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Definition of ALI/ARDS

• Acute onset
• Bilateral infiltrates on CXR
• PCWP ≤ 18cmH2O; or no left side heart heart failure
• Hypoxemia

– If PaO2/FiO2 ≤ 200 Acute respiratory distress syndrome (ARDS)
– If PaO2/FiO2 ≤ 300 Acute lung injury (ALI)

AECC 1994



Berlin Definition

JAMA. 2012;307(23):5669



Epidemiology-Do we underestimate?

N Engl J Med 2005;353:1685-93.
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Lung Safe Study
Global Epidemiology of ARDS

• international, multicenter, prospective cohort study in winter 2014
– 459 ICUs from 50 countries

• 10.4% (3022/29144) fulfilled ARDS criteria.
• Underrecognized

– Clinician recognition of ARDS only 60%

• Undertreated
– Less than 2/3 Vt < 8 of mL/kg.
– Pplat measured in 40.1%, whereas 82.6% PEEP < 12 cm H2O.
– Prone positioning was used in 16.3% of severe ARDS.

• High mortality
– Hospital mortality, mild 34.9%, moderate 40.3%, severe 46.1%.

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



Pathogenesis of 
ALI/ARDS

NEJM 2000



Pathology

NEJM 2000



Resolution of ARDS/ALI

NEJM 2000





Common Causes of ARDS

Direct Lung Injury
• Pneumonia

• Aspiration of gastric content

• Pulmonary contussion

• Fat embolism

• Near-drowning

• Inhalation injury

• Reperfusion injury after transplantation, 
pulmonary lobectomy

Indirect Lung Injury
• Sepsis
• Severe trauma with shock and 

multiple transfusion
• Cardiopulmonary bypass
• Drug overdose
• Acute pancreatitis
• Transfusion of blood prodcuts



Brief History
• Mr. Y, 28 y/o
• Productive cough, purulent 

sputum for 4 days
• 5/27 OPD 11:20am

– Respiratory distress
– SaO2 88%, O2 canula 6l/min

• 11:56 ER
– BP 91/56mmHg, HR 117/min, 

RR 35/min, BT 36℃
– Rhonchi bilateral 

970527

11:19am



Admission to ICU
• 5/27 5PM RICU

– APACH II score 20

– Fluid resuscitation

– Ceftriaxone + Erythromycin

– ARDS
• Protective ventilatory strategy

– Vt 360ml, PEEP 20cmH2O, 
RR 26/min

• Prone position ventilation

970527

17:53pm
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Chest X-Ray
Transfusion-related acute lung injury (TRALI)

March 18, 2010 March 25, 2010

18



Case
• 陳ＸＸ, 1745684H, 41 y/o female

• Pregnancy 32 weeks, Triplet pregnancy by IVF, G3P0AA0, SA2

• Pre-eclampsia

– Hypertension, Edema, Proteinuria

• Threatened preterm labor



Hospital Course
• Oct 07, 2010, 5:30 am emergent CS

• Massive blood loss and transfusion

• Refractory hypoxemia and admission to RICU

– FiO2 100%, SpO2 88%

– Vt 270 ml, PEEP 22, Ppeak 34, Pplat 32 cmH2O

– C.O. 3.55 L/min, C.I. 1.92 L/min/m2, PCWP 17 cmH2O



Oct 07 Oct 11 Oct 13



Barotrauma, not Just Air Leak
Normal 5 MIN 20 MIN

Peak Airway Pressure 45cm H2O



VILI in Light Microscope

Perivascular cuffing
PC 45cmH2O, 5ming

Alveolar edema
PC 45cm H2O, 20min

AJRCCM 1998



Ultrastructural Change of Barotrauma

M. J. Tobin, Principles and Practice of Mechanical Ventilation, 
McGraw-Hill, New York. 793-811

EP type I epithelium

IE Interstitial edema

EN Endothelium

B Bleb



Volutrauma

HiP-Hiv High-pressure-high-volume

LoP-HiV Iron lung ventilation

HiP-LoV Thoracoabdominal strapping Deryfuss D, Am. Rev. Respir. Dis. 
137: 1159-1164

extravascular lung water 
content

bloodless dry lung 
weight

Distribution space of 125I-
labled albumin



Atelectrauma

Normal alveoli Injured alveoli



Atelectrauma
• Opening collapsed airway 

requires relatively high forces 
and thus causes epithelium 
disruption.

• Ventilation at low lung volumes 
can inhibit production of 
surfactant and/or lead to 
surfactant being squeezed out 
of alveoli. 

• Reexpansion of atelectatic
regions can be associated with 
marked increase in regional 
stress.



Injurious Mechanical Ventilation Trigger 
cytokine production J. Clin. Invest. 1997. 99:944–952



Injurious Mechanical Ventilation Affects 
Local and Systemic Cytokines

AJRCCM Vol 160. pp 109-116, 1999

High Volume

Zero PEEP

High Volume

Zero PEEP



IL-6 and IL-8 is Associated with Morbidity 
and Mortality in ALI

Alive Dead

n Median(IQR) n Median(IQR) P Value

IL-6

Baseline 505 227(94-630) 276 411(133-1471) <0.001

Day 3 478 80(39-179) 240 208(80-635)
<0.001

IL-8

Baseline 505 33(0-78) 275 67(24-180)
<0.001

Day 3 478 24(0-51) 240 66(25-144)
<0.001

Crit Care Med 2005; 33: 1-6



Am J Respir Crit Care Med Vol 191, Iss 10, pp 1106–1115



Injurious Ventilation Strategy Leads to 
Increased Epithelial Apoptosis

JAMA 2003;289(16):2104-2112



Superimposed
Pressure

Opening
Pressure

Normal 0

Alveolar Collapse
(Reabsorption) 20-30 cmH2O

Small Airway
Collapse 10-20 cmH2O

Consolidation
∞

The ARDS Lung

Rouby Intensive Care Med 2000

Gattinoni JAMA 1993, Pelosi AJRCCM 1994, Gattinoni AJRCCM 2002, Gattinoni ICM 2005



Protective Ventilation

NEJM 2007



N Engl J Med 2000;342:1301-86 vs 12 ml/kg

Plasma IL-6
pg/ml

 The decrease was greater in the group treated 
with lower tidal volumes (P<0.001)

 The day 3 plasma interleukin-6 concentrations 
were also lower in this group (P=0.002).
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Ventilator strategy influences organ harvest
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Lower intra-operative Vt for abdominal 
surgery

• 400 adults
– Intermediate to high risk of 

pulmonary complications
– Major abdominal surgery
– Vt 6.4±0.8 vs 11.1±1.1

• Composite endpoint
– Pulmonary

• Pneumonia, need of MV

– Extrapulmonary
• Sepsis, death

N Engl J Med 2013;369:428-37.



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





Driving pressure vs mortality

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



Higher vs Lower PEEP
The National Heart, Lung, and Blood Institute ARDS Clinical Trials Network

N Engl J Med 2004;351:327-36.





Higher vs Lower PEEP
metaanalysis

JAMA. 2010;303(9):865-873



PEEP Guided by Esophageal Balloon

1. Optimal level of PEEP has 
been difficult to determine

2. Adjusting PEEP in according 
to lung and chest wall 
mechanics is achievable

3. Pao = flow x resistance + 
Vt/compliance

4. Ptp = Paw - Ppleura (Pes)



Esophageal Balloon-Guide PEEP setting

End expiration End inspiratory pause

N Engl J Med 2008;359:2095-104.

Vt 400ml, FiO2 0.6, PEEP 12, colon ca. with perforation and peritonitis



Esophageal Balloon-Guide PEEP setting

End expiration End inspiratory pause

N Engl J Med 2008;359:2095-104.

+4 +12

PEEP increase from 
12 to 24 cm H2O, 

Vt 320ml



N Engl J Med 2008;359:2095-104.

Esophageal P. vs Conventional Tx

Log rank 
test, p=0.13



Corticosteroid for persistent ARDS

• Double-blind, randomized controlled, 
NHLBI ARDSNet

• 180 patients with ADRS for more than 7 
days, methylprednisolone vs placebo

• No differences of mortality at 60 and 180 
days.

• Methylprednisolone is associated with 
higher ventilator and shock free days at 
28 days

• Higher mortality in methylprednisolone
group at least 14 days of ARDS 

N Engl J Med 2006;354:1671-84.



Fluid management of ARDS

N Engl J Med 2006;354:2564-75.



Fluid management is important

CHEST 2009; 136:102–109

•Adequate initial fluid resuscitation (AIFR)
•an initial fluid bolus of > 20 mL/kg prior to and achievement of a CVP of > 8 mm Hg within 6 h after he onset of therapy with 
vasopressors. 
•Conservative late fluid management (CLFM)
•even-to-negative fluid balance measured on at least 2 consecutive days during the first 7 days after septic shock onset.



Neuromuscular Blockade in Early ARDS
ACURASYS study

• Multi-center, double-blind, 
randomized controlled trial

• 340 patients with ARDS admitted 
to ICU within 48 hours

• Cisatracurium besylate v.s. 
placebl

• Hazard ratio of 90 days death in 
the cisatracurium v.s. placebo is 
0.68 (95% CI,  0.48 to 0.98; P = 
0.04), 

N Engl J Med 2010;363:1107-16.
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Severe Lung Injury

More Severe Less Severe

Papazian L et al. New Engl J Med 2010
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Severe Lung Injury
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Patient self-inflicted lung injury

Am J Respir Crit Care Med Vol 195, Iss 4, pp 438–442



Early Neuromuscular Blockade in ARDS
ROSE trial, PETAL network

NEJM May 19, 2019



Arthur S. Slutsky et al NEJM 2019



Reverse Triggering
• Reverse triggering is a type of 

dyssynchrony that occurs when a 
patient effort occurs after (‘is triggered 
by’) the initiation of a ventilator (non-
patient triggered) breath.

• Frequently recognized, in patients 
heavily sedated.

• Can be injurious, including breath 
stacking, pendelluft, excessive regional 
stress.

CHEST 2013; 143(4):927–938



ECMO for severe COVID-19 pneumonia

Lancet 2021; 398: 1230–38

• ECMO on or before May 1, 2020 (group A1)
• Between May 2 and Dec 31, 2020 (group A2)
• Late-adopting centres were those that provided ECMO for COVID-19 only after May 1, 2020 (group B)





Gattinoni’s first trial 

• Multi-center, randomized trial

– December 1996 to October 1999

– ALI and ARDS

– 152 prone, 152 supine

– prone position for 6 or more hours 
daily for 10 days

Gattinoni L. et al N Engl J Med 2001;345:568-73



PPV Improves Oxygenation

Gattinoni L. et al N Engl J Med 2001;345:568-73



Less Compression of Lungs by the Heart in 
Prone Position

ProneSupine

Am J Respir Crit Care Med Vol 161. pp 1660–1665, 2000



Diaphragm Excursion Between Supine and Prone

Anesthesiology 70:891-898; 1989



Am J Respir Crit Care Med Vol 172. pp 480–487, 2005





Dual Effect of Prone Position on Ppl Gradient in 
ALI
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Prone Position Reduces Lung Stress and Strain
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Eur Respir J 2005; 25: 534–544

Plateau Pressure EELV
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Big Trials of PPV
tendency of longer duration

Minerva Anestesiol 2010;76:448-54)



Mancebo’s trial

• Multicenter, randomized trial

– From Dec. 1998 to Sep. 2002

– Severe ARDS

– 60 supine, 72 prone, total 132 patients

– Continuous prone ventilation for 20h/day

– Standardized guidelines for ventilator setting, weaning and 
sedation

Am J Respir Crit Care Med Vol 173. pp 1233–1239, 2006



15% relative and 25% absolute 
reduction of ICU mortality



PPV reduces mortality in low PF ratio patients

Intensive Care Med (2010) 36:585–599



Mortality Benefits in Low P/F patients

Intensive Care Med (2010) 36:585–599



Lessons From Gattinoni’s Study
• Short duration of prone position ventilation

– Six hours per day

• Late application of Prone Position Ventilation
– More than 20% patients has pressure sore at entry

• High tidal volume
– 10.3ml/kg of predicted body weight
– Higher tidal volume in prone group



•Hypothesis: Prone ventilation will decrease VILI and thus decrease mortality
•Methods:

•ARDS with P/F < 150 on FiO2 > 0.6 & PEEP > 5 cmH2O on Vt 6ml/kg
•Criteria confirmed 12-24 hours later
•Prone for more than 16 hours per day 
•Sample size: 460 patients
•Primary outcome: 30 day mortality



Prone positioning in severe ARDS
• Multicenter, prospective, 

randomized, controlled trial
• 446 patients

– 237 prone, 229 supine

• Severe ARDS
– P/F ratio < 150
– FiO2 ≥ 0.6
– PEEP ≥ 5 cm H2O

• ≥ 16 hours/day

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



CMAJ 2014. DOI:10.1503/cmaj.140081



Prone Positioning Related Complications

Gattinoni L. et al N Engl J Med 2001;345:568-73



Contraindication
• Serious burns or open wounds on the face or ventral body 

surface
• Spinal instability
• Pelvic fracture
• Life-threatening cardiac arrhythmia
• Hypotension
• Tracheotomy tube
• Obesity, or massive ascites



ECMO volumes and indications

Bartlett RH,  J Am Coll Surg, 2014



“In God we trust;
All others must bring data”

E. Edwards Deming
1900-1993



• UK-based multi-center trial
• 180 patients,1:1 ratio, conventional vs ECMO

– aged 18–65 years, severe (Murray score >3.0 or pH <7.20)
– high pressure (>30 cm H₂O of PIP) or high FiO₂ (>0.8) ventilation for more than 

7 days; intracranial bleeding; any other contraindication to limited 
heparinisation; or any contraindication to continuation of active treatment

• Survive to 6 months without disability
– ECMO 63% (57/90) vs conventional 47% (41/87) (RR 0.69; 95% CI 0.05–

0.97,p=0.03)

Lancet 2009; 374: 1351–63



48.5%

48.9%



ECMO for 2009 
Influenza H1N1

Severe ARDS
Australia and New 

Zealand 

JAMA. 2009;302(17):1888-1895



ECMO for 2009 
Influenza H1N1

Severe ARDS
Australia and New 

Zealand 

JAMA. 2009;302(17):1888-1895



The routine use of ECMO in patients with severe ARDS is not superior to the use of ECMO as a 
rescue maneuver in patients whose condition has deteriorated further.

1. Very sick patients
• P/F ratio < 80 mmHg
• CRS < 30 cmH2O
• Driving pressure > 16 cmH2O
• SOFA > 10

2. Strict study design
• 100% ECMO in study group
• Optimal care in control group

• Low tidal volume, 90% prone, 
100% NM blockade

N Engl J Med 2018; 378: 1965-75.



Survival Without Treatment Failure
Crossover to ECMO or Death for the Control Group and Death for the ECMO Group

N Engl J Med 2018; 378: 1965-75.

1. Ethical consideration
2. 35(28%) in the control group 

crossover to ECMO
3. Crossover patients are sicker

• Higher Pplat, ∆P, Lower 
compliance, more CXR 
infiltrates

4. High mortality (57%), without 
crossover (41%)



One-year survivors

N Engl J Med 2003;348:683-93.



5-year Survivors

N Engl J Med 2011;364:1293-304.

Survival 6MWD SF36
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