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Refractory hypoxemia as

• PaO2/FIO2 is less than 100 mm Hg, 

• inability to keep plateau pressure below

30 cm H2O despite a VT of 4 mL/kg

• development of barotrauma

• oxygenation index  30

Chest 2013;137(5): 1203-1216



• In another study it has been defined as 

• ARDS patient with Pao2/Fio2 is less than 100 
mm Hg for 12 to 24 hrs on a PEEP more than 
10 cm H2O and FiO2 greater than 0.5

Am J Respir Crit Care Med. 2012 Nov 
15;172(10):1241-5



• Lung-Recruitment Maneuvers

• Prone Positioning

• Extracorporeal Membrane Oxygenation

• Inhaled Vasodilators: Nitric Oxide and 
Prostacyclin



Lung-Recruitment Maneuvers

• There are three 'compartments' in ARDS-
affected lungs:

1. aerated normal lung susceptible to 
barotrauma induced by inappropriate 
ventilation;

2. air spaces that are filled with exudate and 
not recruitable;

3. areas that are collapsed due to interstitial 
infiltration and are potentially recruitable



• There is an increasing perception that mechanical 
ventilation may further compromise the sick lung. 
Compromise may be due to:

• Overinflation of normal lung tissue, due to high 
transpulmonary pressures, causing increased 
permeability, worsening compliance, and a vicious 
cycle of progressive lung injury;

• Inadequate levels of positive end-expiratory pressure 
(PEEP), promoting regional collapse of lung tissue 
(atelectasis), and also causing alveolar injury due to 
cyclical closing and opening of airways with ventilation.



Recruitment Manoeuvres

• An administration of high ventilation pressure 
to a patient for a brief period of time

• Aim is to reinflate collapsed lung tissue, thus 
“recruiting” that tissue 

• Aim is also to prevent “de-recruitment” by 
applying PEEP after the manoeuvre

• The desired outcome is improved oxygenation



Indications for RM

• ARDS / Acute Lung Injury 

Patients with “secondary ARDS” (eg from abdominal sepsis) seem to 

respond better than those with “primary” ARDS eg. from pneumonia

• Bilateral pulmonary infiltrates

• PaO2/FiO2* <300 = ALI 

• PaO2/FiO2 <200 = ARDS

• Atelectasis during general anaesthesia

• Desaturation After suctioning the ETT

Annals of Intensive Care 2011, 1:9



Contraindications for RM

• Hemodynamic compromise:
recruitment manoeuvres cause a transient loss of venous 

return, compromising cardiac output.

• Existing barotrauma

• Increased intracranial pressure

• Predisposition to barotrauma:
Apical bullous lung disease

Focal lung pathology eg. lobar pneumonia

Crit Care Med 2010,38:2207-2214.



Types of Recruitment Manoeuvres

• CPAP with increased pressures

• Pressure-controlled ventilation on high PEEP

• Advanced recruitment manoeuvres:
• Prone ventilation to recruit dorsal lung units

• High frequency oscillatory ventilation (lung protective)

• Airway pressure release ventilation, low PEEP and low 
tidal volume, with I:E of 4:1



Some basic RM protocols

• CPAP 40cmH2O for 40 seconds

• CPAP 40cmH2O for 30 seconds

• Pressure controlled ventilation with Pplat 45cm H2O, PEEP of 
5, I:E 1:1 and rate of 10

Crit Care Med 2005,33:54-61

Anesthesiology 2002, 96:795-802

Anesth Analg.2007 Feb;104(2):384-90



PEEP after recruitment

• Generally, it is recommended (Hickling 2001) to gradually 
decrease PEEP until there is a fall in PO2; this is a 
“decremental PEEP trial” 

• PEEP is decreased by 2cmH2O every 4 minutes

• A fall in PO2 by over 10% indicates that there is derecruitment

• PEEP is then set to just above the level at which 
derecruitment occurs

Am J Respir Crit Care Med. 2001 Jan;163(1):69-78



Consequences of Recruitment 
Manoeuvres

• Increased oxygenation
• Stretch reflex of the alveoli, which causes Type II 

respiratory cells to release more surfactant
• Increased intrapulmonary shunt
• Barotrauma; overdistension of already well-ventilated lung 

regions
• VILI due to the above
• Increased pulmonary arterial pressure
• Decreased cardiac output
• Increased intracranial pressure
• The hemodynamic consequences seem to normalise 10-

20mintues after the manoeuvre









Prone ventilation

Effect of prone ventilation:

Prone positioning improves gas exchange via its 
effect on pleural pressure and lung compression

Increased functional residual capacity (FRC) has 
also been proposed, but changes in FRC have 
not been a dominant finding in most studies of 
prone ventilation

Am Rev Respir Dis. 1977;115(4):559
Am J Respir Crit Care Med. 1998;157(2):387



Trans pulmonary pressure (Ptp) is defined as the 
difference between the airway pressure (Paw) and 
pleural pressure (Ppl):

Ptp = Paw – Ppl

In supine position, the dorsal pleural pressure is 
greater than ventral pleural pressure

So , the ventral trans pulmonary pressure exceeds 
the dorsal transpulmonary pressure and  greater 
expansion of the ventral alveoli than the dorsal 
alveoli

Eur Respir J. 2008;20(4):1017.

Intensive Care Med. 1986;12(3):137



• Exaggerated in supine patients with acute respiratory distress 
syndrome (ARDS), probably because the difference between 
the dorsal and ventral pleural pressures is increased by the 
excess lung weight

• The result is a tendency towards overinflation of the ventral 
alveoli and atelectasis of the dorsal alveoli



• Prone positioning reduces the difference between the dorsal 
and ventral pleural pressures

• Making ventilation more homogeneous 

• Leading to a decrease in alveolar overinflation and alveolar 
collapse.

• Minimize stress and strain on alveoli, limiting ventilator-
associated lung injury from overdistention and cyclic 
atelectasis

Anesth Analg. 2009;83(6):1206



• Compression:
• in supine position:  Heart compresses the medial posterior 

lung parenchyma and the diaphragm compresses the 
posterior-caudal lung parenchyma

• Compression by either the heart or the diaphragm may 
exaggerate dependent lung collapse in the supine position, 
increasing hypoxemia and ventilator-associated lung injury

Am J Respir Crit Care Med. 2008;158(5 Pt
1):1644



• During prone ventilation, the heart becomes dependent, 
decreasing medial posterior lung compression 

• The diaphragm is displaced caudally (especially in non-obese 
patients and when the abdomen is left unsupported), 
decreasing compression of the posterior-caudal lung 
parenchyma

Improve ventilation and oxygenation



• Cardiac output: Increase in  lung recruitment and reduction in 
hypoxic pulmonary vasoconstriction 

• Increases in cardiac output by Increases in right ventricular 
preload, and decreased right ventricular afterload

Am J Respir Crit Care Med. 2007;157(2):387



• Perfusion: In ARDS, there is substantial ventilation-perfusion 
mismatch in the supine position, since blood flow and alveolar 
collapse are both greatest in the dependent portions of the 
lung

• In prone position as the previously dependent lung continues 
to receive the majority of the blood flow (independent of the 
gravitational gradient) as alveoli reopen, while the newly 
dependent lung continues to receive the minority of the 
blood flow as alveoli begin to collapse



Clinical outcome

• prone ventilation increases arterial oxygen tension (PaO2) 

• a reduction in the fraction of inspired oxygen (Fio2)

• Among patients whose oxygenation improves during prone 
ventilation, some continue to have improved oxygenation for 
hours after they return to the supine position and many 
improve each time prone ventilation is repeated

N Engl J Med. 2013;368(23):2159



Predictor

• The best predictor of a sustained increase in PaO2 during 
prone ventilation is 10 mmHg increase in PaO2 over the first 
30 minutes of prone ventilation predicted a sustained 
increase in PaO2 over the next two hours

• Patients whose PaO2 did not increase during the first 30 
minutes of prone ventilation showed no subsequent 
improvement in their oxygenation

Chest. 1988;94(1):103





Trend of principal parameter 
throughout the study





• Patients with diffuse pulmonary edema and dependent 
alveolar collapse appear more likely to improve their PaO2 
during prone ventilation than patients with predominantly 
anterior abnormalities, marked consolidation, and/or fibrosis 

• Extrapulmonary cause for their ARDS seem more likely to 
increase their PaO2 during prone ventilation than patients 
with a pulmonary cause 

Am J Respir Crit Care Med. 2012;157(6 Pt
1):1785



• Patients with elevated intraabdominal pressure appear more 
likely to increase their PaO2 during prone ventilation than 
patients with normal intraabdominal pressure 

• Patients whose chest wall compliance decreases when moving 
from the supine to the prone position are likely to improve 
their PaO2 during prone ventilation



Hu et al. Critical Care 2014, 18:R109



Meta-analysis of the effect of prone positioning on 28- to 30-day mortality in 
acute respiratory distress syndrome patients related to the ratio of partial 
pressure of arterial oxygen/fraction of inspired oxygen



Prone position with high peep and 
mortality

Meta-analysis of the effect of prone positioning on 28- to 30-day 
mortality related to positive end-expiratory pressure in
acute respiratory distress syndrome patients



Meta-analysis of the effect of prone positioning on 90-day mortality in acute 
respiratory distress syndrome patients related to positive end-expiratory pressure



• Multicenter, prospective, randomized, controlled trial

• 466 patients with severe ARDS to undergo prone-positioning 
sessions of at least 16 hours or to be left in the supine 
position

• Severe ARDS was defined as Pao2/Fio2 is less than150 mm 
Hg, with an Fio2 of at least 0.6, a PEEP of at least 5 cm of 
water, and a tidal volume close to 6 ml per kilogram of 
predicted body weight

• After stabilization period of 12 to 24 hours patients were 
proned for at least 16 hours

• The primary outcome was the proportion of patients who 
died from any cause within 28 days after inclusion







• First prone-positioning done within 55±55 minutes after 
randomization

• The average number of sessions was 4±4 per patient

• Mean duration per session was 17±3 hours

• All the patients in this group underwent at least one prone-
positioning session

• patients were ventilated in the prone position for 73% of the 
22,334 patient-hours spent in the ICU from the start of the 
first session to the end of the last session



Result



Result



Multicenter, randomized trial compared 

conventional treatment (in the supine position) of patients with 
acute lung injury or the acute respiratory distress syndrome with 
a predefined strategy of placing patients in a prone position for 
six or more hours daily for 10 days

Enrolled 304 patients, 152 in each group

JAMA. 2006;302(18):1977-1984



• The primary end point was death at 10 days 

• At the time of discharge from the intensive care unit

• 6 months mortality after randomization Secondary end points 
were

• Improvement in respiratory failure and improvement in organ 
dysfunction at 10 days









complication

JAMA. 2009;302(18):1977-1984



ECMO

• Extracorporeal lung support technologies [i.e., Interventional 
Lung Assist (ILA) and extracorporeal membrane oxygenation 
(ECMO)] have been advocated for use in the treatment of 
patients with respiratory failure

• These techniques do not treat the underlying lung condition; 
rather, they improve gas exchange while enabling the 
implantation of a protective ventilation strategy to prevent 
further damage to the lung tissues imposed by the ventilator

Am J Emerg Med. 2014;32(10):1300 e1–2. 
doi:10.1016/j.



• “ECMO” has become a general term encompassing a range of methods for 
extracorporeal blood oxygenation and CO2 removal

• In the 1970’s, ECMO referred to a high-flow venoarterial bypass system aimed 
primarily at blood oxygenation.

• By the 1980’s, the term ‘extracorporeal CO2 removal (ECCO2R) was used to cover 
a low-flow venovenous bypass technique and replaced ECMO 

• Later in the mid-1980’s, ‘partial extracorporeal CO2 removal’ (PECO2R) emerged 
with the development of a technique used to eliminate only part of the body’s 
CO2 for patients with chronic lung disease. 

• In 1987, a Japanese working group then introduced the term‘extracorporeal lung 
assist (ECLA)’ to describe a venovenous low-flow bypass system. 

• ‘Extracorporeal life support’ was then introduced to describe techniques that 
provide prolonged but temporary support for the lungs and heart

Ontario Health Technology Assessment Series 
2010; Vol. 10, No. 5



• The ECMO system consists of a centrifugal pump, a 
membrane oxygenator, inlet and outlet cannulas, and tubing

• The exchange of oxygen and CO2 then takes place in the 
oxygenator, which delivers the reoxygenated blood back into 
one of the patient’s veins or arteries

• Additional ports may be added for haemodialysis or 
ultrafiltration



• Two different techniques may be used to introduce ECMO

• venoarterial and venovenous

• venoarterial technique, cannulation is through either the 
femoral artery and the femoral vein, or through the carotid 
artery and the internal jugular vein



• venovenous technique cannulation is through both femoral 
veins or a femoral vein and internal jugular vein

• Venovenous ECMO will not provide adequate support if a 
patient has pulmonary hypertension or right heart failure

• Venovenous ECMO can be either two site approach or single 
site approach





Scandinavian Journal of Trauma, Resuscitation 
and Emergency Medicine (2015) 23:30



• Problems associated with cannulation during the procedure 
include bleeding around the cannulation site and limb 
ischemia distal to the cannulation site

• The system is characterized by a novel, low-resistance gas 
exchange device with a diffusion membrane composed of 
polymethylpentene (PMP) fibres



• These fibres are woven into a complex configuration that 
maximizes the exchange of oxygen and CO2 by simple 
diffusion

• system is also designed to operate without the help of an 
external pump, though one can be added if higher blood flow 
is required

• Depending on the size of the cannula used and the mean 
systemic venous pressure, a blood flow of up to 2.5 L/min can 
be achieved (up to 5.5 L/min with an external pump).

Intensive Care Med 2009;35:2105-14.



pros and cons of double lumen cannula and
femoro-jugular cannulation

N Engl J Med 2011;365:1905-14.



OHTAS 2010; 10(5)















N Engl J Med 2011;365:1905-14.



N Engl J Med 2011;365:1905-14.



CESAR trial was conducted to assess the effectiveness and
cost of ECMO therapy for severe, acute respiratory failure.

The trial protocol were published in 2006 and details of the
methods used for the economic evaluation were published in
2008.

The study itself was a pragmatic trial (similar to a UK trial of
neonatal ECMO), in which best standard practice was compared
with an ECMO protocol.



• The trial involved 180 patients with acute but potentially reversible 
respiratory failure, with each also 

• Murray score of ≥ 3.0 or uncompensated hypercapnia at a pH of < 
7.2.

• Randomized in a 1:1 ratio to receive either conventional ventilation 
treatment or ECMO while on

• Conventional management included intermittent positive pressure 
ventilation, high frequency oscillatory ventilation, or both. As a 
pragmatic trial, a specific management protocol was not followed; 
rather the treatment centres were advised to follow a low volume 
low pressure ventilation strategy. A tidal volume of 4 to 8 mL/kg 
body weight and a plateau pressure of < 30 cm H2O were 
recommended



Out come measurement

• The primary outcome measure was death or severe disability 
at 6 months

• The secondary outcomes included a range of hospital indices: 
duration of ventilation, use of high frequency/oscillation/jet 
ventilation, use of nitric oxide, prone positioning, use of 
steroids, length of ICU stay, and length of hospital stay

and (for ECMO patients only) mode (VV/VA), duration of

ECMO.









Primary outcome





Inhaled vasodialator

• Inhaled vasodilator can result in important physiologic benefits (eg, 
improved hypoxemia, lower pulmonary arterial pressure, and improved 
right-ventricular function and cardiac output) without systemic 
hemodynamic effects.

• Inhaled nitric oxide (INO) and aerosolized prostacyclins are currently the 
most frequently used inhaled vasodilators. Inhaled prostacyclins are as 
effective physiologically as INO and cost less.

• Randomized controlled trials of INO in the treatment of ARDS have shown 
short-term physiologic benefits, but no benefit in long-term outcomes.

• No outcome studies have been reported on the use of prostacyclin in 
patients with ARDS.

• There is no role for the routine use of inhaled vasodilators in patients with 
ARDS. Inhaled vasodilator as a rescue therapy for severe refractory 
hypoxemia in patients with ARDS may be reasonable, but is controversial

Respir Care2014;Feb;55(2):144-5








