A high positive end-expiratory pressure, low tidal volume
ventilatory strategy improves outcome in persistent acute
respiratory distress syndrome: A randomized, controlled trial*
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Objective: It has been shown in a two-center study that high
positive end-expiratory pressure (PEEP) and low tidal volume
(LTV) improved outcome in ARDS. However, that study involved
patients with underlying diseases unique to the study area, was
conducted at only two centers, and enrolled a small number of
patients. We similarly hypothesized that a ventilatory strategy
based on PEEP above the lower inflection point of the pressure
volume curve of the respiratory system (P;,,) set on day 1 with a
low tidal volume would result in improved outcome in patients
with severe and persistent acute respiratory distress syndrome
(ARDS).

Design: Randomized, controlled clinical trial.

Setting: Network of eight Spanish multidisciplinary intensive
care units (ICUs) under the acronym of ARIES (Acute Respiratory
Insufficiency: Espafa Study).

Patients: All consecutive patients admitted into participating
Spanish ICUs from March 1999 to March 2001 with a diagnosis of
ARDS were considered for the study. If 24 hrs after meeting ARDS
criteria, the Pao,/Fio, remained <200 mm Hg on standard venti-
lator settings, patients were randomized into two groups: control
and Py, /LTV.

Interventions: In the control group, tidal volume was 9-11
mL/kg of predicted body weight (PBW) and PEEP =5 cm H,0. In
the Py, /LTV group, tidal volume was 5-8 mL/kg PBW and PEEP
was set on day 1 at Py, + 2 cm H,0. In both groups, Fio, was set
to maintain arterial oxygen saturation >90% and Pao, 70-100

mm Hg, and respiratory rate was adjusted to maintain Paco,
between 35 and 50 mm Hg.

Measurements and Main Results: The study was stopped early
based on an efficacy stopping rule as described in the methods.
0f 103 patients who were enrolled (50 control and 53 P;,), eight
patients (five in control, three in Py,,) were excluded from the
final evaluation because the random group assignment was not
performed in one center according to protocol. Main outcome
measures were ICU and hospital mortality, ventilator-free days,
and nonpulmonary organ dysfunction. ICU mortality (24 of 45
[63.3%] vs. 16 of 50 [32%], p = .040), hospital mortality (25 of 45
[65.5%] vs. 17 of 50 [34%], p = .041), and ventilator-free days
at day 28 (6.02 + 7.95 in control and 10.90 = 9.45 in Py, /LTV,
p = .008) all favored Py, /LTV. The mean difference in the number
of additional organ failures postrandomization was higher in the
control group (p < .001).

Conclusions: A mechanical ventilation strategy with a PEEP
level set on day 1 above Py, and a low tidal volume compared
with a strategy with a higher tidal volume and relatively low PEEP
has a beneficial impact on outcome in patients with severe and
persistent ARDS. (Crit Care Med 2006; 34:1311-1318)

Kev Worps: mechanical ventilation; positive end-expiratory
pressure; acute respiratory distress syndrome; acute lung injury;
lung protection; tidal volume; airway pressure; barotrauma; mul-
tiple organ failure

cute respiratory distress syn-
drome (ARDS), a severe form
of acute lung injury (ALI), is
one of the most challenging
problems in the intensive care unit (ICU)
(1). The prognosis of patients with ARDS
is poor, with death often attributed to the
underlying disease and the presence of
sepsis (1, 2). Amato et al. (3) demon-

strated improved mortality by the use of a
low tidal volume (VT; 6 mL/kg) and pos-
itive end-expiratory pressure (PEEP) set
on day 1 at the lower inflection point on
the pressure-volume curve of the respira-
tory system (Pg,,) plus 2 cmH,0 com-
pared with a group with a large V1 (12
mL/kg) and a low PEEP. Amato et al. (3)
were able to show a mortality difference

(38% vs. 72%) by studying only 53 pa-
tients. However, in the Amato trial, many
deaths in the control group occurred
early in the course of mechanical venti-
lation, patients were enrolled with some
underlying problems (Leptospirosis)
unique to the study location, a number of
iatrogenic deaths occurred during me-
chanical ventilation, and the study was

*See also p. 1540.
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conducted at only two centers. Other tri-
als conducted at the same time as the
Amato trial (4-6) failed to demonstrate
any significant impact on outcome. In
these trials (4—6), little difference in Vt
existed between groups, and PEEP was
based only on oxygenation response and
was essentially equal in both the low and
high VT groups. As a group, these studies
(3—6) still left unanswered questions re-
garding the impact of lung-protective
ventilation strategies on outcome in
ARDS.

None of the clinical trials evaluating
lung-protective ventilation published to
date have enrolled only patients with per-
sistent, established ARDS (3-8). Three
recent reports (9-11) clearly demon-
strated that alterations in ventilator set-
tings can change a patient’s conformance
with the American-European Consensus
Conference definitions of ARDS and ALI
(12). It has also been shown that patients
failing to meet ARDS criteria on standard
ventilator settings (a specifically defined
tidal volume, PEEP, and Fio,) have a
much lower mortality rate than those ful-
filling ARDS criteria on standard settings
(9). Since the results of the Amato trial
are consistent with experimental data
(13-15) on the beneficial effects of high
PEEP, we chose to repeat the Amato trial
in a number of centers but with a Vr and
PEEP level in the control group more
consistent with levels recommended clin-
ically at the time of the study (16). In
addition, we chose to only study patients
who demonstrated persistent ARDS 24
hrs after initially meeting ARDS criteria
while on standard ventilator settings. In
the present trial, we hypothesized that
ventilation with PEEP above Pg,, set on
day 1 and a low Vr would result in re-
duced mortality rate in established ARDS
compared with a mechanical ventilation
strategy using higher Vs and lower levels
of PEEP that were consistent with those
used in clinical practice.

METHODS

Patients and Definitions. This protocol was
approved by the Ethics Committee of the co-
ordinating center and by the local institu-
tional review boards in every participating
hospital. This was a prospective, randomized,
controlled study performed through a Net-
work of Spanish, multidisciplinary ICUs under
the acronym of ARIES (Acute Respiratory In-
sufficiency: Espafia Study) (Appendix 1) from
March 1999 to March 2001. All consecutive,
mechanically ventilated patients admitted into
the ICU who met the American-European
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Consensus Conference definition (12) for
ARDS—Pao,/F10, =200 mm Hg regardless of
PEEP or Fio,, bilateral pulmonary infiltrates
on an anterior/posterior chest radiograph, and
a pulmonary artery occlusion pressure <18
mm Hg or no evidence of left ventricular
failure—were considered for entry into the
study. We excluded from this study patients
younger than 15 yrs of age and those with
acute cardiac clinical conditions, pregnancy,
neuromuscular diseases, high risk of mortality
within 3 months for reasons other than ARDS
(severe neurologic damage, age >80 yrs, and
cancer patients in the terminal stage of their
disease), or more than two extrapulmonary
organ failures. Definitions of organ failure
were those described by Bell et al. (17) and
Villar et al. (18) and used in previous clinical
trials (8) (Appendix 2). Patients enrolled were
not allowed to participate in any other exper-
imental protocol.

Patients meeting these criteria were all
ventilated with standard settings for 24 hrs,
and only patients with a Pao,/Fio, =200 mm
Hg on standard ventilator setting (Vr 10
mL/kg predicted body weight [PBW] with a
square wave inspiratory flow, Fio, =0.5, and
PEEP =5 cm H,0) 24 hrs after meeting the
ARDS definition were enrolled. The specific
Fio, and PEEP levels set were left to the judg-
ment of the individual investigators. After pa-
tients met the inclusion criteria and informed
consent was obtained from the patient or fam-
ily, patients were randomized into two venti-
latory strategies: conventional mechanical
ventilation (control) or PEEP above Pg,, with
low Vr ventilation (Pg,,/LTV). Randomization
was performed by the coordinating center us-
ing blocks of ten opaque, identical, sealed en-
velopes, which were sent to participating ICUs.
Inside each envelope was the treatment allo-
cation for the patient. Blocks had equal num-
bers of treatment groups with the order of
treatment within the block being randomly
ordered to ensure that treatment group num-
ber were evenly balanced at the end of each
block. Details of block distribution were not
revealed to investigators. Additional sets of
envelopes were sent to those institutions with
a high rate of enrollment.

Experimental Ventilator Protocol. Patients
allocated to the control group were ventilated
with the volume assist/control mode without
restrictions on the flow profile Vr of 9-11
mL/kg PBW, PEEP =5 cm H,0, and an Fio,
ensuring arterial oxygen saturation >90% and
Pao, of 70-100 mm Hg. PBW was estimated
using height and weight tables derived from
the equations published by Devine (19) (men
weight in kg = 50 + 0.91 X [height in cm —
152]; women weight in kg = 45.5 + 0.91 X
[height in cm — 152]). Patients in the control
group developing an uncontrolled pneumo-
thorax, despite the insertion of chest tubes,
could be ventilated with the pressure-assist/
control mode. Patients randomized to Pg,/LTV
were ventilated with the volume assist/control
mode Vr of 5-8 mL/kg PBW, PEEP level set on

day 1 at Py, + 2 cm H,0, and an Fio, ensuring
arterial oxygen saturation >90% and Pao, of
70-100 mm Hg. In both groups, investigators
were instructed to maintain Pco, between 35
and 50 cm H,0 by adjusting the ventilator rate.
In the Pg/LTV group, the investigators were
instructed to decrease Fio, first followed by
PEEP if above oxygenation range (Pao, 70-100
mm Hg) and increase PEEP first followed by
Fio, if below oxygenation range. However, the
magnitudes of the Fio, and PEEP adjustments
were left to the investigators’ judgment. Py, was
only measured on day 1 of the protocol. Inspira-
tory pressure-volume curves of the respiratory
system were constructed either with a super
syringe or by using the ventilator. When using
the ventilator, the VT was progressively increased
starting from 50 mL, while the patient received
an Fio, = 1.0 and PEEP = 0, or a very slow
constant inspiratory flow was provided by the
ventilator with PEEP = 0 and Fio, = 1.0 while
volume and pressure were automatically re-
corded. With the increasing volume approach,
the respiratory rate was set at 6—8 breaths/min
and an end-inspiratory pause (1-2 secs) was ap-
plied at each step. With the super syringe, each
step was held appropriately 1-2 secs until airway
pressure plateaued. With all approaches, peak
pressures of up to about 35-40 cm H,O were
achieved. Pg,, was determined by plotting the
data and drawing tangents to the initial flat
aspect of the curve and the segment of the curve
with the maximum slope. The airway pressure
corresponding to the point of intersection of
these tangents was considered the Py,,. Patients
were sedated and paralyzed for the performance
of the pressure-volume curve and after its com-
pletion were allowed to spontaneously recover.
Pgex Was only measured once on day 1 of the
protocol. If Pg,, could not be identified, it was
decided by the investigators based on their ex-
perience to set the PEEP equal to 15 cm H,0.
Management of pH was up to the individual
clinician in both groups. There were no defined
guidelines regarding weaning from mechanical
ventilation.

Data Collection. Data compiled from each
patient included the following: demographic
information; clinical conditions associated
with the development of ARDS; routine labo-
ratory measurements; Acute Physiology and
Chronic Health Evaluation II score (20); lung
injury score (21); days on mechanical ventila-
tion before and during the trial; days in the
ICU; hospital length of stay; pulmonary phys-
iologic and ventilatory measurements, includ-
ing arterial blood gases, level of PEEP, end-
inspiratory plateau pressure, Fio,, and Vt;
cardiovascular data; complications and ad-
verse events; number of extrapulmonary or-
gan failures before and after randomization;
and ICU and hospital outcome. The end-
inspiratory plateau pressure was determined
by application of an end-inspiratory pause of
sufficient time, as determined by the investi-
gators, to ensure airway pressure equilibration
following increased sedation to ensure apnea.
We considered cardiac failure, gastrointestinal
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failure, renal failure, liver failure, coma, and
disseminated intravascular coagulation as or-
gan system failures in addition to lung failure.
Organ failure definitions are contained in Ap-
pendix 2. Any organ failure occurring during
the 6-hr period before death was considered
part of the terminal event and, therefore, not
considered in the analysis. Ventilator-free days
were determined to day 28 (7) where all deaths
were awarded zero days.

Data Analysis. Data were collected in each
ICU using a standardized form. Data were
transmitted to the coordinating center when-
ever a patient died or was discharged from the
hospital. Before exporting the data into a com-
puter program at the coordinating center, a
trained data collector from the coordinating
center checked the completeness and the
quality of information. Logical checks were
performed for missing data and to find incon-
sistencies, especially regarding clinical diag-
nosis, date, and severity scores. After speaking
by phone with the investigator, the data col-
lector reformatted the data and then entered
them into the database. The primary end-
point was ICU mortality. Secondary end-
points were ventilator-free days, pulmonary
complications (barotrauma), extrapulmonary
organ failures, and hospital mortality. Our op-
erating hypothesis was that the Py, /LTV ap-
proach would produce a =20% reduction in
ICU mortality vs. control. Power calculations
assumed a 20% reduction in mortality rate
from 50% in the control group (9, 16, 22, 23)
to 30% in the Py, /LTV group (with an « level
of .05 at a power of 80%, requiring a sample
size of 74 patients in each group). The 50%
mortality figure was based on previously pub-
lished epidemiologic data (9, 23) that has been
validated recently (16, 22). A two-step stop-
ping rule was used. To protect against an ob-
vious lack of efficacy, failure to achieve a re-
duction of ICU mortality =10% when =15
patients per arm had been included justified
stopping the trial. On the other hand, to pro-
tect against a clear improvement of efficacy,
achieving a statistically significant absolute
difference in ICU mortality =20% when =45
patients per arm had been included (two-tailed
significant difference p < .025) justified stop-
ping the trial. The differences in mortality rate
between the two groups were evaluated at the
coordinating center. Study members not en-
rolling patients consulted with an external ob-
server to decide whether the stopping rule
should be applied. Investigators enrolling pa-
tients were blinded to the results of this in-
terim analysis if the stopping rule was not
applied.

Descriptive statistics are expressed as mean =+
sp or median and interquartile range depend-
ing on the nature and distribution of the vari-
ables. Inferential statistics used estimates of
the mean of the differences and their 95%
confidence intervals (CI). Variables normally
distributed were compared with the Student’s
t-test. For variables without a normal distri-
bution, the Mann-Whitney U rank test was
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used for comparison. Categorical variables
were compared using Fisher’s exact test. Prob-
ability of survival was analyzed according to
the Kaplan-Meier method, and the results
were compared with the log-rank test. The
relative risks and their 95% CIs were esti-
mated. For all these comparisons, we consid-
ered a difference to be statistically significant
if p < .05 (SPSS 11.5.1 statistical packages,
SPSS, Chicago, IL).

RESULTS

Study Population. During the 24-
month study period, 311 patients who
met the American-European consensus
definition for ARDS and the rest of our
inclusion criteria were considered for en-
try into the trial. According to our study
design, 208 patients did not fulfill ARDS
criteria after 24 hrs of standard ventila-
tory management and, therefore, a total
of 103 consecutive ARDS patients were
enrolled in the present study: 50 patients
in the control group and 53 patients in
the Py /LTV group (Fig. 1). None of the
patients included or excluded based on
standard ventilator settings died during
the 24-hr evaluation period and no pa-
tients were dropped from the study after
randomization. The trial was terminated
early because the absolute mortality dif-
ference between control and Pg,/LTV
groups satisfied the stopping rule. After
completed data on 98 patients (51 pa-
tients in Py, /LTV and 47 patients in con-
trol) were received by the coordinating

center, mortality rate was 29.4% in the
Paex/LTV group and 53.2% in controls
(»p = .024). Centers were then notified to
stop recruiting patients. Data on five ad-
ditional patients, enrolled at the time of
notification, were received by the coordi-
nating center. The groups were balanced
in terms of baseline characteristics at
randomization (Table 1). Distribution of
the 103 patients by risk factors or clinical
conditions associated with the develop-
ment of ARDS was similar in both groups
(Table 1). The majority of patients devel-
oped ARDS secondary to pneumonia, sep-
sis, or trauma.

Primary and Secondary End Points.
ICU mortality (27 of 50 [54%] vs. 16 of 53
[30.1%], p = .017; 95% CI for the 23.9%
difference between groups, 5.3-42.3%)
and hospital mortality (28 of 50 [56%] vs.
17 of 53 [32.1%], p = .018; 95% CI for
the 23.9% difference between groups,
5.3-42.5%) were higher in controls than
in the Pq/LTV group. However, during
the process of manuscript revision, it was
determined that one center failed to ad-
here to the randomization methodology.
As a result we were forced to eliminate
the eight patients from this center (three
Pge/LTV and five controls) (Fig. 1). How-
ever, the exclusion of these eight patients
did not significantly change the absolute
ICU mortality difference (24 of 45
[563.3%] vs. 16 of 50 [32%], p = .040; 95%
CI for the 21.3% difference between
groups, 1.8—40.8%) and absolute hospi-

311 patients
met entry criteria

208 patients excluded
{did not meet entry

criteria at 24 h)

103 patients randomized

50 patients assigned to control;
standard mechanical ventilation

53 patients assigned to Py LTV:

low VT + high PEEP

flex

5 patients excluded for failure to
follow randomization methodology

3 patients excluded for failure to
follow randomization methodology

45 patients included
in the final analysis

50 patients included
in the final analysis

Figure 1. Flow diagram illustrating all patient initially meeting entry criteria to patients included in
final analysis. Py, lower inflection point of the pressure volume curve of the respiratory system; LTV,
low tidal volume; V7, tidal volume; PEEP, positive end-expiratory pressure.
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Table 1. Patient demographics, physiologic variables, and clinical conditions associated with the
development of acute respiratory distress syndrome (ARDS) at study entry, during the 24-hr period of

standard ventilator settings

Control P, /LTV
Variables, Units (n = 45) (n = 50) p Value
Gender, male, n (%) 27 (60) 23 (40) 2187
Age, yrs, median (Py5—Py5) 52 (40-69) 48 (28-62) 1500
APACHE II, mean = sp 18+ 6 18 +7 .980°
Plateau pressure, cm H,0, mean = sb 32*+6 32+6 157¢
PEEP, cm H,0, mean *+ sp 76+3 82+3 486°
Tidal volume, mL/kg PBW, mean * Sb 9.8+ 0.6 9.9 =0.5 .672¢
Respiratory rate, breaths/min, median 14 (12-16) 15 (13-17) 276°
(P>5—P75)
Fio,, median (P,5—P5) 0.65 (0.5-0.9) 0.65 (0.5-0.9) 118°
Pao,, mm Hg, median (P,5—P5) 71 (58-84) 72 (67-85) 1492
Paco,, mm Hg, median (Py5—P,5) 44 (36-49) 40 (35-48) 1348
pH, median (P,5—P5) 7.36 (7.31-7.41) 7.37 (7.30-7.41) 426°
Pulmonary artery occlusion pressure, 15 (13-16) 15 (13-16) 9720
mm Hg, median (Py5—P5)
Cardiac index, L/min/m?, median (P,5—Ps) 4.5 (3.3-6) 5.5 (4-6.56) .0562
Lung injury score, mean * SD 2.8 +0.5 29 *+04 .328¢
Number, organ failures, mean = sSb 0.5 = 0.6 0.8 0.9 .101¢
Days on mechanical ventilation at entry, 2.21 = 0.31 2.66 = 0.39 .307¢
mean * SD
ARDS risk factors, n (%)
Pneumonia 13 (28.9) 16 (32) 0.825¢
Sepsis 12 (26.7) 14 (28) 0.887¢
Trauma 10 (22.2) 11 (22) 1¢
Aspiration 3(6.6) 4 (8) 0.999¢
Acute pancreatitis 4 (8.8) 2 (4) 0.4187
Other causes 4 (8.8) 4 (8) 1¢

Control, conventional mechanical ventilation; Pg.,, lower inflection point of the pressure volume
curve of the respiratory system; LTV, low tidal volume; APACHE, Acute Physiology and Chronic Health
Evaluation; PEEP, positive end-expiratory pressure; PBW, predicted body weight.

“Fisher’s exact test; “Mann Whitney U rank test; “Student’s #-test. One patient in each group had
two main risk factors as primary diagnosis. Hemodynamic data at study entry from 47 patients (24 in
the control group and 23 in the Pg/LTV group) with pulmonary artery catheters in place before
randomization. All differences between study groups were nonsignificant.

Table 2. Main outcome variables

Control P /LTV p Value
Ventilator-free days 6.0 =79 109 £ 9.4 .008
Barotrauma, n (%) 4 (8.4) 2 (4) 418
No. of organ failures: post-pre randomization 1.2 (0.7-1.6) 0.3 (0-0.7) <.001
ICU mortality rate, % 53.3 32.0 .040

Pgey lower inflection point of the pressure volume curve of the respiratory system; LTV, low tidal

volume; ICU, intensive care unit.

tal mortality difference (25 of 45 [55.5% ]|
vs. 17 of 50 [34%], p = .041; 95% CI for
the 21.5% difference between groups,
2-41%) between control and Pg./LTV
groups (Table 2). No patient was dis-
charged while still mechanically venti-
lated. All of the data presented from this
point forward are from the final 95 pa-
tients, although no substantial differ-
ences exist between these data and the
data for the 103 patients. Most deaths
occurred within the first 15 days of the
study, 16 of 24 deaths (66.6%) in the
control group and 11 of 16 deaths
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(68.8%) in the Pq.,/LTV group. No deaths
in either group occurred until day 4,
when two deaths in control and three in
Pgex Occurred. By day 30 all but three
deaths in the control group and three in
Pge/LTV had occurred. Only two patients
(one in each group) died during hospital-
ization after being discharged from the
ICU. Figure 2 shows the ICU probability
of survival to 28 days. Multiple organ
failure and septic shock were the most
common causes of death in both groups.
Less than one in five deaths were due to
refractory respiratory failure (25% con-

trol vs. 12.5% P, p = .439). Ventilator-
free days at day 28 were 6.02 + 7.95 in
control and 10.90 = 9.45 in P4 /LTV
(» = .008). A week after randomization,
78% of the patients on control still re-
quired mechanical ventilation, whereas
60% of patients on Pg.,/LTV were still
ventilated (p = .062). Both groups had
additional organ failures after randomiza-
tion (Table 3) but patients in the control
group developed significantly more fail-
ing organs than those ventilated in the
Pge/LTV group (Table 2). No significant
difference in pneumothorax rate was ob-
served.

Table 4 shows selected values of gas
exchange, ventilatory, and hemodynamic
variables over the first week of the study.
In general, during this period, patients in
the control group were ventilated with a
higher peak inspiratory pressure, a
higher end-inspiratory plateau pressure,
a lower level of PEEP, and a higher Fio,
than patients in the Pq,/LTV group. Dur-
ing the first 6 days of the study, the max-
imum mean peak inspiratory and maxi-
mum mean end-inspiratory plateau
pressures were higher in the control
group than in the Pg,/LTV group (39.0 =
8 vs. 32.0 + 4.7 cm H,0, p < .001; and
33.3 = 7vs. 28 = 4.8 cm H,0, p = .045,
respectively), whereas maximum PEEP
levels during the first 72 hrs were 3.6 cm
H,0 lower on average in the control
group (9.8 = 2.8 cm H,0) than in the
Pe/LTV group (13.4 = 2.6 cm H,0) (p <
.001, 95% CI for the difference between
groups, 2.6-5 cm H,0). The value of
maximum PEEP set on day 1 based on
the lower inflection point for patients in
the Pq/LTV group ranged between 10
and 18 cm H,0 (mean 14.1 = 2.8 cm
H,0). In five of the 50 patients in the
Pe/LTV group, the lower inflexion point
on the pressure-volume curve could not
be identified and no safety issues were
identified with the performance of any
pressure-volume curve. However, there
was no difference in mortality between
these patients and the remainder of the
Pae/LTV group. Patients in the control
group were ventilated during the first
week of the study with an average Vr of
2.8 mL/kg higher than the Pg, /LTV
group (10 = 1.1 vs. 7.2 *= 0.8 mL/kg
PBW, p < .001), as defined by the study
protocol. Compliance with the protocol
was good in both groups. In the control
group, compliance with PEEP setting was
97%, with Vr 80%, and with Paco, 81%.
In the Pq./LTV group, compliance with
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1,04

Cumulative Survival

0,0

P, /LTV

flex

l_ll_Convt-:ntional

Patients at risk: Pflex/LTV 50 46
Control 45 43

10 15 20 25 30

days in ICU
33 20 12 8 7
32 23 17 13 10

Figure 2. Kaplan-Meier 28-day probability of survival curve for patients with acute respiratory distress
syndrome after randomization to conventional mechanical ventilation (control) and a group receiving
lower inflection point of the pressure volume curve of the respiratory system (Pg,.)/low tidal
ventilation (LTV) (p = .05, log rank test). Most deaths occurred within the first 15 days of the study:
16 of 24 deaths (66.6%) in the control group and 11 of 16 deaths (68.8%) in Pg,/LTV group. ICU,

intensive care unit.

Table 3. Specific types of organ failure prerandomization and postrandomization

Prerandomization

Postrandomization

P /LTV Control P /LTV Control
CNS 10 (20) 12 (26.7) 5 (10) 8(17.8)
Kidney 7 (14) 4 (8.9) 21 (42) 18 (40)
Liver 6 (12) 3(6.7) 4(8) 8(17.8)
Cardio 5 (10) 3(6.7) 9(18) 28 (62.2)*
GI Tract 8 (16) 1(2.2)° 8 (16) 8(17.8)
DIC 4(8) 1(2.2) 8 (16) 7 (15.6)

Pgew lower inflection point of the pressure volume curve of the respiratory system; LTV, low tidal
volume; CNS, central nervous system; Cardio, cardiovascular; GI, gastrointestional; DIC, disseminat-

ing intravascular coagulation.
ap < .001; °p = .033. Values are n (%).

the initial PEEP setting was 100%, with
V1 92%, and with Paco, 91%.

DISCUSSION

The main finding of this trial is the
use of a small, physiologic Vr and a PEEP
level set on day 1 at Pq., + 2 cm H,0 in
comparison with a ventilatory protocol
with a higher Vr and low PEEP level
resulted in a 21.3% absolute improve-
ment in ICU mortality. We speculate that
the improved mortality observed in the
Pge/LTV group is a result of two mecha-
nisms: a higher PEEP level and a lower V1
and plateau pressure, the high PEEP pre-
venting recruitment-derecruitment in-
jury (3, 24) and the lower Vt and plateau
pressure avoiding overdistension injury

Crit Care Med 2006 Vol. 34, No. 5

(7, 13). Although the Vr difference was
small (about 2.8 mL/kg PBW), plateau
pressures in the control group averaged
>32 cm H,0, whereas the plateau pres-
sures in the Pg./LTV group averaged
=30 cm H,0 throughout the ventilation
period. This low plateau pressure resulted
in less end-inspiratory stress and strain
on lung tissue and, as a result, less im-
posed lung injury.

There are major differences between our
study and any of the other clinical trials
(3—-8) evaluating the impact of lung-
protective strategies. First, none of those
trials used the same definition for ARDS.
Furthermore, those studies enrolled pa-
tients with less severe lung injury than in
our trial. We ensured that all studied pa-
tients had established and persistent ARDS

24 hrs after meeting the American-Euro-
pean Consensus Conference definition of
ARDS while on standard ventilator settings.
As noted in Figure 1, 66% of patients meet-
ing ARDS criteria on day 0 were excluded
because they did not meet ARDS criteria 24
hrs later while on standard ventilator set-
tings. Villar et al. (9) found that on standard
ventilator settings the degree of hypoxemia
improved significantly in >50% of patients
within 24 hrs of meeting ARDS entry cri-
teria. In that study, a PEEP trial with =5
cm H,O PEEP at an Fio, of =0.5 and V1 10
mL/kg was able to identify ARDS patients
with a higher mortality rate (68%) then
those with ALI (23%, p < .05). Similarly,
Ferguson et al. (10) demonstrated that
<50% of patients initially meeting ARDS
criteria continued to meet ARDS criteria
when placed on standard ventilator setting
(PEEP =10 cm H,0, Fio, 1.0, VT 7-8 mL/
kg). They also found a large difference in
mortality rate between groups. Those
meeting ARDS criteria on standard ventila-
tor settings had a mortality rate of 52.9%,
and those with a Pao,/F10, >200 mm Hg
on standard settings had a mortality rate of
12.5% (p < .05). In these studies, a PEEP
trial was able to identify ARDS patients with
a higher (>50%) or lower (<25%) mortal-
ity rate. Therefore, we must conclude that
the patients we studied were different from
those studied by the ARDSnet (7, 8). In
addition the mortality rate in our control
group was similar to the mortality rates
reported in recent epidemiologic studies (9,
10, 16, 22, 23) and other clinical trials (25—
27). We speculate that the use of PEEP =
Pgex T 2 cm H,0 set on day 1 with a small
VT in comparison with a ventilatory proto-
col with a higher Vr and low PEEP level has
the greatest impact on patients with persis-
tent, established ARDS.

Second, the Vr used in the control
groups (10 = 1.1 mL/kg PBW in our study
vs. about 12 ml/kg in the ARDSnet) re-
sulted in a 2.8 mL/kg vs. a 5.6 mL/kg dif-
ference between groups in the ARDSnet
study. In our study, the application of
PEEP > Pg,, set on day 1 and a small Vt
was able to establish a 21.3% absolute
ICU mortality difference between groups
with a total of 95 patients enrolled.
Amato et al. (3) required just 53 patients
to show a 33% absolute ICU mortality
difference when PEEP was > Pflex and a
6 mL/kg Vr difference existed between
groups. The ARDSnet trial (7), where
only a very small but significant differ-
ence in PEEP (9.4 = 3.6 cm H,0 low Vt
vs. 8.6 * 3.6 cm H,0 high V1, p < 0.05)
was reported between groups, required
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Table 4. Respiratory and ventilatory variables during the first week of the study in the control and Py, /LTV groups of patients

Day 1 Day 3 Day 6
Control P, /LTV Control P, /LTV Control P, /LTV
Variable, Units n =45 n =50 n =45 n =50 n =42 n =41

Tidal volume, mL/kg PBW 102 £ 1.2 7.3 +0.9¢ 10.0 = 1.0 7.1+0.9¢ 99 +1.2 7.1+ 0.9¢
PEEP, cm H,0 9.0 =27 14.1 + 2.8¢ 8.7+28 11.2 = 3.1° 83 +3.7 82 +35
Respiratory rate, breaths/min 15.0 = 3.0 20.6 * 4.0° 159 +29 19.8 = 3.0° 16.1 =5 18 = 4.0¢
Peak inspiratory pressure, cm H,0 37177 36.3 5.9 38.0 = 8.1 32,5 + 6.6° 36.7 = 8.6 29.2 = 7.6¢
Plateau pressure, cm H,0 32.6 = 6.2 30.6 = 6.0 325+75 28.4 + 5.4¢ 32.4 + 8.0 25.7 £ 7.2¢
F1o, 0.70 = 0.20 0.60 = 0.15¢ 0.67 = 0.19 0.55 * 0.17% 0.61 = 0.22 0.48 + 0.15°
Pao,/F10,, mm Hg 124 = 54 139 + 43 134 + 57 174 + 61° 163 + 93 208 = 72°¢
Paco,, mm Hg 46.0 = 11.1 427+ 9.6 46.1 + 10 429 +9.1 478 13 41.7 £ 9.7°
pH 7.35 = 0.07 7.35 = 0.09 7.36 = 0.07 7.37 = 0.06 7.36 = 0.07 7.40 = 0.06°
Occlusion pressure, mm Hg 144 £ 2.8 149 =25 14.6 £ 3.9 13.0 £ 29 15.0 = 3.6 11.8 £ 3.9
Cardiac index, L/min/m? 47+ 14 5.8 + 1.5¢ 5.0+ 1.5 52+ 1.4 51+1.8 5.4 +24

Control, conventional mechanical ventilation; Py.,, lower inflection point of the pressure volume curve of the respiratory system; LTV, low tidal volume;
PBW, predicted body weight; PEEP, positive end-expiratory pressure.
ap < .001; %p < .01; p < .05 (Student’s #-test for each day). Hemodynamic data (occlusion pressure and cardiac index) were obtained from 47 patients
on days 1 and 3 (24 CMV, 23 Pg.,) and from 23 patients on day 6 (13 CMV, 11 Pg,,). All values are mean = sp. No statistically significantly differences were

found (Student’s #-test for each day).

861 patients to demonstrate an 8.9% ab-
solute hospital mortality difference (ICU
mortality not provided). As a result, we
speculate that PEEP > Py, has a syner-
gistic effect on the V difference between
groups increasing the overall lung-
protective effect of a low Vr and improv-
ing outcome. This interpretation is con-
sistent with experimental data (13-15,
28, 29). We assume that the application of
PEEP > Pg,, on day 1 reduced the lung
injury associated with the repetitive
opening and collapse of unstable lung
units. Clearly, there is controversy over
the significance of Pg,, (30, 31), and P,
may not be the best way to establish
PEEP based on lung mechanics because
of the problems associated with its signif-
icance, determination, reproducibility,
and so on (30, 31). However, the use of
the individual patient’s lung mechanics
does seem to be the most appropriate
method of setting PEEP. We would sug-
gest the use of a decremental PEEP trial,
as suggested by Hickling (31), as a poten-
tially more reproducible alternative for
future studies.

Slutsky and Tremblay (32) postulated
that mechanical ventilation may contribute
to the development of a systemic inflam-
matory response and subsequent multiple
system organ failure and death. In a ran-
domized, controlled trial of 37 ARDS pa-
tients, Ranieri et al. (25) found that a pro-
tective ventilatory strategy very similar to
our experimental group, using low VT (7.6
+ 1.1 mL/kg) and PEEP 2-3 cm H,0 above
Phex (14.8 = 2.7 cm H,0) set on day 1,
significantly attenuated the pulmonary and
systemic cytokine responses within 36 hrs
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after randomization compared with a ven-
tilatory strategy using relatively high Vr
(11.1 + 1.3 mL/kg) and low PEEP (6.5 =
1.7 cm H,0). In contrast, we found a
reduction in organ failure after enroll-
ment in patients in the Pg./LTV group.
In addition, Ranieri et al. (25) found that
the 28-day mortality rate was 20% lower
in the lung-protective group (38% vs.
58%) although this difference did not
reach statistical significance due to a low
sample size, whereas our data did dem-
onstrate a significant reduction in mor-
tality rate from 53.3% to 32% (p = .040).
Our trial clearly supports the hypothesis
that inappropriate mechanical ventilation
leads to multiple system organ dysfunc-
tion and is associated with a worse out-
come.

Third, contrary to the data in the
ARDSnet trial (7) but consistent with the
Amato et al. (3) data, Pao,/F10, was signif-
icantly greater after day 1 in patients in the
Pae/LTV group. As has been shown in both
laboratory (33) and clinical studies (34),
lung is recruited during tidal ventilation,
and the greater the airway pressure ob-
tained the greater the recruitment. How-
ever, if PEEP is inadequate, the lung col-
lapses during expiration. We speculate that
the oxygenation benefit in our trial was a
result primarily of PEEP maintaining a
greater end-expiratory lung volume, avoid-
ing derecruitment. We also speculate that
high PEEP used early in ARDS changes the
course of ARDS, reducing the severity by
day 6. It is interesting to compare day 1
data to day 6 data (Table 4). On day 1, a
PEEP difference of about 5.1 cm H,0 ex-
isted; by day 6 PEEP levels were equal, but

a consistent Vr difference of about 3.0
mL/kg was still present. However, large and
significant F1o,, Pao,/F10,, and plateau
pressure differences favoring Pg, /LTV ex-
isted on day 6. That is, the benefit of the
PEEP and Vr differences on day 1 resulted
in a benefit on day 6 despite the PEEP
difference being eliminated by day 6. In the
ARDSnet control group, the use of large Vr
resulted in marked tidal recruitment but,
because of inadequate PEEP, allowed dere-
cruitment and caused ventilator-induced
lung injury, losing the oxygenation ben-
efit by 1 wk.

Our results differ from the recent
ARDSnet ALVEOLI high-low PEEP trial
(8), which reported no difference in out-
come regardless of PEEP strategy. Three
equally important reasons account for
these differing results. First of all, we had
a large Vr difference between groups (2.8
mlL/kg), whereas in the ALVEOLI trial the
Vs were essentially equal. Based on the
results of the first ARDSnet trial (7), this
Vr difference clearly had an impact on
our mortality difference. Second was the
fact that the patients in the ALVEOLI trial
may not have had severe, persistent
ARDS. The application of PEEP to the
high-PEEP group (14.7 = 3.5 cm H,0
PEEP, Fio, 0.44 * 0.17) changed the
majority of patients from ARDS (Pao,/
F1o, 168 += 66 mm Hg at baseline) to ALI
(Pao,/F1o, 220 = 89 mm Hg on day 1).
This is contrary to what occurred with
our patients on day 1, when a PEEP of
14.1 = 2.8 cm H,0 and Fio, of 0.60 =
0.15 resulted in a Pao,/F10, of 139 * 43
cm H,O, and with the patients in the
Paex/LTV group of the Amato (3) trial.
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Finally, as discussed earlier, PEEP in the
ALVEOLI trial was set by a PEEP/Fio,
table not based on the individual patient
lung mechanics. It may be that the impact
of a higher PEEP level set based on lung
mechanics on day 1 only affects outcome in
severe established ARDS, not ALL

Fourth, another difference between
our study and that of Amato et al. (3) was
the use of lung recruitment maneuvers.
Before setting PEEP in the high-PEEP
group, Amato et al. used 40 cm H,0
CPAP applied for 40 secs to recruit the
lung, whereas we did not. However, the
performance of a pressure-volume curve
must be considered a lung recruitment
exercise. In each patient, airway pressure
was stepwise increased to 35-40 cm H,0
during the pressure-volume curve mea-
surement. As shown by Pelosi et al. (33)
and Crotti et al. (34), the process of in-
creasing peak airway pressure recruits
collapsed lung.

Our study is limited by a number of
specific issues. First, the fact that our study
used a different VT in each group prevents
us from being able to conclude that the
addition of higher levels of PEEP to lower
Vt ventilation is superior to lower VT ven-
tilation alone. Our data can only be gener-
alized to those patients meeting the same
entry criteria as used in this study. Addi-
tional multiple-center studies in patients
with established ARDS, using lung me-
chanics to set PEEP in one group and a
PEEP/F10, table in the other group with a
consistent VT in each group, are needed to
confirm these results. Second, although we
originally appropriately stopped the study
based on our stopping rule for efficacy, the
subsequent elimination of patients from
the one center and the change in p value as
a result bring into question the early stop-
ping of the study. However, because of tim-
ing of these two events, the study could not
be continued. As a result, our outcomes
should only be evaluated in light of this
concern. Third, no weaning protocol was
defined. This may have caused the length of
mechanical ventilation to vary widely based
on investigator or institutional basis. How-
ever, it would not have affected the primary
end point of the study—mortality. Fourth,
we did not define a precise protocol for the
adjustment of PEEP or Fio, in either
group, leaving the specific settings after day
1 to the judgment of the investigators.
Fifth, we did not use a mathematical
method to identify Pg.,, and we did use
multiple techniques to measure the pres-
sure-volume curve. As a result, the specific
value identified may have been biased by

Crit Care Med 2006 Vol. 34, No. 5

the investigators” skill at interpreting the
pressure-volume curve and the potential
for differing results based on the pressure-
volume curve technique used. Also, in five
patients Py, could not be identified, caus-
ing us to set PEEP at 15 cm H,0. PEEP of
15 cm H,0 was chosen based on the expe-
rience of the investigators in measuring
Pgex in ARDS patients. This of course is a
concern because there is a wide variability
in Pg., among ARDS patients, and 15 cm
H,0 may have over- or underestimated the
correct PEEP level for any given patient. In
addition, we cannot be assured that the
unblinded nature of the study did not affect
other aspects of care. However, our adher-
ence to protocol data does indicate an av-
erage of 91% compliance. In summary, in
patients with severe established ARDS, a
ventilatory strategy using a smaller VT and
PEEP set on day 1 greater than Py, results
in marked improvement in mortality com-
pared with a higher V1 and lower PEEP set
solely on oxygenation criteria strategy.
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APPENDIX 1: INVESTIGATORS
AT PARTICIPATING CENTERS

Participating centers and investigators
of the Acute Respiratory Insufficiency:
Espana Study (ARIES) network, in addi-
tion to the authors, were as follows: Hos-
pital Morales Meseguer, Murcia (Gum-
ersindo Gonzdlez, MD, PhD; Francisco
Garcia-Cérdoba, MD, PhD; Antonio Es-
quinas, MD, PhD; Andrés Carrillo, MD);
Hospital La Paz, Madrid (Julia Lopez,
MD; Maria A. Arce, MD; Manuel Jiménez-
Lendinez, MD, PhD); Hospital Gregorio
Mararion, Madrid (Carmen Bouza, MD,
PhD); Hospital General de Leon, Leon
(José Lopez, MD); Hospital San Milldn,
Logrorio (Inaki Saralegui, MD); Hospital
Insular de Gran Canaria, Las Palmas
(José J. Blanco, MD; Eva Trevifio, MD;
Manuel Sanchez-Palacios, MD); Hospital
General de La Palma, La Palma (Luis A.
Ramos, MD; Raquel Ortiz, MD; Trinidad
Puente, MD); Hospital Universitario N.S.
de Candelaria, Tenerife (José Sanchez-
Godoy, MD).

APPENDIX 2: DEFINITIONS OF
SEPSIS AND ORGAN FAILURES

Sepsis: Two or more of the follow-
ing: a) a rectal or core temperature
of >39°C; b) a total leukocyte
count >12,000/mm? or with >20%
immature forms; ¢) a blood culture
positive for a recognized pathogen;
d) gross pus in a closed space; or e)
a positive culture from a known or
strongly suspected source of sys-
temic infection. In addition, the di-
agnosis requires any of the following
systemic responses: a) unexplained
systemic arterial hypotension (<85
mm Hg systolic) for >2 hrs; b) sys-
temic vascular resistance or <800
dyne/sec/cm®; or ¢) unexplained met-
abolic acidosis.

Pulmonary aspiration: Recent in-

halation of gastric contents, docu-
mented by suctioning gastric con-
tents from the endotracheal tube in
a patient at high risk for aspiration.

Coma: Diminished level of con-
sciousness with a Glasgow Coma
Scale score 7 in the absence of ther-
apeutic coma.

Acute heart failure: A clinical picture
of left ventricular failure confirmed
or not by a pulmonary artery occlu-
sion pressure >18 mm Hg and a low
cardiac output.

Acute renal failure: Defined by a se-
rum creatinine level >2 mg/dL. In
patients with preexisting renal dis-
ease, doubling of the admission cre-
atinine level is considered an indica-
tion of acute renal failure.

Disseminated intravascular coagula-
tion: A platelet count <50,000/mm?,
elevated fibrin degradation products,
and a fibrinogen level <200 mg/dL
with or without clinical evidence of
spontaneous bleeding.

Hepatic failure: A serum bilirubin level
>2 mg/dL with elevation of the
transaminase and lactic dehydroge-
nase levels above twice normal values.

Acute gastrointestinal tract failure: A
gastrointestinal bleeding requiring
two or more units of blood replace-
ment therapy within a 24-hr period.

Shock: A systemic systolic blood
pressure <85 mm Hg for >2 hrs
with evidence of organ hypoperfu-
sion, or a systolic blood pressure of
=85 mm Hg maintained by vaso-
pressors.

Remarks: Any organ failure occur-
ring during the 6-hr period before
death is considered to be part of the
terminal event.
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