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Background

 

Traditional approaches to mechanical
ventilation use tidal volumes of 10 to 15 ml per kilo-
gram of body weight and may cause stretch-induced
lung injury in patients with acute lung injury and the
acute respiratory distress syndrome. We therefore
conducted a trial to determine whether ventilation
with lower tidal volumes would improve the clinical
outcomes in these patients.

 

Methods

 

Patients with acute lung injury and the
acute respiratory distress syndrome were enrolled in
a multicenter, randomized trial. The trial compared
traditional ventilation treatment, which involved an
initial tidal volume of 12 ml per kilogram of predicted
body weight and an airway pressure measured after
a 0.5-second pause at the end of inspiration (plateau
pressure) of 50 cm of water or less, with ventilation
with a lower tidal volume, which involved an initial
tidal volume of 6 ml per kilogram of predicted body
weight and a plateau pressure of 30 cm of water or
less. The first primary outcome was death before a
patient was discharged home and was breathing
without assistance. The second primary outcome
was the number of days without ventilator use from
day 1 to day 28.

 

Results

 

The trial was stopped after the enrollment
of 861 patients because mortality was lower in the
group treated with lower tidal volumes than in the
group treated with traditional tidal volumes (31.0 per-
cent vs. 39.8 percent, P=0.007), and the number of
days without ventilator use during the first 28 days
after randomization was greater in this group (mean
[±SD], 12±11 vs. 10±11; P=0.007). The mean tidal
volumes on days 1 to 3 were 6.2±0.8 and 11.8±0.8 ml
per kilogram of predicted body weight (P<0.001), re-
spectively, and the mean plateau pressures were
25±6 and 33±8 cm of water (P<0.001), respectively.

 

Conclusions

 

In patients with acute lung injury and
the acute respiratory distress syndrome, mechanical
ventilation with a lower tidal volume than is tradition-
ally used results in decreased mortality and increas-
es the number of days without ventilator use. (N Engl
J Med 2000;342:1301-8.)
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HE mortality rate from acute lung injury
and the acute respiratory distress syndrome

 

1

 

is approximately 40 to 50 percent.

 

2-4

 

 Al-
though substantial progress has been made

in elucidating the mechanisms of acute lung injury,

 

5

 

there has been little progress in developing effective
treatments.

Traditional approaches to mechanical ventilation
use tidal volumes of 10 to 15 ml per kilogram of body
weight.

 

6

 

 These volumes are larger than those in nor-
mal subjects at rest (range, 7 to 8 ml per kilogram),
but they are frequently necessary to achieve normal
values for the partial pressure of arterial carbon diox-
ide and pH. Since atelectasis and edema reduce aer-
ated lung volumes in patients with acute lung injury
and the acute respiratory distress syndrome,

 

7,8

 

 inspir-
atory airway pressures are often high, suggesting the
presence of excessive distention, or “stretch,” of the
aerated lung. In animals, ventilation with the use of
large tidal volumes caused the disruption of pulmo-
nary epithelium and endothelium, lung inflammation,
atelectasis, hypoxemia, and the release of inflamma-
tory mediators.

 

9-14

 

 The release of inflammatory me-
diators could increase lung inflammation and cause in-
jury to other organs.

 

10,15

 

 Thus, the traditional approach
to mechanical ventilation may exacerbate or perpet-
uate lung injury in patients with acute lung injury and
the acute respiratory distress syndrome and increase
the risk of nonpulmonary organ or system failure.
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in four hours before the ventilator settings were changed on day 0.
Physiologic and radiographic data, medication use, and use of oth-
er investigational treatments were recorded between 6 and 10 a.m.
on days 1, 2, 3, 4, 7, 14, 21, and 28. Data were transmitted weekly
to the network coordinating center. Patients were followed until
day 180 or until they were breathing on their own at home.

 

Assessment of Compliance

 

Randomly selected ventilator and blood gas variables were an-
alyzed for compatibility with the protocol. Quarterly reports of
these data from each of the 10 centers were used by investigators
to assess compliance.

 

Statistical Analysis

 

The first primary outcome was death before a patient was dis-
charged home and was breathing without assistance. Patients who
were in other types of health care facilities at 180 days were con-
sidered to have been discharged from the hospital and to be breath-
ing without assistance. The second primary outcome was ventila-
tor-free days, defined as the number of days from day 1 to day 28
on which a patient breathed without assistance, if the period of
unassisted breathing lasted at least 48 consecutive hours. A differ-

ence in ventilator-free days could reflect a difference in mortality,
ventilator days among survivors, or both. Other outcomes were
the number of days without organ or system failure and the oc-
currence of barotrauma, defined as any new pneumothorax, pneu-
momediastinum, or subcutaneous emphysema, or a pneumatocele
that was more than 2 cm in diameter. Interim analyses were con-
ducted by an independent data and safety monitoring board after
the enrollment of each successive group of approximately 200 pa-
tients. Stopping boundaries (with a two-sided 

 

a

 

 level of 0.05) were
designed to allow early termination of the study if the use of lower
tidal volumes was found to be either efficacious

 

31

 

 or ineffective.

 

32

 

The comparison of traditional with lower tidal volumes was
one of two trials conducted simultaneously in the same patients
in a factorial experimental design. Ketoconazole was compared with
placebo in the first 234 patients, and lisofylline was compared with
placebo in the last 194 patients; no drugs were assessed in the
middle 433 patients.

We used Student’s t-test or Fisher’s exact test to compare base-
line variables. We used analysis of covariance to compare log-trans-
formed plasma interleukin-6 values. We used Wilcoxon’s test to
compare the day 0 and day 3 plasma interleukin-6 concentrations,
ventilator-free days, and organ-failure–free days, which had skewed
distributions. We used the 180-day cumulative incidence of mor-
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 denotes partial pressure of arterial oxygen, SpO

 

2

 

 oxyhemoglobin saturation measured by
pulse oximetry, FiO
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 fraction of inspired oxygen, and PEEP positive end-expiratory pressure.
†Subsequent adjustments in tidal volume were made to maintain a plateau pressure of «50 cm of

water in the group receiving traditional tidal volumes and «30 cm of water in the group receiving
lower tidal volumes. 

‡Further increases in PEEP, to 34 cm of water, were allowed but were not required.
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Ventilator mode Volume assist–control Volume assist–control
Initial tidal volume (ml/kg of predicted body 

weight)†
12 6

Plateau pressure (cm of water) «50 «30
Ventilator rate setting needed to achieve a pH 

goal of 7.3 to 7.45 (breaths/min)
6–35 6–35

Ratio of the duration of inspiration to the 
duration of expiration

1:1–1:3 1:1–1:3

Oxygenation goal PaO
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, 88–95%
Allowable combinations of FiO

 

2

 

 and PEEP 
(cm of water)‡

0.3 and 5
0.4 and 5
0.4 and 8
0.5 and 8
0.5 and 10
0.6 and 10
0.7 and 10
0.7 and 12
0.7 and 14
0.8 and 14
0.9 and 14
0.9 and 16
0.9 and 18
1.0 and 18
1.0 and 20
1.0 and 22
1.0 and 24
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0.5 and 8
0.5 and 10
0.6 and 10
0.7 and 10
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quired by protocol 
when FiO

 

2

 

«0.4

By pressure support; re-
quired by protocol 
when FiO

 

2

 

«0.4
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with traditional tidal volumes. These results are con-
sistent with the results of experiments in animals9-14

and observational studies in humans.16,17

These benefits occurred despite the higher require-
ments for positive end-expiratory pressure and frac-
tion of inspired oxygen and the lower ratio of partial
pressure of arterial oxygen to fraction of inspired ox-
ygen in the group treated with lower tidal volumes

on days 1 and 3. These results, coupled with the great-
er reductions in plasma interleukin-6 concentrations,
suggest that the group treated with lower tidal vol-
umes had less lung inflammation.35 The greater re-
ductions in plasma interleukin-6 concentrations may
also reflect a reduced systemic inflammatory response
to lung injury, which could contribute to the higher
number of days without organ or system failure and
the lower mortality in the group treated with lower
tidal volumes.15

Several factors could explain the difference in re-
sults between our trial and other trials of ventilation
using lower tidal volumes in patients with acute lung
injury and the acute respiratory distress syndrome.22-24

First, our study had a greater difference in tidal vol-
umes between groups. In one earlier trial, the tradi-
tional tidal volume was equivalent to approximately
12.2 ml per kilogram of predicted body weight and
the lower tidal volume was equivalent to approximate-
ly 8.1 ml per kilogram of predicted body weight.23

In a second study, the traditional and lower tidal vol-
umes were approximately 10.3 and 7.1 ml per kilo-
gram of dry body weight (calculated as the measured
weight minus the estimated weight gain from fluid
retention), respectively.22 In the present trial, meas-
ured weight exceeded predicted body weight by ap-
proximately 20 percent. Assuming a similar difference,
and assuming that half the difference was dry weight
in excess of predicted body weight, tidal volumes in
the second trial would have been approximately 11.3
and 7.8 ml per kilogram of predicted body weight.
Therefore, the traditional tidal volume of 11.8 ml
per kilogram of predicted body weight in our study
was similar to the values in the previous two trials.

Figure 1. Probability of Survival and of Being Discharged Home
and Breathing without Assistance during the First 180 Days af-
ter Randomization in Patients with Acute Lung Injury and the
Acute Respiratory Distress Syndrome.
The status at 180 days or at the end of the study was known for
all but nine patients. Data on these 9 patients and on 22 addi-
tional patients who were hospitalized at the time of the fourth
interim analysis were censored.
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Figure 2. Mean (+SE) Mortality Rate among 257 Patients with
Acute Lung Injury and the Acute Respiratory Distress Syndrome
Who Were Assigned to Receive Traditional Tidal Volumes and
260 Such Patients Who Were Assigned to Receive Lower Tidal
Volumes, According to the Quartile of Static Compliance of the
Respiratory System before Randomization.
The interaction between the study group and the quartile of
static compliance at base line was not significant (P=0.49).
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*Plus–minus values are means ±SD. The number of ventilator-free days
is the mean number of days from day 1 to day 28 on which the patient had
been breathing without assistance for at least 48 consecutive hours. Baro-
trauma was defined as any new pneumothorax, pneumomediastinum, or
subcutaneous emphysema, or a pneumatocele that was more than 2 cm in
diameter. Organ and system failures were defined as described in the Meth-
ods section.

TABLE 4. MAIN OUTCOME VARIABLES.*

VARIABLE

GROUP 
RECEIVING 

LOWER TIDAL
VOLUMES

GROUP 
RECEIVING 

TRADITIONAL
TIDAL VOLUMES P VALUE

Death before discharge home 
and breathing without 
assistance (%)

31.0 39.8 0.007

Breathing without assistance 
by day 28 (%)

65.7 55.0 <0.001

No. of ventilator-free days, 
days 1 to 28

12±11 10±11 0.007

Barotrauma, days 1 to 28 (%) 10 11 0.43
No. of days without failure 

of nonpulmonary organs 
or systems, days 1 to 28

15±11 12±11 0.006
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with traditional tidal volumes. These results are con-
sistent with the results of experiments in animals9-14

and observational studies in humans.16,17

These benefits occurred despite the higher require-
ments for positive end-expiratory pressure and frac-
tion of inspired oxygen and the lower ratio of partial
pressure of arterial oxygen to fraction of inspired ox-
ygen in the group treated with lower tidal volumes

on days 1 and 3. These results, coupled with the great-
er reductions in plasma interleukin-6 concentrations,
suggest that the group treated with lower tidal vol-
umes had less lung inflammation.35 The greater re-
ductions in plasma interleukin-6 concentrations may
also reflect a reduced systemic inflammatory response
to lung injury, which could contribute to the higher
number of days without organ or system failure and
the lower mortality in the group treated with lower
tidal volumes.15

Several factors could explain the difference in re-
sults between our trial and other trials of ventilation
using lower tidal volumes in patients with acute lung
injury and the acute respiratory distress syndrome.22-24

First, our study had a greater difference in tidal vol-
umes between groups. In one earlier trial, the tradi-
tional tidal volume was equivalent to approximately
12.2 ml per kilogram of predicted body weight and
the lower tidal volume was equivalent to approximate-
ly 8.1 ml per kilogram of predicted body weight.23

In a second study, the traditional and lower tidal vol-
umes were approximately 10.3 and 7.1 ml per kilo-
gram of dry body weight (calculated as the measured
weight minus the estimated weight gain from fluid
retention), respectively.22 In the present trial, meas-
ured weight exceeded predicted body weight by ap-
proximately 20 percent. Assuming a similar difference,
and assuming that half the difference was dry weight
in excess of predicted body weight, tidal volumes in
the second trial would have been approximately 11.3
and 7.8 ml per kilogram of predicted body weight.
Therefore, the traditional tidal volume of 11.8 ml
per kilogram of predicted body weight in our study
was similar to the values in the previous two trials.
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with traditional tidal volumes. These results are con-
sistent with the results of experiments in animals9-14

and observational studies in humans.16,17

These benefits occurred despite the higher require-
ments for positive end-expiratory pressure and frac-
tion of inspired oxygen and the lower ratio of partial
pressure of arterial oxygen to fraction of inspired ox-
ygen in the group treated with lower tidal volumes

on days 1 and 3. These results, coupled with the great-
er reductions in plasma interleukin-6 concentrations,
suggest that the group treated with lower tidal vol-
umes had less lung inflammation.35 The greater re-
ductions in plasma interleukin-6 concentrations may
also reflect a reduced systemic inflammatory response
to lung injury, which could contribute to the higher
number of days without organ or system failure and
the lower mortality in the group treated with lower
tidal volumes.15

Several factors could explain the difference in re-
sults between our trial and other trials of ventilation
using lower tidal volumes in patients with acute lung
injury and the acute respiratory distress syndrome.22-24

First, our study had a greater difference in tidal vol-
umes between groups. In one earlier trial, the tradi-
tional tidal volume was equivalent to approximately
12.2 ml per kilogram of predicted body weight and
the lower tidal volume was equivalent to approximate-
ly 8.1 ml per kilogram of predicted body weight.23

In a second study, the traditional and lower tidal vol-
umes were approximately 10.3 and 7.1 ml per kilo-
gram of dry body weight (calculated as the measured
weight minus the estimated weight gain from fluid
retention), respectively.22 In the present trial, meas-
ured weight exceeded predicted body weight by ap-
proximately 20 percent. Assuming a similar difference,
and assuming that half the difference was dry weight
in excess of predicted body weight, tidal volumes in
the second trial would have been approximately 11.3
and 7.8 ml per kilogram of predicted body weight.
Therefore, the traditional tidal volume of 11.8 ml
per kilogram of predicted body weight in our study
was similar to the values in the previous two trials.
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and Breathing without Assistance during the First 180 Days af-
ter Randomization in Patients with Acute Lung Injury and the
Acute Respiratory Distress Syndrome.
The status at 180 days or at the end of the study was known for
all but nine patients. Data on these 9 patients and on 22 addi-
tional patients who were hospitalized at the time of the fourth
interim analysis were censored.

0.0

1.0

0 180

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

20 40 60 80 100 120 140 160

Days after Randomization

Pr
op

or
tio

n 
of

 P
at

ien
ts

Lower tidal volumes!
mmnSurvival!
mmnDischarge!
Traditional tidal volumes!
mmnSurvival!
mmnDischarge

Figure 2. Mean (+SE) Mortality Rate among 257 Patients with
Acute Lung Injury and the Acute Respiratory Distress Syndrome
Who Were Assigned to Receive Traditional Tidal Volumes and
260 Such Patients Who Were Assigned to Receive Lower Tidal
Volumes, According to the Quartile of Static Compliance of the
Respiratory System before Randomization.
The interaction between the study group and the quartile of
static compliance at base line was not significant (P=0.49).

0.0

0.6

0.15–0.40 0.41–0.50 0.51–0.62 0.63–1.5

0.1

0.2

0.3

0.4

0.5

Quartile of Static Compliance!
(ml/cm of water/kg of predicted body weight)

M
or

ta
lit

y

Lower tidal volumes!
Traditional tidal volumes

*Plus–minus values are means ±SD. The number of ventilator-free days
is the mean number of days from day 1 to day 28 on which the patient had
been breathing without assistance for at least 48 consecutive hours. Baro-
trauma was defined as any new pneumothorax, pneumomediastinum, or
subcutaneous emphysema, or a pneumatocele that was more than 2 cm in
diameter. Organ and system failures were defined as described in the Meth-
ods section.

TABLE 4. MAIN OUTCOME VARIABLES.*

VARIABLE

GROUP 
RECEIVING 

LOWER TIDAL
VOLUMES

GROUP 
RECEIVING 

TRADITIONAL
TIDAL VOLUMES P VALUE

Death before discharge home 
and breathing without 
assistance (%)

31.0 39.8 0.007

Breathing without assistance 
by day 28 (%)

65.7 55.0 <0.001

No. of ventilator-free days, 
days 1 to 28

12±11 10±11 0.007

Barotrauma, days 1 to 28 (%) 10 11 0.43
No. of days without failure 

of nonpulmonary organs 
or systems, days 1 to 28

15±11 12±11 0.006



 

 

Volume 342 Number 18

 

·

 

1301

 

The New England

 

Journal 

 

of

 

 Medicine

 

© Copyr ight,  2000, by the Massachusett s  Medical  Society

 

VOLUME 342

 

M

 

AY

 

 4,  2000

 

NUMBER 18

 

VENTILATION WITH LOWER TIDAL VOLUMES AS COMPARED WITH 
TRADITIONAL TIDAL VOLUMES FOR ACUTE LUNG INJURY

AND THE ACUTE RESPIRATORY DISTRESS SYNDROME

 

T

 

HE

 

 A

 

CUTE

 

 R

 

ESPIRATORY

 

 D

 

ISTRESS

 

 S

 

YNDROME

 

 N

 

ETWORK

 

*

 

A

 

BSTRACT

 

Background

 

Traditional approaches to mechanical
ventilation use tidal volumes of 10 to 15 ml per kilo-
gram of body weight and may cause stretch-induced
lung injury in patients with acute lung injury and the
acute respiratory distress syndrome. We therefore
conducted a trial to determine whether ventilation
with lower tidal volumes would improve the clinical
outcomes in these patients.

 

Methods

 

Patients with acute lung injury and the
acute respiratory distress syndrome were enrolled in
a multicenter, randomized trial. The trial compared
traditional ventilation treatment, which involved an
initial tidal volume of 12 ml per kilogram of predicted
body weight and an airway pressure measured after
a 0.5-second pause at the end of inspiration (plateau
pressure) of 50 cm of water or less, with ventilation
with a lower tidal volume, which involved an initial
tidal volume of 6 ml per kilogram of predicted body
weight and a plateau pressure of 30 cm of water or
less. The first primary outcome was death before a
patient was discharged home and was breathing
without assistance. The second primary outcome
was the number of days without ventilator use from
day 1 to day 28.

 

Results

 

The trial was stopped after the enrollment
of 861 patients because mortality was lower in the
group treated with lower tidal volumes than in the
group treated with traditional tidal volumes (31.0 per-
cent vs. 39.8 percent, P=0.007), and the number of
days without ventilator use during the first 28 days
after randomization was greater in this group (mean
[±SD], 12±11 vs. 10±11; P=0.007). The mean tidal
volumes on days 1 to 3 were 6.2±0.8 and 11.8±0.8 ml
per kilogram of predicted body weight (P<0.001), re-
spectively, and the mean plateau pressures were
25±6 and 33±8 cm of water (P<0.001), respectively.

 

Conclusions

 

In patients with acute lung injury and
the acute respiratory distress syndrome, mechanical
ventilation with a lower tidal volume than is tradition-
ally used results in decreased mortality and increas-
es the number of days without ventilator use. (N Engl
J Med 2000;342:1301-8.)
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there has been little progress in developing effective
treatments.

Traditional approaches to mechanical ventilation
use tidal volumes of 10 to 15 ml per kilogram of body
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 These volumes are larger than those in nor-
mal subjects at rest (range, 7 to 8 ml per kilogram),
but they are frequently necessary to achieve normal
values for the partial pressure of arterial carbon diox-
ide and pH. Since atelectasis and edema reduce aer-
ated lung volumes in patients with acute lung injury
and the acute respiratory distress syndrome,
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 inspir-
atory airway pressures are often high, suggesting the
presence of excessive distention, or “stretch,” of the
aerated lung. In animals, ventilation with the use of
large tidal volumes caused the disruption of pulmo-
nary epithelium and endothelium, lung inflammation,
atelectasis, hypoxemia, and the release of inflamma-
tory mediators.

 

9-14

 

 The release of inflammatory me-
diators could increase lung inflammation and cause in-
jury to other organs.
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 Thus, the traditional approach
to mechanical ventilation may exacerbate or perpet-
uate lung injury in patients with acute lung injury and
the acute respiratory distress syndrome and increase
the risk of nonpulmonary organ or system failure.
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in four hours before the ventilator settings were changed on day 0.
Physiologic and radiographic data, medication use, and use of oth-
er investigational treatments were recorded between 6 and 10 a.m.
on days 1, 2, 3, 4, 7, 14, 21, and 28. Data were transmitted weekly
to the network coordinating center. Patients were followed until
day 180 or until they were breathing on their own at home.

 

Assessment of Compliance

 

Randomly selected ventilator and blood gas variables were an-
alyzed for compatibility with the protocol. Quarterly reports of
these data from each of the 10 centers were used by investigators
to assess compliance.

 

Statistical Analysis

 

The first primary outcome was death before a patient was dis-
charged home and was breathing without assistance. Patients who
were in other types of health care facilities at 180 days were con-
sidered to have been discharged from the hospital and to be breath-
ing without assistance. The second primary outcome was ventila-
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ence in ventilator-free days could reflect a difference in mortality,
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The comparison of traditional with lower tidal volumes was
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in a factorial experimental design. Ketoconazole was compared with
placebo in the first 234 patients, and lisofylline was compared with
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We used Student’s t-test or Fisher’s exact test to compare base-
line variables. We used analysis of covariance to compare log-trans-
formed plasma interleukin-6 values. We used Wilcoxon’s test to
compare the day 0 and day 3 plasma interleukin-6 concentrations,
ventilator-free days, and organ-failure–free days, which had skewed
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with traditional tidal volumes. These results are con-
sistent with the results of experiments in animals9-14

and observational studies in humans.16,17

These benefits occurred despite the higher require-
ments for positive end-expiratory pressure and frac-
tion of inspired oxygen and the lower ratio of partial
pressure of arterial oxygen to fraction of inspired ox-
ygen in the group treated with lower tidal volumes

on days 1 and 3. These results, coupled with the great-
er reductions in plasma interleukin-6 concentrations,
suggest that the group treated with lower tidal vol-
umes had less lung inflammation.35 The greater re-
ductions in plasma interleukin-6 concentrations may
also reflect a reduced systemic inflammatory response
to lung injury, which could contribute to the higher
number of days without organ or system failure and
the lower mortality in the group treated with lower
tidal volumes.15

Several factors could explain the difference in re-
sults between our trial and other trials of ventilation
using lower tidal volumes in patients with acute lung
injury and the acute respiratory distress syndrome.22-24

First, our study had a greater difference in tidal vol-
umes between groups. In one earlier trial, the tradi-
tional tidal volume was equivalent to approximately
12.2 ml per kilogram of predicted body weight and
the lower tidal volume was equivalent to approximate-
ly 8.1 ml per kilogram of predicted body weight.23

In a second study, the traditional and lower tidal vol-
umes were approximately 10.3 and 7.1 ml per kilo-
gram of dry body weight (calculated as the measured
weight minus the estimated weight gain from fluid
retention), respectively.22 In the present trial, meas-
ured weight exceeded predicted body weight by ap-
proximately 20 percent. Assuming a similar difference,
and assuming that half the difference was dry weight
in excess of predicted body weight, tidal volumes in
the second trial would have been approximately 11.3
and 7.8 ml per kilogram of predicted body weight.
Therefore, the traditional tidal volume of 11.8 ml
per kilogram of predicted body weight in our study
was similar to the values in the previous two trials.

Figure 1. Probability of Survival and of Being Discharged Home
and Breathing without Assistance during the First 180 Days af-
ter Randomization in Patients with Acute Lung Injury and the
Acute Respiratory Distress Syndrome.
The status at 180 days or at the end of the study was known for
all but nine patients. Data on these 9 patients and on 22 addi-
tional patients who were hospitalized at the time of the fourth
interim analysis were censored.
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Figure 2. Mean (+SE) Mortality Rate among 257 Patients with
Acute Lung Injury and the Acute Respiratory Distress Syndrome
Who Were Assigned to Receive Traditional Tidal Volumes and
260 Such Patients Who Were Assigned to Receive Lower Tidal
Volumes, According to the Quartile of Static Compliance of the
Respiratory System before Randomization.
The interaction between the study group and the quartile of
static compliance at base line was not significant (P=0.49).
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*Plus–minus values are means ±SD. The number of ventilator-free days
is the mean number of days from day 1 to day 28 on which the patient had
been breathing without assistance for at least 48 consecutive hours. Baro-
trauma was defined as any new pneumothorax, pneumomediastinum, or
subcutaneous emphysema, or a pneumatocele that was more than 2 cm in
diameter. Organ and system failures were defined as described in the Meth-
ods section.

TABLE 4. MAIN OUTCOME VARIABLES.*

VARIABLE

GROUP 
RECEIVING 

LOWER TIDAL
VOLUMES

GROUP 
RECEIVING 

TRADITIONAL
TIDAL VOLUMES P VALUE

Death before discharge home 
and breathing without 
assistance (%)

31.0 39.8 0.007

Breathing without assistance 
by day 28 (%)

65.7 55.0 <0.001

No. of ventilator-free days, 
days 1 to 28

12±11 10±11 0.007

Barotrauma, days 1 to 28 (%) 10 11 0.43
No. of days without failure 

of nonpulmonary organs 
or systems, days 1 to 28

15±11 12±11 0.006
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with traditional tidal volumes. These results are con-
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and observational studies in humans.16,17
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tion of inspired oxygen and the lower ratio of partial
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2.1 Evidence 
 
The effects of lower vs. higher PEEP levels in ARDS were tested in three randomized clinical 
trials, summarized in the following table. 
 
 Patients 

(n) 
Low PEEP 
(cmH2O) 

High PEEP 
(cmH2O) 

Mortality 
low PEEP (%) 

Mortality 
high PEEP (%) 

Mortality 
p-value 

ALVEOLI [12] 549 8.3±3.2 13.2±3.5 24.9 27.5 0.48 
LOV [13] 983 9.8±2.7 14.6±3.4 40.4 36.4 0.19 
ExPress [14] 767 7.1±1.8 14.6±3.2 31.2 27.8 0.31 
 
The details of FiO2-PEEP pairs used in the trials, as well as the FiO2-PEEP tables used for 
PEEP setting in the ALVEOLI and LOV trials are detailed in the diagram here below. 
 

 
 
As shown, the lower and the higher PEEP levels of the three trials were very similar, although 
applied at somehow different FiO2 levels, particularly for what the ExPress study is 
concerned. 
In addition, and more recently, in a post-hoc analysis of nine RCTs (for a total of 3562 
patients, including the ones enrolled in the ALVEOLI, LOV and ExPress trials) Amato and 
colleagues found that resampling the patients with similar driving pressures (i.e. with similar 
tidal volumes) but increased PEEP, the outcome did not change, as shown in the figure here 
below [15]. 
 

Alveoli, LOV and ExPress
trials:
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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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(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 
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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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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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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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Independence of Information
Even though ∆P is mathematically linked to CRS 
and VT, no other ventilation variable conferred 
independent predictive information to any survival 
model when ∆P was already a covariate. In con-
trast, ∆P always conferred strong, nonredundant 
predictive information when it was included in 
models preadjusted for other ventilator variables 
(Table 1, models 2 and 3; and Table S8 in the 
Supplementary Appendix, models 2 through 5). 
This observation was consistent in the derivation, 
validation, and combined cohorts. Higher ∆P pre-
dicted lower survival consistently across trials 
(P = 0.13 for heterogeneity) (Fig. S4 in the Sup-
plementary Appendix).

Risk Priority of ∆P
Figure 1 shows that in the pooled sample (includ-
ing 3562 patients), higher plateau pressures were 
observed in patients with higher ∆P or higher 
PEEP, but with different consequences (resampling 
A vs. B): higher mortality was noted only when 
higher plateau pressures were observed in patients 
with higher ∆Ps. Similarly, the protective effects 
of higher PEEP were noted only when there were 
associated decreases in ∆P (resampling B vs. C). 
In addition, at constant levels of plateau pressure 
(Fig. S5 in the Supplementary Appendix), we 
observed that VT was a strong predictor of sur-
vival when normalized to CRS (i.e., ∆P) but not 
when normalized to predicted body weight.

We also found a strong association between 
∆P and survival even though all the ventilator 
settings that were used were lung-protective 
(relative risk of death, 1.36; 95% confidence in-
terval [CI], 1.17 to 1.58; P<0.001).2,11 In contrast, 
further reductions in plateau pressures or VT be-
low these thresholds (plateau pressures ≤30 cm 
of water and VT ≤7 ml per kilogram of predicted 
body weight) had no effect on survival (Fig. S6 
in the Supplementary Appendix).

Figure 2 shows the increase in the risk of 
death as a function of progressive percentiles of 
∆P in the combined population. There was also 
an increase in the odds of pneumothorax requir-
ing drainage as a function of progressive percen-
tiles of ∆P but not of VT (Fig. S7 in the Supple-
mentary Appendix).

Test of Mediation
After observing that ∆P was associated with out-
comes in each study, we performed a multilevel 

mediation analysis23 with the use of trial as a 
random effect, initially pooling the five VT stud-
ies and then pooling the four PEEP studies (Fig. 
S8 through S11 in the Supplementary Appendix). 
A consistency analysis (Table S9 in the Supple-
mentary Appendix) testing moderated mediation 
also suggested that there was consistency across 
trials.

Reductions in ∆P after randomization were 
significantly associated with better survival in 
both cohorts (step 2 of mediation analysis) (Fig. 
S8 and S9 in the Supplementary Appendix), in-
dependently of baseline elastance of the respira-
tory system, and had similar effect sizes in both 
cohorts (relative risk for VT trials, 0.62; 95% CI, 
0.52 to 0.74; relative risk for PEEP trials, 0.57; 
95% CI, 0.42 to 0.72).

For the VT and PEEP trials, treatment-group 
assignment was an independent predictor of 
survival. Except for ∆P, however, no mediation 
candidate consistently passed through the step-
wise mediation tests (Fig. S10 and S11 in the 
Supplementary Appendix). VT per se was not a 
significant mediator in the VT trials (P = 0.68 for 
the average causal mediation effect), and PEEP 
was not a significant mediator in the PEEP trials 
(P = 0.50). In contrast, ∆P mediated 75% of the 
benefits due to treatment-group assignment in 
the VT trials (P = 0.004 for the average causal 
mediation effect) and 45% of these benefits in 
the PEEP trials (P = 0.001). This was enough to 
suppress the significance of the direct effect of 
the randomized treatment group, classically char-
acterizing complete mediation.

Thus, although ∆P was not an explicit target, 
survival benefits in the VT trials were proportional 
to reductions in ∆P driven by treatment-group 
assignment rather than to reductions in VT (tested 
as a continuous variable). Similarly, the survival 
benefits observed in the PEEP trials occurred in 
relation to reductions in ∆P rather than in rela-
tion to numerical increments in PEEP.

Discussion

In trials of mechanical ventilation involving pa-
tients with ARDS, in which VT and PEEP were 
included as independent variables, the dependent 
quantity ∆P was the variable that was most 
strongly associated with survival. Although cau-
sality can be inferred only from direct controlled 
trials, we found, using a statistical approach that 
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Abstract

Rationale: Previous trials of higher positive end-expiratory pressure
(PEEP) for acute respiratory distress syndrome (ARDS) failed to
demonstratemortality benefit, possibly because of differences in lung
recruitability among patients with ARDS.

Objectives: To determine whether the physiological response to
increased PEEP is associated with mortality.

Methods: In a secondary analysis of the Lung Open Ventilation
Study (LOVS, n = 983), we examined the relationship between
the initial response to changes in PEEP after randomization and
mortality. We sought to corroborate our findings using data from
a different trial of higher PEEP (ExPress, n = 749).

Measurements and Main Results: The oxygenation response
(change in ratio of arterial partial pressure of oxygen to fraction
of inspired oxygen: P/F) after the initial change in PEEP after

randomization varied widely (median, 9.5 mm Hg; interquartile
range, –16 to 47) and was only weakly related to baseline P/F or the
magnitude of PEEP change. Among patients in whom PEEP was
increased after randomization, an increase in P/F was associatedwith
reduced mortality (multivariable logistic regression; adjusted odds
ratio, 0.80 [95% confidence interval, 0.72–0.89] per 25–mm Hg
increase in P/F), particularly in patients with severe disease (baseline
P/F [less-than-or-equal-to] 150mmHg). Changes in compliance and
dead space were not associated with mortality. These findings were
confirmed by a similar analysis of data from the ExPress trial.

Conclusions: Patients with ARDS who respond to increased PEEP
by improved oxygenationhave a lower risk of death. The oxygenation
response to PEEP might be used to predict whether patients will
benefit from higher versus lower PEEP.

Keywords: respiratory distress syndrome, adult; positive end-
expiratory pressure; ventilator-induced lung injury
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demonstratemortality benefit, possibly because of differences in lung
recruitability among patients with ARDS.
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increased PEEP is associated with mortality.

Methods: In a secondary analysis of the Lung Open Ventilation
Study (LOVS, n = 983), we examined the relationship between
the initial response to changes in PEEP after randomization and
mortality. We sought to corroborate our findings using data from
a different trial of higher PEEP (ExPress, n = 749).

Measurements and Main Results: The oxygenation response
(change in ratio of arterial partial pressure of oxygen to fraction
of inspired oxygen: P/F) after the initial change in PEEP after

randomization varied widely (median, 9.5 mm Hg; interquartile
range, –16 to 47) and was only weakly related to baseline P/F or the
magnitude of PEEP change. Among patients in whom PEEP was
increased after randomization, an increase in P/F was associatedwith
reduced mortality (multivariable logistic regression; adjusted odds
ratio, 0.80 [95% confidence interval, 0.72–0.89] per 25–mm Hg
increase in P/F), particularly in patients with severe disease (baseline
P/F [less-than-or-equal-to] 150mmHg). Changes in compliance and
dead space were not associated with mortality. These findings were
confirmed by a similar analysis of data from the ExPress trial.

Conclusions: Patients with ARDS who respond to increased PEEP
by improved oxygenationhave a lower risk of death. The oxygenation
response to PEEP might be used to predict whether patients will
benefit from higher versus lower PEEP.

Keywords: respiratory distress syndrome, adult; positive end-
expiratory pressure; ventilator-induced lung injury

(Received in original form April 16, 2014; accepted in final form June 5, 2014 )

Supported by salary support grants from the Canadian Institutes for Health Research (CIHR) in the form a CIHR Fellowship (E.C.G.) and New Investigator
Award (N.D.F.).

Author Contributions: E.C.G., B.P.K., and N.D.F. conceived the study. E.C.G., G.D.R., N.K.J.A., B.P.K., and N.D.F. designed the study. R.P., L.J.B., A.S.S.,
and M.O.M. made substantial contributions to the design of the study. E.C.G. and R.P. conducted the data analysis. All authors contributed to the
interpretation of the analysis results. E.C.G. prepared the first draft of the manuscript and all authors revised the draft critically for important intellectual content.
All authors gave final approval of the manuscript version to be published.

Correspondence and requests for reprints should be addressed to Niall Ferguson, M.D., M.Sc., Toronto General Hospital, 585 University Avenue, Munk Building
1138, Toronto, ON, Canada M5G 2N2. E-mail: n.ferguson@utoronto.ca

This article has an online supplement, which is accessible from this issue’s table of contents online at www.atsjournals.org

Am J Respir Crit Care Med Vol 190, Iss 1, pp 70–76, Jul 1, 2014
Copyright © 2014 by the American Thoracic Society
Originally Published in Press as DOI: 10.1164/rccm.201404-0688OC on June 11, 2014
Internet address: www.atsjournals.org

70 American Journal of Respiratory and Critical Care Medicine Volume 190 Number 1 | July 1 2014

data on PEEP change, 63 subjects were not
included in the statistical model because
of missing values for the various model
covariates (Table E1). Patients whose
PEEP was increased with randomization
were similar in age and severity of illness
to patients whose PEEP was decreased or
unchanged (Table 1). The median time
from baseline to the first reassessment
after protocol initiation and PEEP adjustment
was 140 minutes (interquartile range,
69–249 min). The physiological responses
after the initial change in PEEP varied
considerably among patients (Table 2).
The P/F response was weakly associated
with baseline P/F ratio and the magnitude
of the change in PEEP (Figure 1). The
increase in P/F ratio was greater in
patients whose PEEP was increased, but
the response varied widely in both groups
(Figure E3).

Gas Exchange Response to Changes
in PEEP and Mortality
The association between oxygenation
response and mortality depended
significantly on the change in PEEP
(Figure 2 and Table 3). After an increase
in PEEP, an increase in P/F was strongly
associated with lower mortality (odds ratio
[OR] 0.80, 95% confidence interval [CI]
0.72–0.89 for a 25–mm Hg increase in
P/F). Among patients whose PEEP was
increased, those with a positive oxygenation
response (.25–mm Hg increase in P/F)
had lower mortality compared with those

without a positive oxygenation response
(n = 209 vs. 226 patients, crude mortality
rate 31 vs. 54%, adjusted OR 0.36, 95% CI
0.23–0.58). The association was stronger
in patients with more severe ARDS
(P/F < 150 mm Hg) compared with
patients with less severe ARDS (Table 3,

P = 0.02 for difference between patients
with baseline P/F . 150 mm Hg
vs. < 150 mm Hg). In contrast, the P/F
response after decreased or unchanged
PEEP was not associated with mortality
(Table 3, P = 0.02 for interaction in
multivariable model).

Figure 1. Left: The oxygenation response after an increase in positive end-expiratory pressure (PEEP) is weakly associated with the baseline severity
of hypoxemia (b = –0.14, R2 = 0.02, P = 0.029 after adjustment for magnitude of PEEP increase). Right: The oxygenation response to a change in
PEEP is only weakly related to the magnitude of the change in PEEP (b = 4.2, R2 = 0.04, P , 0.001). P/F = ratio between the arterial partial pressure
of oxygen and the fraction of inspired oxygen.

Figure 2. The relationship between oxygenation response and mortality depends on whether the
positive end-expiratory pressure (PEEP) was increased. Changes in oxygenation after increased
PEEP are strongly associated with adjusted mortality (cyan line) whereas changes in oxygenation with
decreased or unchanged PEEP are not associated with adjusted mortality (blue line) (P = 0.017 for
interaction). Shaded zones represent 95% confidence intervals. P/F = ratio of arterial partial pressure
of oxygen and the fraction of inspired oxygen.
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demonstratemortality benefit, possibly because of differences in lung
recruitability among patients with ARDS.

Objectives: To determine whether the physiological response to
increased PEEP is associated with mortality.

Methods: In a secondary analysis of the Lung Open Ventilation
Study (LOVS, n = 983), we examined the relationship between
the initial response to changes in PEEP after randomization and
mortality. We sought to corroborate our findings using data from
a different trial of higher PEEP (ExPress, n = 749).

Measurements and Main Results: The oxygenation response
(change in ratio of arterial partial pressure of oxygen to fraction
of inspired oxygen: P/F) after the initial change in PEEP after

randomization varied widely (median, 9.5 mm Hg; interquartile
range, –16 to 47) and was only weakly related to baseline P/F or the
magnitude of PEEP change. Among patients in whom PEEP was
increased after randomization, an increase in P/F was associatedwith
reduced mortality (multivariable logistic regression; adjusted odds
ratio, 0.80 [95% confidence interval, 0.72–0.89] per 25–mm Hg
increase in P/F), particularly in patients with severe disease (baseline
P/F [less-than-or-equal-to] 150mmHg). Changes in compliance and
dead space were not associated with mortality. These findings were
confirmed by a similar analysis of data from the ExPress trial.
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response to PEEP might be used to predict whether patients will
benefit from higher versus lower PEEP.

Keywords: respiratory distress syndrome, adult; positive end-
expiratory pressure; ventilator-induced lung injury
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A future higher-versus-lower PEEP trial randomizing patients with a positive oxygenation response 
after a test dose of PEEP should be conducted to confirm these findings. 
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was associated with higher mean airway pressures 
and with greater use of sedatives, neuromuscular 
blockers, and vasoactive drugs.

We stopped the trial early on the basis of a 
strong signal for increased mortality with HFOV, 
even though the prespecified stopping thresholds 
had not been reached. Studies that are stopped 
early on the basis of harm (or benefit) typically 
overestimate the magnitude of effect.31 We chose 
to terminate the study for three reasons: there 
was a consistent finding of increased mortality 
with HFOV in three consecutive analyses that were 
conducted after enrollment of 94, 300, and 500 
patients; the increased need for vasoactive drugs 
in the HFOV group suggested a mechanism of 
harm that was not offset by better oxygenation 
and lung recruitment; and the effect size was 
sufficiently large that we concluded that even if 
early HFOV did not increase mortality, it would 
be very unlikely to decrease mortality. We be-
lieve that continued enrollment would have put 
patients at risk with little likelihood of benefit.

Our results are inconsistent with the physio-
logical rationale for HFOV and with the results 
of studies in animals. In studies in animals in 
which benefits of HFOV were observed, lung 
injury was induced with the use of saline lavage 
— a highly recruitable model of surfactant defi-
ciency — which our results suggest does not 
translate directly to human adults with ARDS, in 
whom recruitability can be heterogeneous.32 Our 
results also contrast with those of prior random-
ized trials involving adults.22 A possible explana-
tion, which provided motivation for our trial, is 
that prior studies used control ventilation strate-
gies that are now known to be potentially harm-
ful.20,21 We found no benefit with HFOV when a 
current ventilation strategy was used as a con-
trol. This finding of no benefit with respect to 
mortality is consistent with the results of an-
other trial now reported in the Journal; in that 
trial, conducted in the United Kingdom, current 
standards for lung protection were suggested 
but not mandated.33 More surprising was our 
finding of harm. Several plausible mechanisms 
may contribute to increased mortality with 
HFOV. Higher mean airway pressures may result 
in hemodynamic compromise by decreasing ve-
nous return or directly affecting right ventricular 
function.34 Increased use of vasodilating seda-
tive agents may also contribute to hemodynamic 
compromise. Moreover, we cannot exclude the 

possibility of increased barotrauma in associa-
tion with HFOV.

The HFOV strategy that we chose, which was 
supported by preclinical data15,16 and a prospec-
tive physiological study,24 aimed to adjust mean 
airway pressure on the deflation limb of the 
volume-pressure curve and use the highest fre-
quency possible to limit oscillatory volumes. 
This approach led to relatively high mean airway 
pressures, even considering that when mean air-
way pressures are delivered with a ratio of inspi-
ratory-to-expiratory time of 1:2, as in our study, 
the pressures measured at the airway opening 
during HFOV are somewhat higher than those 
measured in the trachea.35-37 It is possible that an 
HFOV protocol that uses lower mean airway pres-
sures, a different ratio of inspiratory-to-expiratory 
time, or a lower oscillatory frequency might have 
led to different results.

The strengths of this trial include its methodo-
logic rigor, the application of protocols designed 
to open lung units in patients in both groups on 
the basis of the best available evidence, and en-
rollment at centers in several countries, which 
enhances the generalizability of our findings. 
Because we were cognizant that there is a learn-
ing curve associated with the use of HFOV,38,39 
we enrolled most patients at centers that were 
experienced with HFOV, and we did not detect 
an interaction between treatment effect and the 
number of enrolled patients per site.
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Background
Previous trials suggesting that high-frequency oscillatory ventilation (HFOV) reduced 
mortality among adults with the acute respiratory distress syndrome (ARDS) were 
limited by the use of outdated comparator ventilation strategies and small sample 
sizes.

Methods
In a multicenter, randomized, controlled trial conducted at 39 intensive care units 
in five countries, we randomly assigned adults with new-onset, moderate-to-severe 
ARDS to HFOV targeting lung recruitment or to a control ventilation strategy targeting 
lung recruitment with the use of low tidal volumes and high positive end-expiratory 
pressure. The primary outcome was the rate of in-hospital death from any cause.

Results
On the recommendation of the data monitoring committee, we stopped the trial after 
548 of a planned 1200 patients had undergone randomization. The two study groups 
were well matched at baseline. The HFOV group underwent HFOV for a median of 
3 days (interquartile range, 2 to 8); in addition, 34 of 273 patients (12%) in the 
control group received HFOV for refractory hypoxemia. In-hospital mortality was 
47% in the HFOV group, as compared with 35% in the control group (relative risk 
of death with HFOV, 1.33; 95% confidence interval, 1.09 to 1.64; P = 0.005). This 
finding was independent of baseline abnormalities in oxygenation or respiratory 
compliance. Patients in the HFOV group received higher doses of midazolam than 
did patients in the control group (199 mg per day [interquartile range, 100 to 382] 
vs. 141 mg per day [interquartile range, 68 to 240], P<0.001), and more patients in the 
HFOV group than in the control group received neuromuscular blockers (83% vs. 
68%, P<0.001). In addition, more patients in the HFOV group received vasoactive 
drugs (91% vs. 84%, P = 0.01) and received them for a longer period than did pa-
tients in the control group (5 days vs. 3 days, P = 0.01).

Conclusions
In adults with moderate-to-severe ARDS, early application of HFOV, as compared with 
a ventilation strategy of low tidal volume and high positive end-expiratory pressure, 
does not reduce, and may increase, in-hospital mortality. (Funded by the Canadian 
Institutes of Health Research; Current Controlled Trials numbers, ISRCTN42992782 
and ISRCTN87124254, and ClinicalTrials.gov numbers, NCT00474656 and 
NCT01506401.)
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We found no interaction with
respiratory system compliance (P = 0.35) or
body mass index (P = 0.34) on the mortality
effect of HFOV. We found a weak
interaction between treatment effect and
the degree of low tidal volume ventilation
at participating hospitals (interaction
P = 0.08). The direction of this trend
suggested greater harm from HFOV versus
conventional ventilation in hospitals with
lowest tidal volumes during conventional
ventilation. For the lowest quartile of tidal
volume (,6.29 ml/kg predicted body
weight) the OR for HFOV versus
conventional ventilation was 1.92 (95% CI,
1.18–3.13; P = 0.01), whereas the three
other quartiles showed no significant
differences.

Contrary to our prediction, survival
was better among earlier quartiles of HFOV

patients in each hospital when compared
with later patients (Table 4) (P< 0.02), with
a clear dose–response relationship. We
tested the robustness of this unexpected
association and found that it was consistent
in the three largest trials, it was preserved
after adjusting for the total number of
patients at each hospital, and preserved
when we restricted the analysis to hospitals
enrolling greater than 10 patients. In a
similar analysis among control patients
there was no equivalent finding of an
association between hospital experience
and survival (P = 0.37).

The overall risk of barotrauma was 98
of 1,458 (7%) and the odds of barotrauma
were higher with HFOV (adjusted OR, 1.87;
95% CI, 1.06–3.28; P = 0.03). In the
sensitivity analysis excluding the OSCAR
trial, results were similar (OR, 1.71; 95% CI,

1.11–2.26; P = 0.01). Neither PaO2
/FIO2

,
body mass index, nor estimated respiratory
system compliance interacted significantly
with treatment effect (P = 0.06, P = 0.10,
and P = 0.24, respectively).

Discussion

The purpose of this study was to reconcile
disparate results of clinical trials of HFOV in
adults with ARDS, using individual patient
data to examine possible subgroup effects
where certain patients might benefit or be
harmed by HFOV. We found a convincing
relationship between severity of ARDS and
responsiveness to therapy: HFOV seems
harmful for most patients with ARDS and
possibly beneficial in those with severe
alterations in gas exchange. This
heterogeneity of treatment effect implies
that, contrary to conventional study-level
meta-analyses that suggest no net benefit or
harm from HFOV, individual adults with
ARDS may be harmed or helped with
HFOV depending largely on their baseline
severity of lung injury as judged by PaO2

/FIO2

ratio.
Several features support the credibility

of a different effect of HFOV in patients with
more severe compared with less severe
ARDS. The direction of effect was consistent
with an a priori hypothesis, it was apparent
within all studies, it was one of a relatively
small number of subgroup analyses, and it
was supported by a very low P value in the
test for interaction (P = 0.0003).
Furthermore, this subgroup finding is
consistent with other treatments in ARDS,
such as prone position, paralytic agents,
and relatively high PEEP (14, 15), which
also seem to benefit only patients with
lower PaO2

/FIO2
.

The precise value of PaO2
/FIO2

below
which HFOV is beneficial is, however, less
certain. The model suggests that HFOV is
beneficial at low PaO2

/FIO2
values, but

unmeasured confounding factors could
alter the threshold at which HFOV
becomes beneficial. We did not identify a
discrete subgroup based on PaO2

/FIO2
that

showed unequivocal statistically significant
benefit from HFOV, although the point
estimates for HFOV effectiveness in these
under-powered subgroup comparisons
were consistent with the effect modifier
model results. We believe that among the
possible PaO2

/FIO2
thresholds that one

might choose to use HFOV, levels below
64 mm Hg (the value at which the CI
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Figure 1. Interaction between severity of lung injury and treatment effect of high-frequency oscillatory
ventilation (HFOV). Changing odds ratio (OR) (black line) along with 95% confidence intervals (blue
and magenta dashed lines) for the treatment effect of HFOV versus conventional ventilation across
the range of baseline PaO2

/FIO2
ratio. An OR greater than 1 denotes increased 30-day mortality with

HFOV compared with conventional ventilation.

Table 4. Relationship between Mortality in HFOV Patients and Hospital Experience
with Study Protocols for HFOV

Successive Patients within Each
Quartile Mortality (95% CI) P Value

First quartile 1st–3rd 36% (28–45) ,0.02
Second quartile 4th–6th 41% (32–51)
Third quartile 7th–12th 49% (39–58)
Fourth quartile 13th–final 53% (42–64)

Definition of abbreviations: CI = confidence interval; HFOV = high-frequency oscillatory ventilation.
Patients assigned to HFOV. Patients are grouped into quartiles according to their chronologic order of
randomization to HFOV at participating hospitals. Mortality rates are adjusted for age, Acute
Physiology and Chronic Health Evaluation II score, baseline PaO2

/FIO2
, and duration of mechanical

ventilation before enrollment.
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Abstract

Rationale: High-frequency oscillatory ventilation (HFOV) is
theoretically beneficial for lung protection, but the results of clinical
trials are inconsistent, with study-level meta-analyses suggesting no
significant effect on mortality.

Objectives: The aim of this individual patient data meta-analysis
was to identify acute respiratory distress syndrome (ARDS) patient
subgroups with differential outcomes from HFOV.

Methods: After a comprehensive search for trials, two reviewers
independently identified randomized trials comparing HFOV with
conventional ventilation for adults with ARDS. Prespecified effect
modifiers were tested using multivariable hierarchical logistic
regression models, adjusting for important prognostic factors and
clustering effects.

Measurements and Main Results: Data from 1,552 patients in
four trials were analyzed, applying uniform definitions for study
variables and outcomes. Patients had a mean baseline PaO2

/FIO2
of

1146 39 mm Hg; 40% had severe ARDS (PaO2
/FIO2

,100 mm Hg).
Mortality at 30 dayswas 321 of 785 (40.9%) forHFOVpatients versus
288 of 767 (37.6%) for control subjects (adjusted odds ratio, 1.17;
95% confidence interval, 0.94–1.46; P = 0.16). This treatment effect
varied, however, depending on baseline severity of hypoxemia
(P = 0.0003), with harm increasing with PaO2

/FIO2
among patients

with mild-moderate ARDS, and the possibility of decreased
mortality in patients with very severe ARDS. Compliance and body
mass index did not modify the treatment effect. HFOV increased
barotrauma risk compared with conventional ventilation
(adjusted odds ratio, 1.75; 95% confidence interval, 1.04–2.96;
P = 0.04).

Conclusions: HFOV increases mortality for most patients with
ARDS but may improve survival among patients with severe
hypoxemia on conventional mechanical ventilation.

Keywords: high-frequency oscillatory ventilation; acute
respiratory distress syndrome; mechanical ventilation
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Conclusions:
HFOV increases mortality for most patients with ARDS but may improve
survival among patients with severe hypoxemia on conventional
mechanical ventilation.

Data from 1,552 patients in four trials were analyzed
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ARDSnet group, the PEEP/FIO
2
 table was not followed on 5% 

of days (violation 79 d/total ventilation days 1,528 times 100). 
In OLA, PEEP was inappropriately adjusted on 3% of days 
(violation 42 d/total ventilation days 1,344 times 100). Pres-
sure assist/control was used in 3% of days on ARDSnet patients 
(violation 40 d/total ventilation days 1,528 times 100), and vol-
ume assist/control was used on 8% of days in OLA (violation 
110 d/total ventilation days 1,344 times 100).

DISCUSSION
Our study demonstrates that OLA can be safely applied to 
patients with established ARDS. This is the first randomized 
controlled trial to compare an OLA strategy based on a PEEP 
titration using maximal compliance to select optimal PEEP 
to the ARDSnet protocol. The major difference between the 

OLA and ARDSnet protocol was the use of lung recruitment 
maneuvers and a decremental PEEP trial versus the ARDSnet 
table to manage FIO

2
 and PEEP.

It has been well established that in some patients, lung recruit-
ment maneuvers improve lung mechanics and oxygenation simi-
lar to the response we noted in the OLA group (21–23). Titrating 
PEEP to the maximum compliance on the deflation limb of the 
respiratory system pressure-volume curve was intended to sus-
tain the benefits of the recruitment maneuver, as evidenced by 
the oxygenation and driving pressure throughout the first week 
of the protocol. Setting PEEP at this level ensured that PEEP was 
set just higher than the pressure associated with the beginning 
of dependent lung collapse (21–23). It should be emphasized 
that this approach is very different from that proposed by Suter 
et al (33) who set PEEP according to the best incremental PEEP 

TABLE 3. Study Outcomes

Outcomes Open Lung Approach
Acute Respiratory Distress  

Syndrome Network Protocol p

28-d mortality, n (%) 22 (22) 27 (27) 0.51 F

60-d mortality, n (%) 28 (29) 33 (33) 0.54 F

ICU mortality, n (%) 25 (25) 30 (30) 0.53 F

Hospital mortality, n (%) 29 (30) 35 (35) 0.45 F

Length of ICU stay, d, median (IQR) 18 (10–28) 16 (11–28) 0.79 W

Length of hospital stay, d, median (IQR) 27 (16–46) 23 (14–41) 0.49 W

Ventilator-free days, d, median (IQR) 8 (0–20) 7 (0–20) 0.53 W

Primary cause of death in ICU—univariate analysis

    Progressive respiratory failure, n (% nonsurvivors) 3 (12) 10 (33) 0.11 F

    Septic shock, n (% of nonsurvivors) 10 (40) 3 (10) 0.01 F

    Multiple organ failure, n (% of nonsurvivors) 4 (16) 10 (33) 0.22 F

    Cardiac failure, n (% of nonsurvivors) 1 (4) 1 (3) 0.99 F

    Other, n (% of nonsurvivors) 6 (24) 4 (13) 0.48 F

    Unknown cause of death, n (% of nonsurvivors) 1 (4) 2 (7)

)12���INTERQUARTILE�RANGE��p�VALUES��&���&ISHER�EXACT�TEST��7���7ILCOXON�RANK�TEST�

At the time of “baseline arterial blood gas” (FIO2 = 100%)

    PaO2 (mm Hg) 179 ± 88 174 ± 74

    Arterial pHa 7.33 ± 0.08a 7.35 ± 0.09a

    PaCO2 (mm Hg) 47 (41–55.5) 46.4 (40.5–54)

At the time of randomization

    Duration of mechanical ventilation (d) 1.9 ± 1.3 2.0 ± 1.2

!2$3���ACUTE�RESPIRATORY�DISTRESS�SYNDROME��0"7���PREDICTED�BODY�WEIGHT��6T���TIDAL�VOLUME��0%%0���POSITIVE�ENDEXPIRATORY�PRESSURE��0�&���0AO2�&)/2�
a  p����������

TABLE 2. (Continued). Baseline Characteristics of Study Subjects

Characteristics Open Lung Approach (n = 99)

Acute Respiratory Distress 
Syndrome Network  
Protocol (n = 101)

Crit Care Med ����; 44: 32-42

- 200 ARDS patients (P/F ratio < 200 mmHg) in 20 ICUs
- ARDSnet vs OLC
- RCM (50-60 cmH2O) and decremental PEEP trial for best compliance



Effect of Lung Recruitment and Titrated Positive
End-Expiratory Pressure (PEEP) vs Low PEEP onMortality
in PatientsWith Acute Respiratory Distress Syndrome
A Randomized Clinical Trial
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IMPORTANCE The effects of recruitment maneuvers and positive end-expiratory pressure
(PEEP) titration on clinical outcomes in patients with acute respiratory distress
syndrome (ARDS) remain uncertain.

OBJECTIVE To determine if lung recruitment associated with PEEP titration according to the
best respiratory-system compliance decreases 28-daymortality of patients with moderate to
severe ARDS compared with a conventional low-PEEP strategy.

DESIGN, SETTING, AND PARTICIPANTS Multicenter, randomized trial conducted at 120
intensive care units (ICUs) from 9 countries fromNovember 17, 2011, through April 25, 2017,
enrolling adults with moderate to severe ARDS.

INTERVENTIONS An experimental strategy with a lung recruitment maneuver and PEEP
titration according to the best respiratory–system compliance (n = 501; experimental group)
or a control strategy of low PEEP (n = 509). All patients received volume-assist control mode
until weaning.

MAIN OUTCOMES ANDMEASURES The primary outcomewas all-causemortality until 28 days.
Secondary outcomes were length of ICU and hospital stay; ventilator-free days through day
28; pneumothorax requiring drainage within 7 days; barotraumawithin 7 days; and ICU,
in-hospital, and 6-monthmortality.

RESULTS A total of 1010 patients (37.5% female; mean [SD] age, 50.9 [17.4] years) were
enrolled and followed up. At 28 days, 277 of 501 patients (55.3%) in the experimental group
and 251 of 509 patients (49.3%) in the control group had died (hazard ratio [HR], 1.20; 95%
CI, 1.01 to 1.42; P = .041). Compared with the control group, the experimental group strategy
increased 6-monthmortality (65.3% vs 59.9%; HR, 1.18; 95% CI, 1.01 to 1.38; P = .04),
decreased the number of mean ventilator-free days (5.3 vs 6.4; difference, −1.1; 95% CI, −2.1
to −0.1; P = .03), increased the risk of pneumothorax requiring drainage (3.2% vs 1.2%;
difference, 2.0%; 95% CI, 0.0% to 4.0%; P = .03), and the risk of barotrauma (5.6% vs 1.6%;
difference, 4.0%; 95% CI, 1.5% to 6.5%; P = .001). There were no significant differences in
the length of ICU stay, length of hospital stay, ICUmortality, and in-hospital mortality.

CONCLUSIONS AND RELEVANCE In patients withmoderate to severe ARDS, a strategy with
lung recruitment and titrated PEEP compared with low PEEP increased 28-day all-cause
mortality. These findings do not support the routine use of lung recruitment maneuver and
PEEP titration in these patients.
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Figure	1.	Schematic	representation	of	the	ART	strategy,	with	recruitment	maneuver	and	PEEP	titration	
according	to	static	compliance	of	the	respiratory	system.	
Recruitment	maneuver	and	PEEP	(positive	end-expiratory	pressure)	titration	are	initiated	only	after	a	protocolized	
preparation	that	includes:	1)	providing	sedation	and	neuromuscular	blockade;	2)	keeping	patient	at	supine	or	prone	
position;	3)	aspirating	lower	airways	secretion;	4)	installing	closed	tracheal	suctioning	system	and	heat	and	moisture	
exchanger;	5)	assuring	adequate	monitoring	including	invasive	blood	pressure	measurement;	6)	correcting	
hypovolemia;	7)	keeping	the	mean	arterial	pressure	≥75mmHg	(if	needed	by	starting	or	increasing	vasopressors);	8)	
adjusting	respiratory	rate	to	35	breaths	per	minute	for	at	least	20	minutes	before	recruitment;	9)	disabling	back-up	or	
apnea	ventilation.	
Recruitment	maneuver	is	conducted	at	controlled	pressure	mode,	with	respiratory	rate	of	15	breaths	per	minute,	
FIO2=100%,	inspiratory	to	expiratory	(I:E)	ratio	of	1:1.	PEEP	was	set	at	25cmH2O	with	pressure	above	PEEP	of	15cmH2O	
for	1	minute.	Then	PEEP	is	increased	to	30	cmH2O	for	1	minute,	and	finally	to	35	cmH2O.		
After	recruitment,	PEEP	titration	is	started	with	the	following	settings:	PEEP	of	23cmH2O,	volume	controlled	mode,	
tidal	volume	of	5mL/kg	of	predicted	body	weight,	respiratory	rate	of	20	breaths	per	minute,	flow	of	30L/min	(square	
wave	flow)	and	FIO2=100%.	After	3	minutes,	static	compliance	of	the	respiratory	system	is	calculated	(with	an	
inspiratory	pause	of	2	seconds).	Then	PEEP	is	reduced	by	3cmH2O,	kept	for	3	minutes	and	static	compliance	is	
measured	again,	and	steps	are	repeated	until	reaching	a	PEEP	of	11cmH2O.	The	ideal	PEEP	is	the	PEEP	with	best	static	
compliance	of	the	respiratory	system	plus	2cmH2O.		
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CONCLUSION:
In patients with moderate to severe ARDS,a strategy with lung recruitment 

and titrated PEEP compared with low PEEP increased 28-day mortality.

continuous outcomes, we estimated the effects of the inter-
vention with generalized linear models using gamma distri-
butions (for lengths of ICU and hospital stay) or a truncated
Poisson distribution (for ventilator-free days).

We used Cox proportional hazards to assess interactions
between treatment effect and the followingprespecified sub-
groups: PaO2:FIO2 (≤100 vs >100 mm Hg); SAPS 3 score (<50
vs ≥50); pulmonary vs extrapulmonary ARDS; duration of
ARDS (≤36hours vs >36 to <72hours);mechanical ventilation
(≤2days, 3-4days,≥5days); andproneposition. As an explor-
atory analysis,we testedwhether treatment effectswere simi-
lar before and after theprotocol amendment of June2015.We
also tested inaposthocanalysiswhether treatmenteffectsper
quartiles according to order of enrollment in the trial (earlier
vs later)werehomogeneous.All analyseswereperformedusing
the R (R Core Team, 2016) software.

Results
Patients
FromNovember 17, 2011, through April 25, 2017, we screened
2077 patients with moderate to severe ARDS. A total of 1064
were not enrolled, of whom 863 (81.1%) met exclusion crite-
ria and 201 (18.9%) were eligible but were not enrolled for
other reasons. We randomized 1013 patients, 501 to the lung
recruitment strategy and 512 to the low-PEEP strategy. Repre-
sentatives of 3 patients assigned to the control group with-
drew consent to use study data. We obtained 28-day and
6-month follow-up data of all remaining patients, except for
23 who were followed up and censored between 2 and 6
months. Thus, data of 1010 patients (501 in the experimental
group and 509 in the control groups) were considered for the
final analysis. The data monitoring committee evaluated 2
interim analyses and recommended the trial to be continued.
(Figure 1)

Baseline characteristics were well balanced between
the study groups (Table 1). Two-thirds of the patients had
septic shock. The mean number of nonpulmonary organ
failures was more than 2. Most ARDS cases were of pulmo-
nary (62.0%) rather than extrapulmonary origin (38.0%).
In the experimental and control groups, baseline mean (SD)
tidal volume and plateau pressures were 5.8 (1.1) and
5.8 (1.0) mL/Kg of predicted body weight, and 25.8 (4.7)
and 26.2 (5.2) cm H2O, respectively.

Lung Recruitment
A total of 480 patients (95.8%) in the experimental group re-
ceived a lung recruitment maneuver after randomization
(eTable 1 in Supplement 2). In 78 cases (15.6%) themaneuver
had to be interrupted,most often due to hypotension or a de-
crease inoxygen saturation. In21 cases, a recruitmentmaneu-
ver was not attempted due to uncontrolled hypotension
(14 cases), detectionof pneumothorax (3 cases) after random-
ization, orother reasons (4 cases). Themean (SD) titratedPEEP
was 16.8 (3.8) cm H2O. Lung recruitment was repeated after
PEEP titration in 393patients (78.4%).After the initial recruit-
ment and PEEP titration, alveolar recruitment was not re-

peated from day 1 to 7 in most patients (62.7%). Conversely,
28patients in thecontrolgroupalso receiveda recruitmentma-
neuver within the first 7 days.

Ventilator Settings and Respiratory Variables
Mean PEEP values from hour 1 through day 7 were higher in
the experimental than in the control group (eTable 2 in
Supplement 2). Mean values of plateau pressure were also
higher in the experimental group, although always below
30 cm H2O in both groups. Mean tidal volumes were below
6mL/kg of predicted bodyweight in both groups from hour 1
through day 3. The mean PaO2:FIO2 ratios were higher in the
experimental group. Yet decreases in driving pressure from
control to experimental group were limited to less than 2 cm
H2O from day 1 through day 7. Partial pressure of carbon di-
oxide was higher and arterial pH was lower in experimental
group only at the first hour, with values that were not signifi-
cantly different after day 1.

Cointerventions
Use of neuromuscular blockers was higher in the experimen-
tal than the control group (96.8%vs 73.3%;difference,23.5%;
95%CI, 19.2%-27.9%;P < .001), reflecting theprotocol require-
ment for their use before the recruitmentmaneuver (eTable 3
in Supplement 2). The proportion of patients who received
sedatives on any day was higher in the experimental group
(99.0%vs97.1%;difference, 1.9%;95%CI,0.0%-3.9%;P = .05),
although there was no difference between groups in the me-
dian number of days receiving sedatives. There were no dif-
ferencesamonggroups inother cointerventionsoron theneed
of rescue therapies for hypoxemia.

Outcomes
At 28days, therewere 277deaths (55.3%) among 501patients
in the experimental group and 251deaths (49.3%) among 509
patients in the control group,with a hazard ratio of 1.20 (95%
CI, 1.01-1.42; P = .041) (Figure 2). After adjustment for base-
line covariates, age, SAPS 3, andPaO2:FIO2, thehazard ratio for

Figure 2. 28-DayMortality in the Lung RecruitmentManeuver
With Titrated PEEP Group vs the Low-PEEP Group
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The purpose of mechanical ventilation is to rest the respiratory 
muscles while providing adequate gas exchange. Ventilatory support proved 
to be indispensable during the 1952 polio epidemic in Copenhagen, decreasing 

mortality among patients with paralytic polio from more than 80% to approximately 
40%.1 Despite the clear benefits of this therapy, many patients eventually die after 
the initiation of mechanical ventilation, even though their arterial blood gases may 
have normalized.

This mortality has been ascribed to multiple factors, including complications 
of ventilation such as barotrauma (i.e., gross air leaks), oxygen toxicity, and hemo-
dynamic compromise.2,3 During the polio epidemic, investigators noted that me-
chanical ventilation could cause structural damage to the lung.4 In 1967, the term 
“respirator lung” was coined to describe the diffuse alveolar infiltrates and hyaline 
membranes that were found on postmortem examination of patients who had 
undergone mechanical ventilation.5 More recently, there has been a renewed focus 
on the worsening injury that mechanical ventilation can cause in previously dam-
aged lungs and the damage it can initiate in normal lungs. This damage is character-
ized pathologically by inflammatory-cell infiltrates, hyaline membranes, increased 
vascular permeability, and pulmonary edema. The constellation of pulmonary con-
sequences of mechanical ventilation has been termed ventilator-induced lung injury.

The concept of ventilator-induced lung injury is not new. In 1744, John Fothergill 
discussed a case of a patient who was “dead in appearance” after exposure to coal 
fumes and who was successfully treated by mouth-to-mouth resuscitation.6 Fother-
gill noted that mouth-to-mouth resuscitation was preferable to using bellows because 
“the lungs of one man may bear, without injury, as great a force as those of an-
other man can exert; which by the bellows cannot always be determin’d.” Fother-
gill clearly understood the concept that mechanical forces generated by bellows (i.e., 
a ventilator) could lead to injury.

However, it was not until early in this century that the clinical importance of 
ventilator-induced lung injury in adults was confirmed by a study showing that a 
ventilator strategy designed to minimize such injury decreased mortality among 
patients with the acute respiratory distress syndrome (ARDS).7 Given the clinical 
importance of ventilator-induced lung injury, this article will review mechanisms 
underlying the condition, its biologic and physiological consequences, and clinical 
strategies to prevent it and mitigate its effects.

PATHOPH YSIOL O GIC A L FE AT UR ES

Pressures in the Lung
During a lifetime, a person will take approximately 500 million breaths. For each 
breath, the pressure necessary to inflate the lungs comprises the pressure to over-
come airway resistance and inertance (a measure of the pressure gradient required 
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Effect of Titrating Positive End-Expiratory Pressure (PEEP)
With an Esophageal Pressure–Guided Strategy vs an Empirical
High PEEP-FIO2 Strategy on Death and Days Free From
Mechanical Ventilation Among PatientsWith Acute
Respiratory Distress Syndrome
A Randomized Clinical Trial
Jeremy R. Beitler, MD, MPH; Todd Sarge, MD; Valerie M. Banner-Goodspeed, MPH; Michelle N. Gong, MD, MSc; Deborah Cook, MD;
Victor Novack, MD, PhD; Stephen H. Loring, MD; Daniel Talmor, MD, MPH; for the EPVent-2 Study Group

IMPORTANCE Adjusting positive end-expiratory pressure (PEEP) to offset pleural pressuremight
attenuate lung injuryandimprovepatientoutcomes inacuterespiratorydistresssyndrome(ARDS).

OBJECTIVE To determine whether PEEP titration guided by esophageal pressure (PES), an
estimate of pleural pressure, was more effective than empirical high PEEP–fraction of inspired
oxygen (FIO2) in moderate to severe ARDS.

DESIGN, SETTING, AND PARTICIPANTS Phase 2 randomized clinical trial conducted at 14
hospitals in North America. Two hundredmechanically ventilated patients aged 16 years and
older with moderate to severe ARDS (PaO2:FIO2 !200mmHg) were enrolled between
October 31, 2012, and September 14, 2017; long-term follow-up was completed July 30, 2018.

INTERVENTIONS Participants were randomized to PES-guided PEEP (n = 102) or empirical
high PEEP-FIO2 (n = 98). All participants received low tidal volumes.

MAIN OUTCOMES ANDMEASURES The primary outcomewas a ranked composite score
incorporating death and days free frommechanical ventilation among survivors through day
28. Prespecified secondary outcomes included 28-daymortality, days free frommechanical
ventilation among survivors, and need for rescue therapy.

RESULTS Twohundredpatientswere enrolled (mean [SD] age, 56 [16] years; 46%female) and
completed28-day follow-up. Theprimary composite endpointwasnot significantly different
between treatment groups (probability ofmore favorable outcomewithPES-guidedPEEP:49.6%
[95%CI, 41.7%to57.5%];P = .92). At 28days, 33of 102patients (32.4%)assigned toPES-guided
PEEPand30of98patients (30.6%)assigned toempirical PEEP-FIO2 died (risk difference,
1.7% [95%CI,−11.1% to 14.6%];P = .88).Days free frommechanical ventilation among survivors
wasnot significantly different (median [interquartile range]: 22 [15-24] vs 21 [16.5-24]days;
mediandifference,0 [95%CI,−1 to 2] days;P = .85). Patients assigned toPES-guidedPEEPwere
significantly less likely to receive rescue therapy (4/102 [3.9%]vs 12/98 [12.2%]; risk difference,
−8.3%[95%CI,−15.8%to−0.8%];P = .04).Noneof the 7other prespecified secondary clinical
endpointswere significantly different. Adverse events includedgrossbarotrauma,which
occurred in6patientswithPES-guidedPEEPand5patientswith empirical PEEP-FIO2.

CONCLUSIONSANDRELEVANCE AmongpatientswithmoderatetosevereARDS,PES-guidedPEEP,
comparedwithempiricalhighPEEP-FIO2, resulted innosignificantdifference indeathanddaysfree
frommechanical ventilation. These findingsdonot support PES-guidedPEEP titration inARDS.
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ventilation through day 28, calculated in such a manner that
death constitutes a worse outcome than fewer days off the
ventilator.16 Time free from mechanical ventilation was cal-
culated as the number of days between successful liberation
from the ventilator and study day 28. Each patient was com-
paredwitheveryotherpatient in thestudyandassignedascore
(tie: 0, win: +1, loss: −1) for each pairwise comparison based
on whom fared better. If one patient survived and the other
didnot, scoresof+1and−1wereassigned, respectively, for that
pairwise comparison. If both patients in the pairwise com-
parison survived, the assigned score depended on which pa-
tient hadmore days free frommechanical ventilation: the pa-
tient with more days off the ventilator received a score of +1,
while thepatientwith fewerdays receiveda scoreof−1. If both
patients survivedandhadthesamenumberofdaysoff theven-
tilator, or if bothpatientsdied, theybothwereassigneda score
of0 for that pairwise comparison. For each patient, scores for
all pairwise comparisons were summed, resulting in a cumu-
lative score for each patient. These cumulative scores were

rankedandcomparedbetweentreatmentgroupsvia theMann-
Whitney technique.

Effect size is reported as the probability of more favor-
ableoutcome, alsoknownas theprobabilistic index,whichde-
scribes the estimated probability that an individual ran-
domly selected from one treatment group will have a higher
score (more favorable outcome) than an individual randomly
selected from the other group.17,18Theprobability ofmore fa-
vorable outcome ismathematically equivalent to the areaun-
der the receiver operating characteristic curve for the non-
parametric Mann-Whitney U test.17

Secondary End Points
Prespecified secondary clinical end points included all-cause
mortality at 28 days, 60 days, and 1 year; ventilator-free days
through day 28; intensive care unit (ICU) and hospital lengths
of stay through day 28 and day 60; protocol failure requiring
rescue therapy; and functional status at 1 year. Ventilator-free
days were calculated as previously described,19 assigning

Table 1. Summary of Ventilator Protocols

Protocol Variable PES-Guided PEEP Empirical PEEP-FIO2
Ventilator mode Volume or pressure assist control Volume or pressure assist control

Tidal volume, mL/kg PBW 6 (range, 4-8) 6 (range, 4-8)

End-inspiratory pressure limit,
cm H2O

PL ≤ 20 PPLAT ≤ 35

Respiratory rate set to attain
target pH 7.30-7.45, breaths/min

6-35 6-35

Inspiratory to expiratory
time ratio

1.1-1.3 1.1-1.3

Goal oxygenation PaO2: 55-80 mm Hg or SpO2: 88%-93% PaO2: 55-80 mm Hg or SpO2: 88%-93%

Allowable combinations of FIO2
and either end-expiratory PL or
PEEP to attain goal oxygenationa

FIO2 PL, cm H2O FIO2 PEEP, cm H2O

0.3 0 0.3 5

0.4 0 0.3 8

0.5 0 0.3 10

0.5 2 0.4 10

0.6 2 0.4 12

0.6 3 0.4 14

0.7 3 0.4 16

0.7 4 0.4 18

0.8 4 0.5 18

0.8 5 0.5 20

0.9 5 0.6 20

0.9 6 0.7 20

1.0 6 0.8 20

0.8 22

0.9 22

1.0 22

1.0 24

Single recruitment maneuver
on enrollment to standardize
lung volume history

Yes Yes

Subsequent recruitment
maneuvers

Only if required to reverse hypoxemia
after suction or circuit disconnect

Only if required to reverse hypoxemia
after suction or circuit disconnect

Criteria to initiate ventilator
weaning on pressure
support mode

FIO2 ≤ 0.4, PEEP ≤ 10 cm H2O, patient
able to trigger ventilator, and no
hemodynamic instability

FIO2 ≤ 0.4, PEEP ≤ 10 cm H2O, patient
able to trigger ventilator, and no
hemodynamic instability

Abbreviations: FIO2, fraction of
inspired oxygen; PaO2, partial
pressure of arterial oxygen;
PBW, predicted body weight;
PEEP, positive end-expiratory
pressure; PES, esophageal pressure;
PL, transpulmonary pressure
(PL = airway pressure minus pleural
pressure); PPLAT, plateau airway
pressure; SpO2, oxygen saturation as
measured by pulse oximetry.
a In the PES-guided group, once
patients reached PL of 0 cmH2O,
they were transitioned to empirical
PEEP-FIO2 table at nomore than
PEEP of 14 cmH2O and FIO2 of 0.4.
Further PEEP weaning occurred per
the empirical table. If hypoxemia
occurred, necessitating higher
PEEP-FIO2 combination, patients
were returned to PES-guided
PEEP table.
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estimate of pleural pressure, was more effective than empirical high PEEP–fraction of inspired
oxygen (FIO2) in moderate to severe ARDS.
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older with moderate to severe ARDS (PaO2:FIO2 !200mmHg) were enrolled between
October 31, 2012, and September 14, 2017; long-term follow-up was completed July 30, 2018.
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high PEEP-FIO2 (n = 98). All participants received low tidal volumes.

MAIN OUTCOMES ANDMEASURES The primary outcomewas a ranked composite score
incorporating death and days free frommechanical ventilation among survivors through day
28. Prespecified secondary outcomes included 28-daymortality, days free frommechanical
ventilation among survivors, and need for rescue therapy.

RESULTS Twohundredpatientswere enrolled (mean [SD] age, 56 [16] years; 46%female) and
completed28-day follow-up. Theprimary composite endpointwasnot significantly different
between treatment groups (probability ofmore favorable outcomewithPES-guidedPEEP:49.6%
[95%CI, 41.7%to57.5%];P = .92). At 28days, 33of 102patients (32.4%)assigned toPES-guided
PEEPand30of98patients (30.6%)assigned toempirical PEEP-FIO2 died (risk difference,
1.7% [95%CI,−11.1% to 14.6%];P = .88).Days free frommechanical ventilation among survivors
wasnot significantly different (median [interquartile range]: 22 [15-24] vs 21 [16.5-24]days;
mediandifference,0 [95%CI,−1 to 2] days;P = .85). Patients assigned toPES-guidedPEEPwere
significantly less likely to receive rescue therapy (4/102 [3.9%]vs 12/98 [12.2%]; risk difference,
−8.3%[95%CI,−15.8%to−0.8%];P = .04).Noneof the 7other prespecified secondary clinical
endpointswere significantly different. Adverse events includedgrossbarotrauma,which
occurred in6patientswithPES-guidedPEEPand5patientswith empirical PEEP-FIO2.

CONCLUSIONSANDRELEVANCE AmongpatientswithmoderatetosevereARDS,PES-guidedPEEP,
comparedwithempiricalhighPEEP-FIO2, resulted innosignificantdifference indeathanddaysfree
frommechanical ventilation. These findingsdonot support PES-guidedPEEP titration inARDS.
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maneuverpluscomparativelyhighPEEP), comparedwitha low
PEEPstrategy, inpatientswithmoderatetosevereARDS.Anideal
lung-protective protocol might require lowering VT further as
PEEPorend-expiratoryPL is increased,anuntestedstrategythat
warrants consideration.TimetoPEEPtitrationalso is anunder-
investigatedfactor.EarlierapplicationofadequatePEEP,within
the first few hours after intubation, may be necessary to abate
alveolar instability and injury.29,30

Several importantdifferencesexistbetweenthis studyand
the prior EPVent trial,7 which observed an adjusted survival
benefit with PES-guided PEEP. First, the comparator group in
the prior trial was a less aggressive empirical PEEP-FIO2 strat-
egy, resulting in significantly different end-expiratory PL on
protocolbetweengroups,unlike thepresent studywhereearly
end-expiratoryPLwasnotsignificantlydifferentbetweentreat-
ment groups. Post hoc analysis suggested that the2PEEPpro-
tocols in this trial would have issued different initial titration
instructions inapproximatelyhalf ofpatients. Second, theem-
pirical PEEP-FIO2 comparator strategy in the prior trial re-
sulted in a mean end-expiratory PL less than 0 cm H2O at all
measured times, likelypredisposing to atelectrauma,whereas
theempiricalPEEP-FIO2comparator strategy in thepresent trial
maintained a mean end-expiratory PL of 0 cm H2O or greater
until day 3. Third, in the prior trial, driving pressure de-
creasedoncepatientsassigned toPES-guidedPEEPwereplaced
on protocol, but no change was observed in the comparator
group, suggesting PEEP-associated lung recruitment only in
thePES-guidedgroup.31 In thepresent trial, therewasno sepa-
ration between treatment groups in airway or transpulmo-
narydrivingpressure, andnomeaningfuldifference frombase-
line to first values on protocol, suggesting minimal lung
recruitment with protocol-driven PEEP. Fourth, most pa-
tients in the prior trial had extrapulmonary risk factors for
ARDS, including 40%with an identified intra-abdominal risk
factor (eg, pancreatitis, cholangitis, bowel obstruction, or per-
foration), unlike the present studywhere pulmonary risk fac-
tors predominated. ARDS due to intra-abdominal pathology
inparticularmight exhibit greater lung recruitability owing to

the contribution of higher intra-abdominal pressures to pleu-
ral pressure and associated atelectasis.32

Limitations
Thisstudyhasseveral limitations.First, itwasunderpoweredfor
smaller—but still clinicallymeaningful—differences in survival
andother endpoints, as evident fromthewide95%CIs for sev-
eraloutcomesinTable3.Second,methodological issueswithPES
andPLmeasurementscouldhaveimpededimplementationofthe
PES-guidedPEEPstrategy,althoughagreementonPESandPLread-
ingswashighbetweensite investigatorsandthecore laboratory.
Third, while balloon position in the retrocardiac midthoracic
esophagusaffordsareasonableestimateofaveragepleuralpres-
sureinthechest,5,33-35spatialpleuralpressuregradientsmaycon-
tribute to regional overdistension and cyclic atelectasis.36

Fourth, whether either PEEP strategy in this trial is supe-
rior (or inferior) to usual care or a less aggressive PEEP-FIO2

strategy inpatientswithmoderate to severeARDS remainsun-
certain. Fifth, this trial protocol prohibited prone positioning
except as rescue therapy.Amulticenter trial of proneposition-
ing, published while this trial was ongoing, observed a mor-
tality benefit with prone compared with supine positioning
with a modest empirical PEEP-FIO2 strategy.37 Concomitant
proningwith higher PEEP has not been tested in a large-scale
trial, but effects may be synergistic.27,38 Optimal PEEP titra-
tionwith prone positioningwarrants future study. Sixth, bio-
logical heterogeneity of patientswithARDSmaycontribute to
differential therapeutic response, as suggested by post hoc
analyses of other recent ARDS trials.39,40

Conclusions
Among patients with moderate to severe ARDS, PES-guided
PEEP, comparedwithempirical highPEEP-FIO2, resulted inno
significant difference in death anddays free frommechanical
ventilation. These findings do not support PES-guided PEEP
titration in ARDS.

Figure 3. Kaplan-Meier Survival Analysis Through Day 60
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Figure 2. Respiratory Physiological Measures FromBaseline Through Day 7
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Boxes represent median and interquartile range. Whiskers extend 1.5 times the
interquartile range beyond the first and third quartiles per the conventional
Tukeymethod. Circles beyond the whiskers represent outliers. Diamonds
represent mean values. Day 0 denotes baseline preintervention values. The
number of patients with available respiratory physiological data decreases over
successive study days due to deaths and discontinuation of invasive mechanical

ventilation. Transpulmonary pressure (PL) equals airway pressure minus pleural
pressure. Airway driving pressure equals plateau pressure minus positive
end-expiratory pressure (PEEP). Transpulmonary driving pressure equals
end-inspiratory PL minus end-expiratory PL. FIO2 indicates fraction of inspired
oxygen; PaO2, partial pressure of arterial oxygen; and PES, esophageal pressure.
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LETTER Open Access

vvECMO can be avoided by a
transpulmonary pressure guided open lung
concept in patients with severe ARDS
Philip van der Zee* , Dinis Dos Reis Miranda, Han Meeder, Henrik Endeman and Diederik Gommers

Dear Editor,
The EOLIA trial concluded that vvECMO compared

to conventional mechanical ventilation with low tidal
volumes and airway pressures ≤30 cmH2O did not
improve survival [1]. Although not statistically signifi-
cant, the 11% absolute reduction in mortality rate and
multiple crossovers to rescue vvECMO were considered
to be clinically relevant [2]. However, a conventional
mechanical ventilation strategy is likely to be insufficient
for patients with severe ARDS, as higher airway pressures
are required to maintain lung aeration [3]. Grasso et al.
measured the transpulmonary pressure (PL) in patients
with severe ARDS and increased PEEP until PL was 25
cmH2O. Fifty percent of patients responded to an increase
in airway pressure and did not require vvECMO [4]. We
hypothesized that a PL guided open lung concept (OLC)
could improve oxygenation and prevent conversion to
vvECMO in patients with severe ARDS.
We retrospectively reviewed the records of all patients

referred to our ICU between January and May 2018.
Eight patients had severe ARDS and had an indication
for vvECMO according to the EOLIA trial (demograph-
ics are given in the Additional file 1) [1]. Before referral
protective mechanical ventilation with low tidal volume

and a plateau pressure of approximately 30 cmH2O was
applied. PaO2/FiO2 ratio was 62 ± 7mmHg despite the
use of neuromuscular blocking agents and prone position-
ing. After referral, a recruitment maneuver was performed
and PEEP was increased. PL was estimated with an
esophageal balloon catheter and we aimed for a PL ≤ 25
cmH2O. In addition, respiratory rate and I:E ratio were in-
creased, thereby generating intrinsic PEEP.
The PL guided OLC resulted in an increase in PaO2/

FiO2 ratio to 201 ± 87mmHg (Fig. 1) and none of the
patients required vvECMO. During the first 6 h peak air-
way pressure was increased to 44.9 ± 10.2 cmH2O, but
was reduced to 36.3 ± 5.6 cmH2O within 24 h, while
PEEP was maintained at 20.6 ± 4.0 cmH2O. A max-
imum end-inspiratory PL of 18 ± 5 cmH2O was mea-
sured. At 72 h both peak airway pressures and PEEP
were reduced to baseline values while oxygenation
remained stable.
These data suggest that the OLC improves oxygenation

and avoids conversion to vvECMO in patients with severe
ARDS. We acknowledge that a recruitment maneuver and
higher PEEP in patients with moderate to severe ARDS in-
creased mortality in the Alveolar Recruitment Trial [5].
However, the recruitment maneuver was standardized and

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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‘recruitability’ was not assessed. We hypothesize that a re-
cruitment maneuver and higher PEEP is beneficial in pa-
tients with large regions of decreased lung aeration. Thus,
future research should focus on individual ‘recruitability’
[6]. Baedorf Kassis et al. introduced a recruitment maneu-
ver based on PL measurements [7]. Other potential predic-
tors are a decrease in driving pressure, oxygenation
response to PEEP-trials, or lung aeration estimated by
electrical impedance tomography or ultrasound.

Additional file

Additional file 1: Figure S1. Flowchart of patient inclusion. Table S1.
Patient demographics. Table S2. Patient parameters. Appendix
Mechanical ventilation strategy. (DOCX 38 kb)
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Fig. 1 Airway pressures and PaO2 / FiO2 ratio after initiation of the OLC. Peak airway pressure, Pmean, PEEP and PaO2 / FiO2 ratio as a function of
time. The OLC is initiated at T0, i.e. at referral. Mean values and standard deviations are shown. Note that PEEP values are set PEEP levels at the
mechanical ventilator. The depicted driving pressure is overestimated as intrinsic PEEP is not shown. FiO2 fraction of inspired oxygen, PaO2 partial
pressure of arterial oxygen, Ppeak peak airway pressure, Pmean mean airway pressure, PEEP positive end-expiratory pressure
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Prone Positioning in Severe ARDS

n engl j med nejm.org 7

prone group than in the supine group. The par-
tial pressure of arterial carbon dioxide and static 
compliance of the respiratory system were simi-
lar in the two groups.

Primary and Secondary Outcomes
Mortality at day 28 was significantly lower in the 
prone group than in the supine group: 16.0% (38 
of 237 participants) versus 32.8% (75 of 229) 
(P<0.001) (Table 3). The significant difference in 

mortality persisted at day 90 (Table 3). A com-
parison of the two survival curves showed the 
same significant difference (Fig. 2). After adjust-
ment for the SOFA score and the use of neuro-
muscular blockers and vasopressors at the time 
of inclusion, mortality remained significantly low-
er in the prone group than in the supine group 
(Table S5 in the Supplementary Appendix). The 
rate of successful extubation was significantly 
higher in the prone group (Table 3). The duration 

Table 3. Primary and Secondary Outcomes According to Study Group.*

Outcome
Supine Group

(N = 229)
Prone Group

(N = 237)

Hazard Ratio 
or Odds Ratio  
with the Prone 

Position (95% CI) P Value

Mortality — no. (% [95% CI])

At day 28

Not adjusted 75 (32.8 [26.4–38.6]) 38 (16.0 [11.3–20.7]) 0.39 (0.25–0.63) <0.001

Adjusted for SOFA score† 0.42 (0.26–0.66) <0.001

At day 90

Not adjusted 94 (41.0 [34.6–47.4]) 56 (23.6 [18.2–29.0]) 0.44 (0.29–0.67) <0.001

Adjusted for SOFA score† 0.48 (0.32–0.72) <0.001

Successful extubation at day 90 — 
no./total no. (% [95% CI])

145/223 
(65.0 [58.7–71.3])

186/231
(80.5 [75.4–85.6])

0.45 (0.29–0.70) <0.001

Time to successful extubation, 
 assessed at day 90 — 
days

Survivors 19±21 17±16 0.87

Nonsurvivors 16±11 18±14

Length of ICU stay, assessed at 
day 90 — days

Survivors 26±27 24±22 0.05

Nonsurvivors 18±15 21±20

Ventilation-free days

At day 28 10±10 14±9 <0.001

At day 90 43±38 57±34 <0.001

Pneumothorax — no. (% [95% CI]) 13 (5.7 [3.9–7.5]) 15 (6.3 [4.9–7.7]) 0.89 (0.39–2.02) 0.85

Noninvasive ventilation — no./  
total no. (% [95% CI])

At day 28 10/212 (4.7 [1.9–7.5]) 4/228 (1.8 [0.1–3.5]) 0.36 (0.07–3.50) 0.11

At day 90 3/206 (1.5 [0.2–3.2]) 4/225 (1.8 [0.1–3.5]) 1.22 (0.23–6.97) 1.00

Tracheotomy — no./total no. 
(% [95% CI])

At day 28 12/229 (5.2 [2.3–8.1]) 9/237 (3.8 [1.4–6.0]) 0.71 (0.27–1.86) 0.37

At day 90 18/223 (8.1 [4.5–11.7]) 15/235 (6.4 [3.3–9.5]) 0.78 (0.36–1.67) 0.59

* Plus–minus values are means ±SD. Hazard ratios are shown for mortality and successful extubation; odds ratios are 
shown for other outcomes. CI denotes confidence interval.

† There were no significant differences between the groups in organ dysfunction as assessed from the SOFA score (Table S4 
in the Supplementary Appendix).
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of invasive mechanical ventilation, length of stay 
in the ICU, incidence of pneumothorax, rate of use 
of noninvasive ventilation after extubation, and 
tracheotomy rate did not differ significantly be-
tween the two groups (Table 3).

Complications
A total of 31 cardiac arrests occurred in the su-
pine group, and 16 in the prone group (P = 0.02). 
There were no significant differences between 
the groups with respect to other adverse effects 
(Table S6 in the Supplementary Appendix).

Discussion

Survival after severe ARDS was significantly high-
er in the prone group than in the supine group. 
Furthermore, the effect size was large despite the 
fact that mortality in the supine group was lower 
than anticipated.

Our results are consistent with findings from 
previous meta-analyses2,11 and an observational 
study,18 even though prior randomized trials have 
failed to show a survival benefit with prone po-
sitioning. Meta-analyses of ARDS studies have 
suggested that the outcomes with prone posi-
tioning are better in the subgroup of patients with 
severe hypoxemia.2,11 However, when we stratified 
our analysis according to quartile of Pao2:Fio2 

ratio at enrollment, we found no significant dif-
ferences in outcomes (Table S8 in the Supple-
mentary Appendix).

Several factors may explain our results. First, 
patients with severe ARDS were selected on the 
basis of oxygenation together with PEEP and Fio2 
levels. Second, patients were included after a 
12-to-24-hour period during which the ARDS 
criteria were confirmed. This period may have 
contributed to the selection of patients with more 
severe ARDS19 who could benefit from the ad-
vantages of the prone positioning, such as relief 
of severe hypoxemia and prevention of ventilator-
induced lung injury. A previous study has shown 
that prone positioning, as compared with supine 
positioning, markedly reduces the overinflated 
lung areas while promoting alveolar recruitment.5 
These effects (reduction in overdistention and 
recruitment enhancement) may help prevent ven-
tilator-induced lung injury by homogenizing the 
distribution of stress and strain within the 
lungs. In our trial, alveolar recruitment was not 
directly assessed. However, studies have shown 
that lung recruitability correlates with the extent 
of hypoxemia20,21 and that the transpulmonary 
pressure along the ventral-to-dorsal axis is more 
homogeneously distributed in the prone position 
than in the supine position.22 We therefore sug-
gest that prone positioning in our patients induced 
a decrease in lung stress and strain.

Third, as in previous investigations,9,10 we 
used long prone-positioning sessions. Fourth, the 
prone position was applied for 73% of the time 
ascribed to the intervention and was concentrated 
over a period of a few days. Fifth, in our trial, 
the tidal volume was lower than in previous tri-
als,9,10 and the PplatRS was kept below 30 cm of 
water. However, because all patients were returned 
to the supine position at least once a day, the 
effect of the prone position itself cannot be dis-
tinguished from the effects of being moved from 
the supine to the prone position over the course 
of a day.

We should acknowledge that the technical 
aspects of prone positioning are not simple and 
that a coordinated team effort is required (see 
Videos 1 and 2, available at NEJM.org). All cen-
ters participating in this study were skilled in 
the process of turning patients from the supine 
to the prone position, as shown by the absence 
of adverse events directly related to repositioning. 
Because the experience of the units may explain 
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A bs tr ac t

Background
Previous trials involving patients with the acute respiratory distress syndrome (ARDS) 
have failed to show a beneficial effect of prone positioning during mechanical ven-
tilatory support on outcomes. We evaluated the effect of early application of prone 
positioning on outcomes in patients with severe ARDS.

Methods
In this multicenter, prospective, randomized, controlled trial, we randomly as-
signed 466 patients with severe ARDS to undergo prone-positioning sessions of at 
least 16 hours or to be left in the supine position. Severe ARDS was defined as a 
ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen 
(Fio2) of less than 150 mm Hg, with an Fio2 of at least 0.6, a positive end-expira-
tory pressure of at least 5 cm of water, and a tidal volume close to 6 ml per kilogram 
of predicted body weight. The primary outcome was the proportion of patients who 
died from any cause within 28 days after inclusion.

Results
A total of 237 patients were assigned to the prone group, and 229 patients were as-
signed to the supine group. The 28-day mortality was 16.0% in the prone group and 
32.8% in the supine group (P<0.001). The hazard ratio for death with prone position-
ing was 0.39 (95% confidence interval [CI], 0.25 to 0.63). Unadjusted 90-day mortal-
ity was 23.6% in the prone group versus 41.0% in the supine group (P<0.001), with a 
hazard ratio of 0.44 (95% CI, 0.29 to 0.67). The incidence of complications did not 
differ significantly between the groups, except for the incidence of cardiac arrests, 
which was higher in the supine group.

Conclusions
In patients with severe ARDS, early application of prolonged prone-positioning ses-
sions significantly decreased 28-day and 90-day mortality. (Funded by the Programme 
Hospitalier de Recherche Clinique National 2006 and 2010 of the French Ministry 
of Health; PROSEVA ClinicalTrials.gov number, NCT00527813.)
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pressure) in the dorsal lung regions.17,18 The increased
mass of the edematous ARDS lung further increases the
ventral-dorsal pleural pressure gradient and reduces
regional ventilation of dependent dorsal regions.19,20

The ventral heart is estimated to contribute
approximately an additional 3 to 5 cm H2O of pressure
to the underlying lung tissue, with experimental studies
showing improved ventilation of these infracardiac lung
regions in a prone position.18,21 In addition to the weight
of the heart, intraabdominal pressure is preferentially
transmitted through the (often paralyzed and relaxed)
diaphragm, further compressing dorsal regions.
Although these factors tend to collapse dependent dorsal
regions, the gravitational gradient in vascular pressures
preferentially perfuses these regions, yielding a region of
low ventilation and high perfusion, manifesting
clinically as hypoxemia.

Placing a person in the prone position reduces the
pleural pressure gradient from nondependent to
dependent regions, in part through gravitational effects
and conformational shape matching of the lung to the
chest cavity. As a result, lung aeration and strain
distribution are more homogeneous.15,22-24 Figure 1
illustrates the gravitational and geometric factors

contributing to more uniform pulmonary aeration in
the prone position.25,26 When supine, both gravity and
the chest wall compress the dependent lung segments,
causing major inequalities in aeration along a ventral/
dorsal axis (Fig 1, column III). In contrast, when the
person is in a prone position, the geometry favors a
more equitable aeration distribution.

Multiple physiological studies support the theory that
placing a person in the prone position promotes more
homogeneous aeration of the lung in ARDS. Geometric
modeling of CT data demonstrated that the asymmetry of
lung shape leads to a greater gravitationally induced pleural
pressure gradient in the supine posture compared with
prone positioning.27 Additional CT, nuclear, and inert gas
experiments have measured aeration and ventilation and
demonstrated improved homogeneity when the person
was placed in a prone position.15,26,28,29 Finally, although
the model in Figure 1 neglects abdominal factors, animal
models of both volume overload and intraabdominal
hypertension have shown more evenly distributed
transdiaphragmatic forces and improved parenchymal
homogeneity in the prone position.23,30-32

Unlike its effects on dorsal lung aeration, the prone
position does not have a major impact on regional
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Figure 1 – Column I shows an isolated lung (cone) and alveolar units (circles) removed from the chest wall. This illustrates how the unhindered lung
contains more alveolar units in the dorsal regions than in the ventral regions and how a gravitational pleural pressure gradient leads to compression
of dependent segments. When the patient is in a prone position, this results in a smaller fraction of compressed alveolar units than when the
patient is supine. Column II illustrates the effects of compressing the native conical shape of the lungs into the rigid chest wall. While the patient
is supine, the compressive effects of gravity are magnified by the chest wall, further compressing the dorsal segments while expanding the ventral
segments. Conversely, when the patient is prone, the chest wall effects oppose gravimetric effects, leading to more homogeneous aeration. Column III
displays experimental data supporting this model. The curves describe how pulmonary aeration (gas to tissue ratio on CT) varies as one moves
along the lung’s vertical axis in human patients with ARDS. Note the marked asymmetry in aeration (and thus ventilation) along the ventral/dorsal
axis when supine and a much more uniform gas to tissue ratio when prone. The white arrows signify recruitment of dependent regions, and the
black arrows signify reduced regional hyperinflation in well-aerated lung. (Adapted with permission from Gattinoni et al.25)

216 Contemporary Reviews in Critical Care Medicine [ 1 5 1 # 1 CHES T J A N U A R Y 2 0 1 7 ]

recruitment

less 
hyper-
inflation

Supine vs. Prone



Conclusion:
Early proning should be
done in all severe ARDS 

patients (P/F < 150 mmHg)
(also 5 days of MMB ?)
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