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Abstract

Background: Lung-protective ventilation strategy suggests the use of low tidal volume, depending on ideal
body weight, and adequate levels of PEEP. However, reducing tidal volume according to ideal body weight
does not always prevent overstress and overstrain. On the contrary, titrating mechanical ventilation on airway
driving pressure, computed as airway pressure changes from PEEP to end-inspiratory plateau pressure,
equivalent to the ratio between the tidal volume and compliance of respiratory system, should better reflect
lung injury. However, possible changes in chest wall elastance could affect the reliability of airway driving
pressure.
The aim of this study was to evaluate if airway driving pressure could accurately predict lung stress
(the pressure generated into the lung due to PEEP and tidal volume).

Methods: One hundred and fifty ARDS patients were enrolled. At 5 and 15 cmH2O of PEEP, lung stress, driving
pressure, lung and chest wall elastance were measured.

Results: The applied tidal volume (mL/kg of ideal body weight) was not related to lung gas volume
(r2 = 0.0005 p = 0.772). Patients were divided according to an airway driving pressure lower and equal/higher
than 15 cmH2O (the lower and higher airway driving pressure groups). At both PEEP levels, the higher airway
driving pressure group had a significantly higher lung stress, respiratory system and lung elastance compared
to the lower airway driving pressure group. Airway driving pressure was significantly related to lung stress
(r2 = 0.581 p < 0.0001 and r2 = 0.353 p < 0.0001 at 5 and 15 cmH2O of PEEP). For a lung stress of 24 and
26 cmH2O, the optimal cutoff value for the airway driving pressure were 15.0 cmH2O (ROC AUC 0.85,
95 % CI = 0.782–0.922); and 16.7 (ROC AUC 0.84, 95 % CI = 0.742–0.936).

Conclusions: Airway driving pressure can detect lung overstress with an acceptable accuracy. However, further
studies are needed to establish if these limits could be used for ventilator settings.
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Background
Lung-protective ventilation strategy, commonly employed
for moderate to severe forms of acute respiratory distress
syndrome (ARDS) [1], suggests the use of low tidal volume,
set according to the ideal body weight of the patient
(6 mL/kgIBW) [2], and higher levels of positive end-
expiratory pressure (PEEP) to limit ventilator-induced lung
injury (VILI) [2–7]. From a physical point of view, this

strategy should minimize the mechanical end-inspiratory
lung stress (the applied force), strain (the magnitude of
lung deformation) and the opening and closing trauma
[8, 9]. It has been reported that VILI develops propor-
tionally to the external energy applied by the ventilator to
the lung, mainly due to the dynamic strain and stress
caused by tidal volume [10–14]. However, reducing the
tidal volume on the basis of ideal body weight, according
to the current recommendations, does not always prevent
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VILI [15–17]. In addition, the selection of optimal PEEP
level is still questionable [7, 18–23].
In ARDS, due to the presence of lung disease, the lung

available for ventilation is significantly and not uniformly
reduced among patients [24]; consequently, a similar tidal
volume, based on ideal body weight, can generate different
lung stress/strain [25]. On the contrary, titrating the
mechanical ventilation on the airway driving pressure,
measured as the airway pressure changes from PEEP to
end-inspiratory plateau pressure, equivalent to the ratio
between the tidal volume and compliance of respiratory
system, should better reflect the lung injury because in
each patient the applied tidal volume is related to the
available lung gas volume [11, 24]. Recently, Amato et al.
found that, in ARDS patients ventilated with different
combinations of tidal volume and PEEP levels, the airway
driving pressure was the factor most strongly related to
the outcome [3]. Thus, the airway driving pressure could
be a useful tool to identify patients at risk of VILI. In
addition, the estimation of airway driving pressure is
simpler than that of lung stress, because it does not require
the measurement of esophageal pressure by a dedicated
balloon, which, for several reasons, is not routinely clinically
performed [26]. However, due to the presence of possible
alterations in chest wall and lung elastance, the same in-
spiratory airway pressure can be generated by different tidal
volumes [25]. In the presence of an increase in chest wall
elastance, the same tidal volume can generate different
transpulmonary pressure. Consequently, the airway driving
pressure could not adequately reflect lung stress (dynamic
plus static stress). On the contrary, the transpulmonary
driving pressure (dynamic stress), taking into account the
chest wall elastance, could better reflect lung stress.
The aim of this study was to evaluate whether airway driv-

ing pressure accurately predicted the dynamic or the static
component of lung stress during a PEEP trial with a constant
low tidal volume in sedated and paralyzed ARDS patients.

Methods
Study population
A total of 150 ARDS patients were included: 21 were
enrolled from a new prospective study evaluating the rela-
tionship between opening pressure (recruitment pressure)
and closing pressure (PEEP) by lung computed tomography
(CT) scan (http://clinicaltrials.gov/show/NCT01670747),
while 129 were previously enrolled in three published
studies [22, 25, 27]. All the studies were approved by the
institutional review board of the hospital and written con-
sent was obtained according to current regulations.

Study design
All patients were deeply sedated, paralyzed and venti-
lated in volume-control mode with a tidal volume of 6–
8 mL per kilogram of ideal body weight throughout the

study protocol. The oxygen fraction, tidal volume and re-
spiratory rate were maintained unchanged for the entire
study. Five and 15 cmH2O of PEEP were randomly tested.
Immediately before the changes of PEEP, a recruitment
manoeuvre was performed to standardize the lung volume
history. The recruitment manoeuvre was performed in
pressure control ventilation at PEEP 5 cmH2O, with a
plateau pressure of 45 cmH2O, inspiratory to expiratory
time ratio (I:E) 1:1, and a respiratory rate of 10 breaths/
minute for 2 minutes [28]. At each PEEP level, after
20 minutes, respiratory mechanics and blood gas analyses
were measured.

Measurements
Respiratory mechanics
The respiratory flow rate was measured with a heated
pneumotachograph (Fleisch n°2, Fleisch, Lausanne,
Switzerland). Airway pressure (Paw) was measured after
the Y piece proximally to the endotracheal tube with a
dedicated pressure transducer (MPX 2010 DP, Motorola,
Solna, Sweden). Esophageal pressure (Pes) was measured
with a radio-opaque balloon (SmartCath, Bicore, Irvine,
CA, USA), inflated with 1.0–1.5 mL of air, connected to a
pressure transducer. To ensure the correct position of the
catheter, the esophageal balloon was positioned in the
stomach to check for the presence of positive deflection.
Then, it was retracted until it reached the lower third of
the esophagus between a depth of 35–40 cm; in this
position, an inspiratory occlusion was made to check for
concordant changes in airway and esophageal pressure
[29]. The balloon inflation was periodically checked to
ensure it contained the recommended amount of air. All
traces were sampled at 100 Hz and processed on a
dedicated data acquisition system (Colligo and Computo,
www.elekton.it).
At each PEEP level, the static airway and esophageal

pressure were measured during an inspiratory and expi-
ratory pause. Subsequently, disconnecting the ventilator
and allowing the respiratory system to deflate from PEEP
down to atmospheric pressure (i.e. at functional residual
capacity), esophageal pressure was measured. At 5 cmH2O
in 58 patients the lung gas volume was measured by
a simplified helium dilution technique as previously
described [30]. The other 92 patients were transported to
the radiological department for a lung CT scan, and end-
expiratory lung volume at PEEP 5 cmH2O was computed
by quantitative analysis (see below).

Driving pressure, lung stress and partitioned elastance
Airway driving pressure was calculated according to
Amato et al. [3], as the airway pressure changes from
PEEP to end-inspiratory plateau pressure. It is equivalent
to the ratio between the tidal volume and compliance of
respiratory system.
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The transpulmonary driving pressure, lung stress, respira-
tory system, lung and chest wall elastance were computed
according to the following formula [25, 31]:

Transpulmonary driving pressure cmH2Oð Þ
¼ ½Airway pressure plateau cmH2Oð Þ

−Airway pressure PEEP cmH2Oð Þ�
− ½Esophageal pressure plateau cmH2Oð Þ

−Esophageal pressure PEEP cmH2Oð Þ�
Lung stress cmH2Oð Þ

¼ ½Airway pressure plateau cmH2Oð Þ
−Atmospheric pressure cmH2Oð Þ�

− ½Esophageal pressure plateau cmH2Oð Þ
−Esophageal pressure atmospheric pressure

cmH2Oð Þ�
Respiratory system elastance Ersð Þ ðcmH2O=LÞ

¼
Airway pressure plateau cmH2Oð Þ
−Airway pressure PEEP cmH2Oð Þ

Tidal volume Lð Þ
Lung elastance Elð Þ ðcmH2O=LÞ

¼ Transpulmonary driving pressure cmH2Oð Þ
Tidal volume Lð Þ

Chest wall elastance Ecwð Þ ðcmH2O=LÞ

¼
Esophageal pressure plateau cmH2Oð Þ
−Esophageal pressure PEEP cmH2Oð Þ

Tidal volume Lð Þ

Lung CT scan and quantitative analysis
In 91 patients two whole-lung CT scans were performed
after a recruitment manoeuvre. During an end-expiratory
pause at 5 cmH2O of PEEP and an end-inspiratory pause
at 45 cmH2O of airway pressure, lung CT scans were
taken using the following parameters: 110 mAs, tube volt-
age 120 kV, rotation time 0.5 s, collimation 128 × 0.6 mm,
pitch 0.85, and reconstruction matrix 512 × 512. An
automatic tube current modulation technique (Care Dose
4, Siemens Medical Solutions, Malvern, PA, USA) allow-
ing for a dynamic reduction of dose radiation during CT
examination was applied. In each of the CT slices, lung
profiles were manually delineated and analysed using
a dedicated software package (Soft-E-Film, www.softefil
m.eu). The total lung gas volume, weight, the amount in
the different compartments (not inflated, poorly inflated,
well inflated and overinflated) and lung recruitability were
computed as previously described [28].

Statistical analysis
Data are presented as median and interquartile range. The
whole population was divided in two groups according to
the airway driving pressure lower and equal/higher than 15

cmH2O [3]. Physiological variables were compared with
unpaired t test or Mann-Whitney rank sum test according
to the result of the Shapiro-Wilk normality test. Categorical
variables were compared with the chi-square test. The role
of baseline variables (gas exchange and lung mechanics) on
patients outcome from the intensive care unit was assessed
with logistic regression analysis (odds ratio [OR] and 95 %
confidence intervals [CI]). The agreement between results
was assessed using linear regression. A receiver operating
characteristics (ROC) curve was used to assess airway and
transpulmonary driving pressure ability to predict a lung
stress greater than 24 or 26 cmH2O [32]. Statistical analysis
was performed with SigmaPlot 12.0 (Systat Software, San
Jose, CA, USA), logistic regression with SAS statistical soft-
ware 9.2 (SAS Institute, Cary, NC, USA).

Results
The main characteristics of the 150 enrolled patients are
shown in Table 1. Sixty-five (43 %), 75 (50 %) and ten
(7 %) patients presented mild, moderate and severe ARDS.
Forty-eight patients (32 %) died in intensive care. At
intensive care unit (ICU) admission, non-survivor patients
had a higher arterial carbon dioxide (43.1 [36.0–48.3]
vs 38.1 [35.0–43.6] mmHg, p = 0.019), respiratory rate

Table 1 Baseline characteristics of the study population

Characteristics Overall population (N = 150)

Age (years) 62 [47–74]

Male sex, N (%) 102 (68.0)

Body mass index (kg/m2) 24.7 [22.8–27.7]

ICU mortality, N (%) 48 (32.0)

Cause of lung injury, N (%):

• Sepsis 46 (30.7)

• Pneumonia 56 (37.3)

• Trauma 15 (10.0)

• Aspiration 7 (4.7)

• Other 26 (17.3)

ARDS category at clinical PEEP, N (%)

• Mild 65 (43.3)

• Moderate 75 (50.0)

• Severe 10 (6.7)

PaO2/FiO2 ratio 187 [146–230]

PaCO2 (mmHg)a 39.3 [35.1–45.3]

Respiratory rate (bpm)b 14 [12–18]

Minute ventilation (L/min)b 8.0 [6.6–9.7]

Tidal volume (mL/kgIBW)
b 8.1 [6.7–9.3]

PEEP (cmH2O)
a 10 [10–13]

ARDS acute respiratory distress syndrome, PEEP positive end-expiratory pressure,
PaO2 arterial partial pressure of oxygen, FiO2 inspired fraction of oxygen, PaCO2

arterial partial pressure of carbon dioxide, IBW ideal body weight
aData available in 143 patients
bData available in 142 patients
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(16.5 [14.0–20.0] vs 13.0 [11.0–16.5] breaths/min, p < 0.01),
airway driving pressure at 5 cmH2O of PEEP (13.8
[10.7–16.4] vs 12.2 [10.2–14.3] cmH2O, p = 0.047) and
lower PaO2/FiO2 (160 [117–170] vs 211 [156–257], p <
0.0001) compared to survivors (Additional file 1: Table S1).
According to multivariate logistic regression, baseline
PaO2/FiO2 (OR 0.989, CI 0.983–0.996; p = 0.0015) and
baseline respiratory rate (OR 1.090, CI 1.008–1.180; p =
0.0315) predicted outcome from ICU, whereas baseline
PaCO2 (p = 0.214) and driving pressures (p = 0.453) did not.

End expiratory lung gas volume
The lung gas volume at PEEP 5 cmH2O was 1058
[721–1662] mL and ranged between 229 to 3393 mL. The
lung gas volume measured at 5 cmH2O of PEEP was not
related to the actual body weight (r2 = 0.002 p = 0.58, Fig. 1
upper panel) and poorly related to ideal body weight (r2 =
0.037 p = 0.019, Fig. 1 lower panel). The applied tidal
volume standardized for the ideal body weight was not re-
lated to the lung gas volume (r2 = 0.001 p = 0.772, Fig. 2).

The respiratory system elastance computed at PEEP 5
cmH2O was significantly related to the lung gas volume
measured at the same level of PEEP (r2 = 0.234 p < 0.0001)
(Additional file 1: Figure S1) and to the well-aerated lung
tissue (r2 = 0.267 p < 0.0001) (Additional file 1: Figure S2).

Respiratory mechanics, lung stress and driving pressure
The population was classified in two groups according to
an airway driving pressure lower and equal/higher of 15
cmH2O (the lower and higher driving pressure groups).
The two groups were similar for age, body mass index and
severity of disease (Additional file 1: Table S2).
At 5 cmH2O the higher driving pressure group had a

significantly higher transpulmonary driving pressure, lung
stress, respiratory system elastance, lung elastance, and
mortality, and lower lung gas volume compared to the
lower driving pressure group (Table 2). At 15 cmH2O of
PEEP, the higher driving pressure group presented a
significantly higher transpulmonary driving pressure, lung
stress, and lung and chest wall elastance (Table 3). Gas
exchange was similar between the two groups.
The patients (N = 23, 21.3 %) who, increasing PEEP

to 15 cmH2O, were reassigned from the lower driving
pressure group to the higher driving pressure group, had
(at PEEP 5 cmH2O) a higher airway driving pressure,
transpulmonary driving pressure and lung stress com-
pared patients remaining in the lower driving pressure
group (Additional file 1: Table S3).

Driving pressure and lung stress
The transpulmonary driving pressure was significantly re-
lated to the airway driving pressure (r2 = 0.737 p < 0.0001,
and r2 = 0.656 p < 0.0001 at 5 and 15 cmH2O of PEEP,
respectively; Fig. 3). The airway driving pressure was
significantly related to lung stress (r2 = 0.581 p < 0.0001
and r2 = 0.353 p < 0.0001 at 5 and 15 cmH2O of PEEP,

2

2

Fig. 1 Linear regression between lung gas volume at PEEP 5 cmH2O
(determined at end-expiration with either lung CT scan or helium
dilution technique) and actual body weight (upper panel) and ideal
body weight (lower panel). PEEP positive end-expiratory pressure

Fig. 2 Linear regression between tidal volume (mL/kg of ideal body
weight) and lung gas volume at PEEP 5 cmH2O (mL). PEEP positive
end-expiratory pressure
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Table 2 Respiratory mechanics, gas exchange, CT scan variables and outcome of the patients divided according to lower or higher
airway driving pressure at PEEP 5 cmH2O

Variable Overall population
(N = 150)

Lower airway driving pressure
(<15 cmH2O) (N = 108)

Higher airway driving pressure
(≥15 cmH2O) (N = 42)

p value

Airway driving pressure (cmH2O) 12.6 [10.3–15.2] 11.6 [10.0–13.1] 16.9 [15.7–18.9] <0.001

Transpulmonary driving pressure (cmH2O) 9.0 [7.3–11.7] 8.1 [6.5–9.8] 13.6 [11.7–15.1] <0.001a

End-inspiratory airway plateau pressure (cmH2O) 18.2 [16.2–20.9] 17.2 [15.6–18.7] 22.5 [20.9–24.0] <0.001

Lung stress (cmH2O) 13.5 [10.7–16.0] 11.8 [10.0–14.0] 17.5 [15.4–18.9] <0.001a

Respiratory system elastance (cmH2O/L) 25.2 [19.8–30.5] 22.1 [18.7–26.7] 33.6 [29.6–40.4] <0.001

Lung elastance (cmH2O/L) 17.5 [13.9–23.2] 15.4 [12.7–19.9] 27.4 [21.9–31.6] <0.001

Chest wall elastance (cmH2O/L) 6.3 [4.3–9.0] 5.9 [4.3–8.7] 7.8 [4.6–10.4] 0.054

PaCO2 (mmHg)b 44.2 [39.9–50.5] 43.9 [39.2–50.5] 47.6 [41.3–50.7] 0.117a

PaO2/FiO2 ratio
b 143 [98–177] 145 [104–178] 132 [81–176] 0.404

Lung total gas (mL)c 1058 [721–1662] 1234 [879–1827] 694 [562–903] <0.001

Total lung tissue weight (g)b 1394 [1145–1684] 1369 [1173–1742] 1457 [1050–1682] 0.787

• Non-aerated lung tissue (%)b 45.2 [34.0–56.9] 44.9 [36.6–53.6] 50.4 [30.7–61.1] 0.419a

• Poorly aerated lung tissue (%)b 28.1 [20.2–39.2] 27.1 [20.1–36.1] 34.1 [20.3–43.0] 0.067

• Well-aerated lung tissue (%)b 23.9 [14.2–33.9] 28.2 [17.2–34.6] 16.5 [8.2–26.7] 0.006

• Over-aerated lung tissue (%)b 0.01 [0.00–0.17] 0.03 [0.00–0.29] 0.00 [0.00–0.02] 0.002

Lung recruitability (%)b 15.6 [7.9–23.7] 12.5 [7.5–22.1] 18.5 [9.7–26.4] 0.110

ICU mortality N (%) 48 (32.0) 29 (26.9) 19 (45.2) 0.049

Lung mechanics, gas exchange, CT-related variables and lung total gas were determined at PEEP 5 cmH2O. Statistical analysis: Student’s t test
a, Mann-Whitney rank sum

test, chi-square, as appropriate
Abbreviations: CT computed tomography, PEEP positive end-expiratory pressure, PaCO2 arterial partial pressure of carbon dioxide, PaO2 arterial partial pressure of
oxygen, FiO2 inspired fraction of oxygen, ICU intensive care unit
bData available for 91 patients (59 in the “lower airway driving pressure” group and 32 in the “higher airway driving pressure” group)
cTotal gas was computed either by CT scan analysis (in 59 and 32 patients, respectively), or by helium dilution technique (in 48 and ten patients, respectively)

Table 3 Respiratory mechanics, gas exchange and outcome of the patients divided according to lower or higher airway driving
pressure at PEEP 15 cmH2O

Variable Overall population
(N = 150)

Lower airway driving pressure
(<15 cmH2O) (N = 97)

Higher airway driving pressure
(≥15 cmH2O) (N = 53)

p value

Airway driving pressure (cmH2O) 13.2 [11.2–16.9] 11.9 [10.2–13.0] 18.0 [16.6–19.9] <0.001

Transpulmonary driving pressure (cmH2O) 9.5 [7.8–12.2] 8.4 [6.6–9.7] 13.1 [10.4–15.5] <0.001

End-inspiratory airway plateau pressure (cmH2O) 28.4 [25.8–31.3] 26.7 [24.8–28.2] 32.9 [30.8–35.1] <0.001

Lung stress (cmH2O) 20.7 [17.9–23.1] 19.3 [16.8–21.7] 23.9 [20.8–26.2] <0.001

Respiratory system elastance (cmH2O/L) 26.3 [21.2–32.2] 22.8 [19.5–26.6] 34.2 [29.6–41.9] <0.001

Lung elastance (cmH2O/L) 18.7 [14.5–24.2] 16.7 [13.1–19.7] 24.6 [19.5–31.3] <0.001

Chest wall elastance (cmH2O/L) 7.0 [4.8–10.3] 6.2 [4.6–8.2] 10.2 [5.9–12.3] <0.001

PaCO2 (mmHg)a 45 [40.2–50.4] 43.8 [39.0–49] 46.8 [41.9–53.2] 0.039

PaO2/FiO2 ratio
a 178 [137–237] 175 [136–230] 187 [146–257] 0.314

ICU mortality N (%) 48 (32.0) 28 (28.9) 20 (37.7) 0.352

Lung mechanics and gas exchange variables were determined at PEEP 15 cmH2O. Statistical analysis: Mann-Whitney rank sum test, chi-square, as appropriate
Abbreviations: PEEP positive end-expiratory pressure, PaCO2 arterial partial pressure of carbon dioxide, PaO2 arterial partial pressure of oxygen, FiO2 inspired fraction
of oxygen, ICU intensive care unit
aData available in 91 patients (64 in the “lower airway driving pressure” group and 27 in the “higher airway driving pressure” group)
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respectively; Fig. 4). Similarly, also the transpulmonary
driving pressure was significantly related to lung stress
(r2 = 0.854 p < 0.0001 and r2 = 0.668 p < 0.0001 at 5 and 15
cmH2O of PEEP, respectively) (Additional file 1: Figure
S3). The lung stress was not related to the applied tidal
volume (r2 = 0.010 p = 0.08, Fig. 5).
Additional linear regression is reported in the Additional

file 1: Figures S4, S5.

ROC analysis
At 5 cmH2O of PEEP no patient had a lung stress above
24 cmH2O; therefore, ROC analysis was performed only
considering airway and transpulmonary driving pressures
at PEEP 15 cmH2O. Optimal cutoff values for airway
driving pressure were 15.0 cmH2O (area under the curve
[AUC] = 0.864, 95 %CI 0.801–0.929) and 16.6 cmH2O
(AUC= 0.864, 95 %CI 0.767–0.947), considering a stress

Fig. 3 Linear regression between transpulmonary and airway driving
pressure (cmH2O) at PEEP 5 (upper panel) and 15 cmH2O (lower
panel). PEEP positive end-expiratory pressure

Fig. 4 Linear regression between airway driving pressure (cmH2O)
and lung stress (cmH2O) at PEEP 5 (upper panel) and 15 cmH2O
(lower panel). PEEP positive end-expiratory pressure

Fig. 5 Linear regression between lung stress (cmH2O) and the
applied tidal volume (mL/kg of ideal body weight)
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equal or above 24 and 26 cmH2O, respectively (Fig. 6). For
transpulmonary driving pressure, optimal cutoff values
were 11.7 cmH2O (AUC= 0.962, 95 %CI 0.934–0.989) and
11.8 cmH2O (AUC= 0.938, 95 %CI 0.894–0.982), conside-
ring a stress equal or above 24 and 26 cmH2O, respectively
(Additional file 1: Figure S6, Table S4).

Discussion
The primary findings of this study, aimed to assess the
relationship between driving pressure and lung stress, are
that: (1) at both the tested levels of PEEP (5 and 15
cmH2O) patients with a higher driving pressure presented
a significantly higher lung stress; (2) the airway driving
pressure was sufficiently accurate to detect lung stress
higher than 24 and 26 cmH2O.
ARDS is commonly managed by invasive mechanical

ventilation. Unfortunately, the mechanical ventilation can
further damage the lung, activating a biological inflamma-
tory response and promoting VILI [8, 11, 33]. In order to
limit VILI, ensuring at the same time adequate ventilation,
a lung-protective ventilation strategy has been imple-
mented [2–7]. Presently, there are no clear thresholds for
tidal volume or plateau pressure that may ensure a safe
ventilator strategy [34, 35], and these recommendations
are not widely applied [36]. Trying to reduce overstress/
strain, the majority of the studies applied a tidal volume
standardized to ideal body weight, computed according to
the patient’s height and sex [37], as in healthy subjects the
lung volume is related to height [38]. Thus, an obese
patient should not receive a higher tidal volume just
because of the weight gain, compared to a normal body
weight patient with similar height. Unlike healthy subjects,
in ARDS patients the amount of lung gas volume in which
the tidal volume is distributed is highly variable, and
depends on the severity of the disease [25, 28]. In the
present study, the tidal volumes set according both to the
ideal body weight and to the actual body weight were not

related to the lung gas volume. Consequently, a similar
amount of tidal volume could produce different stress
among different patients with similar body weight (Fig. 5).
One possible solution should be to titrate the tidal volume
according to the airway driving pressure, which depends
on the respiratory system elastance, thus better reflecting
the severity of the disease [3]. To estimate the “true” driv-
ing pressure, it is necessary to have the patients well re-
laxed, with or without paralysis, to avoid any possible
respiratory effort. Amato et al., retrospectively analysing
the airway driving pressure from the individual data of
3562 ARDS deeply sedated patients, enrolled in more than
nine clinical trials, showed that driving pressure was
strongly associated with outcome [3]. Similarly, Cinnella
et al, applying an open lung approach based on a recruit-
ment manoeuvre followed by a decremental PEEP trial,
compared to the ARDS Network protocol, significantly re-
duced the driving pressure with a higher tidal volume frac-
tion inflating the dorsal lung regions [39]. These studies
showed the possibility of using airway driving pressure as
a possible surrogate of lung stress at bedside [39, 40]
avoiding thus the use of esophageal manometry and any
disconnection from the ventilator that can be technically
challenging [26].
However, due to the possible impairment of chest wall

elastance in ARDS [41, 42], a similar airway pressure can
be associated to a significantly different transpulmonary
pressure, depending on the relationship between lung and
chest wall elastance [25, 43]. In an experimental animal
study with and without abdominal hypertension at diffe-
rent PEEP levels, the airway driving pressure paralleled
the behaviours of transpulmonary driving pressure; how-
ever, their ratio was always lower than 1, with a mean
range of 0.45 to 0.79 [31].
In the present study, we divided the population accor-

ding to an airway driving pressure lower than, equal or
higher than 15 cmH2O, a value that was associated to

Fig. 6 Receiver operator characteristic (ROC) curve for airway driving pressure as a predictor of lung stress above 24 (left panel) or 26 cmH2O
(right panel). AUC area under the curve
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an increase in the mortality in the study published by
Amato et al. [3]. At both PEEP levels, the lower driving
pressure group had a significantly lower stress; further-
more, patients who were reclassified from lower to higher
airway driving pressure group by passing from 5 to 15
cmH2O, presented higher lung stress and lung elastance.
Regarding the possibility that airway driving pressure
could discriminate patients with lung overstress, although
several studies titrated adjusted mechanical ventilation on
the basis of lung stress, there is not a clear threshold at
the present time; thus, in this study, two different cutoffs,
24 and 26 cmH2O of transpulmonary pressure, were
considered [21, 25, 42, 44, 45]. However, experimental
studies both in sheep [46, 47] and in piglets [13, 48, 49]
show that VILI occurs if mechanical ventilation is con-
ducted in the range of total lung capacity. Ratio of inspira-
tory capacity to resting lung volume (total lung capacity/
functional residual capacity, TLC/FRC) is approximately
2.2–2.6 and is highly conserved among species. In normal
humans FRC is 2200 mL and TLC 6000 mL [50]; it fol-
lows that the physical limit of lung expansion is between
2.5 and 3. We found [25] that specific elastance (defined
as the transpulmonary pressure/stress needed to double
the FRC) in ARDS and healthy subjects is approximately
13.5 cmH2O. It follows that applying a stress of 27
cmH2O implies adding a volume of two times the FRC,
reaching the total lung capacity. For this reason we pro-
posed two thresholds immediately below the strain of 27
(24 and 26 cmH2O). At 5 cmH2O of PEEP none of the pa-
tients had a lung stress higher than 24 cmH2O. This sug-
gests that applying a low tidal volume with low PEEP
avoids an unsafe lung stress. However, this approach could
be equally harmful in moderate to severe ARDS, where
usually lung recruitability is high and cyclic intra-tidal
opening and closing would occur [51, 52]. On the con-
trary, at 15 cmH2O of PEEP, 29 patients presented a lung
stress higher than 24 and 16 patients higher than 26
cmH2O respectively. In the linear regression there was a
relative amount of variability suggesting that the exact
lung stress could not be predicted with confidence. How-
ever, as shown by the ROC curves, the airway driving
pressure presented an acceptable sensitivity and specificity
to detect lung stress higher than 24 and 26 cmH2O
(Additional file 1: Table S4).
Contrary to the Amato et al. study, we found a diffe-

rence in outcome between patients with lower or higher
driving pressure only at 5 cmH2O of PEEP, but this can
be easily explained by the fact that the patients after the
study underwent different setting of mechanical ventila-
tion and were not managed according to the driving
pressure.
Although respiratory rate, minute ventilation, and in-

spiratory flow [14, 53] can be associated to lung injury,
the total alveolar deformation during mechanical

ventilation due to the application of PEEP (static strain)
and to the tidal volume (dynamic strain) is the most fre-
quently used indicator of VILI at bedside. Experimental
studies showed that dynamic strain is more harmful com-
pared to an equivalent static strain, and furthermore
maintaining the same global deformation by a simultan-
eous reduction of the dynamic component and an in-
crease of the static component caused less VILI [54–57].
Although the monitoring of airway driving pressure is able
to detect the possible presence of lung overstress, it does
not give any information about the other possible associ-
ated factors in modulating VILI [14, 57].

Limitations
Possible limitations of this study are: (1) the included
patients originated by mixing from previous published
data [22, 25, 27] and a new prospective study; (2) the
majority of the patients presented a mild to moderate
form of ARDS.

Conclusions
Mechanical ventilation, applying pressure and volume
with non-physiologic distortion (i.e. strain) and stress
(i.e. transpulmonary pressure), can generate an energy load
to lung parenchyma, which promotes VILI. The airway
driving pressure can be a plausible, non-invasive method
to predict lung stress in mild and moderate ARDS. How-
ever, further prospective studies are needed to establish the
limits of overstress that should be used at bedside.

Key messages

� The tidal volume based on ideal body weight is not
related to the amount of aerated lung volume and
to lung stress

� At 5 and 15 cmH2O of PEEP patients with a higher
airway driving pressure presented a significantly
higher lung stress (dynamic plus static stress).

� The airway driving pressure was sufficiently accurate
to detect lung stress higher than 24 and 26 cmH2O.

� Further prospective studies are needed to establish
the limits of overstress.

Additional file

Additional file 1: Expanded results with additional tables and figures.
(PDF 2454 kb)
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