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Personalised mechanical ventilation tailored to lung
morphology versus low positive end-expiratory pressure for
patients with acute respiratory distress syndrome in France
(the LIVE study): a multicentre, single-blind, randomised
controlled trial
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Summary

Background The effect of |personalised mechanical ventilation on clinical outcomes in patients with acute respiratory
distress syndrome (ARDS) remains uncertain and needs to be evaluated. We aimed to test whether a mechanical
ventilation strategy that was personalised to individual patients’ lung morphology would improve the survival of
patients with ARDS when compared with standard of care.

Methods We designed a multicentre, single-blind, stratified, parallel-group, randomised controlled trial enrolling
patients with moderate-to-severe ARDS in 20 university or non-university intensive care units in France. Patients older
than 18 years with early ARDS for less than 12 h were randomly assigned (1:1) to either the control group or the
personalised group using a minimisation algorithm and |stratified according to the study site, lung morphology, and
duration of mechanical yentilation. Only the patients were masked to allocation. In the Control group, patients received
a tidal volume of 6 mL/kg_per predicted bodyweight and positive end-expiratory pressure (PEEP) was selected according
to a low PEEP and fraction of inspired oxygen table, and early prone position was encouraged. In the Bersonallsed
group, p, the treatment approach was |based on lung morphology; patients with focal ARDS received a tidal volume of

[l_(g low PEEP, and prone position. Patients with non-focal ARDS received a tidal volume of 6 [l_(g along with
recrultment manoeuvres and high PEEP. The primary outcome was [90-day mortality as estabhshed by intention-to-
treat analysis. This study is registered online with ClinicalTrials.gov, NCT02149589.

Findings From June 12, 2014, to Feb 2, 2017, 420 patients were randomly assigned to treatment. 11 patients were
excluded in the personalised group and nine patients were excluded in the control group; 196 patients in the
personalised group and 204 in the control group were included in the analysis. In a multivariate analysis, there was
no difference in 90-day mortality between the group treated with personalised ventilation and the control group in
the intention-to-treat analysis (hazard ratio [HR] 1-01; 95% CI 0-61-1-66; p=0-98). However, misclassification of
patients as havingfocal or non-focal ARDS by the investigators was observed in 85 (21%) of 400 patients. We found
a significant interaction between misclassification and randomised group allocation with respect to the primary
outcome (p<0-001). In the subgroup analysis, the 90-day mortality of the misclassified patients was higher in the
personalised group (26 [65%] of 40 patients) than in the control group (18 [32%] of 57 patients; HR 2-8; 95% CI
1.5-5.1; p=0-012.

Interpretation Personalisation of mechanical ventilation did not decrease mortality in patients with ARDS, possibl
because of the misclassification of 21% of patients. A_with lunﬂ

Whether improvement in ARDS phenotyping can decrease mortality should be assessed in a
future clinical trial.

Funding French Ministry of Health (Programme Hospitalier de Recherche Clinique InterRégional 2013).
Copyright © 2019 Elsevier Ltd. All rights reserved.
Introduction

Acute respiratory distress syndrome (ARDS) is a
potentially devastating complication of many pulmonary

and non-pulmonary pathologies that is associated with
high mortality and low long-term quality of life."
International guidelines have recommended the use of
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Research in context

Evidence before this study
Only a few studies have shown an improvement in mortality
and major outcomes in patients with acute respiratory distress
syndrome (ARDS). One reason being that all types of ARDS

are not the same and should not be treated in the same way.
There are two|ways to patients with ARDS.
First, phenotypes that have been described in

US-based randomised control trials; these phenotypes have
S ———E,  E..
have never been assessed i)rospectivel . Second, the use of
-h S .

Numerous
We searched PubMed on Jan 12, 2018, for
randomised control trials written in English with the keywords
"ARDS” and “phenotypes” or “personalisation”. We identified no
previous studies.

Added value of this study

This study reports that prospective

protective lung ventilation® featuring low tidal volume,
reduced inspiratory plateau pressure (Pplat),* low driving
pressure, and prone position to limit ventilator-induced
injury.” However, about the
ositive end-expiratory pressure

manoeuvres.”* In randomised

° the effects of and
manoeuvres, known as the open-lung approach, was

evaluated in iatients with ARDS; results showed an

in in the intervention group compared

with patients in whom PEEP was set using the well
known PEEP and FiO, table (low PEEP). Even if the
results of this trial are clear, the

surrounding
for several reasons.”
ARDS is a syndrome involving different
subgroups with distinct clinical and
outcome characteristics." Patients with
(defined as patients with diffuse and

ment manoeuvres might considerably

atients as a function of lung " International
_ on mechanical ventilation for patients

with ARDS encourage the of clinical
decisions, but
1 According to physiological

mechanical

substantially.

Implications of all the available evidence

Our findings suggest that phenotypes of ARDS should be
taken into account both in clinical practice and for further
studies. The large difference in mortality related to
phenotypes, independent of ventilation strategy,

might modify the results of trials on drugs or other treatment

strategies. The differences in terms of response to ventilator
G e diffcuty o consetyphenotype ptients

warrant further research. The results of this
study provide key information that might yield progress in
different fields of critical care, but to correctly assign the
ventilation strategy for critically ill patients requires rapid
phenotyping often by one physician alone, which can be
challenging. Researchers should focus on these points for
further research into the critical care of patients with ARDS.

13-15 and

studies on alveolar

recruitment manoeuvres might be in

rather than focal ARDS, whereas the patients with

who responded poorly to high PEEP and

recruitment manoeuvres more from
ositioning and Furthermore, because

in patients with -ARDS than in

use of

s probably as
ARDS in
terms of gas exchange and recruited volume,” but when
recruitment manoeuvres and high PEEP have already
recruited the lung and increased gas exchange, the effect
is probably less important.

We designed the Lung Imaging for Ventilator Setting
in ARDS (LIVE) trial? to test whether a mechanical
ventilation strategy personalised to individual patients’
lung morphology (low PEEP, high tidal volume, and
early prone position for focal ARDS and recruitment
manoeuvres and high PEEP for non-focal ARDS)
would improve the survival of patients with ARDS in
comparison to the well established low-PEEP strategy.””

Methods

Study design

We did this prospective, multicentre, stratified, parallel-
group, single-blind randomised controlled trial in
20 university and non-university intensive care units
(ICUs) in France (originally 22 centres were included,
but two were excluded at the 6-month mark because they
did not enrol any patients; appendix pp 4, 5). All
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investigators were trained during the kick-o meeting chest x-rays were anonymous, identied only by thecontre le Cancer Jean Perrin,
for the assessment of lung morphology. The trial protocol randomisation number. (C'EFmoﬂt-Fe”andv)Ffance
P . : N Eisenmann MD); Department
and statistical ar_laly5|s plgn (append_lx'p 9) were approved of Anaesthesiaintensive Care
by a central ethics committee (Comité de Protection desProcedures and Perioperative Medicine,
Personnes Sud-EstVI, Clermont-Ferrand, France) andMechanical ventilation (table 1) was delivered in a volumedniversity Hospital of Poitiers,
were published elsewher& The trial was overseen by a controlled manner with FiQ, set to allow for oxy University of Poitiers, INSERM,
steering committee. An independent data and safetyhaemoglobin saturation values higher than 88% or P@Ofg'gj;)’/;ﬁ?jier MD): Unité
monitoring board, comprised of three experts in the higher than 55 mm Hg? All patients received deep g RechercheCIinique'
eld, was also created (appendix p 31). No commerciakedation assessed with the Richmond Agitation andsimpiification des Soins chez
support was received for this project. Sedation Scal and early neuromuscular blockade for a'SSAPa“?tf]‘j C|°m\?'exesé
. niversite Jules verne de
. penoq of no mo_re than 48 1! . Picardie, Service d’Anesthésie-
Patients Patients assigned to the control group receivedgsanimation, Centre Hospitalier
Adult patients older than 18 years who had a diagnosis ofegardless of lung morphology, a tidal volume of 6 mL/kgUniversitaire d’Amiens Picardie,
moderate-to-severe ARDS for less than 12 h, de nedof predicted bodyweight and a PEEP selected according {S’@"?”Svdf/:amfh(ﬂ_')“pom MD);
according to the Berlin de nition* (partial pressure of the low PEEP and FiQtable from the ALVEOL# study Rzg’r']friaﬁoﬂeghifr'geicale
arterial oxygen [PaQ:FiO, ratio 200 mm Hg with a (appendix p 11), while maintaining an end-inspiratorycentre Hospitalier Universitaire
PEEP 5 cm H,O on volume control ventilation in Pplat of no more than 30 cm of water. For patientsde Nantes, Hotel Dieu-HVE
a patient who was sedated and paralysed at steady statelssigned to the personalised group, the ventilator setting§ospital, Nantes, France
ligible for inclusion in the study if they also had a were adjusted on the basis of lung morphology. Patient K Asshnoune MD); and Service
were eligi . . Yy y : . ] 8 . g p ay- e Réanimation, Centre
French social security number and had provided written with focal ARDS received a tidal volume of 8 mL/KgHospitalier Général du Puy-en-
informed consent. Exclusion criteria were mechanical predicted bodyweight with a PEEP of 5-10 cm of watevelay, Puy-en-Velay, France
ventilation for more than 7 consecutive days in the pastaccording to the oxygenation targets. Patients with non Sessou MD)
30 days; a previous history of ARDS in the previousfocal ARDS received a tidal volume of 6 mL/kg predictedrorrespondence to:
th; intracranial hypertension; a body-mass index bodyweight and PEEP was adjusted to reach a Pplat Dijean'M'Che' Constantin,
mon ; yp on; . y S ywelg _ J N plat QL. iiment oferioperatie
higher than 40 kg/m?; chronic respiratory diseases 30 cm of water. Immediately afterwards, recruitment wedicine, University Hospital
requiring long-term oxygen therapy or respiratory manoeuvres were applied, and PEEP was titrated at theClermont-Ferrand,
assistance; allogeneic bone-marrow transplantation;highest value without increasing Pplat to more than_63°°3f'e:_mg‘:e"a”d' France
metastatic cancer; extensive burns; liver cirrhosis with30 cm of water. Recruitment manoeuvres were at th T;Cr?jnffzr':angff ’
Child Pugh class C; bronchpleural stula; pulmonary discretion of the clinician and included a continuous
brosis; patients who were moribund, pregnant, or positive airway pressuref at least 35 cm HO for at least
facing end of life; patients under tutelage; and patients 30 sec or an extended sigkftThe recruitment procedure
already enrolled in another interventional study on could be repeated at the clinician’s discretion or, in cases

ARDS. Written informed consent was obtained from the of desaturation, after tidal volume was reduced to 4 mL/kg

SeeOnline for appendix

patient’s next of kin. predicted bodyweight and PEEP was readjusted. Prone
position was mandatory in the personalised group for
Randomisation and masking patients with focal ARDS, was encouraged for all patients

Enrolment, randomisation, and data collection were of the control group, and usable only as rescue therapy in
done using an online system. Randomisation was the personalised group for patients with non-focal ARDS.
computer-generated with the use of a minimisation Prone position sessions were at least 16 h and were
algorithm with a random component of 80% and was stopped when patients were put on pressure support
strati ed according to the study site, lung morphology, ventilation* Apart from the ventilation strategy, other
and duration of mechanical ventilation (48 h or >48 h)
before ARDS diagnosis. Patients were assigned in &

1:1 ratio to a ventilation strategy adjusted on the basis d g‘;”ztgz')gm”p Personalised group (n=196)
lung morphology (personalised group) or to a standard
strategy in line with traditional care (control group). Focal lung morphology  Non-focal lung morphology
Lung morphology was assessed (by a local investigatot Mode of ventilation Volume control Volume control Volume control
before randomisation using a CT scan of the whole lung| Tigal volume 6 mL/kg IBW 8 mL/kg IBW 6 mL/kg IBW
or chegt x-ray when the severity of the patlent was no| peep e —— Py To reach Pplat of 30 cm H O
compatible with transport between hospitals. Patients

. . PEEP-PSV Free 5-9cmHO 10cmHO
were characterised as having focal ARDS (presence (

Recruitment manoeuvre Rescue Rescue Mandatory

consolidations localised only in the lower and back part
of the lungs) or non-focal ARDS by local site investigators Prone position Encouraged Mandatory Rescue
(appendix p 8):*#*As de ned in the protocol, all lung IBW=ideal body weight. PEEP=positive-end expiratory pressure. FiO =fraction of inspired oxygen. Pplatrend-

images were re-evaluated a posteriori by adjudicators inspiratory plateau pressure. PEEP-PSV=positive-end expiratory pressure used during pressure support ventilation.
(one radiologist and two intensivists) who were masked
to patient history and group allocation. All CT scan and

Table : Summary of ventilator settings according to lung morphology and randomisation group
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aspects of care were similar for both groups. Weaning Outcomes
from mechanical ventilation and interruption of sedation =~ The primary outcome was all-cause mortality at day 90
were done similarly for both groups (appendix p 21). (with day O corresponding to ARDS diagnosis). Assess-
ments were done centrally, but all case report forms
were monitored for data accuracy by a clinical research
| 11446 patients admitted to ICU | associate. Secondary outcomes were mortality at
¢ 28 days, 30 days, 180 days, and 365 days, ICU mortality,
number of ventilator-free days at day 30, ARDS resolution,
length of stay in the ICU, the number of patients

| 1080 with ARDS were assessed for eligibility |

with ventilator-associated pneumonia, and barotrauma
660 excluded for non-compliance with inclusion criteria (pneumothorax ~ and  pneumomediastinum).  The
20 with uncontrolled intracranial hypertension concentrations of soluble forms of the receptor for
21 with chronic respiratory failure . .
37 with morbid obesity (BMI >40) advance glycation end products (ie, soluble Receptor for
8 with bone marrow transplant Advanced Glycation End-products and endogenous
13 with extensive burns (>30% of body surface) .
40with severe lver cirthosis (Child-Pugh ) secretory RecePtor for Advanced Glycation End-products)
37 with pneumothorax (drained or not) and quality of life at 1 year were also assessed but data are
;i"nvq';t‘,zn:;g'a‘t’i:tdec's"’" not reported here. Although hospital length of stay and
ibu i 3 .
L, 1 pregnant patient mortality were prespecified as secondary outcomes, data
47 participating in another interventional study were not collected on them because the required fields
on ARDS . . .
26 under tutelage were omitted in error from the data collection forms.
116 excluded through investigator decision Successful extubation was defined as no reintubation or
78 with ARDS for>12 h the use of non-invasive ventilation in the 48 h after
23 with metastatic cancer . 3 .
44 under invasive ventilation for >7 consecutive extubation.” For patients who had a tracheotomy,
" d%Y; i‘é’é';gdth? P35E3° daygsod successful weaning from mechanical ventilation was
wit uring the past ays .- .
with pmmonary%bmsi Y defined as the ability to breathe unassisted through the
4 relatives refused patient study participation tracheostomy cannula for at least 48 h.” Safety and serious
il adverse events were pneumothorax, severe hypoxaemia,

, defined as a PaO2:FiOz of less than 50 mm Hg, and death.
420 randomly assigned
Statistical analysis
v v We calculated that a sample of 420 patients would provide
213 assigned to the control group 207 assigned to the personalised group the trial with 90% power to show an absolute between-

108 with focal ARDS 104 with focal ARDS . o/ : .

105 with non-focal ARDS 103 with non-focal ARDS group dlﬂgrence 0f 13% in the primary outcome measure
at a two-sided a level of 0-05, assuming a 33% 90-day
mortality (Freedman method). For safety reasons, an

S EXC'UﬁZd n EXC'UﬁZd interim analysis was done after 50% of patients were
2 withdrew consent 2 withdrew consent 2
4 with ARDS 512 h 1with morbid obesity enrolled (Lan and Demets method).”” Results of the
| | Lwith metastatic cancer N (BMI >40) interim analysis were communicated only to the data
2 under tutelage ZW!thARDS >12.h monitoring and safety board.
3 with metastatic cancer N | . 3 .
2 without SSN We did an intention-to-treat analysis, which included all
1with pulmonary emhbolism participants who were randomly assigned to treatment,
. < except those who withdrew consent and those who were
204 analysed by intention to treat 196 analysed by intention to treat found to be 1nehg1ble because they met the exclusion

102 with focal ARDS 98 with focal ARDS criteria. We used an unadjusted log-rank test for the
102 with non-focal ARDS 98 with non-focal ARDS primary analysis. We did the adjusted analyses using
marginal Cox proportional-hazards regression to take into
_>| 45 misclassified | _>| 40 misclassified account adjustments of covariates selected according to
univariate results (appendix p 18), clinical relevance, and

- v | P 3 | variables used for stratification, and to consider within-
204 analysed per-protocol 156 analysed per-protoco I T]

57 reclassified with focal ARDS 67 reclassified with focal ARDS centre and between-cer.ltre Vanablh‘ty. The results were

147 reclassified with non-focal ARDS 89 reclassified with non-focal ARDS eXpressed as hazard ratios (HRS) with 95% CIS, and the

proportional hazard assumption was verified using the

Figure 1: Trial profile of the LIVE study Schoenfeld test. The unadjusted 2 or Fisher’s exact test

85 (21%) of 400 patients were misclassified (45 [22%] of 204 patients in the control group and 40 [20%] of 196 patients  was used for binary endpoints as appropriate. Continuous
in the personalised group). For the per-protocol analysis, the 40 patients with misclassified lung morphology who were . . .

. . ; . I . variables were compared with the use of unpaired ¢ tests
included in the personalised group were excluded from the analysis. The 45 misclassified patients of the control group R X
were not excluded because they were not misaligned with ventilator strategy. ARDS=acute respiratory distress or Mann—WhlmeY U tests. Ad]usted analyses were done

syndrome. BMI=body-mass index. ICU=intensive care unit. SSN=social security number. using the same adjustment variables as described

4 www.thelancet.com/respiratory Published online August 6, 2019 http://dx.doi.org/10.1016/52213-2600(19)30138-9
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previously in the regression models, including a random
effect to account for the centre effect. The results were
expressed as relative risk with 95% ClIs for dichotomous
endpoints and as regression coefficients with 95% Cls
for continuous endpoints. The adjudicators’ diagnostic
accuracy of distinguishing focal ARDS from non-focal
ARDS was done after inclusion of the last patient and
evaluated by means of Fleiss’ k. The adjudicators were
masked to clinical history, the centre of inclusion, the
allocation group, and the outcomes. These analyses were
completed by multidimensional factorial analysis (factorial
mixed-data analysis to analyse assets as elements of
qualitative and quantitative variables) to uncover the
underlying relationships and structure (latent constructs)
and to aggregate patients into clusters, such that each
cluster represents a topic (randomised groups and mis-
classification), to establish whether groups (randomised
groups and misclassification) were characterised by
qualitative and quantitative variables chosen according to
univariate results and to clinical relevance.

In the prespecified per-protocol analysis, misclassified
patients in the personalised group were excluded.
Misclassified patients of the control group were not
excluded because they were not misaligned with
ventilator strategy, which by definition is not related to
lung morphology. A secondary analysis was also done,
removing all misclassified patients.

Because less than 5% of the data were missing,
handling of missing data was not done in this study, and
we did a complete case analysis. All analyses were done
with the use of STATA software, version 13.0. A two-sided
p value of less than 0-05 was considered to indicate
statistical significance. This study is registered online
with ClinicalTrials.gov, number NCT02149589.

Role of the funding source

The funders of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. BP and LB had full access to all the data in the
study and J-MC had final responsibility for the decision to
submit for publication.

Results

From June 12, 2014, to Feb 2, 2017, a total of 1080 patients
with ARDS were assessed for eligibility. After
660 patients were excluded because they were not
eligible to participate, 420 were randomly assigned to
treatment (figure 1). Nine patients were subsequently
excluded in the control group and 11 patients were
excluded in the personalised group; therefore,
400 patients were included in the analysis (196 in the
personalised group and 204 in the control group). The
two groups were similar at baseline (table 2; appendix
p 12). CT scanning was used to assess lung morphology
for 56 (29%) of 196 patients in the personalised group
and 80 (39%) of 204 patients in the control group
(appendix p 12). Agreement on disease classification

Control group Personalised group
(n=204) (n=196)
Sex
Male 147 (72%) 154 (79%)
Female 57 (28%) 42 (21%)
Age (years) 61(16) 63 (14)
BMI (kg/m?) 26 (5) 26 (5)
Predicted bodyweight (kg) 65 (10) 65 (9)
Simplified Acute Physiology Score 2* at admission 52 (17) 51(16)
Onset of ventilation (days) 0-6 (11) 0-6(1-2)
Onset of ARDS (h) 5:5(3-9) 5-8 (4-8)
McCabe score
A 137 (67%) 126 (64%)
B 51(25%) 58 (30%)
C 10 (5%) 5(3%)
Comorbidities
COPD 14 (7%) 26 (13%)
Haematological cancer 10 (5%) 6 (3%)
Solid cancer 4(2%) 1(1%)
Chronic kidney disease 3(1%) 3(2%)
Other 125 (61%) 143 (73%)
None 62 (30%) 39 (20%)
Cause of ICU admission
Septic shock 33(16%) 41 (21%)
Haemorrhagic shock 9 (4%) 8 (4%)
Coma 11 (5%) 13 (7%)
Intra-abdominal sepsis 18 (9%) 16 (8%)
Traumatic injuries 14 (7%) 7 (4%)
Acute respiratory failure 94 (46%) 81 (41%)
Acute metabolic disorders 6 (3%) 4(2%)
Elective surgery 14 (7%) 15 (8%)
Urgent surgery 5(2%) 11 (6%)
Cause of ARDS
Pulmonary 148 (73%) 144 (73%)
Extrapulmonary 56 (27%) 52 (27%)
Coexisting conditions
Norepinephrine 123 (60%) 123 (63%)
Renal replacement therapy 12 (6%) 14 (7%)
Antibiotics 180 (88%) 180 (92%)
Steroids 49 (24%) 42 (22%)
Data are n (%) or mean (SD). BMI=body-mass index. ARDS=acute respiratory distress syndrome. COPD=chronic
obstructive pulmonary disease. ICU=intensive care unit. *The Simplified Acute Physiology Score 2 is based on
17 variables; scores range from 0 to 163, with higher scores indicating more severe disease.
Table 2: Demographic characteristics and coexisting conditions of the patients at admission

between the three experts regarding diagnosis of focal
ARDS and non-focal ARDS was high (k=0-94), and the
diagnoses were unanimous for all but two patients.
However, for local investigators, the agreement was
moderate (k=0-52; figure 1). There was no significant
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Control group (n=204) Personalised group (n=196)
Focal ARDS (n=102) Non-focal ARDS (n=102) Focal ARDS (n=98) Non-focal ARDS (n=98)

Tidal volume (mL) 398 (71) 398 (89) 486 (74) 392(78)

Tidal volume (mL/kg PBW) 6-0 (1-0) 62 (11) 73(11) 6-3(1-0)

Respiratory rate (breaths/min) 26 (4) 27 (4) 22 (5) 27 (5)

PEEP (cm water) 11(2) 10 (2) 8(2) 14 (3)

Fi0, (%) 56 (16) 53(17) 48(19) 49 (15)

Respiratory system Pplat (cm water) 21(4) 22 (6) 20 (5) 26 (6)

P (cm water) 33(7) 35(7) 35(9) 37(7)

Respiratory system Cst (mL/cm water) 41(15) 36 (14) 40 (10) 34 (15)

Driving pressure (cm water) 9 (5) 11(5) 11 (5) 12 (5)

5a0, (%) 95 (6) 96 (4) 973) 97(3)

Pa0, (mm Hg) 94 (37) 92 (30) 94 (31) 110 (43)

Pa0,:Fi0, (mm Hg) 179 (83) 189 (80) 217 (90) 240 (102)

PaCO, (mm Hg) 42 (8) 42 (8) 38 (10) 44 (10)

Arterial blood (pH) 7-35(0-09) 7-38 (0:09) 739 (0:09) 7-35(0-10)

Lactate (mmol/L) 2:4(20) 22(2-1) 2:0(17) 1.8(1-6)

Plasma bicarbonate (mmol/L) 23(4) 24.(4) 23(5) 24(4)
Data are mean (SD). Driving pressure was calculated as Pplat minus PEEP.* ARDS=acute respiratory distress syndrome. PBW=predicted bodyweight. PEEP=positive-end
respiratory presssure. FiO,=fraction of inspired oxygen. Pplat=end-respiratory plateau pressure. Pmax=maximal inspiratory pressure. Cst=static compliance. Sa0,=oxygen
saturation. PaO,=partial pressure of arterial oxygen. PaCO,=partial pressure of arterial carbon dioxide. PaO,:Fi0,=ratio of the partial pressure of arterial oxygen to the fraction
of inspired oxygen.
Table 3: Ventilator settings, respiratory system mechanics, and results of arterial-blood gas measurements after randomisation (day 1)

difference in the baseline characteristics of the correctly
classified patients and the misclassified patients
(appendix p 22).

All patients were sedated and paralysed at study
inclusion. After randomisation, 82 (84%) of 98 patients
with non-focal ARDS from the personalised group had
at least one recruitment manoeuvre (median 3
[IQR 0-5]). 17 (3%) of 503 recruitment manoeuvres were
interrupted because of hypotension or desaturation. In
these patients with non-focal ARDS, the average PEEP
was 14 cm (SD 3) of water compared with 10 cm (2) of
water for those in the control group. Among the
98 patients with focal ARDS in the personalised group,
92 (94%) had at least one prone-position session
(median 2 [1-2]). In these patients with focal ARDS,
tidal volume was 7 mL/kg (SD 1) of predicted bodyweight
and PEEP was 8 cm (SD 2) of water compared with
6 mL/kg (1) of predicted bodyweight and a PEEP of
11 cm (2) of water for patients with focal ARDS in the
control group (table 3). In the control group, 52 (25%) of
204 patients had a prone-position session at least once
(appendix p 19).

Atday 90, 56 (27%) of 204 individuals died in the control
group and 53 (27%) of 196 died in the personalised group.
No significant difference between the two groups was
shown by univariate analysis (HR 0-96; 95% CI 0-66-1-4;
p=0-84; figure 2A) or multivariable analysis (HR 1-01;
0-61-1-66; p=0-98). There was no interaction between
recruitment manoeuvres and mortality (HR 0-9;

0-60-1-3; p=0-64) between the two groups. When the
interaction between recruitment manoeuvres and
mortality was assessed, taking into account lung
morphology, a positive interaction was recorded for
patients with non-focal ARDS (HR 0-63; 0-39-1-02;
p=0-062) and a negative interaction was recorded for
those with focal ARDS (HR 3-45; 1-4-8-5; p=0-019).
There was no significance difference in secondary
outcomes when combining all univariate and multi-
variable analyses, except rescue therapies (figure 3).

In a prespecified analysis taking into account
classification by experts, done for all enrolled patients
(correctly classified and misclassified), 90-day survival
was improved in the personalised group (n=196)
compared with the control group (n=204; HR 0-58; 95%
CI 0-37-0-93; p=0-024; appendix p 25) using a marginal
Cox model adjusted for misclassification (yes or no
categories). We found a significant interaction between
misclassification and randomised group allocation with
respect to the primary outcome (p<0-001). Thus, in
the subgroup analysis, the 90-day mortality of the
misclassified patients was higher in the personalised
group (26 [65%)] of 40 patients) than in the control group
(18 [32%)] of 57 patients; HR 2-8; 95% CI 1.5-5-1;
p=0-012). Mortality was lower in the personalised group
(29 [19%)] of 156 patients) than in the control group (58
[28%)] of 204 patients) for the correctly classified patients
(0-6;0-37-0-99; p=0-042), as established in the univariate
analysis (figure 2). In misclassified patients, we noted an
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A Intention to treat (n=400) B Per protocol (n=360)
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Personalised group 196 151 144 141 156 135 129 127
Control group 204 160 150 146 204 160 150 146
C control group (n=204) D Personalised group (n=196)
—— Focal correctly classi ed —— Focal correctly classi ed
-- Focal misclassi ed ---- Focal misclassi ed or misaligned
—— Non-focal correctly classi ed —— Non-focal correctly classi ed
---- Non-focal misclassi ed ---- Non-focal misclassi ed or misaligned
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o
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= 404 R T
g HR 2.03, 95% CI 1-58-2-63;
g p<0-001
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0 T T 1 T T 1
0 30 60 90 0 30 60 90
. Time after inclusion (days) Time after inclusion (days)
Number at risk
Focal correctly classi ed 51 42 42 41 67 61 58 56
Focal misclassied 6 6 5 2 9 2 2 1
Non-focal correctly classi ed 96 73 68 68 89 74 71 71
Non-focal misclassi ed 51 39 35 32 31 14 13 13

Figure : E ect of personalised ventilator strategy on overall survival at day 90

In patients classi ed as having focal ARDS at the time of randomisation, moderate PEEP associated with early prone position was implemented. In patients classi ed
as having non-focal ARDS at the time of randomisation, high PEEP associated with recruitment manoeuvres was implemented. (A) Survival as established by the
intention-to-treat analysis, considering all the patients, regardless of whether they were correctly classi ed or misclassi ed. (B) Survival as established by the
per-protocol analysis, only considering patients who were correctly classi ed in the intervention group. (C) Survival for patients with focal ARDS who were correctly
classi ed or misclassi ed and those with non-focal ARDS who were correctly classi ed or misclassi ed, ventilated according to the low-PEEP strategy (control group).
(D) Survival for patients with focal ARDS who were correctly classi ed or those with focal ARDS who were misclassi ed and who were misaligned with the ventilator
strategy, and patients with non-focal ARDS who were correctly classi ed or misclassi ed and who were misaligned with the incorrect ventilator strategy (personalised
group). A comparison of survival for patients correctly classi ed and misclassi ed on the basis of group randomisation is provided in the appendix (p 19).
ARDS=acute respiratory distress syndrome. HR=hazard ratio. PEEP=positive end-expiratory pressure.

interaction between focal lung morphology and mortality (pneumothorax in ve [2%] of 204 patients in the control
(HR 8:65; 1-43-52.18; p=0-019). According to the group vs ve [3%] of 196 patients in the personalised
factorial mixed-data analysis, the four groups that weregroup; p=0-63), uid loading in the rst 3 days (2277 mL
studied overlapped, showing that they could be consideredSD 1800] in the control group vs 2411 mL [2579] in the
similar at baseline (ie, non-focal correctly classi ed, focal personalised group; p=0-76), norepinephrine used, or
correctly classied, non-focal mislassied, and focal cardiac arrest was not di erent between groups (data
misclassi ed; appendix p 23). @Gmparison of baseline not shown). In the per-protocol analysis (without
characterstics, ventilator setting, and outcomes according misclassi ed patients from the personalised group;
to group and classi cation are displayed in the appendix gure 1), 90 day mortality was decreased from 56 (27%) of
(p 17). 204 patients in the control group to 27 (17%) of 156 in the

The causes of death and secondary outcomes arpersonalised group (HR 0-6; 95% CI 0-36-0-99;
summarised in the appendix (p 14). Barotrauma p=0-045; gure 2B).
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Discussion

classic low tidal volume ventilation applied independently

In patients with moderate-to-severe ARDS, ventilationof lung morphology. However, the investigators mis
that is personalised on the basis of patient lung classi ed lung morphology for 85 (21%) of 400 patients
morphology, as assessed by investigators at the time ofh both groups. High mortality was observed among the
study inclusion, did not modify mortality compared with misclassi ed patients for whom the misaligned ventilator

strategy was applied. Analysis of patients whose lung

Risk ratio (95% Cl) b valu morphology was correctly classied at inclusion (per-
protocol analysis) revealed a signicant increase in
Primary outcome survivalfor those in the personalised group. This nding
Mortality at day 90 suggests that misclassication of lung morphology
U"'I‘far'ef‘e — 0:960 (065910 1:398) 0831 | might have concealed a potential bene cial e ect of
m”ltfvarfaie; P ;'g;g ((8';5;: :O ;'sg 8'322 personalised mechanical ventilation on survival. This
ultivariate —— B R 0 0O ! . . .
reduction in mortality observed when lung morphology
Secondary outcomes . S . f
Mortality at day 28 and mechanical ventilation are aligned is concordant
Univariate e 1.020 (0701 10 1-483) 0-917 with what is expected by retrospective analysis of
Multivariate 1 —— 1.020 (071110 1.463) 0914 historical cohorts when post-hoc phenotyping is dorié.
Multivariate 2 e 0-560 (0-340 10 0-921) 0022 The approach by Calfee and colleagdess therefore
Rescue therapies absolutely valid; all patients with ARDS are not the same,
Univariate —— 0-610 (0-452 to 0-823)  0-001 and these dierent phenotypes need to be considered
Multivariate 1 e 0-580 (0-431 to 0-781) <0-001 when setting the ventilator or when choosing drugs for
Multivariate 2 —o— 0-620 (0-451t0 0-852)  0-003 these patients. However, prospectively phetyping
ECMO patients with ARDS is more di cult than expected, and
Univariate I — 1:040(0-371102917) 0941 | \when misclassi cation occurs and patients are not
m“:‘f"a'fate ; — T — g'zzg (g'jzz 0 2::3) g'i;i aligned with disease-speci ¢ strategies, clinicalitcomes
t t ® . -169 to 2- - .
wvariate (016910 2:347) are worse than they are when standard strategies are
Pneumothorax sed (low PEEP and low tidal volume)
Univariate 1-040 (0-308 to 3-514)  0-950 u . . ) .
Multivariate 1 0790 (0:319 10 3:657) 0-902 Because this is a negative study, both the choice of
Multivariate 2 o 1.350 (0-399 t0 4573) 0630 surrogate used for phenotyping and the algorithm for
Ventilator-associated pneumonia personalisation needs to be discussed. Lung morphology
Univariate —— 1.070 (0732 to 1.564) 0.727 has been extensively studied in the past 30 years in terms
Multivariate 1 — 1.030 (0-709 to 1-497)  0-877 of response to PEEP and alveolar recruitment®
Multivariate 2 —— 1-010 (0-678 to 1:505)  0-961 Because we had 20 centres, we chose lung morphology
55 T P— " for simplicity to assess alveolar recruitment and
-0- —0- 1. . g . . . . . .
) > > > hyperin ation rather than using quantitative analysis,
Favours low-PEERFavours lung which would mean the use of two slices at two di erent
strategy morphology levels of pressure. Characterisation of lung morphology
Risk ratio (95% Cl) pvalue Cannot be reproduced retrospectively and sta at centres
: might not be suciently trained in assessing lung
Time to RASS 0t -1 morphology, which are limitations of using lung
Univariate —— ~0-850 (-1-575 10 ~0-125)0-022 morphology to phenotype ARDS. We used lung
Multivariate 1 —— —0-890 (-1-615 to —0-165)0-016 .
- morphology as a surrogate for phenotyping ARDS for
Multivariate 2 —o— —0-980 (~1.735 to —0-225)0-011 ) ) )
. ) - several reasons. First, evidence suggests that patients
Time spentvith Pe0,:FiQ <200 mm Hg K A .
Univariate 0960 (1650 to ~0-270)0-006 with focal ARDS did not have alveolar recruitment,
Multivariate 1 —— —0-960 (-1-650 to —0-270)0-006
Multivariate 2 e —0-880 (~1-610 to —0-150)0-018
Time to pressure-support ventilation ) . . .
Univariate 0570 (1160 to 0-020) 0-058 Figure : Primary and secondary outcomes of patients treated on the basis of
o lung morphology versus low-PEEP strategy
Mu“fvarfate 1 ¢ ~0540 (-1135 0 0-055) 0-075 Univariate and multivariable intention-to-treat analyses of the primary and
Multivariate 2 —0— —0-570 (1200 to 0-060) 0-076 secondary outcomes done in the overall population (400 patients). Two models
Ventilatory-free days were used for the multivariable analysis, with and without the misclassi ed
Univariate ——— 0-510 (-0-675 to 1-675) 0-391 variable. Note that time to RASS 0 to —1 is the time between study enrolment
Multivariate 1 _le 0-500 (~0-675 to 1.675) 0-404 and achievement of light sedation, de ned by a score on the RASS between 0
Multivariate 2 | 0-670 (-0-580 t0 1-920) 0-293 and -1 according to the study protocol. Time to pressure support ventilation is the
time between study enrolment and the switch from volume control ventilation to
5 ) 5 3 ) pressure support ventilation. Ventilator-free days is the number of days a patient
< > was alive and free of mechanical ventilation at day 30. ARDS=acute respiratory
Favours lung  Favours low-PEEP distress syndrome. ECMO=extracorporeal membrane oxygepiiacti¢hio
morphology  strategy of inspired oxygen. Ragartial pressure of arterial oxygen. PEEP=positive
end-expiratory pressure. RASS=Richmond Agitation and Sedation Scale.
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whereas those with non-focal ARDS di#** Second, However, the use of adjunctive therapies in this trial is in
from a pathophysiological point of view, non-focal ARDS line with available international datd.One of the main
is di erent from focal ARDS in terms of epithelial injury, limitations was the high number of patients whose lung
as highlighted by the receptor for advanced glycationmorphology was misclassi ed by the investigators. This
end-productspathway? This epithelial injury is related to issue was not anticipated, based on our previously
alveolar clearance, which might be the endotype thatpublished studies®*“ but it could be explained by the
underlies these two phenotype$?**Whether or not investigators’ experience, the low number of CT scans, or
non-focal and focal ARDSare related to Calfee’s the method used. During training sessions of
phenotype is not known, although associated mortality investigators, we did not check that all investigators were
and response to PEEP are similar for both types. present, and we did not formally establish the ability of
The overall mortality of the patients included in investigators to assess lung morphology on dierent
this trial was lower than that previously published examples of both types of ARDS. To decrease the
for randomised controlled trials and prospective proportion of misclassi cations, more formal training
cohortst*#44However, the patients in the present study could have been set up. CT scans for all patients with two
had similar amounts of hypoxaemia and multiorgan slices could have been used, one with a PEEP of 5 cm of
dysfunction as patients in previous studie¥®*# water and the other with a PEEP of 45 cm of water with
A speci ¢ characteristic of this study was early inclusion quantitative analysis! We made the choice of lung
of patients (within the rst 12 h of ARDS onset) morphology for simplicity, avoiding quantitative analysis,
compared with the timeframe for inclusion in other but unfortunately it seems mandatory to perform such an
trials (up to 72 hy#*44 Early standardisation of analysis to quantify alveolar recruitment and hyper
mechanical ventilation might explain the di erences in ination without misclassi cation. In daily practice,
mortality between the present study and previously avoiding this type of misclassi cation isprobably easier
published cohort studies:*Notably, in the present study, than a trial setting, because response to the rst
overall mortality was close to that reported in the recruitment manoeuvres is of high interest to characterise
PROSEVA tria® in which the mean time from patients® and other tools can be used at the patient's
intubation to inclusion was around 32 h. The present bedside, such as lung ultrasound$ electrical impedance
trial has another strength, insofar as it is the rst to tomography;® and functional residual capacity measure
investigate the e ects of personalised ventilator settings ment”” to help physicians personalise the ventilation
on mortality. In patients with ARDS, e ective adjustment strategy. In this trial, assessment of lung morphology
of PEEP on the basis of the physiological features ofvas done only on CT scans or chest x-rays before
individual patients has been dicult to achieve. For randomisation. Characterisation of lung morphology
example, in the ARDSNet studyof low tidal volume could not be modied according to haemodynamic
ventilation, PEEP and FiQwere adjusted according to tolerance or changes in PaQand lung compliance
arterial oxygenation without considering chest wall or following the rst recruitment manoeuvres. Nevertheless,
lung mechanics, and PEEP had no e ect on survival. the present study’s results highlight recommendations
These results have been supported by other studieihe for better personalisation of mechanical ventilation in
Expiratory Pressure Study Group tri&l was the rst ARDS, given that higher mortality was observed in the
study to personalise PEEP according to respiratorymisclassied patients when the applied ventilatory
mechanics; the treatment led to improvements in strategy was misaligned than in patients aligned with
ventilator-free and organ-failure-free days, oxygenationyentilatory strategy Another limitation caused by
and respiratory-system compliance, but showed nosimplication of the algorithm is related to the use of
signi cant e ect on survival. More recently, applying neuromuscular blockers and prone position in all patients
high PEEP and recruitment manoeuvres to patients with with a PaQ:FiO, ratio of less than 200 mm Hg, and not in
moderate-to-severe ARDS was associated with improvethose with a ratio of less than 150 mm Hg, as highlighted
oxygenation, but increased mortality. These results by the results of two large trial$*We made the choice of
might be due, at least in part, to the inclusion of patients simplicity, sedation, neuromuscular blockers, and prone
with focal ARDS and non-focal ARDS, without position for all included patients; we could have selected
consideration of their di erences in terms of predicted only patients with a PaQFiO, ratio of less than
mortality and distinct responses to PEEP and recruit 150 mm Hg, but we followed the Berlin de nition.
ment manoeuvrest’# Nevertheless, prone position was not harmful for patients
This trial has several limitations. First, our study is with a PaQ:FiO, ratio of 100-200 mm Hg according to
open label, as are all other trials on this topic, andthe ndings of Taccone and colleague8. For
performance bias might have generated di erences in neuromuscular blockers, we have no evidence to support
the use of adjunctive therapies. We tried to reduce thesdheir use in patients with a PaQFiO, ratio of
biases by using a precise algorithm. Unfortunately 150-200 mm Hg. In our trial, neuromuscular blockers
adherence to the protocol was not perfect, as highlightedwere stopped as soon as PaBiO, was higher than
by the low proportion of patients who had CT scans.200 mm Hg for 4 h.
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The misclassi ed patients in this study support an estimated the mortality in the control group, and 5% of
old but unproven concept? Although numerous the recruited patients were excluded before analysis
physidogical studies have shown that lung morphology because of violation of eligibility criteria. When we
is a strong predictor of response to PEEP setting ordesigned our study, the most recent data available were
recruitment manoeuvres in terms of changes in from Papazian and colleague¥, a study in which
oxygenation, recruited volume, or hyperin ation{**to mortality was 31% in the interventional group and
our knowledge, this trial is the rst to investigate 40% in the control group. We hypothesised that
mortality. When used for patients with non-focal ARDS, mortality in our study would be just higher than that in
high PEEP and recruitment manoeuvres decreasethe interventional group. In hindsight, we should have
mortality, as does high tidal volume, low PEEP, andrecalculated the sample size before beginning the study,
prone position for those with focal ARDS. However, or we should have done an interim analysis to modify
when mechanical ventilation is not aligned with the number of patients to be enrolled. The reduction in
phenotype (eg, high tidal volume and low PEEP formortality planned by Papazian and colleaguéswas
patients with non-focal ARDS or high PEEP and 15%, and a 10% decrease in mortality was observed; we
recruitment manoeuvres for patients with focal ARDS), therefore hypothesised that mortality would be located
mortality increases substantially. The distribution of between these two values in our LIVE trial.
lung morphology (70% non-focal ARDS and 30% focal In conclusion, this trial's ndings suggest that
ARDS in dierent cohorts)®“ might explain the personalisation of mechanical ventilation based on lung
negative results reported in previous studi€ss* morphology, without quantitative analysis of alveolar
Moreover, mortality among these distinct ARDS recruitment, did not improve 90 day mortality in patients
phenotypes is dierent!** and an imbalance in the with ARDS. These results might be explained by a
distribution of the two phenotypes at study inclusion high proportion of misclassi ed patients. When lung
might change the study results. The PROSEVA trial morphology is correctly assessed, mortality might
investigating prone position does not contradict our decrease with personalised strategies in patients with
study’s hypothesis. The intervention group of the moderate-to-severe ARDS. However, when personal
PROSEVA trial received low PEEP and prone positionised ventilation is misaligned with lung morphology,
(the same as the personalised approach of the focamortality increases substantially, suggesting a harmful
ARDS group in our trial) and the control group of the e ect of open-lung ventilation in patients without
PROSEVA trial were equivalent to the non-focal ARDSalveolar recruitment.
patients of the intervention group in our trial. The contributors
PROSEVA trial showed that prone position saves livesJ-MC and EF conceived of and designed the study. J-MC, MJ, J-YL, SJ,
and the algorithm they used is similar to our own. J-PQ. OL, MF, FG, PS, CI, BV, BS, TU, SL, FL, ML, NE, CD-F, HD, KA,

. R ; R . . AS, GC, LM, J-EB, AM, LB, J-JR, BP, J-MG, and EF acquired, analysed,
C0n5|de”ng the morta“ty among misclassi ed patlents or interpreted the data. IMC, MJ, EF, and BP created the rst draft of the

in the present study, it seems worse to ventilate amanuscript. -MC, ML, J-YL, SJ, J-PQ, OL, MF, FG, PS, Cl, BV, BS, TU,

patient with focal ARDS with high PEEP and low tidal SL, FL, ML, NE, CD-F, HD, KA, AS, GC, LM, J-EB, AM, LB, J-JR, BP,

volume (which was done for the patients with focal J-MG, and EF provided crucial revision for important intellectual content
. . . . and gave nal approval of the manuscript. LB and BP were charged with

ARDS in the ART S,Iwathan to ventilate patlents.v.wth data management. BP did the statistical analysis. J-MC and LB were

non-focal ARDS with low PEEP and prone positioh. tasked with administrative, technical, or material support. J-MC

However, when a misaligned strategy is used, regard supervised the study.

less of the ARDS phenotype, mortality increases peclaration of interests

signi cantly, as indicated by a signi cant interaction J-MC reports personal fees and non- nancial support from Drager,

between the study groups and the misclassi cation of GE He_althcare, Sedana Medical, Baxte_zr, and A_momed_, personal fees
Iung morphology from Fisher and Paykel Healthcare, Orion, Philips Medical, and

. . . . . . Fresenius Medical Care, and non- nancial support from LFB,
One could question why misclassi ed patients in this and Bird Corporation, outside of the submitted work. EF reports

study were onlyremoved in the personalised group. In personal fees from Edwards Lifesciences, Drager, General Electric
this study, the misclassi ed patients were not removed Healthcare, Fresenius Kabi, Fisher and Paykel Healthcare, and Baxter,
outside of the submitted work. MJ reports grants from the Conseil

from the control group because they were not Régional dAuvergne, the Agence Nationale de la Recherche, and the

misaligned with the ventilator setting; ventilatory birection Générale de 'O re de Soins during the conduct of the study.

strategy was unrelated to lung morphology in the KAreports personal fees from Baxter, LFB, Fresenius, and Fisher and

control group. Notwithstanding, when we removed Paykel Healthcare, outside of the submitted work. SJ reports personal
. - . fees from Drager, Fisher and Paykel Healthcare, Xenios, and Baxter,

misclassi ed patients from the control group for outside of the submitted work. ML reports grants from P zer, Amomed,

methodological reasons, the dierence in 90 day Baxter, and MSD, outside of the submitted work. All other authors

mortality between the personalised and control group declare no competing interests.

remained the same, but the dierence was not Data sharing

signi cant in this case because of the smaller number Data collected for the study, including individual participant data,

of patients analysed. our study is underpowered data dictionary de ning each eld in the set, and study protocol will

7 . . be made available to others. Data will be communicated as de-identi ed
because the original sample size calculation over
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participant data according to French law, and will be available after
publication of the manuscript. Data are stored at the Direction

de la Recherche Clinique, University Hospital of Clermont-Ferrand,
Clermont-Ferrand, France. Data requests should be address to

Dr Bruno Pereira (bpereira@chu-clermontferrand) who will send
the data after receipt of a signed data access agreement.
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