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Lung Recruitment and Titrated PEEP

in Moderate to Severe ARDS

Is the Door Closing on the Open Lung?

Sarina K. Sahetya, MD; Roy G. Brower, MD

Mechanical ventilation is critical for the survival of many pa-
tients with the acute respiratory distress syndrome (ARDS) but
can also cause ventilator-induced lung injury (VILI). One form
of VILI occurs when the lungs
(<] exhale to relatively low vol-
Related article umes and airway pressures.
This may cause injurious tidal closing and reopening of small
bronchioles and alveoli or excessive stress at the margins be-
tween aerated and atelectatic airspaces.? In animal studies,
positive end-expiratory pressure (PEEP) reduced or pre-
vented VILI from exhalation to low volumes and pressures.>->
PEEP can also recruit some previously atelectatic or fluid-
filled lung regions, allowing more of the lung to be available
for inflation during inspiration. This could reduce VILI from
overdistention of an otherwise reduced amount of aerated lung.
In some early studies, the levels of PEEP that were
applied for lung-protection exceeded the levels that most cli-
nicians use when managing patients with ARDS. This led to
recommendations to use higher PEEP in patients with ARDS
to minimize low volume and low pressure VILI and hopefully
to improve clinical outcomes. The fopénlungapproach”
aims to achieve high levels of lung aeration in patients
with ARDS by first conducting recruitment maneuvers (RMs)
to reverse atelectasis and then applying high levels of PEEP
to keep recruited alveoli open.® Recruitment maneuvers typi-
cally involve a ventilatory approach that transiently increases
pulmonary airway pressure to reopen recruitable lung areas.
For example, an RM can be conducted by raising inspiratory
airway pressures to 50 cm of water for 1 or 2 minutes.
However, 3large randomized clinical trials of higher PEEP
and RMS in patients with ARDS and a Pao,/F10, ratio of
300 or less did fi6t demonstrate significant fed@ctions in
fortality.”° An individual patient data fietasamalysis of these
3 clinical trials suggested that highét PEEP fediiced mortality
in patients with foteseverehiypoxemia (Pao,/F10, <200),
but this finding has fi6t been {f€sted in clinical ffials.'® A re-
cent pil6ttial of the OLA involved 200 patients and used fiote
aggressiveRMS and higherlevels6f PEEPthan in the 3 earlier
trials." Arterial oXygenation fmproved and dfiving pressures
decieased in the OLA group €ompared with the EomEfol group
in which RMS were fiot conducted and PEEP was Séf accord-
ing 9 the ARDSINEEWOTHKIOWeRPEER/FIOSEabIE. There were
small but fiensignificant differences in fo6ttality and ventilator-
free days that favored the OLA group, but the trial was not large
enough to analyze these outcomes.™
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In this issue of JAMA, the WiitingiGroupiforitherAlveolar
Recruitment for Acute Respiratory Distress Syndrome Trial
(ART) Investigators™ report the results of a [afge Fandomized

clinical ffial that was conducted in 120 intensive care @its in
9icountriesiand compared patients treated with the QLA
(n = 501) with those managed with gonventional PEEP
(n = 509). As in the recent pilot OLA trial, patients in this trial
had moderate to severe ARDS (Pao0,/F10, <200). To reduce
VILI from overdistention in both study groups, the target
tidal volume was 6 mL/kg of predicted body weight with
inspiratory plateau pressures of 30 cm H,O or less, consistent
with the National Institutes of Health (NIH) ARDS Network
protocol.!® Patients in the O/ 5tidy gfoup received RMS
with PEER astighias 5 iemiBl;0/and Beak aiFway DIESSures as
high as OIEMHAZ0."* These were followed immediately by
a decremental PEEP fitration to identify the PEER at which

lung compliaficé was faximal, presumably representing the
best balance between recruitment and overdistention. The

control group used the NIH ARDS Network lower PEEP/FI0,
table without RMs.”

As the authors report, the QLA was associated with aSigs
nificantly higher 28-day mortality and 6-month mortality
(55.3% vs 49.3% and 65.3% vs 59.9%, respectively). A small but
statistically significant difference in ventilator-free days fa-
vored the control group (5.3 days in the OLA group vs 6.4 days
in the control group), and there was a higher rate of baro-
trauma among patients in the OLA group (5.6%) than among
those in the control group (1.6%).

The différence in mean levels of BEEP between the OLA
and the control group in the study by the ART investigators was
prly3to4emHz0lover the first 7 days. The lung-protection
that results from these differences in PEEP is probably small.
Also, the differénce between study groups in dFiVifig press
Stifelover the first 3 days was léssthan2icmH30! Because tidal
volumesweresimilar in the 2 study groups, the differences in
driving pressure reflect primarily the differences in volumes
of aerated lung. The simall diffefences in @fiVing pressuresSugs

gest that the OLA protocol did not result in much recruit-
fent. Additionally, higher PEEP in the OLA group may have

caused more overdistention, which would tend to increase driv-
ing pressures, offsetting the decreases that might have re-
sulted from additional recruitment of aerated lung.

The feéanPEEPIin the control group of the ART investi-

gators’ trial was approximately3€iH;0Highes than the mean
PEEP levels in the @omtiol groups of the other 3 large clinical
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trials. The authors suggest that the reason for higher PEEP lev-
els in their control group was stricter adherence to the lower
tidal volume protocol resulting in tidal volumes that were lower
in their control group compared with the other control groups.
The authors suggest that these lower tidal volumes could have
caused hypoxemia from atelectasis, which could have trig-
gered the use of higher PEEP to maintain the arterial oxygen-

ation goal. It is possiblehantelowentidalVolumes; ratiiet
A Ehe igher PEEP, contributed to the [oweE FOFEality i their

control group.

Therapies are intended to improve patient outcomes, but
all therapies have the potential to cause harm. PEEP can
reduce VILI from injurious tidal opening and closing. How-
ever, PEEP/alsoTaisesiintracardiacipressures, including right
atrial pressure, which iffipedes ¥enous fetiifn and cardiac
putpit. Moreover, especially in the absence of significant
lung recruitment, PEEP/increasesrightiventricularafterload
by compressing alveolar septal capillaries, increasing pulmo-
nary vascular resistance. Many critically ill patients experi-
ence shock from acttefightVentricular failtite, and high lev-
els of PEEP may contribute to this.”® In the study by the ART
investigators, patients in the @EA group required o€ Vasos
pressorswithin'I'hiGlr of beginning the protocol, and 3
patients experienced cardiac arrests. PEEP also causes higher
inspiratory pressures and volumes, increasing the risk of
barotrauma and VILI from overdistention. The only way to
know with confidence that beneficial effects of a therapy out-
weigh the detrimental effects is to conduct a randomized
clinical trial and monitor important clinical outcomes. In the
trial by the ART investigators, the detrimental effects of the

OLA exceeded the beneficial effects. [Alifieéchanical Ventilas
tion strategy that is designed to be lung-protective may not
be “patient-protective”

Despite gbtindant Evidénce in experimental models that
the QLA can feduceVIL], #large fandomized clinical ffials of
highét PEER and RMS have now fdiléd to demonstrate
ifproved clinical gltéomes, and the ffial by the ART investi-
gators suggested actual hiafm. In othet stadies, only approxi-
mately 50%of all patients with ARDS fesponded to highex
airway pressiires by feécruiting previously atelectatic or

flooded alveoli.’®'” It follows from this observation that the

OIA is morelikely to have overall bénéficial effects among
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patients whose affected lung segments can'beTecruited. As
in the previous large randomized clinical trials of higher
PEEP, the ART investigators did fiot attempt to identifyi PEER
fesponders and exclude the nonresponders. It is possible that

there were different effects of the OLA in this trial among the
subsets of patients whose involved lung areas were more or
less recruitable.

The ART/investigators have conducted a rigorous, lafge,
multicenter, international trial that demonstrated that an OLA
[MpPIOVES arterial OXygemation and dFiVifig pressure com-
pared with the control group, similar to findings from the re-
cent pilot trial,!! but APPears to Worsen patient GUECOMES in-
cluding moftalify. The results are not only disappointing but
will be lifiexpected for many intensive care physicians and re-
searchers working on VILI and lung-protective ventilation.
However, such results frequently lead to greater insights and
more productive directions for the future. The results of the
trial by the ART investigators were different than what would
have been predicted from the individual patient data
meta-analysis.!® The harmful effects of the OLA observed in
the trial by the ART Investigators may have been due to the
aggressive RMs and decremental PEEP titration.

PEEP has been used during mechanical ventilation since
the landmark description of ARDS 50 years ago.'® However, the

liShEd! Perhaps further refinements in the OLA strategy with
lessiaggressiverattemptsiatlung recruitment and a focus on
identifying patients who fé€riit in response to PEEP will lead
tomore favorable results and leave the door to the OLA cracked
open.'®-2% On the other hand, now that 4 large, randomized
clinical trials of strategies designed to promote lung recruit-
ment have failed to demonstrate improved mortality, per-
haps the door on the OLA should be allowed to close so that
the clinical and research community can move on to other, po-
tentially more effective strategies. Becatise tidal Voluime fe=
diictionlis apowerfultooltoprevent VILI and because lower
tidal volumes reduce VILI from both overdistention and from
opening-closinginjury, pehaps fufurestudiesshould pushiie
limits of lowering tidal volume below 6 mL/kg of predicted
body weight. Ultimately, allowing part of the lung to stay closed
with permissive atelectasis may be MoTe patient-protective
than aggressive efforts to keep the lUng Gpen.
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LIVES 2017: Lung recruitment and PEEP trial reports results

Results from the Alveolar Recruitment for Acute Respiratory Distress Trial (&Rfl) randomised trial ("ART"),
which compared a strategy using a lung recruitment manoeuvre and titrated positive end-expiratory pressure
(PEEP) with low PEEP, increased 28-day all-cause mortality of patients with moderate to severe acute

respiratory distress syndrome (ARDS). The findings, published in JAMA and presented at the 30th European

Mechanical ventilation is critical for the survival of many patients with ARDS but can also cause ventilator-
induced lung injury (VILI). One form of VILI occurs when the lungs exhale to relatively low volumes and airway
pressures. This may cause injurious tidal closing and reopening of small bronchioles and alveoli or excessive
stress at the margins between aerated and atelectatic airspaces. In animal studies, PEEP reduced or prevented
VILI from exhalation to low volumes and pressures.

In some early studies, the levels of PEEP that were applied for lung-protection exceeded the levels that most
clinicians use when managing patients with ARDS. This led to recommendations to use higher PEEP in

patients with ARDS to minimise low volume and low pressure VILI and hopefully to improve clinical outcomes.
The_OLA) aims to achieve high levels of lung aeration in patients with ARDS by first
conducting recruitment manoeuvres (RMs) to reverse atelectasis and then applying high levels of PEEP to keep
recruited alveoli open.

The-was conducted at 120 intensive care units (ICUs) from nine countries enrolling adults (mean
[SD] age, 50.9 [17.4] years) with_ The study compared patients treated with the OLA
n = 501) with those managed with conventional PEEP (n = 509). Patients in the OLA study group received
SR GBS HEIGHINEO oo BEER B o1~ BSRREREN - 120

and 6-month

was associated with

The results showed that the-
mortality (55.3% vs. 49.3% and 65.3% vs. 59.9%, respectively). A small but statistically significant difference
in ventilator-free days favoured the control group (5.3 days in the OLA group vs. 6.4 days in the control group),
and there was a higher rate of barotrauma among patients in the OLA group (5.6%) than among those in the
control group (1.6%).

The study's corresponding author Alexandre Biasi Cavalcanti, MD, PhD, HCor Research Institute-Hospital do
Coracéao, Sao Paulo, Brazil, explained the findings in an email to ICU Management & Practice.

© For personal and private use only. Reproduction must be permitted by the copyright holder. Email to copyright@mindbyte.eu.
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in
according to the

achieving

the risk of barotrauma within 7 days and hypotension or need to start or increase vasopressors within 1 hour.
Thus, we believe this strategy should not be used for patients with moderate-to-severe ARDS," Dr. Cavalcanti
said.

However, the author doesn't think that this is the end of the Open Lung Approach for ARDS. As the results of
ART show us that this strategy may be deleterious when applied to general patients with moderate-to-severe
ARDS, the doctor said "we should refrain from doing so in routine practice."

An accompanying editorial in JAMA says the results of the ART trial are not only disappointing but will be
ifor many intensive care physicians and researchers working on VILI and lung-protective ventilation.

"PEEP has been used during mechanical ventilation since the landmark description of ARDS 50 years ago.
However, the best method for setting PEEP levels has still not been established. Perhaps further refinements
in the OLA strategy with less aggressive attempts at lung recruitment and a focus on identifying patients who
recruit in response to PEEP will lead to more favourable results and leave the door to the OLA cracked open,"
write Sarina K. Sahetya, MD, and Roy G. Brower, MD, both from the Pulmonary and Critical Care Medicine at
Johns Hopkins University School of Medicine (Baltimore, Maryland) in the editorial.

Dr. Cavalcanti agrees with the authors of the editorial that one way forward is to identify patients who respond to

PEEP. "I do agree with the position that a way forward is to find in advance patients that respond to increases
in PEEP, for example by administering a - and
Win terms of markers of lung (imaging or perhaps,

(Goligher et al. 2015). Then, enrolling those patients in a randomised controlled trial to test if this
subset of PEEP responders actually has benefits on relevant clinical outcomes compared to the conventional
low-PEEP strategy," the doctor said.

The ART investigator also cited the need to develop models to predict responsiveness so that we can use
several characteristics at baseline to identify patients which are more likely to benefit. "We have begun to work
on such predictive models using our database. An excellent example of this strategy is the subgrouping of
ARDS into subphenotypes as done by Calfee et al. using statistical techniques (latent class analysis) (Calfee et
al. 2014). Subphenotypes are classified using several biomarkers and clinical variables and seem to be useful
to predict clinical responsiveness to PEEP," Dr. Cavalcanti explained.

Moreover, the doctor agrees with the editorial authors' suggestion that “allowing part of the lung to stay closed
with permissive atelectasis may be more patient-protective than aggressive efforts to keep the lung open.

As Dr. Cavalcanti stated: "l definitely agree with the editorialists that

| have specified low to intermediate PEEP because the
levels that were

ESICM LIVES 2017
Alexandre B. Cavalcanti, will present the results of the trial in the hot topics session, Room Berlin, on
Wednesday 27th September, 14.10-17.30.

Source: JAMA
Image Credit: ESICM
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JAMA | Original Investigation | CARING FOR THE CRITICALLY ILL PATIENT

Effect of Lung Recruitment and Titrated Positive
End-Expiratory Pressure (PEEP) vs Low PEEP on Mortality
in Patients With Acute Respiratory Distress Syndrome

A Randomized Clinical Trial

Writing Group for the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial- Investigators

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-ccording to the
IBSSERESBiHO0Y Y46 COBANEEecreases 25-cay mortalty of patients with moderate o
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 from November 17, 2011, through April 25, 2017,
enrolling adults with moderate to severe ARDS.

INTERVENTIONS

according to the
or a control strategy o
until weaning.

n = 501; experimental group)
(n =509). All patients received volume-assist control mode

MAIN OUTCOMES AND MEASURES The primary outcome was all-cause mortality until 28 days.
Secondary outcomes were length of ICU and hospital stay; ventilator-free days through day
28; pneumothorax requiring drainage within 7 days; barotrauma within 7 days; and ICU,

in-hospital, and 6-month mortality.
D] age, 50.9 [17.4] years) were
(

RESULTS A total of-37.5% female; mean [S
enrolled and followed up. At 28 days, 277 of 501 patients
and 251 of 509 patients inthe group had hazard ratio [HR], 1.20; 95%
Cl, 1.01to 1.42; P = .041). Compared with the control group, the experimental group strategy
(65.3% vs 59.9%; HR, 1.18; 95% Cl, 1.01t0 1.38; P = .04),

(5.3 vs 6.4; difference, -1.1; 95% Cl, -2.1
to-0.1; P =.03), requiring drainage (3.2% vs 1.2%;

difference, 4.0%: 95% Cl, 1.5% to 6.5%:; P = .001). There were
the length of ICU stay,length of

CONCLUSIONS AND RELEVANCE |n patients with a strategy with
day all-cause
These findings do maneuver and

in these patients.

TRIAL REGISTRATION clinicaltrials.gov Identifier: NCTO1374022

JAMA. doi:10.1001/jama.2017.14171
Published online September 27, 2017.

© 2017 American Medical Association. All rights reserved.
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Research Original Investigation

cute respiratory distress syndrome (ARDS) is a com-
mon clinical problem among critically ill patients and

is associated with high mortality and limited long-

term quality of life.2 Theﬁis-in
since many lung units become poorly or nonaerated due

to ﬂ ‘3 This places patients at

increased risk of ventilator-induced lung injury due both to
overdistention of aerated lung units and cyclic opening and
closing of small airways and alveoli (atelectrauma).**

The aim of recruitment maneuvers and positive end-
expiratory pressure (PEEP) titration is to open collapsed lung
units and keep them opened, potentially decreasing the risk
of atelectrauma.

ontrolled have shown
with in
achieving inspiratory pressures is
able to open most of the collapsed lung tissue in patients
10 comparing similar

maneuvers followed b
tion vs a well-established

maneuvers
also without increase in
1L12 However,
high risk of bias in most trials and variable use of cointerven-
tions. Thus, the
was conducted to assess whether a strategy of lung recruit-
ment maneuver associated with PEEP titrated according to
the best respiratory-system compliance vs a well-established
low-PEEP strategy® improves clinical outcomes of patients
with moderate to severe ARDS.

Methods

Study Design and Oversight
We conducted arandomized clinical trial in 120 intensive care
units (ICUs) from 9 countries

The proto-
col and statistical analysis plan (in Supplement 1) were pub-
lished previously.'>* Data analysis started after the statisti-
cal analysis plan was accepted for publication (see eAppendix
in Supplement 2 for details). Ethics committees of all institu-
tions approved the study. Informed consent was obtained from
all patients’ representatives. An independent data monitor-
ing committee oversaw efficacy and safety data.

Patients

We enrolled patients receiving invasive mechanical ventila-
tion with to i- of

of duration. Eligibility was evaluated in 2 phases, a screening
and a confirmatory phase. In the screening phase, patients were
considered forinclusion in the study if they met the American-
European Consensus Conference criteria'® for ARDS. The ex-
clusion criteria were age younger than 18 years; use of vaso-

constrictor drugs in increasing doses over the past 2 hours or
mean arterial pressure ; contrain-
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Key Points

Question Does use of a lung recruitment maneuver associated with
positive end-expiratory pressure (PEEP) titration according to the
best respiratory-system compliance reduce 28-day mortality of
patients with moderate to severe acute respiratory distress
syndrome (ARDS) compared with a conventional low-PEEP strategy?

Findings In this randomized trial of 1010 patients, 28-day
mortality was significantly higher among patients treated with a
strategy of lung recruitment and PEEP titration (55.3%) than those
treated with a conventional low-PEEP strategy (49.3%).

Meaning A strategy using a lung recruitment maneuver and
titrated PEEP, in association with volume-assist control ventilation,
increased mortality of patients with moderate to severe ARDS.

dications to hypercapnia, such as intracranial hypertension or
acute coronary syndrome; pneumothorax, subcutaneous em-
physema, pneumomediastinum or pneumatocele; patients in
palliative care only; or previously enrolled patients.
Before confirming eligibility, patients received at least
3 hours of mechanical ventilation using a low-PEEP and low-
tidal volume strategy proposed by the Acute Respiratory Dis-
tress Syndrome Network (ARDSNet).® After that, the fraction
of inspired oxygen (FI0,) was set at 100% and the
or more for 30 minutes and arterial blood gases
were collected. Eligibility was confirmed if the ratio of the
artial pressure (Pao,) of oxygen to the Fi0, (Pao,:FI10,) was
iand less than 72 hours had passed since the first

time a Pao,:FI0, ratio of 200 or less was determined.

Randomization and Masking
Patients were randomized in a 1:1 ratio to a strategy of lung re-
cruitment associated with PEEP adjusted according to the
respiratory-system compliance or to a low-PEEP strategy.
The random allocation list was generated by a statistician with
no clinical involvement in the trial using a computer-
generated random number list. Randomization was con-
ducted with blocks of 4 and stratification by site, age (<55 years
or >55 years) and Pao,:F10, ratio (<100 or >100). Allocation con-
cealment was ensured via a central web-based system. The
treatment to which a patient was allocated was disclosed only
after the patient was enrolled in the study.

Participant, clinicians, and outcome assessors were aware
of the assigned treatment.

Interventions

Patients assigned to the-group continued to receive
the Immediately after randomization, pa-
strategy received a bolus
and hemodynamic status was
intravenous fluids when there

respiratory-system
maneuver. The lung recruitment maneuver and PEEP
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Figure 1. Flow of Patients in the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial

2077 Patients assessed for eligibility

1064 Excluded
863 Were ineligible?

296 Pa0,:Fl0, >200 after standard ventilation

273 Increasing dose of vasoconstrictor
or MAP <65 mm Hg

139 Pneumothorax, pneumomediastinum,
pneumatocele, or subcutaneous emphysema

129 Contraindication to hypercapnia

> 60 Receiving palliative care only
50 Aged <18y
2 Previously included in the trial
4 ARDS 272 hours
147 Eligible but were not enrolled?
116 Lack of consent
17 Treating physician preference
17 Other reason
54 Excluded for unknown reasons

(1013 Randomiz@

501 Randomized to receive lung recruitment
maneuver and PEEP titrated according

1 ( strategy
to the best respiratory-system compliance

512 Randomized to receive low-PEEP

512 Received low-PEEP strategy

480 Received lung recruitment maneuver
and titrated PEEP
21 Did not receive lung recruitment
maneuver and titrated PEEP
14 Hypotension
3 Pneumothorax
4 Other reasons

!

ARDS indicates acute respiratory
distress syndrome; F10,, fraction of

0 Lost to follow-up

3 Lost to 28-d follow-up (withdrew consent
and were excluded from the analysis)

inspired oxygen; MAP, mean arterial
pressure; Pao,, partial pressure of
arterial oxygen; PEEP, positive

v v

end-expiratory pressure.

501 Included in the primary analysis ‘ ‘

509 Included in the primary analysis

2 Patients could have more than 1

reason for exclusion.

titration technique were based on those used in previous non-
controlled studies.”®
tients were ventilated under

levels were
ter recruitment

maneuver and PEEP titration scheme, other aspects of care
were similar for both groups. The experimental and control
group procedures are detailed in the protocol and the manual
of operations (Supplements 1 and 3

O down to a
we measured respi-

was considered the
in pressure-
controlled ventilation was conducted in 1 step using of

jama.com

In June 2015, starting with the 556th patient, the steering
committee, in consultation with the data monitoring com-
mittee, decided to

possibly associated with the experimental group treat-
ment were observed. During the recruitment maneuver,

was

each PEEP step
maneuver with

Outcomes

Our primary outcome was mortality until 28 days. Sec-
ondary outcomes were length of ICU and hospital stay;
ventilator-free days from day 1 until day 28; pneumothorax
requiring drainage within 7 days; barotrauma within 7 days;
and ICU, in-hospital, and 6-month mortality. We defined as
pneumothorax requiring drainage for any case that was pos-
sibly due to barotrauma; that is, we did not consider cases
judged to be clearly caused by invasive procedures such as
central venous punction or thoracocentesis. We defined
as barotrauma within 7 days any pneumothorax, pneumo-
mediastinum, subcutaneous emphysema, or pneumatocele
of more than 2 cm detected on image examinations between
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Table 1. Baseline Characteristics of the Patients

Lung Recrlitment
M With PEEP
o Group FPEEP Group

Characteristic n=501 n =509)
Age, mean (SD), y 51.3(17.4) 50.6 (17.4)
Women, No. (%) 188 (37.5) 191 (37.5)
SAPS 3 score, mean (SD)? 63.5(18.1) 62.7 (18.1)
No. of nonpulmonary organ 2(2-3) 2 (2-3)
failures, median (IQR)
Septic shock, No. (%) 336 (67.1) 331 (65.0)
Cause of ARDS, No. (%)

Pulmonary ARDS 313 (62.5) 313 (61.5)
Pneumonia 280 (55.9) 276 (54.2)
Gastric aspiration 26 (5.2) 32 (6.3)
Lung contusion 7 (1.4) 4(0.8)
Near drowning 0 1(0.2)

Extrapulmonary ARDS 188 (37.5) 196 (38.5)
Nonseptic shock 9(1.8) 12 (2.4)
Sepsis or septic shock 99 (19.8) 97 (19.1)
Trauma without 5(1.0) 5(1.0)
lung contusion
Cardiac surgery 3 (0.6) 0
Other major surgery 20 (4.0) 23 (4.5)
Head trauma 4(0.8) 6(1.2)
Smoke inhalation 4(0.8) 6(1.2)
Multiple transfusions 8(1.6) 3(0.6)
Drug or alcohol abuse 1(0.2) 2 (0.4)
Other 35 (7.0) 42 (8.3)

-position, No./total 31/304 ({02 30/303 @)
No. (%)°

Time since onset of ARDS, 15 (7-34) 16 (7-30)
median (IQR), h

Days intubated prior to 2(1-4) 2 (1-4)

randomization, median (IQR)
Respiratory measures,

mean (SD)
11935 (43.5) {172 41.9)
Tidal volume, mL/kg 5.8(1.1) 5.8 (1.0)
predicted body weight
Plateau airway pressure, 25.8 (4.7) 26.2 (5.2)
cm H,0
Minute ventilation, L/min 8.9 (2.5) 8.9 (2.4)
255 6.9) 25.3 (6.4)

breaths/min

-pressure, cm H,0¢

B8 o B>
H,0
i system static -(12.4) -(14.4)
mL/cm H,0¢

B5uo B5uo

Abbreviations: ARDS, acute respiratory distress syndrome; Fio,, fraction of

inspired oxygen; Pao,, partial pressure of arterial oxygen; SAPS, Simplified

Acute Physiology Score.

@ The SAPS 3 score can range from O to 217, with higher values indicating higher
severity of illness.

bWe started collecting baseline data on prone position from the 407th
patient onward.

€ Pao,:Fio, at baseline was measured with Fi0, at 100%.

9 Driving pressure is the difference between plateau pressure and positive
end-expiratory pressure.

€ Respiratory system static compliance is the ratio of tidal volume
to driving pressure.
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randomization and 7 days, except those judged to be clearly
caused by invasive procedures.

Other exploratory outcomes were death with refractory
hypoxemia within 7 days; death with refractory acidosis
within 7 days; death with barotrauma within 7 days; cardio-
respiratory arrest on day 1; need of commencement or
increase of vasopressors or hypotension (MAP<65 mm Hg)
within 1 hour after randomization; refractory hypoxemia
(Pao,<55 mm Hg) within 1 hour after randomization; and
severe acidosis (pH<7.10) within 1 hour after randomization.

Length of ICU stay (secondary outcome) and all other ex-
ploratory outcomes were included in our statistical analysis
plan'* and ClinicalTrials.gov, although they were not origi-
nally in our study protocol (see eAppendix in Supplement 2
for details).

Statistical Analysis

ART was an event-driven study designed to continue until
520 events (28-day deaths) had accrued. This number of
events was estimated to provide 90% power, assuming a haz-
ard ratio of 0.75 and type I error of 5%. This hazard ratio is
similar to the size of effect used to estimate sample size in
other trials in the field.'®”

All analyses followed the intention-to-treat principle,
considering all patients in the treatment groups to which
they were randomly assigned, except for cases lost to
follow-up. We carried out complete-case analysis for all out-
comes. We planned to conduct sensitivity analysis for the
primary outcome using multiple imputation techniques
only if follow-up data of 1% or more of the patients was lost.
Baseline characteristics were reported as counts and per-
centages, mean and standard deviation (SD), or median and
interquartile range (IQR), whenever appropriate. Hypothesis
tests were 2-sided. Two interim analyses were performed
after recruitment of one-third and two-thirds of the planned
sample size to assess effects on clinical outcomes. The data
monitoring committee would consider stopping the trial
early if there was evidence of harm with 1-sided P value
<.01. The significance level for the primary outcome final
analysis was .042, to maintain overall a at .05. For all other
outcomes, the significance level was .05, without adjust-
ment for multiple comparisons. Because of this, all second-
ary outcomes and analyses should be interpreted
as exploratory.

We assessed the effect of the trial treatments on the pri-
mary outcome using Kaplan-Meier curves and calculated the
hazard ratio with 95% CI using the Cox proportional hazard
model. We conducted 2 sensitivity analyses. The first was a
prespecified Cox proportional hazards model adjusted for
age, Simplified Acute Physiology Score 3 (SAPS 3) score, and
Pao,:F10, ratio. The second was a post hoc frailty Cox model
with stratification variables (site, age, and Pao,:F10,) as ran-
dom effects.

We used Kaplan-Meier curves and the Cox proportional
hazard model to assess the effect of treatment on 6-month
survival. We assessed the effects of the intervention on
categorical variables with risk ratios and 95% CIs, and we
used the x? test to compare between-group differences. For
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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 following prespecified sub-
groups: Pao,:FIo, (<100 vs >100 mm Hg); SAPS 3 score (<50
vs >50); pulmonary vs extrapulmonary ARDS; duration of
ARDS (<36 hours vs >36 to <72 hours); mechanical ventilation
(<2 days, 3-4 days, =5 days); and prone position. As an explor-
atory analysis, we tested whether treatment effects were simi-
lar before and after the protocol amendment of June 2015. We
also tested in a post hoc analysis whether treatment effects per
quartiles according to order of enrollment in the trial (earlier
vs later) were homogeneous. All analyses were performed using
the R (R Core Team, 2016) software.

. |
Results

Patients

From November 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 H,0, respectively.

Lung Recruitment

A total of 480 patients (95.8%) in the experimental group re-
ceived a lung recruitment maneuver after randomization
(eTable 1in Supplement 2). In 78 cases (15.6%) the maneuver
had to befinterrupted, most often due tolhypotension or a de-
creasein oxygenlsaturation. In 21 cases, arecruitment maneu-
ver was not attempted due to uncontrolled hypotension
(14 cases), detection of pneumothorax (3 cases) after random-
ization, or other reasons (4 cases). The mean (SD) titrated PEEP
was 16.8 (3.8) cm H,0. Lung recruitment was repeated after
PEEP titration in 393 patients (78.4%). After the initial recruit-
ment and PEEP titration, alveolar recruitment was not re-

jama.com
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m_in the Lung Recruitment Maneuver

With Titrated PEEP Group vs the Low-PEEP Group

80+

60

z and titrated PEEP
T 404
E 5% pecp
=
20+
Hazard ratio, 1.20 (95% Cl, 1.01-1.42); P=.041
0 ‘ ‘ : ‘ ‘ ‘
0 I 8 12 16 20 24 28

Days After Randomization

No. at risk
Lung recruitment 501 397 340 303 276 254 233 225
and titrated PEEP
Low PEEP 509 423 378 343 312 286 264 260

PEEP indicates positive end-expiratory pressure.

peated from day 1 to 7 in most patients (62.7%). Conversely,
28 patients in the control group also received a recruitment ma-
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 H,0 in both groups. Mean tidal volumes were below
6 mL/kg of predicted body weight in both groups from hour 1
through day 3. The Jmean Pao,:FI0, ratios were higher in the
experimental group. Yet decreases in driving pressure from
control to experimental group were limited to[less than2 ecm|

HZO 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 aftell day 1.

Cointerventions

Use of neuromuscularblockers 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 the protocol require-
ment for their use before the recruitment maneuver (eTable 3
in Supplement 2). The proportion of patients who received
sedatives on any day was higher in the [experimental group
(99.0% Vs 97.1%; 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-
ferences among groups in other cointerventions or on the need
of rescue therapies for hypoxemia.

Outcomes

At 28 days, there were 277 deaths (55.3%) among 501 patients
inthe experim% group and 251 deaths (49.3%) among 509
patients in the|control group, with a hazard ratio of[1.20/(95%
CI, 1.01-1.42; P = 1041) (Figure 2). After adjustment for base-
line covariates, age, SAPS 3, and Pao,:F10,, the hazard ratio for
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Effect of Titrated vs Low Positive End-Expiratory Pressure (PEEP) on Mortality in ARDS

Table 2. Outcomes Among Patients Treated With Lung Recruitment Maneuver With Positive End-Expiratory Pressure (PEEP) vs Low-PEEP Strategy

Lung Recruitment

Maneuver With PEEP
Titration Group Low-PEEP Group Type of Effect Estimate

Outcome (n=501) (n =509) Effect Estimate (95% Cl) P Value
Primary Outcome
Death <28 d, No. of events/total No. (%) 277/501 (55.3) 251/509 (49.3) HR 1.20 (1.01 to 1.42) .041
Secondary Outcomes
Death, No. of events/total No. (%)

In intensive care unit 303/500 (60.6) 284/509 (55.8) RD 48 (-1.5t0 11.1) .13

In hospital 319/500 (63.8) 301/508 (59.3) RD 45 (-1.7 t0 10.7) 15

Within 6 mo® 327/501 (65.3) 305/509 (59.9) HR 1.18 (1.01 to 1.38) .04
Length of stay, d

Intensive care unit, mean (SD) 18.2 (22.4) 19.2 (25.9) MD -1.0 (-4.0 to 2.0) 51

Median (IQR) 12.0 (5.0 to 23.0) 14.0 (7.0 to 23.0)
Hospital, mean (SD) 25.5(32.3) 26.2 (31.7) MD -0.7 (-4.6 t0 3.3) 74
Median (IQR) 15.0 (5.0 to 32.0) 18.0 (7.0 to 35.0)

No. of ventilator-free d fromd 1 to d 28, .(8.0) .(8.6) MD -1.1(-2.1t0-0.1) .03
mean (SD), d

Median (IQR) 0.0 (0.0 to 11.0) 0.0 (0.0 to 14.0)
Pneumothorax requiring drainage <7 d, 16/501 (3.2) 6/509 (1.2) RD 2.0(0.2t03.8) .03
No./total No. (%)
Barotrauma <7 d, No. /total No. (%) 28/501 (816) 8/509 (116) RD 4.0 (150 6.5) 001
Exploratory Outcomes, No./Total No. (%)
Death

Within7d 160/501 (319) 130/509 (2515) RD 6.4 (0.6 0 12.2) 03

With refractory|hypoxemia <7 d° 45/501 (@10) 51/509 ({010) RD -1.0 (-4.9t0 2.8) 59

With Fefractory|acidosis <7 d° 68/501 (13%6) 56/509 (11.0) RD 2.6 (-1.7 t0 6.8) 25

With barotrauma <7 d¢ 7/501 (1.4) 0/509 (0.0) RD 1.4 (0.2 to0 2.6) .007
Cardiorespiratory arrest on day 1€ 5/501 (1.0) 2/509 (0.4) RD 0.6 (-0.6 to 1.8) .28
N cement or increase 174/500 . 144/508 (28.3) RD 6.5 (0.5 to 12.4) .03
of or hypotension
(MAP <65 mm Hg) within 1 h
Refractory|hypoxemial (a0, <55 mm Hg) <1 h 8/496 (16) 10/506 (210) RD 0.4 (-22to 1.5) 81
Severe|acidosis| (pH<7.10) <1 h 65/496 (13.0) 55/506 (10.9) RD 22(-2.0t06.5) 29

Abbreviations: HR, hazard ratio; IQR; interquartile range; MAP; mean arterial

pressure; MD, mean difference; RD, risk difference.

2 Six-month follow-up data was obtained from all patients, except for 23 cases
who were followed up and censored between 2 and 6 mo.

b Death with refractory hypoxemia defined as death with last arterial

blood gas analysis before dying collected with Fio, = 100%
showing Pao,<55 mm Hg.

¢ Death with refractory acidosis defined as death with last arterial blood gas
analysis before dying with pH<7.10.

9 Death with barotrauma defined as persistent pneumothorax or expanding
subcutaneous emphysema or persistent pneumomediastinum with
chest tube at the involved site.

¢ Cardiorespiratory arrest defined as unexpected cardiac arrest, not due
to progressive refractory shock.

28-day mortality was 1.22 (95% CI, 1.03-1.45; P = .02). In the
post hoc frailty Cox model, the hazard ratio was 1.21 (95% CI,
1.02-1.44; P = .03).

All-cause mortality was also higher within 6 months in
the experimental than in the control group (65.3% vs 59.9%;
hazard ratio, 1.18; 95% CI, 1.01-1.38; P = .04) (Table 2). Differ-
ences in the ICU or in-hospital mortality between groups
were not statistically significant. Compared with the control
group, mortality|in the|experimental group was higher during
the first 7 days, with increased rates of death with baro-
trauma (Table 2). There were no significant differences in the
Iates of death with refractory hypoxemia, death with acido-
sis, and cardiorespiratory arrest between groups. Lengths of
stay in the ICU or hospital were also not significantly differ-
ent. The experimental group had fewer ventilator-free days
during the first 28 days. The rates of pneumothorax requiring

JAMA Published online September 27,2017

drainage and rates of any barotrauma increased in the experi-
mental group. Within 1 hour, commencement or increase in
vasopressors or hypotension were more common in the
experimental group, but there were no differences in refrac-
tory hypoxemia or severe acidosis.

Subgroup and Exploratory Analyses

Effects of experimental vs control strategy on 28-day mor-
tality were not significantly different across subgroups
(Figure 3). Treatment effects were also not significantly dif-
ferent in the periods of study before and after the protocol
was modified with reduction in the length and in the maxi-
mum PEEP and pressure levels of the recruitment maneuver
(P = .89). Treatment effects were also not significantly dif-
ferent per quartiles according to order of enrollment in the
trial (P = .76).
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Figure 3. of the Maneuver With Titrated PEEP vs the Low-PEEP Group on Mortality According to Subgroups

No. of Deaths/Total No. (%)

Lung Recruitment Favors Lung

and Titrated Low PEEP Hazard Ratio Recruitment and : Favors P Value for
Subgroup PEEP (n=501) (n=509) (95% ClI) Titrated PEEP : Low PEEP Interaction
Pa0,: FI0,
<100 mm Hg 117/197 (59.4) 120/214 (56.1) 1.09(0.82-1.46) — 33
>100 mm Hg 160/304 (52.6) 131/295 (44.4) 1.30(1.00-1.69) —a— '
Simplified Acute Physiology Score 3
<50 47/117 (40.2) 48/119 (40.3) 1.03(0.65-1.64) —— 42
250 230/384(59.9) 203/390(52.1) 1.24(1.00-1.54) . :
Type of ARDS
Extrapulmonary 98/188(52.1) 102/196 (52) 1.02 (0.74-1.40) — 15
Pulmonary 179/313 (57.2) 149/313 (47.6) 1.32(1.03-1.69) —— ’
Duration of ARDS at randomization, h
<36 214/388(55.2) 196/405 (48.4) 1.22(0.98-1.52) —— 63
>36to <72 63/113 (55.8) 55/104 (52.9) 1.11(0.73-1.67) —_— ’
Position 1 h after randomization
Supine (dorsal decubitus) or lateral decubitus 153/274 (55.8) 132/273 (48.4) 1.26 (0.96-1.64) —— 21
Prone 19/31(61.3) 20/30(66.7) 0.82(0.40-1.67) — '
Duration of mechanical ventilation before randomization, d
0-2 160/297 (53.9) 152/320 (47.5) 1.20(0.92-1.56) —
3-4 54/88 (61.4) 41/77 (53.2) 1.26 (0.77-2.07) — 91
25 63/116 (54.3) 58/112 (51.8) 1.12(0.73-1.71) —_—
Protocol modification
Before 151/273 (55.3) 138/280 (49.3) 1.21(0.93-1.57) - 29
After 126/228 (55.3) 113/229 (49.3) 1.18 (0.88-1.58) — ’

0.3 1.0 3.0

Hazard Ratio (95% Cl)

The size of data markers is proportional to the inverse of variance. Protocol
modification indicates the modification in the experimental group strategy after
the 556th patient, with decreases in the pressures and duration of the
recruitment maneuver.

ARDS indicates acute respiratory distress syndrome; Fi0,,fraction of inspired
oxygen; Pao, partial pressure of arterial oxygen; PEEP, positive end-expiratory
pressure.

|
Discussion

In this trial enrolling adults with moderate to severe ARDS,
a strategy of lung and accordin;
to the respiratory-system

-cornpared with an established low-PEEP strategy.
In addition, the lung recruitment strateg}d
- the-of any and death with baro-

trauma, and the need for

the Conversely, the lung
the number ofh

during 28 days.

10 and negative (increase in
impairment)'®'° physiological

onsequences of lung recruitment and PEEP. Although

after recruitment maneuvers achieving high inspirator

water. On the contrary, the risk of

jama.com

in the experimental group, suggesting-

impairment as mechanisms that may
have driven Nevertheless, the incidence
of barotrauma, even in the experimental group, was lower

than in any previous studies using high PEEP levels.??
_ for the results observed in
this trial lies in the lung protective of the
group, which may have offset any potential physiological
advantages of the lung recruitment and PEEP titration strat-

egy. The control group strategy called for a tidal volume of

6 mL/kg (or less if plateau pressure was >30 cm H,0) and use
of lower PEEP levels.®

with lower mean tidal volumes than the ARDSNet

trials.®2* Conversely,
than that observed in control groups from previ-
22 The use of strictly low tidal volumes and
resulting low driving pressures may have reduced lung injury
due to tidal overdistention. Furthermore, intermediate levels
of PEEP may have contributed to maximizing homogeneity

and preventing atelectrauma.
or the findings of this trial
phenomenon, which may occur inad-

vertently in patients receiving protective ventilation,-

volumes.2*:2> It was documented in 1 patient enrolled in
the experimental group and routinely monitored with elec-
trical impedance tomography (eFigure 1 in Supplement 2).
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, whereas the
. Although the incidence of this phenom-
enon was likely similar in both groups, it may have caused
more lung overstretch with disproportionally higher driving
pressures in patients submitted to higher PEEP levels.

Three main reasons supported the option for lower PEEP val-
ues. First,
of patients with ARDS.?? Second,

17.23,26 Third, the trials included in the meta-
analysis used substantially different strategies both in the
experimental and control groups, with variable use of recruit-
ment maneuvers. Therefore, it is

maneuver itself.

This trial has strengths. Bias was controlled by using con-
cealed allocation, intention-to-treat analysis, and by avoiding
losses to follow-up. Analyses were based on a large number
of events, which allowed for adequate random error control.
Patient eligibility was confirmed only after ventilation with a
lung protective low-tidal volume strategy and standardized
FI0, and PEEP settings before collecting arterial blood gases.
Except for the lung recruitment maneuvers and PEEP titra-
tion scheme, identical mechanical ventilation protocol with
low-tidal volume was applied for both groups. In addition,
the study involved centers from 9 countries, which contrib-
utes to generalizability of its results.

Limitations

This study has several limitations. First, it was not feasible to
blind participants, clinicians, and outcome assessors. It is
possible that processes of care might have been affected by

ARTICLE INFORMATION
Accepted for Publication: September 1, 2017.

Published Online: September 27, 2017.
doi:10.1001/jama.2017.14171

Writing Group for the Alveolar Recruitment for
Acute Respiratory Distress Syndrome Trial (ART)
Investigators: Alexandre Biasi Cavalcanti, MD, PhD;
Erica Aranha Suzumura, MSc; Ligia Nasi Laranjeira,
RT; Denise de Moraes Paisani, PhD; Lucas Petri
Damiani, MSc; Helio Penna Guimaraes, MD, PhD;
Edson Renato Romano, MD, PhD; Marisa de Moraes
Regenga, RT; Luzia Noriko Takahashi Taniguchi, RT;
Cassiano Teixeira, MD, PhD; Roselaine Pinheiro de
Oliveira, MD, PhD; Flavia Ribeiro Machado, MD,
PhD; Fredi Alexander Diaz-Quijano, MD, PhD;
Meton Soares de Alencar Filho, MD; Israel Silva
Maia, MD; Eliana Bernardete Caser, MD, PhD;
Wilson de Oliveira Filho, MD; Marcos de Carvalho
Borges, MD, PhD; Priscilla de Aquino Martins, MD;
Mirna Matsui, MD, PhD; Gustavo Adolfo
Ospina-Tascon, MD, PhD; Thiago Simdes Giancursi,
MD; Nelson Dario Giraldo-Ramirez, MD, MSc; Silvia

JAMA Published online September 27,2017

Regina Rios Vieira, MD, PhD; Maria da Graca
Pasquotto de Lima Assef, MD, PhD; Mohd Shahnaz
Hasan, MD, PhD; Wojciech Szczeklik, MD, PhD;
Fernando Rios, MD, PhD; Marcelo Britto Passos
Amato, MD, PhD; Otdvio Berwanger, MD, PhD;
Carlos Roberto Ribeiro de Carvalho, MD, PhD.

Affiliations of Writing Group for the Alveolar
Recruitment for Acute Respiratory Distress
Syndrome Trial (ART) Investigators: HCor
Research Institute, S3o Paulo, Brazil (Cavalcanti,
Suzumura, Laranjeira, Paisani, Damiani, Guimaraes,
Romano, Regenga, Taniguchi, Berwanger);
Cardio-Pulmonary Department, Pulmonary Division,
Heart Institute (Incor), University of Sdo Paulo, Sao
Paulo, Brazil (Amato, Ribeiro de Carvalho); Hospital
Moinhos de Vento, Porto Alegre, Brazil (Teixeira);
Irmandade Santa Casa de Misericérdia de Porto
Alegre, Porto Alegre, Brazil (Pinheiro de Oliveira);
Anesthesiology, Pain, and Intensive Care
Department, Federal University of Sdo Paulo-
UNIFESP, Sdo Paulo, Brazil (Machado); Epidemiology
Department, School of Public Health, University of
Sdo Paulo, Sdo Paulo, Brazil (Diaz-Quijano); Hospital

Effect of Titrated vs Low Positive End-Expiratory Pressure (PEEP) on Mortality in ARDS

knowledge of treatment allocation. Conversely, blinding
would not affect classification of the primary outcome. Sec-
ond, it was not possible to classify enrolled patients into
ARDS subphenotypes, which may respond differently to
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°-30 However, since 1
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blockers and
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served clinical effects exclusively to the direct effects of lung
recruitment maneuver and PEEP.

. |
Conclusions

astrategy with lun
compared with PEEPi

These findings do not sup-
port the routine use of lung recruitment maneuver and PEEP
titration in these patients.
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