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Abstract: The mortality rate among patients suffering acute respiratory distress syndrome (ARDS) 
remains high despite implementation at clinical centers of the lung protective ventilatory strategies 
recommended by the International Guidelines for Management of Severe Sepsis and Septic Shock, 2012. 
This suggests that such strategies are still sub-optimal for some ARDS patients. For these patients, 
tailored use of ventilator settings should be considered, including: further reduction of tidal volumes, 
administration of neuromuscular blocking agents if the patient’s spontaneous breathing is incompatible with mechanical 
ventilation, and adjusting positive end-expiratory pressure (PEEP) settings based on transpulmonary pressure levels.  
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INTRODUCTION 

 Since the seminal report on “lung protective strategy” 
published by Amato et al. in the New England Journal of 
Medicine in 1998 [1], whether or not and in what ways the 
different strategies of mechanical ventilation affect the 
clinical outcome of ARDS patients remains a controversial 
topic among physicians and researchers. This concise review 
article focuses on the lessons that the Surviving Sepsis 
Campaign Guidelines (SSCG) 2012 report imparts regarding 
an optimized strategy for mechanically ventilating ARDS 
patients [2]. The SSCG 2012 report proposes a “lung 
protective strategy” for ARDS patients that includes the 
following 7 recommendations: 

1. Tidal volume should be targeted to 6 mL/kg of predicted 
body weight (PBW). 

2. Plateau pressures in a passively inflated lung should be 
limited to ≤30 cm H2O.  

3. Positive end-expiratory pressure (PEEP) should be 
applied to avoid alveolar collapse at the end of 
expiration. 

4. Higher levels of PEEP should be strategically used for 
patients with moderate or severe sepsis-induced ARDS. 

 Even though it is difficult to specify the absolute values 
of higher levels of PEEP, we think the ARDSnet standard 
PEEP strategy is the reasonable choice for PEEP setting 
because the much higher PEEP strategy adopted in ALVEOLI  
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trial’s higher PEEP group did not show significant improvement 
in survival [28]. Another choice may be the strategy adopted 
in EXPRESS trial [29]. They set PEEP as high as possible 
without increasing the maximum inspiratory plateau pressure 
> 28 – 30 cmH2O by keeping tidal volume of 6 mL/kg. 

5. Recruitment maneuvers should be used in sepsis patients 
with severe refractory hypoxemia. 

6. Prone positioning should be used in sepsis-induced 
ARDS patients with a PaO2/FIO2 ratio < 100 mmHg in 
facilities that have experience with such practices. 

7. A short-term course (< 48 h) of neuromuscular blocking 
agents (NMBAs), along with sedatives, should be 
prescribed for early, sepsis-induced ARDS and 
PaO2/FIO2< 150 mm Hg. 

MORTALITY OF ARDS PATIENTS IN THE ERA OF 
LUNG PROTECTIVE STRATEGIES 

 A serious question that must be answered is whether 
strict implementation of the 7 recommendations proposed in 
the SSCG 2012 report will reduce the mortality rate in ARDS 
patients. Despite recent advances in medical treatment and 
technologies, the mortality rate among ARDS patients still 
remains as high as ~40% [3, 4]. One of the plausible 
explanations for this, despite the introduction of lung 
protective strategies, is that the patient populations included 
in the old [5, 6] and new [3, 4] studies might not be 
comparable, thereby introducing a misclassification bias [3]. 
As older studies [5, 6] tended to use relatively low levels of 
PEEP and FIO2, patients once classified as suffering ARDS 
might not meet current ARDS criteria. Therefore, older 
studies might have included less severe cases, potentially 
under-estimating the true mortality rate among ARDS-
afflicted patients.  
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 Another possible explanation could be a decrease of the 
incidence of ARDS [4]. In their population-based study Li et 
al. reported a lower incidence of ARDS despite an increase 
in patients’ severity of illness and comorbidities [4]. 
Although the ARDS mortality rate has not changed over 
time, the mortality rate of patients at risk of ARDS has been 
reduced. Fuller et al. reported in their systematic review that 
in mechanically ventilated patients who did not manifest 
ARDS at the time of endotracheal intubation, the use of 
lower tidal volume ventilation reduced their progression to 
ARDS [7]. Prophylactic use of lung protective strategies for 
those patients who are at risk of, but have not yet manifested, 
ARDS might help to avoid its progression. However, the 
mortality rate among patients who do suffer ARDS is still 
high. 

HOW TO REDUCE MORTALITY OF ARDS 
PATIENTS? 

 What should we do to reduce mortality among patients 
afflicted with ARDS? The present authors propose the 
following. First, greater efforts to implement lung protective 
strategies should be undertaken. Needham et al. revealed in a 
prospective cohort study that lung protective strategies were 
used in only 41% of all eligible cases. And they confirmed 
that, compared with non-adherence to lung protective 
strategies, the estimated absolute mortality risk reduction 
over two years in a patient with half-adherence to such 
strategies was 4.0%, while perfect adherence resulted in a 
7.8% risk reduction [8].  

 Second, limiting the tidal volume to 6 mL/kg PBW and 
the plateau pressure to 30 cmH2O may not be sufficient to 
minimize lung injury in certain severe ARDS patients. 
Terragni et al. showed that in patients with a large, dependent, 
non-aerated compartment, tidal volume of 6 mL/kg  
PBW resulted in an increasing number of hyper-inflated 
compartments and a decreasing number of normally aerated 
compartments. In fact, these patients exhibited increased 
levels of pulmonary inflammatory cytokines [9]. In such 
cases, the tidal volume should be further reduced to as low as 
4 mL/kg PBW according to the ARDSnet protocol [10].  

 Third, as ARDS is a heterogeneous syndrome, 
optimization of ventilator settings for each individual would 
be required when mechanically ventilating ARDS patients. 
For example, among patients with recruitable lung, increasing 
PEEP may help to avoid the cyclic opening and closing of 
alveoli without increasing over-distention (alveolar “strain”). 
However, among patients with no- or little-recruitable lung, 
increasing PEEP may not prevent such cyclic opening and 
closing but also cause over-distention [11]. Therefore, while 
raising PEEP might cause harm in some patients it may 
benefit others. Alveolar recruitability may be assessed at 
bedside in the near future by computed tomography (CT) 
and electrical impedance tomography (EIT), thereby making 
it possible to individually optimize ventilator settings for 
ARDS patients. 

 Fourth, high-frequency oscillation (HFO) is now 
considered as an alternative to conventional ventilation 

(CV). Compared with CV, HFO was hypothesized to be a 
superior ventilatory strategy, as it could avoid cyclic collapse 
and hyperinflation of the alveoli. However, in two recent 
randomized controlled trials (RCTs) comparing HFO and 
CV in ARDS adult patients, while HFO prevented severe 
hypoxemia, it did not improve hospital mortality rates [12, 
13]. In both trials, mean airway pressure was higher in the 
HFO group than in the CV group by more than 5 cmH2O. 
Higher airway pressure in HFO might cause more severe 
lung injury or hemodynamic compromise. Guervilly et al. 
demonstrated in a recent prospective study that using high-
mean airway pressure in subjects under HFO worsened right 
ventricular function compared with CV in ARDS patients 
[14]. Sedative agents and NMBA were more frequently used 
in HFO groups, which may have negatively affected patients’ 
prognosis. Furthermore, many physicians have less clinical 
experience with HFO than with CV. As Malhorta et al. 
commented in their editorial, it was not HFO itself but the 
HFO protocols and management strategies used in these 
clinical trials that were less effective than the established 
lung protective strategy using CV [15]. In this context, there 
might be more room for HFO protocols to be better 
optimized for individual ARDS patients.  

PLEURAL PRESSURE AND TRANSPULMONARY 
PRESSURE 

 In addition to CT and EIT, pleural pressure and 
transpulmonary pressure must be taken into account when 
optimizing ventilator settings for individual ARDS patients, 
as it is transpulmonary pressure (stress), but not airway 
pressure per se, that determines alveolar size (lung volume) 
during ventilation. Pleural pressure can be estimated from 
esophageal pressure measurements. 

transpulmonary pressure  
= alveolar pressure – pleural pressure 

delta transpulmonary pressure / lung elastance  
= delta lung volume 

 It has been reported that overstretch-induced lung  
injury occurs when alveoli are stretched above a specific 
threshold level [16, 17]. In their animal study, Protti et al. 
demonstrated that lung damage develops at strain, the ratio 
of delta volume / functional residual capacity (FRC) > 2 
[17].  

strain (delta volume / FRC)  
= delta transpulmonary pressure / (lung elastance x FRC)  
= delta transpulmonary pressure / specific lung elastance. 

specific lung elastance  
= delta transpulmonary pressure / (delta lung volume / FRC)  
= lung elastance x FRC (cmH2O) 

 Delta lung volume is the lung volume change from FRC. 

 Delta transpulmonary pressure is the transpulmonary 
pressure change from the atmosphere. 

 Elastance is a reciprocal number of compliance and 
compliance of ARDS is low. 
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 Specific lung elastance is a transpulmonary pressure that 
makes delta volume (b in the Fig. 1) equal to FRC (a in the 
Fig. 1). 

 Chiumello et al elucidated that the specific lung elastance 
was around 13.5 cmH2O in all the subgroups (surgical 
patients, medical patients, ALI patients and ARDS patients), 
and was not affected by the PEEP and tidal volume [16]. As 
the results, any transpulmonary pressure greater than 13.5 x 2 
may represent the upper threshold at which overstretch-
induced lung injury occurs (Fig. 1). This number of 27 cmH2O 
is close to the recommended upper transpulmonary pressure 
limit by Grasso et al who showed that overinflation starts 
from plateau transpulmonary pressure of around 25 cmH2O 
[30]. For example, if transpulmonary pressure was far less 
than 27 cmH2O and airway pressure was more than  
30 cmH2O, physicians should further increase PEEP to avoid 
cyclic alveolar collapse, and to permit proper ventilation of 
the lungs. Grasso et al. reported that in patients with 
influenza A (H1N1)-associated ARDS, a ventilatory strategy 
that raising PEEP (and plateau pressure) while maintaining 
transpulmonary pressure < 25 cmH2O lessened the 
possibility of respiratory failure such that the patients 
recovered without the use of extracorporeal membrane 
oxygenation (ECMO) [18]. On the other hand, all patients 
with a transpulmonary pressure > 25 cmH2O subsequently 
deteriorated and required ECMO support. In such cases, 
raising PEEP might have resulted in overstretch-induced 
lung injury. 

 One study proposed that when optimizing ventilator 
settings for individual ARDS patients, PEEP should be 
adjusted based on esophageal pressure measurements [19]. 
In those patients who exhibit excessively high pleural 
pressures and inadequately low PEEP, the calculated 
transpulmonary pressure at the end of expiration could be 
less than zero. For example, if a 10 cmH2O PEEP was 
applied to a patient with 15 cmH2O pleural pressure at the 
end of expiration, his/her transpulmonary pressure would be 
-5 cmH2O, a level incapable of sustaining the patency of the 
alveoli. Therefore, PEEP must be increased to a level that 
would result in positive transpulmonary pressure at the end 
of expiration. In an observational study, Talmor et al. 
showed that optimization of ventilator settings based  
on transpulmonary pressure values significantly improve 
oxygenation and respiratory system compliance. 

 One must be aware that the onset of spontaneous 
breathing during mechanical ventilation can be harmful to 
some ARDS patients. Spontaneous breathing during lung 
protective mechanical ventilation in patients with ARDS 
could induce a large negative deflection in pleural pressure 
[20]. This large negative pleural pressure could, in turn, 
increase transpulmonary pressure, potentially inducing lung 
injury. Yoshida et al. demonstrated in their animal study that 
spontaneous breathing superimposed on CV could induce 
lung injury even when plateau pressure was kept below 30 
cmH2O [21]. Large negative pleural pressure could also 
increase a transcapillary pressure gradient, thereby causing 

Fig. (1). Safe thresholds for transpulmonary (PL) and alveolar (Palv) pressures. This figure illustrates why the safe threshold of PL is 27 
cmH2O while that of Palv may be more than 27 cmH2O. Strain must remain less than 2 to prevent lung injury [16,17]. Because specific lung 
elastance (PL x FRC / b) is around 13.5 cmH2O [16], a PL divided by 13.5 must be less than 2.0. Therefore, PL must be less than 27 cmH2O. 
Pressure applied to the airway is utilized separately to inflate the thoracic cage (pleural pressure) and lung (transpulmonary pressure). 
Therefore, in some patients the safe threshold of Palv (PL + Ppl) may be higher than 30 -35 cmH2O. 
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pulmonary edema [22]. Increased work of breathing due to a 
large increase in negative pleural pressure may be associated 
with elevated inflammatory cytokine levels [23].  

 Administration of NMBAs may be advisable to ease a 
patient’s inspiratory effort in this way thus reducing 
transpulmonary pressure. Papazian et al. have demonstrated 
in a randomized controlled trial (RCT) that short-term 
treatment with NMBAs (< 48 hours) reduced mortality rates 
in those patients with early, sepsis-induced severe ARDS [24]. 
However, NMBAs should not be routinely administered to 
all ARDS patients. Using an animal ARDS model, Yoshida 
et al. demonstrated that whereas spontaneous breathing 
could worsen severely injured lungs, it could alleviate mildly 
injured lungs, since lung recruitment was only possible in the 
latter [25]. It is worth noting that two identical tidal volume 
settings could result in different outcomes, depending on 
whether or not spontaneous breathing is permitted. 
Additionally, the distribution of a given tidal volume can 
occur differently. Yoshida et al. suggested that in cases of 
severe lung injury, strong spontaneous breathing efforts and 
high transpulmonary pressure can lead to increased rate of 
cyclic alveolar opening and collapse in those affected regions 
surrounding the diaphragm. However, the distribution  
of pleural pressure could be very inhomogeneous and 
unpredictable when expansion of lungs is inhomogenous 
[26]. In rabbits with positive pressure ventilation, Egan 
showed that the larger the amount of closed areas, the higher 
is the regional overdistension (the ratio of inflated volume to 
FRC) of the remaining open ones [31]. This study implies 
that if a considerable part of the lung suffers collapse, the 
transpulmonary pressure of the area adjacent to the collapsed 
tissue may become very high, because “vacuum effect” may 
be produced inside the chest wall by collapsed tissue. 
Therefore, we must be aware that imposing positive airway 
pressure to the patient with imhomogenous lung while a 
patient is paralyzed from NMBAs can cause much larger 
transpulmonary pressure than the pressure predicted in 
healthy lung. 
 Measuring pleural pressure at bedside is a challenging 
task. It is technically difficult to insert a catheter into the 
esophagus, and then properly position and calibrate it. When 
critically ill patients are in a supine position, measurements 
of esophageal pressure might result in artifacts associated 
with body position and pathologic conditions, thus rendering 
it less accurate and reliable. In a canine ARDS model Pelosi 
et al. found a vertical gradient of the pleural pressure in a 
supine position. The esophageal pressures closely matched 
the actual pleural pressures at the surface of the mid-lung 
when the animal was placed in a supine position [27]. 
However, the pleural pressures in the nondependent  
and dependent lung legions were 7 cmH2O lower and  
4 cmH2O higher, respectively, than the esophageal pressures. 
However, when airway pressure was increased, the measured 
pleural pressure in all regions changed in similar fashion. 
This suggests that one could estimate, with some precision, 
variations in pleural pressure using the measured variation in 
esophageal pressure.  

 In summary, the authors believe that the protective 
ventilatory strategy recommended in the SSCG 2012 report 
is sub-optimal for some ARDS patients. For such patients, 
individual optimizations of ventilator settings should be 
performed. The authors would also propose to further reduce 
tidal volume, use NMBAs if necessary, and if possible, 
determine PEEP settings based on transpulmonary pressure 
for those ARDS patients who failed to improve using the 
SSCG 2012-recommended ventilatory protocol. 
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