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ABSTRACT  Airway pressure release ventilation (APRV) is a ventilator mode that has previously been
considered a rescue mode, but has gained acceptance as a primary mode of ventilation. In clinical series
and experimental animal models of extrapulmonary acute respiratory distress syndrome (ARDS), the early
application of APRV was able to prevent the development of ARDS. Recent experimental evidence has
suggested mechanisms by which APRYV, using the time-controlled adaptive ventilation (TCAV) protocol,
may reduce lung injury, including: 1) an improvement in alveolar recruitment and homogeneity; 2)
reduction in alveolar and alveolar duct micro-strain and stress-risers; 3) reduction in alveolar tidal
volumes; and 4) recruitment of the chest wall by combating increased intra-abdominal pressure. This
review examines these studies and discusses our current understanding of the pleiotropic mechanisms by
which TCAV protects the lung. APRV set according to the TCAV protocol has been misunderstood and
this review serves to highlight the various protective physiological and mechanical effects it has on the
lung, so that its clinical application may be broadened.

Introduction

Acute respiratory distress syndrome (ARDS) has an estimated annual incidence of 141500 cases requiring
>2.5 million hospital days in the United States alone [1] and a hospital mortality of >40% [2]. The ventilator
itself, although necessary to support patients with lung injury, is known to propagate lung injury, often
progressing patients into ARDS [3]. Once established, ARDS can further evolve from mild to moderate to
severe ARDS, with a corresponding increase in mortality [4]. In order to prevent this ventilator-induced lung
injury (VILI), protective mechanical ventilation strategies have been advocated [5], most notably the low tidal
volume strategy from the ARDSnet trial in 2000 [6]. Despite the development of these protective mechanical
ventilation practices, the mortality associated with ARDS remains unacceptably high [4].

Airway pressure release ventilation (APRV) is considered a rescue ventilation mode by some clinicians [7],
but has been advocated as a pre-emptive, protective mechanical ventilation strategy based on durable
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clinical experience [8] and experimental work [9-12]. It is important to note that APRV, as with all
modes, can be set in a multitude of ways and thus we must analyse the protocol using APRV in order to
compare efficacy in published studies. In order to clarify the confusion in nomenclature [13], one
well-accepted protocol of setting APRV was recently defined as time-controlled adaptive ventilation
(TCAV) [14], and refers to the protocol first described by Hasasmr [15], with an extended time at the
plateau pressure, creating a continuous positive airway pressure (CPAP) phase, and a brief release in
CPAP, creating a release phase. The release phase augments carbon dioxide removal and the resultant
slope of the expiratory flow-time curve from the passive pressure release provides continuous feedback of
changes in respiratory system elastance [15-18]. Although the term TCAV has only recently been defined,
APRV set using this method has been in effect for over a decade [15] and studies using this method
(although not explicitly named as TCAV) are reviewed with the objective of demonstrating how the
physiological effects of APRV might translate into clinical usefulness.

It has been suggested recently that the importance of determining the impact of a given ventilator strategy
on the lung micro-environment is often overlooked, favouring instead macroventilatory parameters such as
tidal volume (VT) and plateau pressure (Pplat) to dictate management [19]. In a prospective and retrospective
clinical review [8, 20] and multiple experimental animal studies [9-12], TCAV has demonstrated
improvements in oxygenation and lung function, with the ability to prevent ARDS, with a matching
reduction in micro-anatomical injury [11, 21]. Experimental data have demonstrated that targeting the
microventilatory environment with TCAV improves alveolar recruitment and stability, maximising alveolar
surface area without causing overdistension [14, 22, 23] and improves oxygenation [9, 11, 24]. In addition, it
stabilises the alveoli, reducing alveolar microstrain [22] and preserving surfactant protein [9, 11]. The
pleiotropic mechanisms by which TCAV may be effective in preventing lung injury are herein reviewed.

Alveolar recruitment

The pressure-time integral (PTI) describes the degree of pressure the respiratory system is exposed to over
a given ventilator cycle [11]. Due to the ability to finely regulate the time in milliseconds at the Pplat
(CPAP phase) and the time during the release phase, APRV is able to precisely and independently
(impartial controls for Pplat and release phase) regulate the PTI according to the physiology of the patient’s
respiratory system [11, 15-18, 25, 26]. Furthermore, the extended time during Pplat gives TCAV a
significantly greater PTI than the standard of care low VT ventilation (LVT; figure 1) [11, 22]. The higher
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FIGURE 1 The pressure-time integral (PTI) measures the degree of pressure to which the respiratory system
is exposed over a given ventilator cycle. In a porcine extrapulmonary acute respiratory distress syndrome
model, the time-controlled adaptive ventilation (TCAV) protocol was compared with low tidal volume (LV1) and
a sham group with no injury (also mechanically ventilated according to the LVT protocol). With an extended
time at the set upper pressure (Phigh), airway pressure release ventilation set by the TCAV protocol has a
significantly higher PTI as compared with LVT or the sham group. The higher PTI allows for additional time at
inspiration to maximally recruit alveoli and a brief expiratory duration prevents alveolar collapse. Reproduced
and modified from [11] with permission.
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PTI provides the entire respiratory system with additional time to equilibrate the delivered inspiratory
pressure, thus allowing for distribution of pressure to the chest wall and to recruiting the distal airspaces
rather than being confined to only the more proximal airways [26].

Using in vivo microscopy to visualise the alveoli of rat lungs with a direct lung injury involving
detergent-induced surfactant deactivation, TCAV recruited the greatest number of alveoli and improved
alveolar surface area compared with conventional LVT (LVT with tidal volumes of 6 cckg™') despite
positive end-expiratory pressure (PEEP) levels up to 24 cmH,O [22]. In animal studies involving an
indirect lung injury, TCAV has demonstrated an improvement in oxygenation with a reduction in ARDS
incidence as compared with LVT as well as high VT (HVT; VT of 10 cc-kgf1 and PEEP 5 cmH,0). In these
studies, pigs with early mortality on the TCAV protocol were often still being oxygenated with an
inspiratory oxygen fraction (FIO,) of 21% and death was due to haemodynamic collapse from sepsis and
not from lung injury [9, 11]. This improvement in oxygenation is in part due to alveolar recruitment from
the increased PTI [11, 22, 26]. However, alveolar recruitment itself may not be sufficient to maintain
oxygenation and prevent lung injury without sustained time-dependent alveolar stabilisation, preventing
recurring collapse and cyclic recruitment/derecruitment (R/D), ultimately inducing a durable homogenous
lung that decreases stress-risers [27-29]. The homogeneity induced with the extended PTI at Pplat permits
persistent alveolar recruitment with less energy transfer as compared to PEEP recruitment methods [30].

Alveolar stability

Flooding of alveoli with proteinaceous oedema leads to surfactant deactivation [3]. Surfactant is necessary
to prop open the alveoli and prevent atelectrauma with expiration, and its absence leads to repetitive
R/D-induced stress-risers. Injurious mechanical ventilation strategies can initiate or propagate this alveolar
R/D, further wearing down surfactant. Surfactant inactivation leads to an increase in alveolar surface
tension, potentially increasing microvascular transmural pressure which, combined with increased
pulmonary microvascular permeability, causes alveolar oedema to accrue, further deactivating surfactant
[31-33]. Thus this triad of alveolar oedema, instability and surfactant deactivation can propagate (figure 2)
[9], particularly when coupled with injurious mechanical ventilation. A protective mechanical ventilation
strategy must be considered to prevent all three elements of the triad in order to reduce VILL

In order to test the physiological impact of ventilatory strategies on this triad, TCAV was compared with
HVT [9] and LVT [11] in an extrapulmonary ARDS model of sepsis plus ischaemia/reperfusion. In these
studies, TCAV reduced alveolar oedema as demonstrated by a reduction in alveolar fibrinous exudates
[9-12], bronchoalveolar lavage fluid (BALF) protein [9, 10, 12] and lung wet/dry weight [9, 11]. In
addition, TCAV demonstrated preservation of surfactant protein A concentrations as compared with HVT
and LVT [9, 11, 12, 34] and a preservation of lung architecture as compared with both HVT and LVT [9,
11, 12]. In rat studies of extrapulmonary ARDS, the TCAV group was found to have no lung oedema
despite a higher volume of intravascular fluids infused [14]. In a supplemental study utilising in vivo
microscopy, it was demonstrated that TCAV reduced alveolar R/D, suggesting an increase in alveolar
stability [22]. Thus, TCAV is able to block all components of this pathological tetrad of alveolar oedema,
instability and surfactant deactivation, promoting alveolar stability and homogeneity, making it an ideal
protective mechanical ventilation strategy to reduce stress-risers.

Biotrauma

Injurious mechanical ventilation may harm the lung, causing release of inflammatory mediators and
biotrauma [35]. This lung-derived inflammation, if left unopposed, may lead to overamplification of the
inflammatory cascade leading to both a local and systemic inflammatory response [35, 36]. This systemic
inflammatory response may cause additional organ injury outside the lung with mechanical ventilation
being linked to subsequent small intestine and kidney epithelial cell apoptosis [37], greater risk of
developing septic syndrome [38] and increased haemodynamic instability and mortality [39]. Protective
mechanical ventilation focused on preventing end-expiratory collapse and minimising lung strain has been
linked to a reduction in biotrauma [40]. Thus, protective mechanical ventilation strategies may be able to
reduce not only regional lung inflammation but the systemic inflammatory response syndrome and
resultant multiple organ dysfunction [41]. APRV using the TCAV protocol has been shown to significantly
lower BALF interleukin (IL)-8 and tumour necrosis factor-o. compared with LVT and high-frequency
oscillatory ventilation [42], as well as decreased IL-6 levels compared with HVT [9] and LVT [11],
indicating that the lung is being exposed to a less injurious ventilation strategy and therefore may also
predict a reduction in downstream inflammation and organ injury [37, 43].

In a study by Siva et al. [14], rats were randomised to a pulmonary or extrapulmonary ARDS injury with
either Escherichia coli pneumonia or E. coli peritoneal sepsis, respectively. Diffuse alveolar damage was
decreased in both extrapulmonary and pulmonary ARDS groups in the TCAV group compared with the
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FIGURE 2 Pathogenesis of acute respiratory distress syndrome (ARDS]; the left column represents the
alveolar complex coupled with the interstitial space and capillary; the right column represents the lung. N:
normal homogenous alveoli; 1: occult ARDS with interstitial oedema, but no alveolar oedema or significant
clinical symptoms; 2: pseudo-ARDS with interstitial oedema and initiation of alveolar oedema with surfactant
deactivation, alveolar instability and clinical hypoxaemia; 3: fulminant-ARDS with interstitial and alveolar
oedema, surfactant deactivation and refractory hypoxaemia. The triad of alveolar oedema, instability and
surfactant deactivation can propagate from one stage to the next with ventilator-induced lung injury, but can
be reversed with appropriately applied mechanical ventilation settings. Reproduced and modified from [9]
with permission.

LVT group. In the pulmonary ARDS groups, the alveolar-capillary membrane was found to be the
structure most affected by the injury model. LVT upregulated amphiregulin expression, whereas TCAV did
not, suggesting that the TCAV protocol did not overstretch the alveoli (despite a higher Pplat and VT) [14].
In support of this, in a porcine extrapulmonary model of ARDS, E-cadherin expression was decreased in
the LVT group compared with TCAV [10, 11], suggesting a relative loss of respiratory epithelium integrity
and increased paracellular permeability in the LVT group [44]. TCAV has been found to increase vascular
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cell adhesion molecule-1 expression compared with LVT, suggesting that the mechanical ventilation
strategy was able to preserve endothelial integrity. In pulmonary ARDS, LVT has demonstrated increased
matrix metalloproteinase-9 expression as compared with TCAV and with unventilated control rats,
suggesting a decreased degradation of the extracellular matrix in TCAV [14].

Chest wall mechanics

TCAV does not target VT, but rather advocates for utilising the release phase (TLow) and the resulting slope of
the expiratory flow curve as real-time feedback of changes in respiratory system elastance. A TLow set to
terminate at 75% of the peak expiratory flow rate preserves a low alveolar VT despite changes in respiratory
system elastance or whole-lung VT [22]. A patient with poor lung compliance (or increased elastance) on
volume control ventilation targeting 6 cckg™ when transitioned to APRV with the TLow set to terminate the
flow rate at 75% of the peak expiratory flow typically results in an initial VT of 5cckg™ or less. With
recruitment, the slope of the flow-time curve moves rightward as the lung elastance decreases, thereby
accommodating an increase in VT for a given pressure (figure 3). Thus, both in practice and experimentally,
TCAV traditionally achieves VTs that adapt to lung compliance, as originally intended with the “baby lung”
concept, and is personalised, rather than a one-size-fits-all approach [11]. The concept of the baby lung is based
on the residual aeratable lung volume which is a near function of compliance rather than body weight [45].
Therefore, normalising VT to compliance may prove superior to body weight. As a result of VT normalised
to compliance, the driving pressure remains low in APRV [34]. Both driving pressure and exercise
physiology data further validate a relationship between compliance and VT size [46, 47].

In a computational model of lung mechanics, TCAV with larger VT across a compliant lung demonstrated
greater recruitment than LVT ventilation yet no increase in tissue overdistension [23]. With the improved
alveolar recruitment, stability and homogeneity that TCAV generates, these larger VTs are distributed
across a uniform set of open alveoli, thus reducing the alveolar microstrain [22]. Similarly, in a recent
study, SiLva et al. [14] showed that despite slightly larger VT, the TCAV group expressed less amphiregulin,
a gene expressed during overdistension, as compared with the LVT group [438].

In the porcine extrapulmonary ARDS model, TCAV was associated with significantly greater Pplat as
compared with LVT, yet the two groups had statistically similar transpulmonary pressure [34]. Thus, the
majority of the greater Pplat in APRV was being partitioned towards the chest wall and not towards
stressing the lung, leading to an increase in pleural pressure and a reduction in chest wall elastance
(figure 4) [34]. It has been established that the respiratory system, particularly in the setting of
heterogeneous injury, is made of a gradient of fast to slowly distensible compartments [49, 50]. These
“slow” compartments may not represent only the less compliant, dependent lung, but also the chest wall,
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FIGURE 3 Depiction of an expiratory flow curve. A patient with a lung that initially has low compliance has a
steeper expiratory flow curve (30°) and will require a short release phase (TLow) (0.3 s in this example] to
terminate the expiratory flow rate at 75% of the peak expiratory flow (PEFR). As the lung recruits and
becomes more compliant, the slope decreases to 45°, requiring an extension in the TLow time, in this example
to 0.5s. With alveolar recruitment and increasing compliance, the lung is able to accommodate larger tidal
volumes. Thus, airway pressure release ventilation allows for mechanical ventilation that is time controlled
and adaptive to the patient’s respiratory system mechanics (time-controlled adaptive ventilation). Reproduced
with permission from the Intensive Care On-line Network (ICON).
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FIGURE 4 In a porcine extrapulmonary acute respiratory distress syndrome model, a) time-controlled adaptive ventilation (TCAV) was compared
against b low tidal volume (LV7). The plateau pressure (Pplat] was partitioned into pleural pressure and transpulmonary pressure. Despite the
higher Pplat in the TCAV group, the transpulmonary pressure between TCAV and LVt was similar, as the majority of the pressure was being
distributed as pleural pressure. In this study, the TCAV group demonstrated a reduction in respiratory system, chest wall and lung elastance (data
not shown). Reproduced and modified from [34] with permission.
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which may require additional time at a given pressure, sometimes hours, to recruit [49]. Thus TCAV with
an extended time at Pplat provides the time to slowly coax open the lung, recruiting the slow
compartments, causing stress relaxation of both the lung and chest wall [34, 49, 51].

Although the importance of actively recruiting respiratory muscles during periods of physiological stress
has been described in obstructive lung disease [52] and even in playing wind instruments [53], this
concept of passively recruiting the chest wall with ventilation is relatively recent. In a vertical direction,
providing sufficient pressure to oppose the elevated intra-abdominal pressure associated with
extrapulmonary ARDS will shift the volume-pressure curve of the chest back to the left and increase
diaphragm tension at end-expiration [54]. This strategy of distributing pressure to the chest wall, as well as
a brief expiratory release time to minimise chest wall elastic recoil, represents a novel and exciting
mechanism by which TCAV may be protective [34].

Micro-environment

Minimising lung stress and strain has been recognised as a key mechanism by which VILI might be
prevented [55]. Although conceptually this is an intuitive idea, it is not practically easy to measure lung
stress and strain. Pplat has been recognised as an inadequate surrogate of lung stress, as the degree of the
Pplat distributed towards distending or stressing the lung is dependent on the chest wall elastance [56].
Moreover, the whole-lung stress does not account for the alveolar stress-risers [57] that cause heterogeneous
inflation of adjacent alveoli and greater alveolar stress [58, 59]. Thus, a mechanical ventilation strategy with
a relatively low whole-lung strain may still have significantly greater microstrain [22]. Even theoretically
LVT, if delivered to an overestimated “baby lung”, may cause regional alveolar overdistension while the less
compliant lung remains collapsed [19, 60].

Regional stresses and strains may be amplified in the heterogeneous lung at the microscale, such that a
delivered volume and pressure (i.e. stress), will be unevenly and preferentially distributed to the interface
between normal and atelectatic regions. This uneven distribution produces stress-risers within a cluster
of airspaces, causing discordant alveolar expansion (i.e. overdistension) and microstrain (i.e. R/D) [61].
Thus, promoting lung homogeneity with ventilation ensures that a given VT will be distributed evenly
across the lung, reducing atelectasis and R/D, and should be a primary goal of ventilation [58]. The time
during the expiratory release (TLow) in TCAV is precisely regulated to achieve a ratio of the end
expiratory flow (EEF)/peak expiratory flow rate (PEFR) ratio of 75%, as this has been shown to improve
oxygenation [9-12, 24] and optimise alveolar stability by preventing end-expiratory collapse [22].
Extending the TLow beyond a EEF/PEFR ratio of 75% in acute, restrictive lung disease with the use of
the APRV mode is not a feature of the TCAV protocol unless the slope of the expiratory flow curve
exhibits chronic obstructive lung disease. Extending the TLow causes a positive skew in the alveolar size
distributions at expiration (figure 5). Despite this, the alveolar size distributions were similar to that of
control at inspiration, regardless of EEF/PEFR ratio, suggesting that the extended time at the Pplat is
sufficient to recruit alveoli (figure 5) [59]. Thus, if the TLow is set longer than the collapse time of the
unstable alveoli, or the expiratory pressure reached at the end of TLow is lower than the closing pressure
of the unstable alveoli, the alveoli will tend to collapse, leading to repetitive R/D with each tidal breath
and increased microstrain [22]. The change in alveolar size distribution between inspiration and
expiration is termed dynamic heterogeneity where dynamic heterogeneity indicates pathological R/D
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FIGURE 5 In an in vivo microscopy rat study of subpleural alveoli, normal healthy lungs (control) were compared with airway pressure release
ventilation (APRV) in a pulmonary acute respiratory distress syndrome model. a) Time-controlled adaptive ventilation (TCAV) versus control
(inspiration); b] TCAV versus control (expiration). The end-expiratory flow (EEF) rate/peak expiratory flow rate (PEFR) ratio was varied to
demonstrate the importance of setting APRV with an appropriate release phase (TLow) (to maintain EEF/PEFR at 75% as described in the TCAV
protocol). Regardless of the TLow, there is an alveolar size distribution similar to that of the control group at inspiration, in spite of the lung injury,
suggesting the extended time at PHigh is sufficient to maintain alveolar recruitment. However, lengthening the TLow such that the EEF/PEFR ratio
is 75% creates a positive skew with alveolar collapse and instability. Reproduced and modified from [59] with permission.

with each tidal breath. With an EEF/PEFR ratio of 75%, there was dynamic homogeneity between
inspiration and expiration with the mean alveolar size at inspiration closely approximating the mean
alveolar size at expiration [59]. Therefore, just as increasing PEEP leads to alveolar stabilisation at
end-expiration, the expiratory release time of APRV may be modified by precisely regulating the EEF/
PEFR ratio to 75%, in accordance with the TCAV protocol [62, 63].

As established previously, TCAV has been associated with larger VT (when lung compliance is normal and
the lung is fully recruited); however, this does not necessarily imply there is greater lung strain. In a study
evaluating the relationship between lung strain and alveolar micro-strain using in vivo microscopy, it was
found that TCAV set appropriately (with an EEF/PEFR ratio of 75%) had a significantly lower alveolar
microstrain despite higher macrostrain. By comparison, the lung strain and alveolar microstrain in animals
ventilated with VT of 6 cc~kg_1 and PEEP 16 cmH,O was similar to that of TCAV, but with less alveolar
recruitment [22]. Animals ventilated with VT of 6 cckg™' and PEEP 5 cmH,0 had a relatively low lung
strain yet a significantly higher alveolar microstrain, confirming that even low VT may be injurious if the
“baby lung” is small enough [22, 60]. This study also illustrated the importance of setting APRV with an
appropriate EEF/PEFR ratio, as an EEF/PEFR ratio of 10% led to significantly greater alveolar microstrain
and R/D as compared with an EEF/PEFR ratio of 75% [22, 23]. With an EEF/PEFR ratio of 10%, the lung
VT are significantly greater, as the lung is allowed additional time to fall below its intrinsic functional
residual capacity (FRC) during the expiratory release phase, following which these larger VTs are then
distributed across an unstable, heterogeneous lung [22, 23]. In addition, this in vivo microscopy study
demonstrated the difference between lung VT (the volume driven into the respiratory system by the
ventilator and measured at the level of the trachea) and alveolar VT (the degree to which the alveoli
distend in response to the tracheal VT). In a collapsed, heterogeneous lung, even a small lung VT may lead
to large alveolar VT, as observed in the low-PEEP groups with 6 cckg™' VT, but in a fully recruited and
homogenous lung, a large VT may be administered and lead to low alveolar VT, as observed in the APRV
group set according to the TCAV protocol [22].

In a markedly injured lung with significantly reduced alveolar compliance, VT may be preferentially
distributed to the alveolar ducts and conducting airways instead of the alveoli. In a parallel study, it was
determined that TCAV with an EEF/PEFR ratio of 75% minimised conducting airway microstrain and
maximised alveolar air space occupancy compared with the other experimental settings, including APRV
with an EEF/PEFR ratio of 10%, LVT with PEEP 5 cmH,O and PEEP 16 cmH,O0. This study suggests that
in those same settings with reduced alveolar recruitment and stability, the majority of the tidal breath was
being accommodated by the more compliant conducting airways [21].

Spontaneous breathing and cardiopulmonary effects

The lung expands homogenously when it nears total lung capacity (TLC) [64] from FRC, thus inspiratory
pressures (CPAP phase) in TCAV are conventionally set to obtain lung volumes on the steep portion of
the pressure-volume curve; above FRC, but less than TLC. Inspiration from volumes above FRC, ~40% of
the vital capacity, distribute ventilation predominantly to the basilar lung regions [65] promoting alveolar
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recruitment while avoiding overdistension and encouraging spontaneous breathing by patients at any
phase of the respiratory cycle [15, 66, 67]. Thus, the CPAP phase of TCAV decreases the work of breathing
performed by the patient by increasing the lung volume and compliance [66, 68-70] and can be used in
patients requiring partial or full ventilator support [71, 72]. CPAP decreases the inspiratory work of
breathing and sense of breathlessness in patients with severe chronic obstructive pulmonary disease (COPD)
and acute respiratory failure by reducing the inspiratory mechanical load [73]. Furthermore, CPAP decreases
dynamic hyperinflation in patients with COPD, thus further decreasing the work of breathing [74].

Although patients do not need to be breathing spontaneously in order to use the TCAV protocol for
mechanical ventilation, spontaneous breathing with TCAV provides the benefit of increasing
end-expiratory lung volume, decreasing atelectasis and improving distribution of ventilation to dependent
lung regions [75-77]. Although spontaneous breathing causes a decrease in intrathoracic pressure and
usually increases transpulmonary pressure, it has been demonstrated that spontaneous breathing in TCAV
actually causes a reduction in transpulmonary pressure [78], promoting instead regional increases in
transpulmonary pressure to recruit dependent lung regions [79]. Higher PEEP levels have been shown to
render spontaneous breathing non-injurious and decreases air hunger through the effect on pulmonary
stretch receptors limiting high inspiratory efforts [69, 80, 81]. Similarly, the higher end-expiratory lung
volume allows the patient to begin a spontaneous breath at a more favourable lung volume (FRC) and
limits the ability of the diaphragm to generate high transpulmonary pressure [74]. However, spontaneous
ventilation can be injurious with high inspiratory effort at a low lung volume or low PEEP [82].
Spontaneous breathing in TCAV largely occurs at the upper CPAP level (90% of the cycle time), unlike
LVT ventilation in which the majority of spontaneous breathing occurs at the lower PEEP level.
Furthermore, the ability of the patient to exhale at any time through an open expiratory valve [67] enables
the patient to defend their lung volume and prevent overdistension and dynamic hyperinflation [83-85].

Maintaining spontaneous breathing with TCAV has been associated with reduced requirements for
sedation and neuromuscular blockade, demonstrating that this is a comfortable mode for patients [20, 67,
86, 87]. Promoting patient comfort and spontaneous breathing allows for further chest wall and lung
recruitment, translating into a reduction in negative clinical outcomes. For instance, patients with
pulmonary contusions placed on APRV as compared with a conventional mode of ventilation reduced
ventilator-associated pneumonia, despite having a greater lung injury score [88]. Spontaneous breathing
offers the potential to be a diaphragm-protective ventilator strategy, limiting ventilator-induced diaphragm
dysfunction with an improvement in outcomes [89].

In addition to the positive effects on pulmonary function, TCAV in combination with spontaneous
breathing has been associated with an improved haemodynamic profile. Spontaneous breathing decreases
intrathoracic pressure, allowing for improved venous return to the heart, an increase in preload and
cardiac output [67, 72, 75, 78, 79]. Therefore, spontaneous breathing in TCAV has demonstrated
improvement in systemic blood flow [90], perfusion of the preportal organs [90, 91], kidneys [92],
cerebrum and spinal cord [93]. This has led to an improvement in renal function [92], increase in urine
output, decrease in lactate and decreased pressor requirement [67]. Furthermore, TCAV has demonstrated
an improvement in lung perfusion in children following cardiac surgery [94] and spontaneous breathing
has been shown to further improve blood flow to dependent lung regions in TCAV [76]. The reduced
dead space achieved by recruiting the dependent lung region [72] combined with the improved blood flow
to this region therefore reduces ventilator-perfusion mismatch and improves oxygenation [77].

APRYV critique

Although some articles have claimed there is an increased work of breathing or asynchrony when setting
APRV [95-97], it is important to recognise that these studies did not utilise the TCAV protocol and used
ventilators that did not offer APRV as a mode (instead requiring adaptive modules to mimic APRV).
Theoretically, assisted breathing can be added to APRV, but it is unnecessary and changes the architecture
of a spontaneous breath from sinusoidal to decelerating, where the flow and pressure are uncoupled from
patient effort. In essence, APRV set with the TCAV protocol is CPAP with a release phase and the TCAV
protocol advocates against attempting synchronisation with assisted breathing. Other studies that have
failed to demonstrate beneficial results with APRV have set respiratory rates rather than modifying THigh
and TLow according to respiratory physiology [96], set a PLow of 0 cmH,O, but set the TLow long enough
that the lung is allowed to collapse back down to below functional residual capacity with each ventilator
cycle [98], or have set PLow >0 cmH,O rather than using the TLow to modify the end-expiratory lung
volume [96]. These examples serve to highlight that when evaluating studies of APRV it is critical to
investigate the ventilator settings applied, as this may alter the interpretation of the results.

The expiratory flow curve is determined by the patient’s underlying lung and pathology, therefore making
dynamic adjustments to the ventilator parameters based on the expiratory flow allows the ventilator to be
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tailored to the lung and disease process. One of the premises behind TCAV is that it adapts to the
changing lung physiology by analysing the expiratory flow curve, thereby providing more support to the
injured lung and relaxing support on the recovering lung. For instance, if the TCAV protocol is applied to
a patient with increased lung elastance, the release volume will decrease proportionally. Over time, the
extended duration at PHigh will recruit the lung such that the elastance and generated VT will increase
accordingly. Thus, the VT in the TCAV protocol is personalised and adaptive. One randomised controlled
trial [99] sought to impose LVT (6-7 cc-kg_l) to patients on APRV (APRV-LVT) and found that there was
a higher mortality as compared with standard LVT ventilation Another three-armed study [100] aimed at
comparing LVT with APRV-LVT and TCAV revealed no significant difference between the three groups in
terms of oxygenation or mortality, with the main flaw of the study being that it was limited by power. In
addition, the authors reported concerns regarding measured release volumes of >8 cckg™ in the APRV
and APRV-LVT groups, but made no mention of the driving pressure or compliance [100]. In an open,
compliant lung, this VT is probably affiliated with a low driving pressure and will be distributed across a
set of open homogenous alveoli reflecting small alveolar VT [22]. Restricting APRV to generate a specific
VT goes against the fundamental principles of the TCAV protocol, which allows the changes in lung
physiology to determine the release volume generated.

Conclusion

The TCAV protocol using the APRV mode has demonstrated efficacy in a prospective review of intensive
care unit patients [20], a retrospective review of severely injured trauma patients [8], a porcine sepsis and
gut ischaemia/reperfusion-induced ARDS model [9, 11, 34], a rat VILI [12], and rat pulmonary and
extrapulmonary ARDS models [10, 14]. The extended time at Pplat lends itself to the hypothesis that
TCAV is able to recruit alveoli, thereby increasing the alveolar surface area available for gas exchange. The
brief release phase minimises derecruitment and provides real-time respiratory system elastance
monitoring, harmonising VT titration to evolving lung compliance rather than body weight. The
combination of recent experimental and clinical evidence demonstrates that TCAV not only does this, but
also minimises alveolar heterogeneity and microstrain, conducting airway microstrain, and potentially
recruits the chest wall in extrapulmonary ARDS. Although there are limitations to the clinical studies of
TCAV with ZHou et al’s [20] prospective review not being blinded and ANprews et al’s [8] retrospective
review being exclusive to trauma patients, where trauma patients carry a specific phenotype of ARDS
[101], and randomised controlled trials are needed to test the efficacy of the TCAV protocol further [13],
this review of experimental evidence demonstrates that TCAV may be effective in preventing VILI and
ARDS by a pleiotropy of mechanisms.
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