDS patients by comparing a
lower/modest (conservative) versus
a higher (aggressive) PEEP strategy,
resulting in conflicting results [12,
13, 18, 30, 57, 79, 83]. Similarly,
several meta-analyses of these studies
(table 4) have been carried out to
distinguish the outcomes in these
patients when utilising a lower versus
higher PEEP strategy, also resulting
in varying results [20, 88–91].
Comparisons are challenging as the
earlier studies [12, 13, 18] utilised
ventilator strategies of high PEEP
with low VT against low PEEP with
high VT in ARDS patients, while the
later studies [30, 57, 79, 83] com-
pared high versus low PEEP with
low VT strategies in ALI/ARDS pa-
tients. In addition, different criteria
were used for PEEP selection in
the various aforementioned studies.
Overall, there was a trend towards a
mortality benefit in the high PEEP
groups compared with the low PEEP
groups in the different meta-analyses

[20, 88–91]. In the only patient-level meta-analysis conducted using individual data from the three
larger studies [91], as opposed to aggregated data used in other study-level meta-analyses [20, 88, 89],
BRIEL et al. [91] concluded that although there was no overall difference in hospital mortality between
the high and low PEEP groups, there was a significant reduction in mortality in the intensive care unit
patients assigned to the high PEEP group. Furthermore, the subgroup of patients with ARDS at baseline
had a reduced hospital mortality and were more likely to achieve liberation from ventilatory support
earlier. Conversely, patients without ARDS at baseline who were assigned to the high PEEP group had a
higher mortality risk. The authors conclude that higher levels of PEEP may be associated with reduction
in hospital mortality in ARDS patients but may be detrimental to patients with less severe lung injury,
i.e. ALI.
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Figure 2. Stress index concept: a) flow and b) airway pressure
versus time are demonstrated for three stress index concepts. The
shape of the airway pressure waveform segment (bold lines) during
constant-flow inflation of volume-cycled mechanical ventilation (?????)
is used to determine the stress index. With a stress index ,1, the
airway pressure curve presents a downward concavity suggesting
continuous decrease in elastance. With a stress index .1, the
airway pressure curve presents an upward concavity suggesting
continuous increase in elastance. With a stress index of 1, the
airway pressure curve is straight, suggesting the absence of tidal
variations in elastance. c–f) Stress index measurements in a patient
with acute respiratory distress syndrome (ARDS). c, d) Early in the
course of ARDS due to H1N1 infection. The stress index improves
as positive end-expiratory pressure (PEEP) is increased. e, f) Late in
the course of ARDS. The stress index improves as PEEP is
decreased. a, c) Reproduced from [86] and c–f) reproduced from
[87] with permission from the publisher.
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Although both the best strategy to
determine PEEP and the most favour-
able level of PEEP required in the
management of ALI/ARDS patients are
unclear, it is vital to maintain the goals of
LPV. High PEEP levels have been
reported to result in lung overinflation
in the caudal and non-dependent regions
in ALI patients with a focal morpholo-
gical pattern [92]. Similarly, as stated
earlier, lung overinflation has been
described in one-third of ARDS patients
undergoing LPV with small, nondepen-
dent, normally aerated lung regions and
large, dependent, nonaerated lung
regions, resulting in the suggestion by
the investigators of a more protective
ventilator setting, i.e. Pplat ,28 cmH2O
[28]. However, when determining the
level of PEEP required, in order to avoid
the development of VILI, it is important
to consider both the potential for
recruitment as well as the risk of alveolar
overinflation, in addition to maintaining
the goals of LPV [28, 92, 93].

Recruitment manoeuvres

A recruitment manoeuvre (RM) is a process whereby the reopening of collapsed alveoli occurs by
means of a deliberate transient increase in the transpulmonary pressure, with the aim of improving gas
exchange and respiratory mechanics [94–97]. As stated previously, in patients with ALI/ARDS, the use
of LPV can result in alveolar collapse due to low VT [73, 74], and just like with PEEP, RMs have been
utilised to open up collapsed lung [94]. However, there is currently no clear evidence demonstrating a
beneficial clinical outcome with the use of RM in ALI/ARDS patients.

Various methods have been used to describe RMs [94, 96]. In a recent systematic review of 1,185 ALI/
ARDS patients [94], the most frequently used methods were sustained inflation (45%), high PCV
(23%), incremental PEEP (20%) and high VT/sigh (10%). The efficacy of sustained inflation, although
the most commonly used RM, has been reported to be ineffective [98, 99], fleeting [100], coupled with
haemodynamic impairment [101], associated with an increased risk of baro- and volutrauma [102],
reduced net alveolar fluid clearance [103] and deterioration in oxygenation [104]. In a recent study
[105], in contrast to the usual practice of applying a continuous pressure of 40 cmH2O to the airways
for up to 60 seconds, ARNAL et al. [105] demonstrated that most of the recruitment with sustained
inflation occurs in the first 10 seconds in early-onset ARDS patients, subsequently followed by
haemodynamic compromise after 10 seconds. In the corresponding article, it is suggested that
sustained inflation should be abandoned for more effective RMs or, if utilised, should be closely
monitored and applied for only a limited duration [106]. Some of these more effective techniques have
recently been described and include [98]: 1) incremental increase in PEEP with limitation of the
maximal inspiratory pressure [107]; 2) protracted lower pressure RM with elevation in PEEP of up to
15 cmH2O and end-inspiratory pauses for 7 seconds twice a minute during a 15-minute period [108];
3) PCV applied with increasing PEEP and constant driving pressure [99]; 4) intermittent sighs to reach
a specific Pplat with either VCV or PCV [109]; and 5) a long slow increase in inspiratory pressure up to
40 cmH2O [110]. The superiority of one method over the other remains undecided, and similarly the
most favourable pressure, duration and regularity of RMs required is yet to be determined.
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Figure 3. Positive end-expiratory pressure (PEEP) titration using
oesophageal monitoring in a patient with morbid obesity. a)
Oesophageal pressure (Poes), used as a surrogate for pleural
pressure, is greater than the PEEP setting. b) The PEEP setting is
increased so that the collapsing effect of the intrapleural pressure
is offset. Although the plateau pressure is 40 cmH2O, the alveolar
distending pressure is only 14 cmH2O. Paw: airway pressure.
Reproduced from [87] with permission from the publisher.
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In the aforementioned review [94], an improvement in oxygenation was also reported following the
RMs (Pa,O2 106 versus 193 mmHg (p50.001) and Pa,O2/FI,O2 ratio 139 versus 251 mmHg (p,0.001)),
although a rapid decline in the oxygenation benefits was reported to occur, sometimes within 15 to
20 minutes of the RM. Conversely, studies that have utilised a decremental PEEP strategy following an
RM have sustained oxygenation benefits for up to 4–6 hours [83, 111], thus suggesting that the
utilisation of higher PEEP levels after an RM may influence the sustainability of the effect. The timing
of an RM also appears to play a role such that the longer the duration of ALI/ARDS, the less likely a
beneficial effect will be derived [73, 112, 113]. GRASSO et al. [112] studied ARDS patients being
ventilated with the ARDSnet strategy and demonstrated a response to a RM in those patients who
received RM early, i.e. mean¡SD 1¡0.3 days, as opposed to no response in those who received it late,
i.e. 7¡1 days. In the study by GATTINONI et al. [113], limited benefit was derived from an RM;
however, the average duration of mechanical ventilation prior to recruitment was 5¡6 days. Again, no
significant improvement in oxygenation occurred in the study by VILLAGRA et al. [99] in both the early
(ventilation ,3 days) ARDS group as opposed to the late (ventilation .7 days) ARDS group,
although oxygenation improvement in the latter group was less responsive to RMs than in the former
group. However, baseline PEEP levels in the early and late ARDS groups were 14¡1.3 and
15¡1.9 cmH2O, respectively [99]. Consequently, it was suggested that no benefit may be obtained
from RMs if the lung has been optimally recruited from the level of PEEP applied [99]. Further
modalities that are being employed to determine the potential for response to an RM include,
pressure–volume curves by evaluating hysteresis [114], lung ultrasound [115, 116], electrical
impedance tomography [117, 118] and computed tomography scan of the chest (not available at
bedside) to determine lung morphology, i.e. focal, patchy or diffuse lung densities [113, 119].

Table 3. Randomised controlled trials of high versus low positive end-expiratory pressure (PEEP) strategy

First author
[ref.]

Patients
n

Intervention Mortality %

High PEEP group Low PEEP group

H
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E
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+
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V
T

AMATO [13] 53 PEEP: 16.3¡0.7 cmH2O
VT: 6 mL?kg-1

Pplat: 31.8¡1.4 cmH2O

PEEP: 6.9¡0.8 cmH2O
VT: 12 mL?kg-1

Pplat:34.4¡1.9 cmH2O

38 versus 71#

(p,0.001)
45 versus 71"

(p50.37)
RANERI [18] 37 PEEP: 14.8¡2.7 cmH2O

VT: 7.6¡1.1 mL?kg-1

Pplat: 24.6¡2.4 cmH2O

PEEP: 6.5¡1.7 cmH2O
VT: 11.1¡1.9 mL?kg-1

Pplat:31.0¡4.5 cmH2O

38 versus 58#

(p50.19)

VILLAR [12] 95 PEEP: 14.1¡2.8 cmH2O
VT: 7.3¡0.9 mL?kg-1

Pplat: 30.6¡6.0 cmH2O

PEEP: 9.0¡2.7 cmH2O
VT:10.2¡1.2 mL?kg-1

Pplat:32.6¡6.2 cmH2O

32 versus 53.3+

(p50.040) 34
versus 55.5"

(p50.041)
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+
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BROWER [82] 549 PEEP: 14.7¡3.5 cmH2O
VT: 6.0¡0.9 mL?kg-1

Pplat: 27¡6 cmH2O

PEEP: 8.9¡3.5 cmH2O
VT: 6.1¡0.8 mL?kg-1

Pplat: 24¡7 cmH2O

25.1 versus
27.5" (p50.48)

MERCAT [79] 767 PEEP: 14.6¡3.2 cmH2O
VT: 6.1¡0.3 mL?kg-1

Pplat: 27.5¡2.4 cmH2O

PEEP: 7.1¡1.8 cm H2O
VT: 6.1¡0.4 mL?kg-1

Pplat: 21.1¡4.7 cmH2O

27.8 versus
31.2# (p50.31)

35.9 versus
39.5" (p50.31)

MEADE [57] 983 PEEP: 15.6¡3.9 cmH2O
VT: 6.8¡1.4 mL?kg-1

Pplat: 30.2¡6.3 cmH2O

PEEP: 10.1¡3.0 cmH2O
VT: 6.8¡1.3 mL?kg-1

Pplat: 24.9¡5.1 cmH2O

36.4 versus
40.4" (p50.19)

28.4 versus
32.3# (p50.20)

TALMOR [30] 61 PEEP: 17¡6 cmH2O
VT: 7.1¡1.3 mL?kg-1

Pplat:28¡7 cmH2O

PEEP: 10¡4 cmH2O
VT: 6.8¡1 mL?kg-1

Pplat: 25¡6 cmH2O

17 versus 39#

(p50.055)

Data for intervention were obtained on day 1, except for the study by TALMOR [30] when the data were obtained
on day 3. V T: tidal volume; P plat: plateau pressure. #: 28-day mortality; ": hospital mortality; +: ICU mortality.
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Patients occasionally require sedation and/or neuromuscular blockade during the utilisation of RMs.
The most concerning complications that have been described are haemodynamic compromise and
barotrauma. In their systemic review of RM, FAN et al. [94] reported the most common complications
as being hypotension (10%) and desaturation (8%), with the more severe complications of
barotraumas (1%) and arrhythmias (1%) being relatively rare. Consequently, the presence of clinical

Table 4. Meta-analyses of high versus low positive end-expiratory pressure (PEEP) strategy

Meta-analysis RCT Patients n Summary of results

OBA [90] A, C, D–F 2447 Small but significantly decreased hospital mortality with high PEEP#

RR 0.89; 95% CI 0.80–0.99; p50.03"

Trend toward decreased 28-day mortality with high PEEP#

RR 0.88, 95% CI 0.76–1.01; p50.06+

No significant difference in incidence of barotraumas
OR 1.19, 95% CI 0.89–1.58; p50.25

No difference in ICU-free, ventilator-free and organ failure-free days
Benefits of high PEEP are higher in patients with higher ICU severity scores

PHEONIX [89] A–F 2484 Significantly decreased early and hospital mortality with high PEEP#

RR 0.87, 95% CI 0.78–0.96; p50.007 (A – F)1

RR 0.87, 95% CI 0.77–0.97; p50.0199 (A, C – F)"

In the three larger studies: trend towards decreased mortality in high PEEP#

RR 0.90, 95% CI 0.81–1.01; p50.077 (D – F)"

No significant difference in incidence of barotraumas in all five trials,
but trend towards increased risk in three large trials with high PEEP#

RR 0.95, 95% CI 0.62–1.45; p50.81 (A, C, D – F)
RR 1.17, 95% CI 0.90 1.52; p50.25 (D – F)

PUTENSEN [20] A, C, D–F 2447 No significant difference in hospital mortality or barotrauma
in studies D–F (lower VT) with high PEEP#

OR 0.86, 95% CI 0.72–1.02; p50.08"

OR 1.19, 95% CI 0.89–1.58; p50.25
High PEEP reduced need of rescue therapy for life-threatening hypoxaemia and

reduced mortality in those patients receiving rescue therapy in studies E and F
OR 0.51, 95% CI 0.36–0.71; p,0.001
OR 0.51, 95% CI 0.36–0.71; p,0.001

Decreased mortality and barotraumas with high PEEP in studies A and C#

OR 0.38, 95% CI 0.20–0.75; p50.005"

OR 0.20, 95% CI 0.06–0.63; p50.006

BRIEL [91] D–F 2299 No difference in hospital mortality between high versus low PEEP
(32.9% versus 35.2%)
RR 0.94, 95% CI 0.86–1.04; p50.25"

Decreased ICU mortality with high PEEP (28.5% versus 32.8%)
RR 0.87, 95% CI 0.78–0.97; p50.01e

High PEEP resulted in decreased hospital mortality in patients with ARDS
at baseline 34.1% versus 39.1%) but non-significant increase in patients
without ARDS at baseline (27.2% versus 19.4%)
RR 0.90, 95% CI 0.81–1.00; p50.049"

RR 1.37, 95% CI 0.98–1.92; p50.07"

Increased ventilator-free days in ARDS patients with high PEEP (64.3%
versus 57.8% at 28 days), but decreased in non-ARDS patients (70.1%
versus 80.9%)
HR 1.16, 95% CI 1.03–1.30; p50.01
HR 0.79, 95% CI 0.62–0.99; p50.04

Reduced use of rescue therapy or death following rescue therapy
with high PEEP
RR 0.64, 95% CI 0.54–0.75; p,0.001
RR 0.65, 95% CI 0.52–0.80; p,0.001

No difference in incidence of barotraumas or vasopressor use
RR 1.19, 95% CI 0.89 .60; p50.24
RR 0.93, 95% CI 0.75 .14; p50.49

DASENBROOK [88] D–G 2360 Non-significant 28-day mortality trend favouring high PEEP (27%
versus 30%), but no difference in hospital mortality#

RR 0.90, 95% CI 0.79–1.02 (D –G)+

RR 0.94, 95% CI 0.84–1.05; p50.25 (D – F)"

Non-significant increase in barotraumas in high PEEP (9% versus 8%)#

RR 1.17, 95% CI 0.90–1.52

RCT: randomised controlled trials; ICU: intensive care unit; VT: tidal volume; ARDS: acute respiratory distress syndrome. A: AMATO et al.
[13]; B: RANIERI et al. [18]; C: VILLAR et al. [12]; D: BROWER et al. [83]; E: MERCAT et al. [79]; F: MEADE et al. [57]; G: TALMOR et al. [30].
#: pooled analysis; ": hospital mortality; +: 28-day mortality; 1: early mortality i.e. hospital plus 28-day mortality; e: ICU mortality.
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situations, such as haemodynamic compromise and barotrauma in ALI/ARDS patients, should
preclude the use of RMs [120].

Current evidence suggests that the indiscriminate use of RMs in unselected ALI/ARDS patients may be
non-beneficial. No prospective study has demonstrated a favourable clinical outcome. Considering its
minimal risk for harm as well as the possibility for improvement in oxygenation, RMs may be
considered on an individual basis in ALI/ARDS patients with life-threatening hypoxaemia with non-
aerated lung zones, to aid in determining the appropriate level of PEEP required and also to recruit
lungs that have undergone interventions associated with de-recruitment such as endotracheal
suctioning or ventilator disconnections [94, 96, 121, 122].

Airway pressure release ventilation

APRV is a pressure-limited, time-cycled ventilatory approach that utilises a high continuous airway
pressure level (Phigh) with a periodic pressure release to a lower airway pressure level (Plow), while
simultaneously permitting patients to take spontaneous breaths at any point of the ventilator cycle
(fig. 4) [123, 124]. Different time ratios for Phigh to Plow have been utilised with APRV, ranging from 1:1
to 9:1 in different studies [125, 126]. Optimising the time spent at Phigh, i.e. Thigh, potentially ensures
adequate alveolar recruitment occurs, which in addition to the FI,O2, can determine and improve the level
of oxygenation. The periodicity and usually short duration of the pressure release to Plow, together with
the patient’s ability to breathe spontaneously, determine the level of alveolar ventilation that takes place.
Consequently, the VT generated is a function of the lung compliance, airway resistance, periodicity and
duration of the pressure release phase [127]. The patient’s spontaneous breathing can occur throughout
the ventilator cycle as a result of an active exhalation valve; however, it tends to occur more frequently
during Phigh which usually represents 80–95% of the ventilator cycle, as opposed to Plow which tends to
last for 0.2–0.8 seconds in adults [128]. This short duration during Plow, i.e. Tlow, can result in an
incomplete expiration resulting in the development of auto-PEEP from trapped gas volume [125].This is
occasionally permitted to occur, particularly if the approach to APRV being used sets Plow at 0 cmH2O,
so as to prevent de-recruitment [128]. Notably, in the absence of spontaneous breathing, APRV is
functionally identical to PC-IRV. In contrast, because spontaneous breathing is preserved, the need for
heavy sedation and paralysis is unlikely [129, 130]. A further benefit of the maintenance of spontaneous
breathing in APRV, particularly in ALI/ARDS patients, is the resultant diaphragmatic contractions that

take place. In conventional mechanical ventilation,
such as in VCV and PCV, diaphragmatic contrac-
tion is absent in fully ventilated patients. In addi-
tion, the dependent (dorsal) regions of the lung are
inadequately ventilated in the supine patient. How-
ever, spontaneous breathing during APRV leads to
recruitment of these dependent, juxtadiaphrag-
matic lung regions, thereby improving ventilation–
perfusion matching, reducing intrapulmonary
shunt, enhancing oxygenation and potentially
reducing the likelihood of VILI [130–133]. How-
ever, care must be taken as spontaneous breaths
during Phigh can potentially produce negative
pleural pressures that add to the VT being
generated by the ventilator, resulting in over-
distension and subsequent volutrauma (fig. 4).
Similarly, de-recruitment and subsequent atelec-
trauma can develop if Tlow is not sufficiently short
in duration [128].

There are a small number of clinical studies
evaluating the use the APRV in ALI/ARDS

Phigh Pressure release to Plow
Spontaneous breath

Flow Phase cycle: Thigh + Tlow

Tidal volume

Figure 4. Airway pressure release ventilation in a
spontaneously breathing patient. Airway pressure,
flow and tidal volume are displayed during airway
pressure release ventilation. Spontaneous breaths
are seen occurring at P high, followed by a pressure
release to P low. The corresponding effect of sponta-
neous breaths during P high are seen on the tidal
volumes generated (Thigh and Tlow), underscoring the
possible risk of overinflation.
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patients. In comparison to other forms of mechanical ventilation (e.g. synchronised intermittent
mechanical ventilation (SIMV), PCV, VC-IRV, PC-IRV), some crossover studies have reported lower
peak airway pressure requirements, less need for sedation or paralysis and improved oxygenation [129,
134–137]. A few moderately sized RCTs have also been performed with APRV [130, 138–140].
PUTENSEN et al. [130] randomised 30 multiple trauma patients who had or were at risk for developing
ALI/ARDS to APRV versus PCV. The use of APRV resulted in increased lung compliance and
oxygenation, as well as a reduction in the duration of ventilator support (15 versus 21 days), intensive
care unit stay (23 versus 30 days) and less sedation and vasopressor requirements. However, these results
are questionable because patients in the PCV group were initially paralysed for 72 hours. VARPULA et al.
[139] initially randomised 45 ALI patients within 72 hours of mechanical ventilation to APRV versus
pressure-controlled SIMV with pressure support (SIMV-PC/PS) in order to evaluate the effect of prone
positioning on these ventilator strategies. The procedure for prone positioning was identical in both
groups, and 33 out of the 45 patients who underwent prone positioning were analysed. Oxygenation
was significantly improved in the APRV group following randomisation (Pa,O2/FI,O2 162 versus
123 mmHg; p50.02) and this was further enhanced following two 6-hour sessions of prone positioning
(Pa,O2/FI,O2 216 versus 180 mmHg; p50.02). Sedation and analgesia requirements, incidence of adverse
events and 28-day mortality were similar in both groups. In a subsequent RCT performed by the same
investigators [140], 58 ALI patients were randomised to APRV versus SIMV-PC/PS. As in the previous
study [139], it preceded the publication of the ARDSnet study [14], so liberal VT (8–10 mL?kg-1) was
utilised in the ventilation protocol. However, this study was terminated early for futility after enrolling
just 58 of the targeted 80 patients. There were no significant differences in ventilator-free days, sedation
and analgesia requirements, as well as 28-day and 1-year mortality. In a recent randomised trial of 63
trauma patients (40% of them had ALI/ARDS) [138], APRV was compared to low VT ventilation using
volume-control SIMV with pressure support (SIMV-VC/PS). The results demonstrated a similar safety
profile in both groups; however, there was a nonsignificant trend towards an increase in ventilator days
(10.49¡7.23 versus 8.00¡4.01 days), intensive care unit length of stay (16.47¡12.83 versus
14.18¡13.26 days) and ventilator-associated pneumonia in the APRV group. Notably, low VT

ventilation was performed using SIMV-VC/PS instead of VCV which was in the ARDSnet study [14].

APRV is an alternative mode of mechanical ventilation that has potential benefits of lung recruitment,
oxygenation and sedation requirements, and is being increasingly used as a primary ventilator strategy,
as well as a rescue modality in ALI/ARDS patients. However, properly designed and powered RCTs are
required to determine any potential outcome benefits with the use of APRV and thereby elucidate its
precise role in the ventilatory management of ALI/ARDS patients. A concern with APRV is that at
Phigh, in an actively breathing patient, alveolar overdistension may occur. The mechanism is one of
reduced pleural pressures during patient’s inspiratory effort. This is especially true if the spontaneous
breaths are supported by pressure support ventilation or automatic tube compensation.

High-frequency ventilation

High-frequency ventilation (HFV) can be broadly defined as a mechanical ventilatory strategy that
utilises respiratory rates .100 breaths per minute in conjunction with the generation of small VT,
usually smaller than traditional estimations of both anatomical and physiological dead space, and
ranging from ,1–5 mL?kg-1 [141, 142]. Different forms of HFV exist and include high-frequency
oscillatory ventilation (HFOV), high-frequency percussive ventilation (HFPV), high-frequency
positive pressure ventilation and high-frequency jet ventilation. The two forms of HFV that will be
discussed in more detail are HFOV and HFPV. HFOV is more commonly described in ARDS
compared to HFPV. Both modes, in theory, meet the goals of LPV from the generation of small VT

and constant lung recruitment [143]. Unlike in conventional ventilation where gas transport takes
place by bulk delivery of gas, additional theoretical mechanisms believed to enhance gas exchange in
these forms of HFV have been described in the literature and include: asymmetric velocity profiles,
longitudinal (Taylor) dispersion, pendelluft, cardiogenic mixing and molecular diffusion [141, 144–
146]. However, none of the forms of HFV have demonstrated clinical outcome benefit. Nonetheless,
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they both have been used as rescue modalities
in ALI/ARDS patients with refractory/severe
hypoxaemia.

High-frequency oscillatory ventilation

HFOV is characterised by the generation of small
tidal volumes as a result of the oscillation of a bias
gas flow resulting in pressure swings within the
airway at frequencies ranging from 3 to 15 Hz
(usually 3–6 Hz in adults) [147]. The oscillations
are produced by an oscillatory diaphragm/piston
pump, and result in an active inspiratory and
expiratory phase. The rapid oscillations of gas are
delivered at pressures above and below a constant
P̄aw which, in addition to FI,O2, determine the level
of oxygenation. The P̄aw at the outset is usually set
approximately 5 cmH2O above that obtained with
conventional ventilation; however, the oscillatory
pressure swings, which may be significant in the
proximal airways, are substantially attenuated by
the time the distal airways/alveoli are reached

(fig. 5), resulting in the small VT [147, 148]. Ventilation, however, is directly related to the pressure
amplitude of oscillation, i.e. degree of displacement by the oscillatory diaphragm/piston pump, but
inversely related to the set frequency [149]. The combined effects of a high P̄aw and small VT potentially
result in improved recruitment of alveoli associated with a reduced risk of overdistension, thereby
improving gas exchange and maintaining the goal of lung protection.

The majority of evidence associated with the use of HFOV in adults has been small observational
(retrospective and prospective) studies in patients with refractory hypoxaemia or severe ARDS usually
failing conventional ventilation [150–160]. These studies demonstrated that HFOV improved
oxygenation without haemodynamic compromise, was safe and effective in patients failing conventional
ventilation, was more likely to be beneficial if used early in the course of ARDS, and that failure to
improve oxygenation was associated with high mortality. However, in several of these observational
studies a high percentage of patients received sedation and paralysis [151, 153, 155–161]. To further
improve gas exchange, HFOV has also been used in conjunction with RMs [152], prone positioning
[162] and inhaled nitric oxide [161]. Other studies have been performed that have compared HFOV
(occasionally in combination with other therapy) to conventional ventilation as the primary ventilatory
strategy in ALI/ARDS, rather than as rescue therapy in refractory hypoxaemia. In the largest of the
RCTs, DERDAK et al. [163] randomised 148 adult ARDS patients to HFOV versus conventional
ventilation (PCV at 6–10 mL?kg-1 actual body weight), to compare safety and effectiveness. The applied
P̄aw was significantly higher in the HFOV group, and an early augmentation in the Pa,O2/FI,O2 ratio was
also seen. However, this did not continue beyond 24 hours. Furthermore, when comparing both the
HFOV and conventional ventilation groups, there was no significant difference in terms of 30-day
mortality (37 versus 52%; p50.102), haemodynamic parameters, oxygenation and ventilation failure,
barotraumas or mucus plugging. This study, in addition to being designed prior to the publication of
the ARDSnet study [14], did not utilise 6 mL?kg-1 or lower VT in the control group and was not
powered to evaluate mortality. BOLLEN et al. [164] similarly compared safety and effectiveness between
HFOV and conventional ventilation (PCV) in 61 adult ARDS patients. There was no significant
difference between both groups in terms of cumulative survival without oxygenation dependency or
being on ventilatory support at 30 days (primary end-point), in addition there was no difference in
mortality, therapy failure or cross-over rates of treatment arms. This study was, however, stopped early
due to low patient recruitment which also contributed to an uneven randomisation of patients.
Nonetheless, post hoc analysis suggested that HFOV may be more beneficial in patients with a higher
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Figure 5. Schematic representation of perceived
waveforms of high-frequency oscillatory ventilation
(HFOV) and conventional pressure-controlled ventila-
tion (PCV) in the distal airways. Large oscillatory
pressure swings above and below a constant mean
airway pressure (P̄aw) are present at the proximal
airways during HFOV, but are significantly reduced by
the time the distal airways/alveoli are reached. The
P̄aw in HFOV tend to be higher than that in
conventional ventilation contributing thereby to recruit-
ment and increased oxygenation. Reproduced from
[149] with permission from the publisher.
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baseline oxygenation index (P̄aw6FI,O2/Pa,O2). In a Cochrane database systemic review of RCTs
comparing treatment with HFOV versus conventional ventilation in children and adults with ALI/
ARDS, only two RCTs met the inclusion criteria [165]. The authors surmised that there was insufficient
data to conclude whether HFOV reduced mortality or long-term morbidity in ALI/ARDS patients. In a
subsequent systemic review of 419 patients [143], HFOV was compared to conventional ventilation as a
primary ventilatory strategy for ALI/ARDS patients in contrast to rescue treatment for refractory
hypoxaemia. A majority of the patients from the reviewed trials were adults (80%). In contrast to the
earlier systemic review [165], HFOV was reported to significantly reduce mortality at hospital discharge
or 30 days (risk ratio 0.77, 95% CI 0.61–0.98; p50.03), but this was stated to be based on relatively few
patients and outcome events, with analysis demonstrating wide confidence intervals. There was also a
decreased risk of treatment failure with HFOV, but no difference in duration of mechanical ventilation
or ventilator-free days. HFOV was also reported to increase the Pa,O2/FI,O2 ratio by 16–24% within the
first 72 hours and increased P̄aw by 23–33% in comparison to conventional ventilation. No differences
in adverse events such as barotrauma, hypotension and endotracheal obstruction were reported. The
authors conclude that HFOV may decrease mortality in ARDS patients compared with conventional
ventilation and is unlikely to cause harm. However, completion of ongoing multicentre randomised
trials (OSCILLATE trial: ISRCTN
87124254; and OSCAR trial: ISRCT
N10416500) comparing HFOV to
current conventional LPV should
provide more definitive data with
regards to mortality and safety [143].

High-frequency percussive
ventilation

HFPV is a pressure-limited, flow-
regulated and time-cycled ventilator
mode that delivers a sequence of
high-frequency (200–900 cycles per
minute), small volumes in a con-
secutive stepwise stacking pattern,
leading to the formation of low-
frequency (up to 40–60 cycles per
minute), convective, pressure-limited
breathing cycles (fig. 6) [87, 166–
168]. Gas exchange is a function of
the percussion frequency, such that
at high percussion frequencies (300–
600 cycles per minute) oxygenation is
augmented, while at low percussion
frequencies, carbon dioxide clear-
ance is augmented [87, 167, 169,
170]. The volumetric diffusive res-
pirator is the only ventilator that
provides HFPV and an interplay of
its control variables, either indivi-
dually or in combination, play a role
in determining the P̄aw and degree of
gas exchange [87, 167, 169, 171–173].

There are a limited number of small
studies on the use of HFPV in ALI/
ARDS patients. GALLAGHER et al. [174]
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Figure 6. High-frequency percussive ventilation. An interplay of the
percussive frequency, peak inspiratory pressure, inspiratory and
expiratory times (of both percussive and convective breaths) and the
oscillatory and demand continuous positive airway pressure (CPAP)
levels either alone or in combination, are involved in determining
mean arterial wedge pressure as well as the degree of gas
exchange. The percussions are of lower amplitude at oscillatory
CPAP (baseline oscillations) during exhalation, and are of higher
amplitude during inspiration as a result of the selected pulsatile flow
rate (see pressure-time display). During inspiration, the lung volumes
progressively increase in a cumulative, stepwise manner by
continually diminishing sub-tidal deliveries that result in stacking of
breaths. Once an oscillatory pressure peak is reached and
sustained, periodic programmed interruptions occur at specific
times for predetermined intervals, allowing the return of airway
pressures to baseline oscillatory pressure levels i.e. oscillatory
CPAP, thereby passively emptying the lungs. A: pulsatile flow during
inspiration at a percussive rate of 655 cycles?min-1; B: convective
pressure-limited breath with low-frequency cycle (14 cycles?min-1);
C: demand CPAP (provides static baseline pressure); D: oscillatory
CPAP (provides high-frequency baseline pressure as a mean of the
peak and nadir of the oscillations during exhalation); E: single
percussive breath; F: periodic programmed interruptions signifying
the end of inspiration and subsequent onset of exhalation.
Reproduced from [87] with permission from the publisher.
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ARDS/ALI

Conventional management
of ARDS/ALI

Increase PEEP by 5–10 cmH2O to a maximum of 20 cmH2O
And/Or

Recruitment manoeuver (e.g. 30–40 cmH2O for 30–40 s)

Non-ventilatory  strategies
to improve Pa,O2

Low recruitment potential

ECLS Pa,O2/FI,O2 <60

Pa,O2/FI,O2 60–100

High recruitment potential

Higher levels of PEEP (ALVEOLI trial)#

Reassess in 6–24 hours

Consider:
   APRV
   HFOV/HFPV

Pa,O2/FI,O2 <60

Consider:
   HFOV/HFPV
   ECLS

ARDSnet Guidelines

NoYes

Yes

Yes

YesNo

Pa,O2/FI,O2 <100
Or

Pplat >30 cmH2O on VT 
4 mL·kg-1 IBW

Or
OI >30?

Sp,O2 increase >5%
And/Or

Pa,CO2 decrease  
Or

Compliance increase

FI,O2 

PEEP 
cmH2O 

5

0.3

8

0.3

10

0.3

12

0.3

14

0.3

14

0.4

16

0.4

16

0.5

18

0.5

20

0.5–
0.8

22

0.8

22

0.9

22

1.0

24

1.0

Figure 7. Ventilatory strategy algorithm for the management of acute respiratory distress syndrome (ARDS)/
acute lung injury (ALI) patients. The algorithm shows ventilator strategies that can be utilised in ARDS/ALI
patients. The ARDSnet serves as the standard and the starting point. The other strategies can be employed
following optimisation with the ARDSnet strategy. In patients with recruitable lungs, different methods can be
used to determine the level of positive end-expiratory pressure (PEEP) required, such as higher levels of PEEP
per the inspiratory oxygen fraction (FI,O2)/PEEP table (PEEP may be set so as to reach a plateau pressure (Pplat) of
28–30 cmH2O) use of oesophageal pressure monitoring or the stress index. VT: tidal volume; IBW: ideal body
weight; OI: oxygenation index; Sp,O2: arterial oxygen saturation measured by pulse oximetry; Pa,CO2: arterial
carbon dioxide tension; ALVEOLI: Assessment of Low Tidal Volume and Elevated End-Expiratory Pressure to
Obviate Lung Injury; ECLS: extracorporeal life support; HFOV: high-frequency oscillatory ventilation; APRV:
airway pressure release ventilation; HFPV: high-frequency percussive ventilation. #: failure of the aforementioned
can result in the use of the alternative ventilatory strategies in centres familiar with their use. Reproduced from
[87] with permission from the publisher.
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reported on seven ARDS patients who were switched from conventional ventilation to HFPV at the
same level of airway pressure and FI,O2. There was a significant increase in Pa,O2, a slight decrease in
Pa,CO2 and no change in cardiac output. In an RCT comparing HFPV with conventional ventilation
in 100 adult patients with acute respiratory failure, there was no difference between the two patient
groups in the time it took to reach the therapeutic end-points of Pa,O2/FI,O2 .225 mmHg or shunt
,20%. However, in the subgroup of patients with ARDS, HFPV provided equivalent oxygenation
and ventilation at significantly lower airway pressures. Nonetheless, there was no difference in
mortality, intensive care unit days, hospital days or incidence of barotrauma. In two retrospective
studies of ARDS patients failing conventional ventilation, HFPV was found to significantly improve
oxygenation [172, 175]. In the former study [172], oxygenation is reported to have improved in
association with a decreased peak inspiratory pressure but decreased P̄aw. However, in the latter
study [175], improved oxygenation was not associated with an increase in P̄aw. The investigators
suggest that other mechanisms of HFV may have contributed to the improvement in oxygenation. In
a recent RCT, CHUNG et al. [168] compared HFPV with a low VT ventilation-based strategy in 62
burns patients with respiratory failure. At baseline, 12 (39%) out of 31 of the patients in the HFPV
group and 14 (45%) out of 31 of the patients in the low VT group had ALI/ARDS. The investigators
reported no significant difference between both groups in the primary outcome, i.e. mean ventilator-
free days (12¡9 versus 11¡9 days). There was also no significant difference in secondary outcomes
such as 28-day mortality, days free from non-pulmonary organ failure, ventilator-associated
pneumonia and barotraumas. However, there was a significant difference in the need for a rescue
modality as 29% (nine patients) of the low VT group did not meet oxygenation and ventilation goals
and were subsequently transitioned to a rescue mode as opposed to 6% (two patients) in the HFPV
group. This was found to occur more commonly in the patients with inhalational injury. The
investigators also reported the Pa,O2/FI,O2 ratio was significantly higher in the HFPV group over the
first week after randomisation in spite of equivalent P̄aw and PEEP settings and lower peak
inspiratory pressures in the HFPV group. There was also no significant difference in cytokine release
between both groups over the first 7 days. The authors concluded by saying HFPV resulted in similar
clinical outcomes when compared to a low VT-based strategy.

No definitive conclusions can be made about the role of HFPV in the ventilatory management of ALI/
ARDS patients. Oxygenation and ventilation improve at lower airway pressures in comparison to
conventional ventilation; however, no mortality benefit has been demonstrated to date. Like the other
alternative/rescue strategies that have been described, large RCTs are needed to accurately elucidate
their role in the ventilatory management of ALI/ARDS patients.

Conclusions

A proposed algorithm to manage patients with severe hypoxaemic respiratory failure is depicted in
figure 7. It is important to emphasise that patients with ARDS who are intubated and
mechanically ventilated, should first be placed on low VT lung protective strategy. In general, the
patients are given VT of 4–6 mL?kg-1 ideal body weight with adequate levels of PEEP. A vigilant eye
is kept on the Pplat, with an endeavour to keep them ,30 cmH2O or as low as possible, ensuring
adequate oxygenation. If within a reasonable period of time, usually a few hours, the end points of
oxygenation or Pplat are not achieved, or if the patient demonstrates declining oxygenation or
requires a PEEP of approximately .15 cmH2O, the patient has a higher mortality and should be
considered for rescue strategies. The first step may be to assess if the patient demonstrates alveolar
recruitment in response to higher levels of PEEP. If so, a higher level of PEEP may be selected
utilising different techniques outlined. However, if raising the level of PEEP does not improve
oxygenation, or results in high Pplat, other rescue strategies may be utilised, including airway
pressure release ventilation, HFOV and HFPV. In specialised centres where extra-corporeal
membrane oxygenation may be available, such a mode may also be considered. It is important to
point out that these modes have not been shown to reduce mortality. Selection of these modes
should be based on availability and comfort of use of the operator. If these rescue modes are used,
periodic assessment of end-points for their use should be checked.
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