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The Berlin Definition of ARDS

JAMA. 2012;307(23):2526.



Pathophysiology of ARDS – Alveolus

N Engl J Med 2017;377:562.

Exudative     →        Proliferative →      Fibrotic



Diffuse Alveolar Damage

open lung biopsies or autopsies have found that only approximately one-half 
of the patients with ARDS also have DAD

Intensive Care Med 2016;42(5):674. 
Ann Am Thorac Soc. 2017;14(6):844.



The “Baby Lung”– not Stiff but Small

Intensive Care Med 2016;42(5):663.
Intensive Care Med 2005;31(6):776.



Regional Inhomogeneity in ARDS

End-expiration End-inspiration

Overdistension
Stretched

Excessive stress 
between atelectatic
and aerated alveoli

Repeated 
opening and closure

Lancet 2003;361(9354):332.
Clin Chest Med 2000;21(3):491.

Stretch injury

Shearing force

heterogenous mechanical properties of aveoli



Stress is Raised in Inhomogeneous Lung

Normal lung

Am J Respir Crit Care Med. 2019;199(1):128.

Inhomogeneous Lung

A stress raiser: a collapsed or consolidated portion 
that does not participate in ventilation



Stress and Transpulmonary Pressure

• Stress: the distending force of lung to generate tidal volume

• The difference between airway (PAW) and  pleural pressure (PPL)

• Surrogate: plateau pressure

N Engl J Med 2013;369:2126.



Strain and Driving Pressure

• Strain

• A change in the dimension of a structure from its original dimension.

• ΔV/FRC

• Ratio of volume change(ΔV) to the functional residual capacity (FRC)

FRC End-Insp.

Surrogate: Driving Pressure (Plateau Pressure – PEEP)



ΔP is Proportional to Lung Strain.

Driving pressure (ΔP)
Plateau pressure (Pplat)
Positive end-expiratory pressure (PEEP)
Transpulmonary pressure (ΔPL)
Trans-chest wall pressure (ΔPcw)
Respiratory system compliance (CRS)
Tidal volume (VT)

Anesthesiology. 2019;131(1):155.



Ventilator-Induced Lung Injury

Lancet. 2003;361(9354):332.



Physical Forces in VILI

N Engl J Med 2013;369:2126.



Biologic Forces in VILI 

N Engl J Med 2013;369:2126.



Mechanical Ventilation in ARDS

• ARDS: not a single disease entity, but a syndrome

• Treat underlying cause of ARDS

• Supportive care

• MV: the cornerstone of treatment in ARDS

• Gas exchange↑, work of breathing↓: buy time to recover

• Understanding of the pathophysiological abnormalities of ARDS

• Strategy to mimimize lung injury: reduce stress and strain



MV Strategies in Patients with ARDS

• Lung Protective Ventilation

• Optimal PEEP

• Driving Pressure

• Recruit Maneuvers

• Prone Positioning



Lung Protective Ventilation

• The mainstay of ventilatory management of ARDS

• Lower tidal volume (4-8 mL/kg of predicted body weight)

• Lower inspiratory pressure (plateau pressure <30cmH20)

Am J Respir Crit Care Med. 2017;195(9):1253.



Protective Ventilation Strategy

NEJM 1998;338(6):347-54.



ARMA Trial

NEJM 2000;342:1301.



ARDS Network Ventilation Protocol

• 10 center trial of 861 patients with ALI/ARDS prospectively 

randomized to 6 vs 12 ml/kg PBW*

• PEEP based on FiO2, with PaO2 goal of 55-80 mmHg.

• PPlat Goal ≤ 30 cm H20

• pH Goal : 7.30-7.45

*PBW = 50 + 0.91 [Ht (cm)-152.4] (male)

PBW = 45.5 + 0.91 [Ht (cm)-152.4] (female)

NEJM 2000;342:1301.



Main Results: An increase of 1 ml/kg PBW in initial tidal volume was associated 
with a 23% increase in ICU mortality risk (adjusted hazard ratio, 1.23; 95% confidence 
interval [CI], 1.06–1.44; P = 0.008)

Conclusions: Higher tidal volumes shortly after ARDS onset were associated with a 
greater risk of ICU mortality compared with subsequent tidal volumes.

Am J Respir Crit Care Med. 2015;15;191(2):177.



Adjustment of PEEP

• No single PEEP strategy has proven to be ideal.

Lancet. 2003;361(9354):332.

“double-edeged sword”

Hysteresis



PEEP – Clinical Trials

• ALVEOLI (NEJM 2004): higher vs. lower PEEP

• EXPRESS (JAMA 2008): high-PEEP, low-tidal volume strategy

• LOVS (JAMA 2008): high PEEP, low tidal volume, and recruit 

maneuvers





Higher vs. Lower PEEP



Conclusion: Treatment with higher vs lower levels of PEEP was not associated with improved 
hospital survival. However, higher levels were associated with improved survival among the 
subgroup of patients with ARDS.

JAMA 2010;303:865 



Esophageal Pressure Guided PEEP

Transpulmonary pressure (PL)

= Airway pressre (Paw) – Esophageal pressure (Pes)

Am J Respir Crit Care Med. 2017;196(7):822.



Am J Respir Crit Care Med. 2017;196(7):822.

PEEP levels were set to achieve a transpulmonary pressure of 0 to 10 cm of water at end 
expiration, according to a sliding scale based on the partial pressure of arterial oxygen (PaO2) 
and the fraction of inspired oxygen (FiO2)



https://youtu.be/GH1rtU-1hJc https://youtu.be/RpjEmUgSwwI

https://youtu.be/GH1rtU-1hJc
https://youtu.be/RpjEmUgSwwI




EPVent-2 Study Group

JAMA. 2019;321(9):846.



Ideal PEEP – Low VT and Best Cstat

Am J Respir Crit Care Med. 2017;195(11):1429.



Driving Pressure

• ΔP = Pplat – PEEP

• Pressure needed to overcome elastic recoil of respiratory 

system as VT is inflated.

• Reflect pressure load due to tidal ventilation

• Strain = ΔV/FRC ≒ ΔV/ CRS



3562 patients with ARDS enrolled in nine 
previously reported randomized trial.

ΔP as an independent variable associated 
with survival.

ΔP <14 cmH20

N Engl J Med 2015;372:747-55.

Even below the median driving pressure of 14 cm H2O, 
there is still a significant risk of death in the hospital!



Driving Pressure and Risk of Death 
in LUNG-SAFE Study

JAMA. 2016;315(8):788-800.



Several Methods can Reduce
Driving Pressure

• Reduction of tidal volume

• Optimization of PEEP

• Recruitment maneuvers

• Neuromuscular blockade

• Prone positioning

Crit Care. 2015;19(1):342.
Curr Opin Crit Care. 2017;23(1):38-44.



Adjusting ventilatory parameters 
according to driving pressure

Critical Care 2017;21:199



Recruit Maneuvers

Crit Care Med 2001;29(6):1255. 

Sustained increase in pressure with the goal of 

opening as many collapsed lung units as possible 



Multicenter, randomized trial 
conducted at 120 ICUs from 9 countries

RM and PEEP titration group (n = 501) 
vs. low PEEP (n = 509)

55.3%

49.3%

JAMA. 2017;318(14):1335.



35 ICUs located in five countries

Am J Respir Crit Care Med. 2019;200(11):1363.



Recruitment to Inflation (R/I) Ratio

• Balance between recruitment and overinflation

• Associated with better oxygenation

• Assess lung recruitability

• Recruiters vs. nonrecruiters

Am J Respir Crit Care Med. 2020 ;201(2):178-187.



Am J Respir Crit Care Med. 2020 ;201(2):178-187.

The recruitment-to-inflation ratio correlated 
with both oxygenation at low PEEP and the oxygenation response



Prone Positioning

• PROSEVA trial and meta-analysis

• Improved oxygenation and survival

• Improved survival is not mediated through improved oxygenation

• Due to a more even distribution of volume and distention forces 

across the lung, leading to a reduction of VILI

J Clin Med. 2022;11(2):319.



Intensive Care Med 2010;36:585.



Prone Positioning in Severe ARDS

The PROSEVA Study Group

• Multi-center, prospective RCT

• 446 patients

• 237 prone, 229 supine

• Severe ARDS

• P/F ratio <150

• FiO2 ≥0.6

• PEEP ≥5 cmH20

• Early application of prolonged prone session

• At least 16 consecutive hours/day

N Engl J Med 2013;368:2159-68.



J Clin Med. 2022;11(2):319.



Intensive Care Med. 2012;38:1573.



Fundamental Elements 
of Initial ICU Care for Patients with ARDS

Lancet 2021;398:622



JAMA. 2016;315(8):788.

35.1% received a TV >8 mL/kg PBW Plateau pressure was measured in 40.1%.



Prone positioning

16.3% of patients with severe ARDS.

JAMA. 2016;315(8):788.

2/3 within the limits for protective ventilation




