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Ventilation Mécanique Protectrice
Pourquoi et Comment ?



• Consultant : Dräger Medical, GE Healthcare

• Intervenant (congrès) : Fisher & Paykel Healthcare, GE Healthcare, 

Dräger Medical, Baxter, Getinge

• Support technique : Draeger Medical, GE Healthcare

• Déclaration / Liens d’intérets



Ventilation Mécanique Protectrice

Objectif :

Limiter ou, idéalement prévenir, les lésions 

pulmonaires induites par la ventilation mécanique 

(VILI, Ventilator-Induced Lung Injury)



• Volotrauma (tidal overdistention)
- Excessive end-inspiratory lung volume

• Atelectrauma
- Shear forces resulting from cyclic opening and collapse of atelectatic but recruitable lung 

units

• Barotrauma
- Alveolar rupture due to elevated transalveolar pressure (pneumothorax)

• Biotrauma
- Translocation of mediators, bacteria, or lipopolysaccharide from the airspaces into the 

systemic circulation

Lung injury affecting the airways and parenchyma caused by (or exacerbated by) 

mechanical ventilation:

Ventilator-induced Lung Injury (VILI)



Slutsky AS, Ranieri VM. N Engl J Med 2013;369:2126-2136
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(FRC)

• Stress: force/area

• Strain: change in the dimension of a 

structure from its original dimension

• Volumetric strain: volume change (ΔV) 

relative to resting (initial) lung volume 

(functional residual capacity, FRC)

• Strain = ΔV / V0 = ΔV / FRC

• Strain = ΔV / V0 = (VT + ΔVPEP / FRC)

Stress = k × Strain

(k: specific elastance)
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Stress = transpulmonary pressure (Ptp)

Stress = Palv - Ppl

Stress and Strain



Strain = 
VT

EELV

• VT alone does not determine risk of lung injury 
• (because it does not take into account the starting volume of the lung to which it is applied)

• Low VT ventilation may lead to derecruitment and atelectasis

• Restoring EELV is critical to preventing lung injury

Stress and Strain

• ↓ EELV: ↑ Strain

• ↓ VT: ↓ Strain

(k: specific elastance)
(Stress = k × Strain) 



ARMA trial
N=861 ARDS patients

Trial stopped after the fourth interim analysis



IMPROVE trial

• N=400 abdominal surgery patients
•

• Intervention:

- Non-protective ventilation

- VT 10-12 ml/kg PBW, no PEEP, no RM

- Lung-protective ventilation

- VT 6-8 ml/kg PBW, PEEP 6-8 cmH2O, repeated RM
-

• Primary outcome: Composite of pulmonary and non-

pulmonary complications within 7 days after surgery

N Engl J Med 2013;369:428-37

Adjusted RR 0.45, 95%CI 0.28-0.73 (P<0.001)
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Fig. 3 Distributions of (a) VT with PEEP, (b) VT with DP

Patients at increased risk of PPCs received higher VT (ml/kg PBW)

A combination of low VT ventilation and PEEP (>5 cmH2O) used in a minority of patients

Local ASsessment of VEntilatory

management during General Anaesthesia for 

Surgery (LAS VEGAS study)

• Multicenter prospective study (146 centers)

• 9864 patients over a period of 7 consecutive 

days

• Primary outcome: Incidence of patients at 

increased risk of PPC 

• (ARISCAT score ≥ 26 pts): 28.3%





Question Statement/recommendation

1.2 Use of low-tidal-volume protective-ventilation strategy (6-8 ml kg-1 PBW).

2.2
We recommend that the ventilator should initially be set to deliver VT ≤6-8 ml/kg PBW

and PEEP of 5 cmH2O.

ZEEP is not recommended.

Table 1 Recommendations and statements

Consensus: 86%          Quality of evidence: Moderate          Strength of recommendation: Strong



Low VT

Low PEEP

Dynamic strain = VT / (EELV PEEPlow + VRec PEEPhigh-PEEPlow)

Normally aerated Atelectasis Overinflation

EXPIRATION INSPIRATION

High VT

Low PEEP

Anesthesiology 2015; 123:692–713

VILI: Dynamic and Static Strain

Lung volume can be dynamically increased by VT (dynamic strain)



Low VT

High PEEP

EXPIRATION INSPIRATION

Low VT

Low PEEP

High PEEP does not benefit all patients and may generate overinflation with lung 

injury in already open alveoli (static strain)

Static strain = Vol PEEPhigh / (EELV PEEPlow + VRec [PEEPhigh-PEEPlow]) 

VILI: Dynamic and Static Strain

Normally aerated Atelectasis Overinflation
Anesthesiology 2015; 123:692–713



Optimizing the Settings on the Ventilator Settings

High PEEP for All?

Ary Serpa Neto,MD, MSc, PhD; Marcus J. Schultz, MD, PhD

March 21, 2017

JAMA. Published online March 21, 2017. doi:10.1001/jama.2017.2570



Higher vs Lower PEEP levels

PROVHILO study (2014) PROBESE study (2019)



PROVHILO study

• Multicenter, double-blind, parallel-group RCT

• N=894 patients with intermediate or high risk of PPCs

• Intervention: Fixed PEEP levels of 12 cmH2O vs ≤2 cmH2O

• Primary endpoint: composite of PPCs within 5 days after 

surgery

40% vs 39% (RR 1.01, 95% CI 0.85–1.20; p=0.84)

Lower PEEP group (≤2 cmH2O)

Higher PEEP group (12 cmH2O)





PROBESE trial

• RCT (N=2013 adults with BMI ≥ 35 kg/m2, abdominal 

surgery)

• Intervention:

• - High PEEP group: 12 cmH2O of PEEP + RM

• - Low PEEP group: 4 cmH2O of PEEP

• Primary outcome: A composite of PPCs within the first 

5 postoperative days

• 21.3% vs 23.6%; risk ratio 0.93 (95%CI, 0.83-1.04)

JAMA. 2019;321(23):2292-2305



JAMA. 2019;321(23):2292-2305





Question Statement/recommendation

2.3
PEEP should be individualized to the patient in order to avoid increases in 

driving pressure (Pplat - PEEP) whilst maintaining a low VT.

Table 1 Recommendations and statements

Consensus: 100%          Quality of evidence: Low          Strength of recommendation: Strong



PEEP

Peak pressure (Pmax)

Plateau pressure (Pplat)

∆P = Pplat - PEEP

Driving pressure (∆P): Pplat − PEEP 
(an index indicating the “functional” size of the lung)

Crs = VT / (Pplat - PEEP), thus ∆P = VT / Crs

(objective : ∆P ≤ 13-15 cmH2O)

Insp Exp



Lors d’une EIO, Paw, EIO (donc Pplat) = PEEP + (Ers × VT)

Paw (cmH2O)

Flow (l/min)

Palv

Pplat

Pmax = Ppeak

PEEP

Pression de plateau : Pplat

Mesures statiques pour le système respiratoire
•

Paw = (Ers × Vinsp) + (Rrs × V) + PEEPtot



BMJ 2015;351:h3646

Hospital based registry study 

69265 consecutive surgical patients who underwent 

general anesthesia between January 2007 and 

August 2014 at 3 hospitals (USA) Plateau pressure (cmH2O) Driving pressure (cmH2O)



Dose-Response Relationship 

between Driving Pressure and PPC

PROVE Network. Lancet Respir Med 2016,4:272-80

Metanalysis of individual patient data from 17 RCTs (2250 patients)



• Single center RCT

• N=148 patients - Open upper abdominal surgery

• Randomization 1:1 to

• Fixed PEEP 6 cmH2O

• Individualized PEEP titration (an increment of 2 cmH2O for 

every 8 minutes from 0 to 14 cmH2O) to identify the optimal 

individualized PEEP that resulted in minimum driving 

pressure

• Primary outcome: incidence of clinically significant PPCs 

(grade 2+) within the first 7 postoperative days

• 32.8% vs 62.7%; RR 0.619 (95%CI 0.435–0.881), p=0.006

Anesth Analg 2021;133:1197–205



0

Total PEEPPause

Peak dynamic pressure (Ppeak)

Static end-inspiratory pressure (Pplat)

VT

Dynamic

elastic

Static elastic

Pres

∆P = Pplat - PEEP

0

Total PEEPPause

Peak dynamic pressure (Ppeak)

Static end-inspiratory pressure (Pplat)

VT

Pres

∆P = Pplat - PEEP

Energy

Passive condition and constant flow

Energy per breath Mechanical power components

Ventilator-causes of lung injury: Mechanical Power (MP)

MP (Joules/min) = 0.098 × RR × VT × [PEEP × (0.5 ∆P) × (Ppeak - Pplat)]  

- Static elastic MP (related to PEEP) = 0.098 × RR × VT × PEEP

- Dynamic elastic MP (related to ∆P) = 0.098 × RR × VT × (0.5 ∆P)

- Resistive MP (related to Pres) = 0.098 × RR × VT × (Ppeak - Pplat)  



Fig. 4 Association of mechanical power and postoperative reintubation. Fig. 5 Adjusted absolute risk of postoperative respiratory failure requiring 

reintubation within 7 days for different thresholds of increases in MP over time 

during surgery





Strain = 
VT

• VT alone does not determine risk of lung injury 

• (because it does not take into account the starting volume of the lung to which it is applied)

• Low VT ventilation may lead to derecruitment and atelectasis

• Restoring EELV is critical to prevent lung injury

Stress and Strain

• ↓ EELV: ↑ Strain

• ↓ VT: ↓ Strain EELV

(k: specific elastance)
(Stress = k × Strain) 



Editorial

Open up the lung and keep the lung open

B Lachmann

Department of Anesthesiology, Erasmus University Rotterdam, The Netherlands

"there is only one rational concept to preserve lung integrity:

open up the whole lung and keep it totally open, with the least

influence on the cardiocirculatory system."

Intensive Care Med 1992; 18: 319-21



Question Statement/recommendation

5.5
PEEP should be individualised after an ARM to avoid both alveolar

overdistention and collapse.

Table 1 Recommendations and statements

Consensus: 71%          Quality of evidence: Low          Strength of recommendation: Weak



• A compromise between 

overdistension and collapse 

• High PEEP might result in 

more hyperdistension than 

collapse whereas low PEEP 

might result in more collapse 

than hyperdistension



Suarez-Sipmann F et al. Crit Care Med 2007; 35:214–221

Changes in compliance (C,rs) during a decremental PEEP titration trial

Low compliance

= Overdistension
Low compliance

= Alveolar re-collapse
Highest compliance

= Optimal PEEP



Suarez-Sipmann F et al. Crit Care Med 2007; 35:214–221

Changes in compliance (C,rs) during a decremental PEEP titration trial



Single Step

Multi Step

STANDARD

Adjust

Settings

Close

Set the preset.

Recruitment Maneuver

Select the PEEP setting

to use on exit

Start

Adjust

settings

Procedure 1

5
PEEP 

on exit

Adjust the fresh gas flow to prevent bellows collapse⚠️

Individualized PEEP titration 
(multistep procedure)

45
cmH2O

0 120 s

Step

∆P

PEEP

Breaths

I:E

RR

1 2 3 4 5

10 10 20 10 10

5 10 20 10 5

5 5 5 510

1:2 1:2 1:2 1:2 1:2

15 15 15 15 15RR

(Ventilator GE Healthcare Carestation 750)



Question Statement/recommendation

3.3
After intubation, FiO2 should be set to ≤0.4. Thereafter, use the lowest possible 

FiO2 to achieve SpO2 ≥94%.

Table 1 Recommendations and statements

Consensus: 100%          Quality of evidence: Very low          Strength of recommendation: Weak



Take Home Messages



• CPPs restent une problématique commune en

pratique clinique quotienne

• Des réglages inappropriés du ventilateur

contribuent au risque de CPPs



• Les recommandations suggèrent l’utilisation d’une

stratégie de ventilation protectrice au bloc 

opératoire

• Les réglages initiaux du ventilateur devraient inclure

un VT de 6-8 ml/kg PIT et une PEEP de 5 cmH2O

• Réglage de la PEEP idéalement individualisé

après un recrutement alvéolaire
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