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BACKGROUND: Hypoxia is a common finding in the anesthetized patient. Although there are a
variety of methods to address hypoxia, it is not well documented what strategies are used by
anesthesiologists when faced with a hypoxic patient. Studies have identified that lung protective
ventilation strategies have beneficial effects in both oxygenation and mortality in acute
respiratory distress syndrome. We sought to describe the ventilation strategies in anesthetized
patients with varying degrees of hypoxemia as defined by the PaO2 to fraction of inspired oxygen
(FIO2) (P/F) ratio.
METHODS: We conducted a review of all operations performed between January 1, 2005, and
July 31, 2009, using a general anesthetic, excluding cardiac and thoracic procedures, to assess
the ventilation settings that were used in patients with different P/F ratios. Patients older than
18 years who received a general anesthetic were included. Four cohorts of arterial blood gases
(ABGs) were identified with P/F !300, 300 ! P/F ! 200, 200 ! P/F ! 100, 100 ! P/F. Using
the standard predicted body weight (PBW) equation, we calculated the milliliters per kilogram
(mL/kg PBW) with which the patient’s lungs were being ventilated. Positive end-expiratory
pressure (PEEP), peak inspiratory pressures (PIPs), FIO2, oxygen saturation (SaO2), and tidal
volume in mL/kg PBW were compared.
RESULTS: A total of 28,706 ABGs from 11,445 operative cases met criteria for inclusion. There
were 19,679 ABGs from the P/F !300 group, 5364 ABGs from the 300 ! P/F ! 200 group,
3101 ABGs from the 200 ! P/F ! 100 group, and 562 ABGs from the 100 ! P/F group
identified. A comparison of ventilation strategies found statistical significance but clinically
irrelevant differences. Tidal volumes ranged between 8.64 and 9.16 and the average PEEP varied
from 2.5 to 5.5 cm H2O. There were substantial differences in the average FIO2 and PIP among
the groups, 59% to 91% and 22 to 29 cm H2O, respectively.
CONCLUSION: Similar ventilation strategies in mL/kg PBW and PEEP were used among patients
regardless of P/F ratio. The results of this study suggest that anesthesiologists, in general, are
treating hypoxemia with higher FIO2 and PIP. The average FIO2 and PIP were significantly escalated
depending on the P/F ratio. (Anesth Analg 2010;110:1616–22)

Mechanical ventilation during anesthesia provides
for necessary gas exchange, airway control, and a
conduit for inhaled anesthetic delivery. Neverthe-

less, mechanical ventilation is not without risks, including
barotrauma (lung injury from high pressure), atelectrauma
(lung injury from shear forces on compressed alveoli), and
volutrauma (lung injury from excessive volumes).1 These
complications can occur even after relatively short dura-
tions of use in the operating room (OR), particularly when
anesthesiologists are attempting to treat intraoperative
hypoxemia and decreasing Pao2/fraction of inspired

oxygen (Fio2) (P/F) ratios, which are conditions common to
patients receiving general anesthesia.2 Because atelectasis is
believed to be the most common contributing factor, ad-
justment of tidal volumes (Vt) to 10 to 12 mL/kg3 and
increasing the Fio2 and positive end-expiratory pressure
(PEEP)4 have been traditionally advocated for treating
relative hypoxemia in the operative setting. In contrast, in
intensive care unit (ICU) patients, a subset of patients with
hypoxia actually have acute lung injury (ALI) or acute
respiratory distress syndrome (ARDS) and management of
hypoxia is then based on a lung protective ventilation
strategy (LPVS), minimizing additional ventilator-associated
lung injury using lower Vt.5,6 Along with the low Vt LPVS,
aggressive PEEP and recruitment maneuvers can be ben-
eficial in improving oxygenation while reducing the per-
ceived potential toxicity of high-concentration oxygen and
reducing alveolar shear stress.7

We sought to examine the current management of
hypoxemic patients in the OR to determine the frequency at
which LPVS is implemented in response to a low P/F ratio
and to determine whether other methods were preferen-
tially used to address hypoxia. Using a large, prospectively
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least 1 mL/kg PBW, and 32% had an increase in PEEP of at
least 2 cm H2o.

Ventilation strategies used to treat critically ill patients
have changed substantially during the past several years.8,9

In an effort to determine whether this has had an effect on

the ventilation strategies used in the OR, we examined each
year of cases for the fundamental ventilator settings being
used on each subset of patients. The results of this analysis
are shown in Table 4. Overall, there was a trend toward
lower Vt, lower PIP, and higher levels of PEEP over the 5

Figure 2. A–D, Distribution of tidal volumes by PaO2/fraction of inspired oxygen (FIO2) (P/F) group. A, Milliliters of ventilation per kilogram
predicted body weight (PBW) by hypoxic group. B, Median positive end-expiratory pressure (PEEP) by hypoxic group. C, Median peak inspiratory
pressure by hypoxic group. D, Median FIO2 by hypoxic group. Solid lines ! values; boxes ! interquartile range; T bars ! 95% of total sample;
E ! outliers (1.5–3 " box length). *Extreme outliers (#3 " box length).

Table 3. Comparison of Ventilator Strategies at the Beginning and End of the Operation
Normal Mild hypoxia Moderate hypoxia Severe hypoxia

P/F >300
(N ! 3659)

300 > P/F > 200
(N ! 1858)

200 > P/F > 100
(N ! 1308)

100>P/F
(N ! 288)

Mean SD Mean SD Mean SD Mean SD

Earliest mL/kg PBW 8.91 1.76 9.07 1.88 9.07 1.88 8.65 1.96
Latest mL/kg PBW 9.01* 1.85 9.21* 1.89 9.14 2.07 8.78 2.16
Earliest PEEP (cm H2O) 2.48 2.19 2.79 2.37 3.36 2.76 4.64 3.51
Latest PEEP (cm H2O) 2.81* 2.21 3.28* 2.37 4.14* 2.74 5.92* 3.64
Earliest FIO2 (%) 60.78 21.56 59.47 20.66 64.34 19.86 84.07 17.74
Latest FIO2 (%) 57.42* 21.92 57.74* 21.24 65.23 20.75 83.97 18.51

First and last ABGs for patients with multiple ABGs drawn and corresponding ventilatory parameters.
PBW ! predicted body weight; PEEP ! positive end-expiratory pressure.
* P ! 0.001 when compared with earliest value using the t test.
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ResearchVentilation with lower tidal volumes as compared 
with conventional tidal volumes for patients 
without acute lung injury: a preventive 
randomized controlled trial
Rogier M Determann1,2, Annick Royakkers3,4, Esther K Wolthuis1,5, Alexander P Vlaar1, Goda Choi1,2, 
Frederique Paulus1, Jorrit-Jan Hofstra1,4, Mart J de Graaff1, Johanna C Korevaar6 and Marcus J Schultz*1,7

Abstract
Introduction: Recent cohort studies have identified the use of large tidal volumes as a major risk factor for 
development of lung injury in mechanically ventilated patients without acute lung injury (ALI). We compared the effect 
of conventional with lower tidal volumes on pulmonary inflammation and development of lung injury in critically ill 
patients without ALI at the onset of mechanical ventilation.

Methods: We performed a randomized controlled nonblinded preventive trial comparing mechanical ventilation with 
tidal volumes of 10 ml versus 6 ml per kilogram of predicted body weight in critically ill patients without ALI at the onset 
of mechanical ventilation. The primary end point was cytokine levels in bronchoalveolar lavage fluid and plasma 
during mechanical ventilation. The secondary end point was the development of lung injury, as determined by 
consensus criteria for ALI, duration of mechanical ventilation, and mortality.

Results: One hundred fifty patients (74 conventional versus 76 lower tidal volume) were enrolled and analyzed. No 
differences were observed in lavage fluid cytokine levels at baseline between the randomization groups. Plasma 
interleukin-6 (IL-6) levels decreased significantly more strongly in the lower-tidal-volume group ((from 51 (20 to 182) 
ng/ml to 11 (5 to 20) ng/ml versus 50 (21 to 122) ng/ml to 21 (20 to 77) ng/ml; P = 0.01)). The trial was stopped 
prematurely for safety reasons because the development of lung injury was higher in the conventional tidal-volume 
group as compared with the lower tidal-volume group (13.5% versus 2.6%; P = 0.01). Univariate analysis showed 
statistical relations between baseline lung-injury score, randomization group, level of positive end-expiratory pressure 
(PEEP), the number of transfused blood products, the presence of a risk factor for ALI, and baseline IL-6 lavage fluid 
levels and the development of lung injury. Multivariate analysis revealed the randomization group and the level of 
PEEP as independent predictors of the development of lung injury.

Conclusions: Mechanical ventilation with conventional tidal volumes is associated with sustained cytokine 
production, as measured in plasma. Our data suggest that mechanical ventilation with conventional tidal volumes 
contributes to the development of lung injury in patients without ALI at the onset of mechanical ventilation.

Trial registration: ISRCTN82533884

Introduction
Mechanical ventilation is a life-saving strategy in patients
with acute respiratory failure. Nevertheless, unequivocal
evidence from both experimental and clinical studies
indicates that mechanical ventilation has the potential to
aggravate lung injury [1-3]. Data from three randomized
controlled clinical trials confirmed the existence of venti-
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raphy, and fluid-balance data, pulmonary capillary wedge
pressures (if measured), and the admission diagnosis.
Both physicians were familiar with the consensus criteria
for ALI/ARDS [17]. In case of disagreement, consensus
had to be obtained while reviewing the patient together.

Statistical analysis
Data are presented as mean with standard deviation for
parametric data or as medians with interquartile range
(IQR) for nonparametric data. Baseline comparisons
between groups were made with the Student t test,
Mann-Whitney U test, χ2 test, or Fisher Exact test where
appropriate. The Mann-Whitney U test was used to com-
pare baseline levels of cytokines between groups. To
study the primary outcome, a linear mixed model was
constructed on cytokine levels, adding time and random-
ization group as factors in the model. In this model, the
interaction between time and randomization group was
used to study differences over time between groups. If the
residuals were not normally distributed in linear mixed-
model analyses, the data were transformed to the natural
logarithm of the original data. The relation between
cytokine levels and development of ALI/ARDS was stud-
ied with a multivariate logistic regression analysis. For the
secondary outcome, development of ALI/ARDS was
studied with the χ2 test. To show the incidence of ALI/
ARDS over time, a Kaplan-Meier curve was constructed,
and the log-rank test was used to calculate differences
between groups.

To study the effect of tidal volumes while correcting for
risk factors for ALI, a multivariate logistic regression
analysis was performed. Variables with a P value < 0.10 in
univariate analysis were considered for a multivariate

model. If collinearity between variables was found, then
the weaker variables were removed from the multivariate
model. A backward elimination method was used for the
final model.

A two-tailed P value < 0.05 was considered to be statis-
tically significant. Data were analyzed by using SPSS, ver-
sion 14.02 (SPSS Inc., Chicago, IL).

Results

Patients
A flow diagram summarizing patient inclusion, alloca-
tion, and analysis is given in Figure 1. At the second
interim analysis, after 150 patients were included, the
trial was stopped because more patients had developed
lung injury in the conventional tidal-volume group as
compared with the lower tidal-volume group ((10
patients (13.5%) versus two patients (2.6%); P = 0.01)).
Demographics and admission diagnoses are shown in
Tables 1 and 2. Study groups were well balanced with
respect to the number of patients with P/F less than 40
kPa and unilateral chest radiographs abnormalities, the
number of patients with bilateral chest radiographs
abnormalities but P/F more than 40 kPa, and risk factors
for ALI/ARDS. Patients randomized to the lower-tidal-
volume group, however, tended to be older, and more
patients were chronic smokers.

Ventilation data
Ventilator data are presented in Figure 2. Applied tidal
volumes were lower in the lower-tidal-volume group as
compared with the conventional-tidal-volume group at
baseline after randomization (6.4 ± 1.0 ml/kg versus 10.0
± 1.0 ml/kg; P < 0.001), as was the maximum airway pres-

Table 2: Admission diagnoses

Conventional tidal volume group
(n = 74)

Lower tidal volume group
(n = 76)

Cardiac arrest 22 32

Neurologic disease 24 15

Sepsis 7 4

Pneumonia 1 3

Aspiration -- 1

Trauma 12 10

Pancreatitis -- 1

Medical other 5 5

Cardiopulmonary surgery 1 3

Other surgery 2 2

150 patients


PaO2/FiO2 > 300 mmHg


High Vt (10 ml/kg PBW)

vs


Low Vt (6 ml/kg PBW)

Determann et al. Critical Care 2010, 14:R1
http://ccforum.com/content/14/1/R1

Page 9 of 14

undergoing elective surgery. In a recent study, procoagu-
lant changes in lavage fluid of patients with healthy lungs
were observed after 5 h of mechanical ventilation with
large tidal volumes [11]. Another recent trial showed
increased blood cytokine levels in surgical patients venti-
lated with conventional tidal volumes compared with
those in patients ventilated with lower tidal volumes [12].
The increase in lung-injury score in the conventional-
tidal-volume group may not have been reflected by
increases in cytokine levels because of a different timing
of lavage, deteriorations in P/F, and changes on chest
radiographs. A lavage was performed each second day,
but the chest radiographs could be made daily, and blood-
gas analyses were routinely performed at least 4 times per
day. Moreover, in seven patients, the attending physician
reduced the tidal volume size to 6 ml/kg after the devel-
opment of lung injury. The study protocol allowed only
lung lavage every second day. Lavage procedures were
not always performed on the moment of ALI/ARDS diag-
nosis and before tidal volumes were reduced.

Although we did not observe a general increase in
cytokine levels, the mechanism by which mechanical
ventilation with conventional tidal volumes leads to full-
blown ALI/ARDS in critically ill patients may be as fol-
lows. A second-hit model theory can be suggested as a
mechanism by which mechanical ventilation may lead to
ALI/ARDS. The patients in whom lung injury developed
in our study had increased IL-6 levels in their lavage fluid,
a higher level of PEEP, and a worse oxygenation index.
Although the IL-6 level and oxygenation index were not
independent predictors in multivariate analysis, it does
show that these patients had some pulmonary inflamma-
tion at baseline. It may be speculated that patients with a
certain level of inflammation are the patients at risk for
ventilator-induced lung injury. Moreover, the baseline
level of PEEP was significantly associated with develop-
ment of lung injury. Larger studies also showed that next
to tidal-volume size, risk factors for ALI/ARDS, level of
PEEP, and P/F are significant predictors of ALI/ARDS,
which is in line with the second-hit model theory [15,16].

Serial data on respiratory values and lung-injury score of patients ventilated with conventional tidal volume (solid circles) or lower tidal volumes 
(open circles)
Figure 3 Serial data on respiratory values and lung-injury score of patients ventilated with conventional tidal volume (solid circles) or low-
er tidal volumes (open circles). PaO2 partial pressure of arterial oxygen; PaCO2 partial pressure of arterial carbon dioxide; PF = ratio of PaO2 to fraction 
of inspired oxygen; LIS lung injury score. The number of patients was 74 versus 76 (conventional versus lower tidal volumes), 55 versus 63, and 34 versus 
34, respectively, at T = 0, T = 2, and T = 4 days. *P < 0.05; #P = 0.06 (Interaction time × Group).
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Mechanical Ventilation with Lower Tidal Volumes and
Positive End-expiratory Pressure Prevents Alveolar
Coagulation in Patients without Lung Injury
Goda Choi, M.D.,* Esther K. Wolthuis, M.D.,† Paul Bresser, M.D., Ph.D.,‡ Marcel Levi, M.D., Ph.D.,§
Tom van der Poll, M.D., Ph.D.,! Misa Dzoljic, M.D., Ph.D.,# Margreeth B. Vroom, M.D., Ph.D.,**
Marcus J. Schultz, M.D., Ph.D.††

Background: Alveolar fibrin deposition is a hallmark of acute
lung injury, resulting from activation of coagulation and inhibi-
tion of fibrinolysis. Previous studies have shown that mechanical
ventilation with high tidal volumes may aggravate lung injury in
patients with sepsis and acute lung injury. The authors sought to
determine the effects of mechanical ventilation on the alveolar
hemostatic balance in patients without preexistent lung injury.

Methods: Patients scheduled for an elective surgical proce-
dure (lasting > 5 h) were randomly assigned to mechanical
ventilation with either higher tidal volumes of 12 ml/kg ideal
body weight and no positive end-expiratory pressure (PEEP) or
lower tidal volumes of 6 ml/kg and 10 cm H2O PEEP. After
induction of anesthesia and 5 h later bronchoalveolar lavage
fluid and blood samples were obtained, and markers of coagu-
lation and fibrinolysis were measured.

Results: In contrast to mechanical ventilation with lower tidal
volumes and PEEP (n ! 21), the use of higher tidal volumes
without PEEP (n ! 19) caused activation of bronchoalveolar
coagulation, as reflected by a marked increase in thrombin–
antithrombin complexes, soluble tissue factor, and factor VIIa
after 5 h of mechanical ventilation. Mechanical ventilation with
higher tidal volumes without PEEP caused an increase in solu-
ble thrombomodulin in lavage fluids and lower levels of bron-
choalveolar activated protein C in comparison with lower tidal
volumes and PEEP. Bronchoalveolar fibrinolytic activity did not
change by either ventilation strategy.

Conclusions: Mechanical ventilation with higher tidal vol-
umes and no PEEP promotes procoagulant changes, which are
largely prevented by the use of lower tidal volumes and PEEP.

PULMONARY inflammation is characterized by local gen-
eration of proinflammatory mediators and a procoagu-
lant shift of the alveolar hemostatic balance, promoting
fibrin depositions within the airways.1,2 Disturbances in
alveolar fibrin turnover have been demonstrated in pa-
tients with pneumonia3–6 and acute respiratory distress
syndrome (ARDS).3,7 Whereas fibrin formation may aid
in host protection, such as the containment of infectious
agents during pulmonary infection and in maintaining or
repairing the endothelial-epithelial barrier, on the other
hand, coagulation products such as thrombin and fibrin
have significant proinflammatory properties, potentially
compromising pulmonary integrity and function.1,2 In its
most extreme form, bronchoalveolar fibrin formation
may compromise pulmonary function, as may occur
with severe ARDS.

In severe lung injury, ventilatory support is almost invari-
ably mandatory, but it is increasingly recognized that me-
chanical ventilation itself may aggravate or even initiate
lung injurious processes.8,9 The so-called ventilator-associ-
ated lung injury is characterized by several pathophysio-
logic sequelae, including local generation of inflammatory
mediators, constituting a pulmonary environment that is
highly proinflammatory. Another hallmark of ventilator-
associated lung injury in patients with severe lung injury is
the activation of bronchoalveolar coagulation.5,6 In patients
with ARDS, mechanical ventilation with lower tidal vol-
umes improves patient survival,10 most likely by limiting
generation of proinflammatory mediators, both locally in
the lungs and systemically.11 It is unknown whether (me-
chanical ventilation–induced) alterations in the alveolar he-
mostatic balance contribute to outcome in mechanically
ventilated patients. Moreover, there is ongoing debate on
whether patients without preexistent lung injury would
benefit from mechanical ventilation with lower tidal vol-
umes, because large clinical trials have only investigated
patients with acute lung injury and ARDS in the intensive
care unit. Recently, the pulmonary and systemic inflamma-
tory effects of mechanical ventilation were investigated in
patients during major surgery, showing little alteration in
the inflammatory responses.12,13

The aim of the current study was to characterize the
effects of mechanical ventilation on the alveolar hemo-
static balance. A randomized controlled trial was per-
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tion of fibrinolysis. Previous studies have shown that mechanical
ventilation with high tidal volumes may aggravate lung injury in
patients with sepsis and acute lung injury. The authors sought to
determine the effects of mechanical ventilation on the alveolar
hemostatic balance in patients without preexistent lung injury.

Methods: Patients scheduled for an elective surgical proce-
dure (lasting > 5 h) were randomly assigned to mechanical
ventilation with either higher tidal volumes of 12 ml/kg ideal
body weight and no positive end-expiratory pressure (PEEP) or
lower tidal volumes of 6 ml/kg and 10 cm H2O PEEP. After
induction of anesthesia and 5 h later bronchoalveolar lavage
fluid and blood samples were obtained, and markers of coagu-
lation and fibrinolysis were measured.

Results: In contrast to mechanical ventilation with lower tidal
volumes and PEEP (n ! 21), the use of higher tidal volumes
without PEEP (n ! 19) caused activation of bronchoalveolar
coagulation, as reflected by a marked increase in thrombin–
antithrombin complexes, soluble tissue factor, and factor VIIa
after 5 h of mechanical ventilation. Mechanical ventilation with
higher tidal volumes without PEEP caused an increase in solu-
ble thrombomodulin in lavage fluids and lower levels of bron-
choalveolar activated protein C in comparison with lower tidal
volumes and PEEP. Bronchoalveolar fibrinolytic activity did not
change by either ventilation strategy.

Conclusions: Mechanical ventilation with higher tidal vol-
umes and no PEEP promotes procoagulant changes, which are
largely prevented by the use of lower tidal volumes and PEEP.

PULMONARY inflammation is characterized by local gen-
eration of proinflammatory mediators and a procoagu-
lant shift of the alveolar hemostatic balance, promoting
fibrin depositions within the airways.1,2 Disturbances in
alveolar fibrin turnover have been demonstrated in pa-
tients with pneumonia3–6 and acute respiratory distress
syndrome (ARDS).3,7 Whereas fibrin formation may aid
in host protection, such as the containment of infectious
agents during pulmonary infection and in maintaining or
repairing the endothelial-epithelial barrier, on the other
hand, coagulation products such as thrombin and fibrin
have significant proinflammatory properties, potentially
compromising pulmonary integrity and function.1,2 In its
most extreme form, bronchoalveolar fibrin formation
may compromise pulmonary function, as may occur
with severe ARDS.

In severe lung injury, ventilatory support is almost invari-
ably mandatory, but it is increasingly recognized that me-
chanical ventilation itself may aggravate or even initiate
lung injurious processes.8,9 The so-called ventilator-associ-
ated lung injury is characterized by several pathophysio-
logic sequelae, including local generation of inflammatory
mediators, constituting a pulmonary environment that is
highly proinflammatory. Another hallmark of ventilator-
associated lung injury in patients with severe lung injury is
the activation of bronchoalveolar coagulation.5,6 In patients
with ARDS, mechanical ventilation with lower tidal vol-
umes improves patient survival,10 most likely by limiting
generation of proinflammatory mediators, both locally in
the lungs and systemically.11 It is unknown whether (me-
chanical ventilation–induced) alterations in the alveolar he-
mostatic balance contribute to outcome in mechanically
ventilated patients. Moreover, there is ongoing debate on
whether patients without preexistent lung injury would
benefit from mechanical ventilation with lower tidal vol-
umes, because large clinical trials have only investigated
patients with acute lung injury and ARDS in the intensive
care unit. Recently, the pulmonary and systemic inflamma-
tory effects of mechanical ventilation were investigated in
patients during major surgery, showing little alteration in
the inflammatory responses.12,13

The aim of the current study was to characterize the
effects of mechanical ventilation on the alveolar hemo-
static balance. A randomized controlled trial was per-
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46 patients
undergoing elective surgery >5 hrs

12 ml/kg ZEEP
vs

6 ml/kg 10 cm H2O PEEP

ately reflected in increased fibrinolytic activity, per-
haps—at least in patients ventilated with HVT/ZEEP—
because of inhibitory effects of PAI-1. Finally, we
demonstrated that mechanical ventilation with HVT/
ZEEP causes generation of more soluble fragments of
thrombomodulin in the bronchoalveolar spaces, poten-
tially leading to an impaired activation of the protein C
system. In summary, mechanical ventilation with HVT/
ZEEP seems to promote fibrin depositions within the
airways by three mechanisms: increased procoagulant
activity via the extrinsic pathway, a relative insuffi-
ciency of the anticoagulant protein C system, and inhi-
bition of fibrinolysis by PAI-1.

A “multiple-hit” model of lung injury can be theorized
whereby predisposing conditions, such as injurious me-
chanical ventilation during surgery, may result in pulmo-
nary inflammation (the “primary hit”). Then, several
“second hits,” such as transfusion of blood products,18

prolonged (injurious) mechanical ventilation,11,19 aspira-
tion,10,20 shock or sepsis,10,20 and ventilator-associated
pneumonia,21 may all cause additional lung injury, finally
resulting in full-blown ARDS with high morbidity and
mortality. Although the current study was not designed
to investigate clinical outcome, no differences were ob-
served in the postoperative course between the study
groups. However, the alterations in bronchoalveolar he-
mostasis may indicate that mechanical ventilation poten-
tially has harmful effects, even in patients without acute
lung injury.

The currently described changes in pulmonary hemosta-
sis are similar as those previously described in patients with
pneumonia or ARDS3–6 and in human volunteers with
endotoxin-induced pulmonary inflammation.15,22 Consis-
tently, increased procoagulant activity is reported, mostly

related to the extrinsic coagulation pathway. It is likely that
this activation is mediated by tissue factor expression on
epithelial cells and mononuclear cells in the bronchoalveo-
lar compartment. In the case of activation of epithelial and
endothelial cells, by pathogens, excessive inflammation,
or—as probably is the case during mechanical ventila-
tion—mechanical strain, there will be disruption of the
endothelial–epithelial barrier. Transudation of plasma into
the bronchoalveolar compartment will subsequently initi-
ate coagulation within the airways. We speculate that this
is the mechanism leading to immediate “sealing” of the
damaged area, providing injury containment, and initiating
other repair systems. Also, PAI-1 up-regulation has been
found consistently in patients with pneumonia,3–6 in pa-
tients with ARDS,3,7 and in our patients ventilated with
HVT/ZEEP. Although in the current clinical settings this did
not lead to a suppression of fibrinolytic activity, prolonged
mechanical ventilation could lead to even higher levels of
PAI-1 and more interference with fibrinolytic activity, as we
demonstrated in patients developing ventilator-associated
pneumonia.5,6 tPA antigens levels were increased by ven-
tilation with both low and high tidal volumes. This is in
contrast to in vitro studies by Dr. Günther’s group, in
which various cell lines all showed a down-regulation of
tPA messenger RNA expression upon inflammatory stimu-
li.23 However, the same group reported in an in vivo
model of endotoxin-induced lung injury that tPA is indeed
up-regulated in both structural (alveolar type II cells, endo-
thelial cells) and host defense cells (alveolar macrophages)
in mouse lungs.24 Also in our recent report on endotoxin-
induced lung inflammation in human volunteers, increased
levels of tPA were observed.15 It is thought that this early
activation of the fibrinolytic system is involved in tissue
remodeling.25

Fig. 3. Thrombin–antithrombin complexes
(TATc, A), soluble tissue factor (sTF, B), and
factor VIIa (FVIIa, C) in bronchoalveolar la-
vage fluid recovered at baseline (t ! 0) and
after 5 h (t ! 5) from patients mechanically
ventilated with 6 ml/kg and 10 cm H2O pos-
itive end-expiratory pressure (LVT/PEEP, n
! 21) or with 12 ml/kg and zero positive
end-expiratory pressure (HVT/ZEEP, n !
19). * Difference from t ! 0 in HVT/ZEEP (P
< 0.001). † Difference from t ! 0 in LVT/
PEEP (P < 0.01). ‡ Intergroup difference (P
< 0.001). Data are mean " SD.

Fig. 4. Plasminogen activator activity
(PAA, A), plasminogen activator inhibitor
type 1 (PAI-1, B), and tissue-type plasmin-
ogen activator (tPA, C) in bronchoalveo-
lar lavage fluid recovered at baseline (t !
0) and after 5 h (t ! 5) from patients
mechanically ventilated with 6 ml/kg and
10 cm H2O positive end-expiratory pres-
sure (LVT/PEEP, n ! 21) or with 12 ml/kg
and zero positive end-expiratory pres-
sure (HVT/ZEEP, n ! 19). * Difference
from t ! 0 in HVT/ZEEP (P < 0.05). † Difference from t ! 0 in LVT/PEEP (P < 0.001). ‡ Difference from t ! 0 in HVT/ZEEP
(P < 0.001). § Intergroup difference (P < 0.05). Data are mean " SD.
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ciency of the anticoagulant protein C system, and inhi-
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pneumonia,21 may all cause additional lung injury, finally
resulting in full-blown ARDS with high morbidity and
mortality. Although the current study was not designed
to investigate clinical outcome, no differences were ob-
served in the postoperative course between the study
groups. However, the alterations in bronchoalveolar he-
mostasis may indicate that mechanical ventilation poten-
tially has harmful effects, even in patients without acute
lung injury.

The currently described changes in pulmonary hemosta-
sis are similar as those previously described in patients with
pneumonia or ARDS3–6 and in human volunteers with
endotoxin-induced pulmonary inflammation.15,22 Consis-
tently, increased procoagulant activity is reported, mostly

related to the extrinsic coagulation pathway. It is likely that
this activation is mediated by tissue factor expression on
epithelial cells and mononuclear cells in the bronchoalveo-
lar compartment. In the case of activation of epithelial and
endothelial cells, by pathogens, excessive inflammation,
or—as probably is the case during mechanical ventila-
tion—mechanical strain, there will be disruption of the
endothelial–epithelial barrier. Transudation of plasma into
the bronchoalveolar compartment will subsequently initi-
ate coagulation within the airways. We speculate that this
is the mechanism leading to immediate “sealing” of the
damaged area, providing injury containment, and initiating
other repair systems. Also, PAI-1 up-regulation has been
found consistently in patients with pneumonia,3–6 in pa-
tients with ARDS,3,7 and in our patients ventilated with
HVT/ZEEP. Although in the current clinical settings this did
not lead to a suppression of fibrinolytic activity, prolonged
mechanical ventilation could lead to even higher levels of
PAI-1 and more interference with fibrinolytic activity, as we
demonstrated in patients developing ventilator-associated
pneumonia.5,6 tPA antigens levels were increased by ven-
tilation with both low and high tidal volumes. This is in
contrast to in vitro studies by Dr. Günther’s group, in
which various cell lines all showed a down-regulation of
tPA messenger RNA expression upon inflammatory stimu-
li.23 However, the same group reported in an in vivo
model of endotoxin-induced lung injury that tPA is indeed
up-regulated in both structural (alveolar type II cells, endo-
thelial cells) and host defense cells (alveolar macrophages)
in mouse lungs.24 Also in our recent report on endotoxin-
induced lung inflammation in human volunteers, increased
levels of tPA were observed.15 It is thought that this early
activation of the fibrinolytic system is involved in tissue
remodeling.25

Fig. 3. Thrombin–antithrombin complexes
(TATc, A), soluble tissue factor (sTF, B), and
factor VIIa (FVIIa, C) in bronchoalveolar la-
vage fluid recovered at baseline (t ! 0) and
after 5 h (t ! 5) from patients mechanically
ventilated with 6 ml/kg and 10 cm H2O pos-
itive end-expiratory pressure (LVT/PEEP, n
! 21) or with 12 ml/kg and zero positive
end-expiratory pressure (HVT/ZEEP, n !
19). * Difference from t ! 0 in HVT/ZEEP (P
< 0.001). † Difference from t ! 0 in LVT/
PEEP (P < 0.01). ‡ Intergroup difference (P
< 0.001). Data are mean " SD.

Fig. 4. Plasminogen activator activity
(PAA, A), plasminogen activator inhibitor
type 1 (PAI-1, B), and tissue-type plasmin-
ogen activator (tPA, C) in bronchoalveo-
lar lavage fluid recovered at baseline (t !
0) and after 5 h (t ! 5) from patients
mechanically ventilated with 6 ml/kg and
10 cm H2O positive end-expiratory pres-
sure (LVT/PEEP, n ! 21) or with 12 ml/kg
and zero positive end-expiratory pres-
sure (HVT/ZEEP, n ! 19). * Difference
from t ! 0 in HVT/ZEEP (P < 0.05). † Difference from t ! 0 in LVT/PEEP (P < 0.001). ‡ Difference from t ! 0 in HVT/ZEEP
(P < 0.001). § Intergroup difference (P < 0.05). Data are mean " SD.
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Mechanical Ventila
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Lower Tidal Volumes and
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e End-expiratory Pressure Prevents Alveolar

Coagulation in Patients without Lung Injury
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Background: Alveolar fibrin
depositio

n is a hallm
ark of acute

lung injury, resultin
g from activation of coagulation and inhibi-

tion of fibrinolysis.
Previous studies have shown that mechanical

ventilation with
high tidal volumes may aggravate lung injury in

patients with
sepsis

and acute lung injury. The authors sought to

determine the effects of mechanical ventilation on the alveolar

hemostatic balance in patients without preexiste
nt lung injury.

Methods: Patients scheduled for an elective surgical proce-

dure (lasting > 5 h) were randomly assigned to mechanical

ventila
tion with

either higher tidal volumes of 12 ml/kg ideal

body weight and no positiv
e end-expiratory pressure (PEEP) or

lower tidal volumes of 6 ml/kg and 10 cm
H2

O PEEP. After

induction of anesthesia and 5 h later bronchoalveolar lavage

fluid and blood samples were obtained, and markers of coagu-

lation and fibrinolysis were measured.

Results: In contrast to mechanical ventila
tion with

lower tidal

volumes and PEEP (n
! 21), the use of higher tidal volumes

without PEEP (n
! 19) caused activation of bronchoalveolar

coagulation, as reflected by a marked increase in
thrombin–

antith
rombin complexes, soluble tissue factor, and factor VIIa

after 5 h of mechanical ventila
tion. Mechanical ventila

tion with

higher tidal volumes without PEEP caused an increase in solu-

ble thrombomodulin
in lavage fluids and lower levels of bron-

choalveolar activated protein C in comparison with
lower tidal

volumes and PEEP. Bronchoalveolar fibrinolytic activity
did not

change by either ventila
tion strategy.

Conclusions:
Mechanical ventila

tion with
higher tidal vol-

umes and no PEEP promotes procoagulant changes, which are

largely prevented by the use of lower tidal volumes and PEEP.

PULMONARY inflammation is characterized by local gen-
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lant shift of the alveolar hemostatic balance, promoting
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Open lung ventilation improves functional residual capacity after
extubation in cardiac surgery*

Dinis Reis Miranda, MD; Ard Struijs, MD, PhD; Peter Koetsier, MD; Robert van Thiel, MD;
Ronald Schepp, MD; Wim Hop, PhD; Jan Klein, MD, PhD; Burkhard Lachmann, MD, PhD;
Ad J. J. C. Bogers, MD, PhD; Diederik Gommers, MD, PhD

Postoperative atelectasis is fre-
quently observed after cardiac
surgery and may lead to post-
operative pulmonary complica-

tions (1). Several studies have demon-
strated that reduction in postoperative
functional residual capacity (FRC) is as-
sociated with the development of postop-
erative pulmonary complications (2–4).
Fast-track extubation or epidural analge-
sia did not prevent postoperative FRC re-

duction in cardiac surgery patients (5, 6).
Whether application of continuous posi-
tive airway pressure (CPAP) in cardiac
surgery patients after extubation in-
creases postoperative FRC is not known.
When CPAP was compared with noninva-
sive positive pressure ventilation, atelec-
tasis is reduced with the latter in cardiac
surgery patients (7). However, in that
study oxygenation or pulmonary function
was not improved by noninvasive positive
pressure ventilation (7).

Ventilation according to the open lung
concept (OLC) aims at avoiding atelectasis
and thereby attenuating ventilator-induced
lung injury (8, 9). This is achieved by short
periods of high inspiratory pressures to
open up collapsed alveoli, followed by a
relatively high level of positive end-
expiratory pressure (PEEP) to keep the al-
veoli open. Recently, Schreiter and col-
leagues (10) showed that OLC reduces
atelectasis, examined by CT scanning, in
trauma patients with severe chest injury.

When it is applied before lung injury, we
have shown in an experimental study that
ventilation according to the OLC was able
to prevent lung injury (11).

Assuming that cardiac surgery causes
lung injury, we designed a study contain-
ing three groups: (1) conventional venti-
lation (CV); (2) OLC, started after cardiac
surgery (LOL); and (3) OLC, started be-
fore cardiac surgery (EOL). We hypothe-
sized that early rather than late applica-
tion of OLC, in comparison with
conventional ventilation, attenuates FRC
reduction after extubation.

MATERIALS AND METHODS

The local human ethics research commit-
tee approved this study, and each patient gave
informed written consent. We prospectively
studied 69 patients scheduled for coronary ar-
tery bypass graft and/or valve surgery with use
of cardiopulmonary bypass (CPB). Patients
with severe airway obstruction, defined as
forced expired volume in 1 sec or vital capacity

*See also p. 2425.
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Objective: After cardiac surgery, functional residual capacity
(FRC) after extubation is reduced significantly. We hypothesized
that ventilation according to the open lung concept (OLC) atten-
uates FRC reduction after extubation.

Design: A prospective, single-center, randomized, controlled
clinical study.

Setting: Cardiothoracic operating room and intensive care unit
of a university hospital.

Patients: Sixty-nine patients scheduled for elective coronary
artery bypass graft and/or valve surgery with cardiopulmonary
bypass.

Interventions: Before surgery, patients were randomly as-
signed to three groups: (1) conventional ventilation (CV); (2) OLC,
started after arrival in the intensive care unit (late open lung); and
(3) OLC, started directly after intubation (early open lung). In both
OLC groups, recruitment maneuvers were applied until PaO2/FIO2
was >375 Torr (50 kPa). No recruitment maneuvers were applied
in the CV group.

Measurements and Main Results: FRC was measured preop-

eratively and 1, 3, and 5 days after extubation. Peripheral hemo-
globin saturation (SpO2) was measured daily till the third day after
extubation while the patient was breathing room air. Hypoxemia
was defined by an SpO2 value <90%. Averaged over the 5 post-
operative days, FRC was significantly higher in the early open
lung group and tended to be higher in the late open lung group,
in comparison with the CV group (mean ! SEM: CV, 1.8 ! 0.1; late
open lung,1.9 ! 0.1; and early open lung, 2.2 ! 0.1l). In the CV
group, 37% of the patients were hypoxic on the third day after
extubation, compared with none of the patients in both OLC
groups.

Conclusions: After cardiac surgery, earlier application of
OLC resulted in a significantly higher FRC and fewer episodes
of hypoxemia than with CV after extubation. (Crit Care Med
2005; 33:2253–2258)

KEY WORDS: mechanical ventilation; functional residual capac-
ity; open lung ventilation; blood gases; coronary artery bypass
graft; cardiac surgery
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Postoperative atelectasis is fre-
quently observed after cardiac
surgery and may lead to post-
operative pulmonary complica-

tions (1). Several studies have demon-
strated that reduction in postoperative
functional residual capacity (FRC) is as-
sociated with the development of postop-
erative pulmonary complications (2–4).
Fast-track extubation or epidural analge-
sia did not prevent postoperative FRC re-

duction in cardiac surgery patients (5, 6).
Whether application of continuous posi-
tive airway pressure (CPAP) in cardiac
surgery patients after extubation in-
creases postoperative FRC is not known.
When CPAP was compared with noninva-
sive positive pressure ventilation, atelec-
tasis is reduced with the latter in cardiac
surgery patients (7). However, in that
study oxygenation or pulmonary function
was not improved by noninvasive positive
pressure ventilation (7).

Ventilation according to the open lung
concept (OLC) aims at avoiding atelectasis
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Objective: After cardiac surgery, functional residual capacity
(FRC) after extubation is reduced significantly. We hypothesized
that ventilation according to the open lung concept (OLC) atten-
uates FRC reduction after extubation.

Design: A prospective, single-center, randomized, controlled
clinical study.
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artery bypass graft and/or valve surgery with cardiopulmonary
bypass.
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signed to three groups: (1) conventional ventilation (CV); (2) OLC,
started after arrival in the intensive care unit (late open lung); and
(3) OLC, started directly after intubation (early open lung). In both
OLC groups, recruitment maneuvers were applied until PaO2/FIO2
was >375 Torr (50 kPa). No recruitment maneuvers were applied
in the CV group.

Measurements and Main Results: FRC was measured preop-

eratively and 1, 3, and 5 days after extubation. Peripheral hemo-
globin saturation (SpO2) was measured daily till the third day after
extubation while the patient was breathing room air. Hypoxemia
was defined by an SpO2 value <90%. Averaged over the 5 post-
operative days, FRC was significantly higher in the early open
lung group and tended to be higher in the late open lung group,
in comparison with the CV group (mean ! SEM: CV, 1.8 ! 0.1; late
open lung,1.9 ! 0.1; and early open lung, 2.2 ! 0.1l). In the CV
group, 37% of the patients were hypoxic on the third day after
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Conclusions: After cardiac surgery, earlier application of
OLC resulted in a significantly higher FRC and fewer episodes
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High versus low positive end-expiratory pressure during 
general anaesthesia for open abdominal surgery (PROVHILO 
trial): a multicentre randomised controlled trial
The PROVE Network Investigators* for the Clinical Trial Network of the European Society of Anaesthesiology

Summary
Background The role of positive end-expiratory pressure in mechanical ventilation during general anaesthesia for 
surgery remains uncertain. Levels of pressure higher than 0 cm H2O might protect against postoperative pulmonary 
complications but could also cause intraoperative circulatory depression and lung injury from overdistension. 
We tested the hypothesis that a high level of positive end-expiratory pressure with recruitment manoeuvres protects 
against postoperative pulmonary complications in patients at risk of complications who are receiving mechanical 
ventilation with low tidal volumes during general anaesthesia for open abdominal surgery.

Methods In this randomised controlled trial at 30 centres in Europe and North and South America, we recruited 
900 patients at risk for postoperative pulmonary complications who were planned for open abdominal surgery under 
general anaesthesia and ventilation at tidal volumes of 8 mL/kg. We randomly allocated patients to either a high level 
of positive end-expiratory pressure (12 cm H2O) with recruitment manoeuvres (higher PEEP group) or a low level of 
pressure (≤2 cm H2O) without recruitment manoeuvres (lower PEEP group). We used a centralised computer-
generated randomisation system. Patients and outcome assessors were masked to the intervention. Primary endpoint 
was a composite of postoperative pulmonary complications by postoperative day 5. Analysis was by intention-to-treat. 
The study is registered at Controlled-Trials.com, number ISRCTN70332574.

Findings From February, 2011, to January, 2013, 447 patients were randomly allocated to the higher PEEP group 
and 453 to the lower PEEP group. Six patients were excluded from the analysis, four because they withdrew consent 
and two for violation of inclusion criteria. Median levels of positive end-expiratory pressure were 12 cm H2O 
(IQR 12–12) in the higher PEEP group and 2 cm H2O (0–2) in the lower PEEP group. Postoperative pulmonary 
complications were reported in 174 (40%) of 445 patients in the higher PEEP group versus 172 (39%) of 449 patients 
in the lower PEEP group (relative risk 1·01; 95% CI 0·86–1·20; p=0·86). Compared with patients in the lower PEEP 
group, those in the higher PEEP group developed intraoperative hypotension and needed more vasoactive drugs.

Interpretation A strategy with a high level of positive end-expiratory pressure and recruitment manoeuvres during 
open abdominal surgery does not protect against postoperative pulmonary complications. An intraoperative protective 
ventilation strategy should include a low tidal volume and low positive end-expiratory pressure, without recruitment 
manoeuvres. 

Funding Academic Medical Center (Amsterdam, Netherlands), European Society of Anaesthesiology. 

Introduction
About 234 million major surgical procedures are 
undertaken worldwide every year. Of these interventions, 
around 2·6 million represent high-risk procedures, 
with 1·3 million patients developing complications that 
result in 315 000 in-hospital deaths.1 Postoperative 
pulmonary complications are at least as frequent as 
cardiac complications during non-cardiac surgery2 and 
are associated with increased risk of in-hospital death, 
particularly after open abdominal surgery.3,4 Mechanical 
ventilation might aff ect the incidence of postoperative 
pulmonary com plications5 and, possibly, distal organ 
dysfunction.6 Diff erent mechanisms have been proposed 
to account for the injurious eff ects of ventilation. 
Both hyperinfl ation and repetitive tidal recruitment of 
lung units can induce the release of proinfl ammatory 
mediators, leading to lung and distal organ injury.7

Prevention of hyperinfl ation by use of low tidal volumes 
reduces mortality in patients with acute respiratory 
distress syndrome.8 Mortality can also be decreased 
in individuals with severe acute respiratory distress 
syndrome by avoiding repetitive tidal recruitment 
with high levels of positive end-expiratory pressure.9 
Furthermore, use of low tidal volumes in patients without 
lung injury under general anaesthesia might also reduce 
the incidence of postoperative pulmonary complications.5 
This hypothesis was proven in a single-centre10 and a 
national multicentre trial.11 However, in both studies, use 
of lower tidal volumes was combined with higher levels 
of positive end-expiratory pressure; thus, did benefi cial 
eff ects come from prevention of hyperinfl ation or 
avoidance of repetitive tidal recruitment? Use of very low 
levels of positive end-expiratory pressure could lead to 
atelectasis with ventilation strategies that incorporate 
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anaesthesia in some patients, particularly when high 
amounts of FIO2 were used.23 Notably, atelectasis might 
also persist in the fi rst days after surgery, particularly 
after abdominal surgery.24 We chose a positive end-
expiratory pressure of 12 cm H2O to maximise lung 
opening throughout mechanical ventilation, irrespective 
of FIO2. The higher PEEP strategy resulted in improved 
dynamic compliance of the respiratory system compared 
with that noted in the lower PEEP group, suggesting 
augmented alveolar recruitment.

The results of PROVHILO expand our understanding 
of the fi ndings of two trials in similar populations of 
patients,10,11 in which a conventional ventilation strategy 
with high tidal volumes of 9·5 mL/kg PBW10 and 
11·1 mL/kg PBW11 and no positive end-expiratory pressure 
was compared with a protective strategy using low tidal 
volumes of 7·7 mL/kg PBW 10 and 6·4 mL/kg PBW11 and 
high levels of positive end-expiratory pressure of 10 cm 
H2O10 and 6 cm H2O.11 The benefi t of protective ventilation 
reported in those trials might have come from the high 
levels of positive end-expiratory pressure.25 However, the 
design of the trials10,11 does not enable us to identify 
whether low tidal volumes, high levels of positive end-
expiratory pressure, or both, caused the benefi cial eff ects 
(panel). The results of our study, therefore, challenge the 
hypothesis that high positive end-expiratory pressure 
accounts for the benefi cial eff ects of protective ventilation. 
However, the two trials10,11 are not completely comparable 
with our study, because the levels of high positive end-
expiratory pressure used were about 4–6 cm H2O lower 
than those we administered.

Perhaps, in our trial, the high level of positive end-
expiratory pressure stabilised the lungs and protected 
against lung injury from tidal recruitment, but the adverse 
eff ects we recorded might have counteracted these 
possible benefi cial eff ects. Peak airway pressures were 
increased in patients assigned to the higher PEEP group, 
possibly causing hyperinfl ation in non-dependent lung 
zones. Furthermore, high positive end-expiratory pressure 
further impaired haemodynamics. Thus, our fi ndings 
suggest that levels of positive end-expiratory pressure 
higher than recommended in previous trials,10,11 although 
improving the elastic properties of the respiratory system, 
do not enhance lung protection in general anaesthesia.

Several drugs used for general anaesthesia induce 
peripheral vascular smooth muscle relaxation, decrease 
the arterial pressure, and, even, impair cardiac 
contractility.26,27 Furthermore, epidural anaesthesia, which 
is used frequently (in up to 50% of cases) in combination 
with general anaesthesia during open abdominal surgery, 
might contribute to reduce the peripheral vascular 
smooth muscle tonus and promote peripheral blood 
pooling.28 However, neither admini s tration of drugs for 
general anaesthesia nor use of epidural anaesthesia 
diff ered between study groups. Thus, the increased 
incidence of intraoperative haemodynamic adverse events 
noted in the higher PEEP group, particularly arterial 

hypotension, might have been associated with a reduction 
of venous return attributable to increased intrathoracic 
pressure with higher positive end-expiratory pressure and 
recruitment manoeuvres. Even though those events were 
scarce and responded to increased intravascular volume 
expansion and use of vasoactive drugs, they might be life-
threatening in patients with ischaemic cardiac disease.29

In our study, we did not include patients having 
laparoscopic surgery or those who were morbidly 
obese—groups of patients who might have benefi ted, 
in particular, from high levels of intraoperative positive 
end-expiratory pressure. Furthermore, we recommended, 

Higher PEEP 
group (n=445)

Lower PEEP 
group (n=449)

Relative risk
(95% CI)

p

(Continued from previous page)

Follow-up

Impaired wound healing‡‡ 71/444 (16%) 58/446 (13%) 1·23 (0·89–1·70) 0·21

Need for new or continued 
mechanical ventilation

18/437 (4%) 24/443 (5%) 0·77 (0·42–1·40) 0·74

Admission to intensive-care unit 106/442 (24%) 104/452 (23%) 1·03 (0·81–1·32) 0·79

Length of hospital stay (days) 10 (7–14) 10 (7–14) .. 0·24

Hospital-free days, at day 90 79 (71–83) 79 (70–82) .. 0·33

Mortality by day 5 2/443 (<1%) 1/448 (<1%) 2·02 (0·18–22) 0·56

In-hospital mortality 7/ 438 (2%) 7/442 (2%) 1·01 (0·36–2·85) 0·99

Data are mean (SD), median (IQR), or number/total number of patients (%). Complications were counted as soon as 
an event occurred. RIFLE=Risk, Injury, Failure, Loss, and End-stage kidney disease. *14 patients had no follow-up data. 
†Worse criterion on days 1–5 scored. ‡Increased creatinine 1·5 times the upper limit of normal (ULN), glomerular 
fi ltration rate (GFR) decreased by >25%, or hourly urine output <0·5 mL/kg for 6 h. §Increased creatinine twice ULN, 
GFR decreased by >50%, or hourly urine output <0·5 mL/kg for 12 h. ¶Increased creatinine three times ULN, GFR 
decreased by >75%, hourly urine output <0·3 mL/kg for 24 h, or anuria for 12 h. ||Persistent acute renal failure 
(complete loss of kidney function for more than 4 weeks). **Scores defi ned as: 0, normal gastrointestinal function; 
1, enteral feeding with less than 50% of calculated needs or no feeding 3 days after abdominal surgery; 2, either food 
intolerance or intra-abdominal hypertension; 3, both food intolerance and intra-abdominal hypertension; and 4, 
abdominal compartment syndrome. ††Systolic arterial blood pressure <90 mm Hg for more than 3 min. 
‡‡Interruption in the timely and predictable recovery of mechanical integrity of injured tissue.

Table 3: Primary and secondary outcomes
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Figure 2: Kaplan-Meier curve showing the probability of postoperative pulmonary complications by 
postoperative day 5
PEEP=positive end-expiratory pressure.
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Summary
Background Protective mechanical ventilation strategies using low tidal volume or high levels of positive end-
expiratory pressure (PEEP) improve outcomes for patients who have had surgery. The role of the driving pressure, 
which is the diff erence between the plateau pressure and the level of positive end-expiratory pressure is not known. 
We investigated the association of tidal volume, the level of PEEP, and driving pressure during intraoperative 
ventilation with the development of postoperative pulmonary complications.

Methods We did a meta-analysis of individual patient data from randomised controlled trials of protective ventilation 
during general anesthaesia for surgery published up to July 30, 2015. The main outcome was development of 
postoperative pulmonary complications (postoperative lung injury, pulmonary infection, or barotrauma).

Findings We included data from 17 randomised controlled trials, including 2250 patients. Multivariate analysis 
suggested that driving pressure was associated with the development of postoperative pulmonary complications 
(odds ratio [OR] for one unit increase of driving pressure 1·16, 95% CI 1·13–1·19; p<0·0001), whereas we detected no 
association for tidal volume (1·05, 0·98–1·13; p=0·179). PEEP did not have a large enough eff ect  in univariate 
analysis to warrant inclusion in the multivariate analysis. In a mediator analysis, driving pressure was the only 
signifi cant mediator of the eff ects of protective ventilation on development of pulmonary complications (p=0·027). In 
two studies that compared low with high PEEP during low tidal volume ventilation, an increase in the level of PEEP 
that resulted in an increase in driving pressure was associated with more postoperative pulmonary complications 
(OR 3·11, 95% CI 1·39–6·96; p=0·006).

Interpretation In patients having surgery, intraoperative high driving pressure and changes in the level of PEEP that 
result in an increase of driving pressure are associated with more postoperative pulmonary complications. However, 
a randomised controlled trial comparing ventilation based on driving pressure with usual care is needed to confi rm 
these fi ndings.

Funding None.

Introduction
More than 230 million surgical procedures are done 
worldwide each year.1 Complications after surgery are 
associated with increased use of resources and are an 
important cause of death.2 In particular, postoperative 
pulmonary complications have a strong eff ect on 
morbidity and mortality of patients who have had 
surgery.2–4

Three large randomised controlled trials5–7 of intra-
operative ventilation showed that reduced tidal volume 
combined with high levels of positive end-expiratory 
pressure (PEEP) during intraoperative ventilation 
prevents postoperative pulmonary compli cations. 
Slutsky and Ranieri8 suggest that ventilation with a low 

tidal volume necessitates the use of moderate to high 
levels of PEEP to reduce the mechanical stress related to 
atelectasis. However, a randomised controlled trial9 has 
shown no diff erence in the development of postoperative 
pulmonary complications after intra operative ventilation 
with low tidal volumes with either high or low levels 
of PEEP.

Several investigations10–12 suggest an association 
between high driving pressure (the diff erence between 
the plateau pressure and the level of PEEP) and outcome 
for patients with acute respiratory distress syndrome. It 
is uncertain whether a similar association exists for high 
driving pressure during surgery and the occurrence of 
postoperative pulmonary complications. Indeed, in 
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two studies that compared low with high PEEP during low tidal volume ventilation, an increase in the level of PEEP 
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signifi cant mediator of the eff ects of protective ventilation on development of pulmonary complications (p=0·027). In 
two studies that compared low with high PEEP during low tidal volume ventilation, an increase in the level of PEEP 
that resulted in an increase in driving pressure was associated with more postoperative pulmonary complications 
(OR 3·11, 95% CI 1·39–6·96; p=0·006).

Interpretation In patients having surgery, intraoperative high driving pressure and changes in the level of PEEP that 
result in an increase of driving pressure are associated with more postoperative pulmonary complications. However, 
a randomised controlled trial comparing ventilation based on driving pressure with usual care is needed to confi rm 
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associated with increased use of resources and are an 
important cause of death.2 In particular, postoperative 
pulmonary complications have a strong eff ect on 
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combined with high levels of positive end-expiratory 
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Slutsky and Ranieri8 suggest that ventilation with a low 

tidal volume necessitates the use of moderate to high 
levels of PEEP to reduce the mechanical stress related to 
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Several investigations10–12 suggest an association 
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for patients with acute respiratory distress syndrome. It 
is uncertain whether a similar association exists for high 
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Despite a higher plateau pressure in those with a decrease 
in driving pressure, no change, or an increase in driving 
pressure compared with the low PEEP group (p<0·001), 
there was no eff ect of the plateau pressure in the fi nal 
model (OR 0·95, 95% CI 0·87–1·04; p=0·250; table 3).

Reductions in driving pressure according to 
randomisation were signifi cantly associated with reduced 
incidence of postoperative pulmonary complications 
independent of baseline characteristics (p=0·009). Except 
for driving pressure, no other potential mediator 
consistently passed through the stepwise mediation tests. 
Tidal volume (p=0·577) and PEEP level (p=0·261) were not 
signifi cant mediators. By contrast, a reduction in driving 
pressure mediated benefi ts (p=0·027), and this was 
enough to suppress the signifi cance of the direct eff ect of 
randomisation (p=0·104), classically characterising 
complete mediation (table 4, appendix pp 20–21). Thus, 
although driving pressure was not an explicit target, 
benefi ts of protective ventilation were related to reductions 
in driving pressure caused by randomisation, rather than 
in proportion to changes in tidal volume or level of PEEP.

Discussion
Our fi ndings suggest that the driving pressure during 
intraoperative ventilation is independently associated 
with development of pulmonary complications after 
surgery. No other mechanical ventilation variable had 
such a mediating eff ect. These data provide new 
information about how to select tidal volume and PEEP 
level according to driving pressure during surgery.

We included a large cohort of patients having diff erent 
types of surgery, pooling data from the most recent high 

Low PEEP 
group (n=432)

Decrease in driving pressure 
(n=185)

No change in driving pressure 
(n=150)

Increase in driving pressure 
(n=139)

Mean (SD) p value vs 
low PEEP 
group

Mean (SD) p value vs 
low PEEP 
group

Mean (SD) p value vs 
low PEEP 
group

Age (years) 66·1 (12·9) 62·5 (13·6) 0·01 62·7 (15·1) 0·039 65·0 (12·9) 0·83

ASA 2·3 (0·7) 2·2 (0·6) 0·89 2·1 (0·6) 0·23 2·3 (0·7) 0·99

Ventilatory parameters

Tidal volume (mL/kg PBW) 8·3 (0·7) 8·2 (0·7) 0·66 8·2 (0·5) 0·88 8·4 (1·3) 0·83

PEEP (cm H2O) 1·1 (1·1) 11·4 (1·8) <0·0001 11·0 (2·0) <0·0001 11·4 (1·8) <0·0001

Driving pressure (cm H2O) 11·6 (4·3) 10·3 (3·3) <0·0001 11·8 (3·5) 0·043 15·6 (4·4) <0·0001

FiO2 (%) 0·4 (0·1) 0·5 (0·2) 0·048 0·5 (0·2) 0·033 0·5 (0·1) 0·067

Plateau pressure (cm H2O) 20·2 (4·9) 24·1 (3·5) <0·0001 23·5 (3·9) <0·0001 23·8 (4·8) <0·0001

Change in driving pressure (cm H2O) 0·5 (3·8) –3·7 (3·0) <0·0001 0·4 (0·5) 0·30 4·3 (3·4) <0·0001

Static compliance (mL/cm H2O) 34·7 (12·2) 46·1 (21·9) <0·0001 48·1 (21·3) <0·0001 43·0 (15·0) <0·0001

Presence of risk factor* 9 (2·3) 2 (1·2) 0·58 3 (2·3) 0·74 2 (1·5) 0·83

Incidence of PPC (n, %) 47 (11%) 18 (10%) 0·76 17 (11%) 0·96 19 (14%) 0·40

Odds ratio for PPC (95% CI)† 1 (reference) 0·19 (0·02–1·50) 0·154 0·77 (0·22–2·74) 0·791 3·11 (1·39–6·96) 0·006

Data are mean (SD) unless stated otherwise. PEEP=positive end-expiratory pressure. ASA=American Society of Anesthesiologists physical status classifi cation system. PBW=predicted bodyweight. FiO2: fraction 
of inspired oxygen. PPC=postoperative pulmonary complications. *Transfusion of blood products, sepsis, shock, or pneumonia. †Adjusted by age, ASA, presence of risk factor, plateau pressure, and static 
compliance (low PEEP group as reference).  

Table 3: Characteristics of patients according to changes in driving pressure after increase of positive end-expiratory pressure

Figure 2: Odds of postoperative pulmonary complications according to 
response of driving pressure after increase of PEEP
PEEP=positive end-expiratory pressure.
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Response of driving pressure

Univariate logistic 
regression (OR, 
95% CI)

Multivariable 
logistic regression* 
(OR, 95% CI)

Mediation analysis 
using bootstrap* 
(ACME, 95% CI)

Randomisation (protective) 0·56 (0·42–0·75) 0·85 (0·05–13·50) 0·42 (0·14–1·19)

Tidal volume (mL/kg PBW) 1·14 (1·07–1·22) 1·05 (0·98–1·13) 0·91 (0·62–1·26)

PEEP (cm H2O) 0·99 (0·95–1·02) 0·83 (0·59–1·16) 1·46 (0·88–2·36)

Driving pressure (cm H2O) 1·06 (1·02–1·11) 1·16 (1·13–1·19) 1·27 (1·07–1·48)

OR=odds ratio. ACME=average causal mediation eff ect. PBW=predicted bodyweight. PEEP=positive end-expiratory 
pressure. *Adjusted for variables described in table 2 and using generalised linear mixed model.

Table 4: Eff ect of driving pressure on postoperative pulmonary complications according to three 
regression methods for the whole cohort of patients



Protectief	beademen	begint	op	de	OK
T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 372;8 nejm.org February 19, 2015 747

From the Cardio-Pulmonary Depart-
ment, Pulmonary Division, Heart Insti-
tute (Incor), University of São Paulo 
(M.B.P.A., E.L.V.C., C.R.R.C.), and the 
Research and Education Institute, Hospi-
tal Sirio-Libanês (E.L.V.C.) — both in São 
Paulo; the Departments of Clinical Epide-
miology and Biostatistics and Medicine, 
McMaster University, Hamilton, ON 
(M.O.M., T.E.S., M.B.), and the Keenan 
Research Centre for Biomedical Science, 
St. Michael’s Hospital (A.S.S., L.B.), and 
the Interdepartmental Division of Critical 
Care Medicine and Department of Medi-
cine, University of Toronto (A.S.S., L.B.), 
Toronto — all in Canada; the Massachu-
setts General Hospital Biostatistics Cen-
ter, Harvard Medical School (D.A.S.), 
and Department of Anesthesia, Critical 
Care, and Pain Medicine, Beth Israel 
Deaconess Medical Center and Harvard 
Medical School (D.T.) — both in Boston; 
the Basel Institute for Clinical Epidemiol-
ogy and Biostatistics, University Hospi-
tal Basel, Basel, Switzerland (M.B.); the  
Department of Intensive Care and Hyper-
baric Medicine, Angers University Hospi-
tal, Angers (A.M.), the Emergency De-
partment, General Hospital of Annecy, 
Annecy (J.-C.M.R.), and INSERM UMR 
955, Creteil ( J.-C.M.R.) — all in France; 
and the Division of Pulmonary and Criti-
cal Care Medicine, Johns Hopkins Uni-
versity School of Medicine, Baltimore 
(R.G.B.). Address reprint requests to Dr. 
Amato at Faculdade de Medicina, Univer-
sidade de São Paulo., Av. Dr. Arnaldo 
455, sala 2144 (2nd Fl.), 01246-903, São 
Paulo, Brazil, or at  amato . marcelo . bp@ 
 gmail . com.

N Engl J Med 2015;372:747-55.
DOI: 10.1056/NEJMsa1410639
Copyright © 2015 Massachusetts Medical Society.

BACKGROUND
Mechanical-ventilation strategies that use lower end-inspiratory (plateau) airway 
pressures, lower tidal volumes (VT), and higher positive end-expiratory pressures 
(PEEPs) can improve survival in patients with the acute respiratory distress syndrome 
(ARDS), but the relative importance of each of these components is uncertain. 
Because respiratory-system compliance (CRS) is strongly related to the volume of 
aerated remaining functional lung during disease (termed functional lung size), 
we hypothesized that driving pressure (∆P = VT/CRS), in which VT is intrinsically nor-
malized to functional lung size (instead of predicted lung size in healthy persons), 
would be an index more strongly associated with survival than VT or PEEP in patients 
who are not actively breathing.

METHODS
Using a statistical tool known as multilevel mediation analysis to analyze individual 
data from 3562 patients with ARDS enrolled in nine previously reported randomized 
trials, we examined ∆P as an independent variable associated with survival. In the 
mediation analysis, we estimated the isolated effects of changes in ∆P resulting 
from randomized ventilator settings while minimizing confounding due to the 
baseline severity of lung disease.

RESULTS
Among ventilation variables, ∆P was most strongly associated with survival. A 1-SD 
increment in ∆P (approximately 7 cm of water) was associated with increased 
mortality (relative risk, 1.41; 95% confidence interval [CI], 1.31 to 1.51; P<0.001), 
even in patients receiving “protective” plateau pressures and VT (relative risk, 1.36; 
95% CI, 1.17 to 1.58; P<0.001). Individual changes in VT or PEEP after randomiza-
tion were not independently associated with survival; they were associated only if 
they were among the changes that led to reductions in ∆P (mediation effects of ∆P, 
P = 0.004 and P = 0.001, respectively).

CONCLUSIONS
We found that ∆P was the ventilation variable that best stratified risk. Decreases 
in ∆P owing to changes in ventilator settings were strongly associated with increased 
survival. (Funded by Fundação de Amparo e Pesquisa do Estado de São Paulo and 
others.)
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BACKGROUND
Mechanical-ventilation strategies that use lower end-inspiratory (plateau) airway 
pressures, lower tidal volumes (VT), and higher positive end-expiratory pressures 
(PEEPs) can improve survival in patients with the acute respiratory distress syndrome 
(ARDS), but the relative importance of each of these components is uncertain. 
Because respiratory-system compliance (CRS) is strongly related to the volume of 
aerated remaining functional lung during disease (termed functional lung size), 
we hypothesized that driving pressure (∆P = VT/CRS), in which VT is intrinsically nor-
malized to functional lung size (instead of predicted lung size in healthy persons), 
would be an index more strongly associated with survival than VT or PEEP in patients 
who are not actively breathing.

METHODS
Using a statistical tool known as multilevel mediation analysis to analyze individual 
data from 3562 patients with ARDS enrolled in nine previously reported randomized 
trials, we examined ∆P as an independent variable associated with survival. In the 
mediation analysis, we estimated the isolated effects of changes in ∆P resulting 
from randomized ventilator settings while minimizing confounding due to the 
baseline severity of lung disease.

RESULTS
Among ventilation variables, ∆P was most strongly associated with survival. A 1-SD 
increment in ∆P (approximately 7 cm of water) was associated with increased 
mortality (relative risk, 1.41; 95% confidence interval [CI], 1.31 to 1.51; P<0.001), 
even in patients receiving “protective” plateau pressures and VT (relative risk, 1.36; 
95% CI, 1.17 to 1.58; P<0.001). Individual changes in VT or PEEP after randomiza-
tion were not independently associated with survival; they were associated only if 
they were among the changes that led to reductions in ∆P (mediation effects of ∆P, 
P = 0.004 and P = 0.001, respectively).

CONCLUSIONS
We found that ∆P was the ventilation variable that best stratified risk. Decreases 
in ∆P owing to changes in ventilator settings were strongly associated with increased 
survival. (Funded by Fundação de Amparo e Pesquisa do Estado de São Paulo and 
others.)
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adjusted for the effect of underlying lung disease 
on the mechanical characteristics of the lung, 
that ∆P was a critical mediator of the benefits of 
various interventions. Our analyses indicated 
that reductions in VT or increases in PEEP driven 

by random treatment-group assignment were ben-
eficial only if associated with decreases in ∆P. 
No other ventilation variable had such a mediat-
ing effect.

We identified the striking correlations between 

Figure 1. Relative Risk of Death in the Hospital across Relevant Subsamples after Multivariate Adjustment — Survival Effect of  
Ventilation Pressures.

Using double stratification procedures (obtaining subgroups of patients with matched mean levels for one variable but very different 
mean levels for another ranking variable; see Section III.3 in the Supplementary Appendix for details), we partitioned our data set into 
five distinct subsamples (each including approximately 600 patients with the acute respiratory distress syndrome [ARDS]) and calculat-
ed the relative risk (adjusted mortality) for each subsample in comparison with the mean risk in the combined population. The upper 
stacked-bar diagrams illustrate the mean values for positive end-expiratory pressure (PEEP), plateau pressure, and driving pressure (∆P) 
observed in each subsample. The error bars represent 1 standard deviation. Each resampling (A, B, and C) produced subsamples with 
similar mean values for one ventilator variable but very distinct values for the two other variables. At the bottom, the respective relative 
risks for death in the hospital are shown, calculated for each subsample after multivariate adjustment (at the patient level) for the five 
covariates (trial, age, risk of death according to the Acute Physiology and Chronic Health Evaluation [APACHE] or Simplified Acute Physi-
ology Score [SAPS], arterial pH at entry, and PaO2:FIO2 at entry) specified in model 1. Error bars represent 95% confidence intervals. A 
relative risk of 1 represents the mean risk of the pooled population, which had an adjusted survival rate of 68% at 60 days. Note that a 
lower survival rate was observed among patients with higher ∆P and higher survival was observed among patients with lower ∆P, inde-
pendent of concomitant variations in PEEP and plateau pressure.
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Longprotectief	beademen	wordt	waarschijnlijk	gekenmerkt	door	een	
zo	laag	mogelijke	delta	P	(	<15	mbar)	

In	onze	ervaring	kan	recruitment	en	hogere	PEEP	settings	helpen	om	
delta	P	te	verlagen


