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• Low VT and high PEEP vs. high VT and low 
PEEP

• Permissive hypercapnia, limited plateau pressure

• Recruitment maneuver by PCV with incremental 
PEEP

• Debate of lung recruitment in restrictive lung 
disease – Pro and Con

• Dynamic hyperinflation in obstructive lung

• Permissive hypercapnia in obstructive lung
Dellinger RP, Surviving Sepsis Campaign: International guidelines 
for management of severe sepsis and septic shock: 2008 Crit Care 
Med 2008; 36:296-327
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Tidal volume and Ppl

• Clinicians target a tidal volume of 6 mL/kg 

(predicted) body weight in patients with 

ALI/ARDS (grade 1B).

• The initial upper limit goal for plateau 

pressures in a passively inflated patient be 

<=30 cm H
2
O. Chest wall compliance 

should be considered in the assessment of 

plateau pressure (grade 1C).

Traditional versus lower VT 

ventilation

• In 1990s, five different randomized trials 

evaluated traditional MV versus low VT to 

protect ventilated-associated injury

– ARDS Network, NEJM 342:1301, 2000; 

-Amato MBP, NEJM 338:347, 1998; 

- Brochard L, Am J Respir Crit Care Med 158:1831, 1998; 

-Brower RG, Crot Care Med 27:1492, 1999; 

- Stewart TE, NEJM 338:355, 1998
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Traditional versus lower VT 

ventilation

Traditional versus lower VT 

ventilation
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Traditional versus lower VT 

ventilation

• Amato and NIH Network groups received lower 

VT than Brochard, Stewart, Brower groups

• Reduced mortality (Amato + NIH Network) 

probably experience less ventilation-associated 

lung injury than the patients in other 3 groups

• Other protective lung strategies: higher PEEP and 

recruitment maneuver

Power: Group A

• The NIH trial was the largest, enrolling 861

patients

• The other 3 studies enrolled 288 patients totally

• Many variables affect the mortality of ALI/ARDS, 

reduced VT alone is not likely to reduce mortality 

significantly

• NIH demonstrated reduced mortality from 40% to 

31% by VT reduction



5

Appropriate Pressure Limit

• Ppl (plateau pressure) limit of 30 cm H2O 

in NIH ARDSnet trial

• The precise VT choice depends on 

adjustment factors as Ppl, PEEP level, 

thoraco-abdominal compliance, breathing 

effort

Inspiratory Plateau Pressure

• Airway pressure 
measured at end 
inspiration with no gas 
flow present

• Estimates alveolar 
pressure at end-
inspiration

• Indirect indicator of 
alveolar distention

– DL Lee, Crit Care Med 2002; 30:1446
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MODS and VILI in clinical studies

• A post hoc analysis study showed higher 
incidence of renal failure in ARDS patients 
ventilated with CMV compared with lung 
protective strategy

• There is significant correlation between overall 
MODS score with plasma concentration of 
inflammatory mediators (IL6, TNF-a, IL-8)

• Lower IL-6 in the 6 ml/kg VT group is associated 
with a greater organ-failure free days and 22% 
reduction in mortality
- The ARDS Network, NEJM 2000, 342:1301-1308

MODS and VILI in clinical studies

Ranieri VM, JAMA 2000, 284:43-44
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Permissive hypercapnia and 

PEEP recruitment

• Hypercapnia (allowing Paco2 to increase above its 

premorbid baseline, so-called permissive 

hypercapnia) be allowed in patients with 

ALI/ARDS if needed to minimize plateau 

pressures and tidal volumes (grade 1C). 

• Positive end-expiratory pressure (PEEP) be set so 

as to avoid extensive lung collapse at end-

expiration (grade 1C)

ARDS Lung Mechanics: 3 zones
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Ventilatory Strategies for 

ARDS

Lung 
protection

Alveolar 
stabilization

Alveolar

recruitment

Vulnerable VILI Areas in PV 

curve

• Two regions are 

associated with 

increased VILI

• Zone 1: high pressure 

area, barotrauma and 

volutrauma occur

• Zone 2: low volumes, 

atelectrauma. 
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Inflection point in ARDS

• The lower inflection point (or zone) on the 

inflation limb reflects the initial recruitment of 

alveolar recruitment

•- Ramieri VM, ARRD 144:544, 1991

R = recruitment %

Crotti S, Am J Respir Crit Care Med 2001;164:131-140
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Optimal PEEP in ARDS

• In preventing shear 

stress injury (airway 

and alveolar collapse) 

during MV of 

patients with ARDS, 

lung-protective 

strategies must reflect 

deflation limb events. 

•– Hickling K: Am J Resipr Crit Care Med 163:69, 2001

Recruitment Maneuver

Bugedo G, Intensive Care Medicine 2003, 29: 218-225
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Borges JB, AJRCCM 2006, 174, 3 p 268-278

Reversibility of Lung Collapse 
and Hypoxemia in Early ARDS

• A bedside recruitment strategy, capable of 
reversing hypoxemia and collapse in > 95% 
of lung units, is clinically applicable in early 

acute respiratory distress syndrome.

• Prospective assessment of a stepwise 
maximum-recruitment strategy using 
multislice CT and continuous blood-gas 
hemodynamic monitoring.

Borges JB, AJRCCM 2006, 174, 3 p 268-278
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Borges JB, AJRCCM 2006, 174, 3 p 268-278

Main Results

• Twenty-six patients received sequential 
increments in inspiratory airway pressures, in 
5 cm H2O steps, until the detection of PaO2 
+ PaCO2 ≥ 400 mm Hg. 

• If there was hemodynamic deterioration or 
barotrauma, the maneuver was to be 
interrupted.

• Late assessment of recruitment efficacy was 
performed by computed tomography (9 
patients) or by online continuous monitoring
in the intensive care unit (15 patients) up to 6 
h. 

Borges JB, AJRCCM 2006, 174, 3 p 268-278
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Borges JB, AJRCCM 2006, 174, 3 p 268-278

Main Results

• It was possible to open the lung and to keep 
the lung open in the majority (24/26) of 
patients, at the expense of transient 
hemodynamic effects and hypercapnia but 
without major clinical consequences

• No barotrauma directly associated with the 
maneuver was detected. There was a strong 
and inverse relationship between arterial 
oxygenation and percentage of collapsed 
lung mass (R = - 0.91; p < 0.0001).

Borges JB, AJRCCM 2006, 174, 3 p 268-278
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Borges JB, AJRCCM 2006, 174, 3 p 268-278

Conclusion

• It is often possible to reverse hypoxemia 

and fully recruit the lung in early ARDS.

• Due to transient side effects, the 
required maneuver still awaits further 

evaluation before routine clinical 

application

Borges JB, AJRCCM 2006, 174, 3 p 268-278
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Discussion -Pro

• RM may increase Palv above high Popen in chest 
CT and PV curve theoretically in ARDS/ALI

• ARDS mortality is still high (68% in persistent 
ARDS)

• Sustained improvement in PFT : short term of 
PCV +/- incremental PEEP or CPAP 40 –50 Palv
may work

• Safety and timing: indicated in early ARDS and 
contraindicated in patients with pulse pressure 
variation > 12%, blebs, bullae in CXR, with IICP

Kacmarek RM, Respiratory Care 2007;52 (5): 622-635

Discussion -Pro

• Sustained RM: initial post-RM PEEP was 

higher than expected necessary for lung 

opening (20-25), then decrease in 2-cmH2O 

every 5-20 min while oxygenation (PO2 or 

SPO2) or Cst was monitored. The optimal 

PEEP is one associated with the best Cst or 

PaO2 during the decremental trial. PEEP is 

set 2 cmH2O above the optimal PEEP 

Kacmarek RM, Respiratory Care 2007;52 (5): 622-635



16

Discussion - Con

• Does image or physiologic improvement 
necessarily indicates biologic improvement ?

• RM has not been shown to reduce morbidity or 
mortality

• RM provides only temporary improvement in lung 
function

• The most effective RM method has not been 
determined

• RM carry substantial risks: shock, barotrauma and 
decrease GI perfusion, bact. Translocation and 
MOF

Kacmarek RM, Respiratory Care 2007;52 (5): 622-635

Summary

• Properly select patients: early  diffused ARDS 
(PaO2/FiO2 < 200) with neither hemodynamic
compromise nor high likelihood of barotrauma

• Begin with low Palv (40 cmH2O) and only 
increase to max. 50 cm H2O

• Determine the best PEEP with a decremental
PEEP trial

• Permissive atelectasis: it’s not atelectasis but 
repetitive closing and opening alveoli that hurts 
the lung

Kacmarek RM, Respiratory Care 2007;52 (5): 622-635
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Decremental PEEP curve

• Maximal PEEP (20-25 cm H2O) at a fixed VT.

• Stepwise reductions in PEEP in 2- to 3-cm H2O 

decrements of PEEP

•– Hickling K: Am J Resipr Crit Care Med 163:69, 2001

Optimal PEEP and PaO2

• The use of oxygenation as a potential method for PEEP 

titration in ARDS – Ranieri VM, ARRD 144:544, 1991
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Permissive Hypercapnia

• Permit hypercapnia and respiratory acidosis for 
the lung protection

• Indicated for mechanical ventilation in severe 
asthma and ALI/ARDS

• Acute hypercapina acidosis may cause circulatory 
dysfunction, IICP and m. weakness, dyspnea, 
agitation requiring sedatives or NMB

• RR increase and sod. Bicarbonate infusion
indicated for PH <7.3

Hypercapnia induces injury to 

alveolar epithelial cells via a 

nitric oxidization
• A: cells exposed to 5% CO2

alone. B: cells exposed to 
5% CO2 and cytokines plus 
LPS. C: cells exposed to 5% 
CO2 and cytokines plus LPS 
plus L-NMMA. D: cells 
exposed to 15% CO2 alone. 
E: cells exposed to 15% 
CO2 and cytokines plus LPS. 
F: cells exposed to 15% 
CO2 and cytokines plus LPS
plus L-NMMA

Lang JD Jr, Am J Physiol 2000, 279:L994-1002
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Pathology of asthma

Borger P, AJRCCM 2006, 174:367-372

Pathogenesis of asthma

Borger P, AJRCCM 2006, 174:367-372



20

Lung hyperinflation and 

barotrauma

• Pneumothorax and systemic hypotension 

are main risks in mechanical ventilation 

• Postintubated hypotension: sedation, lung 

hyperinflation, hypovolemia

• Adequately fluid-resuscitated, appropriate 

ventilator setting may decrease the risk of 

hypotension, lung hyperinflation

Lung hyperinflation and 

barotrauma

• Lung hyperinflation may be decreased by: 

adequate time for exhalation (TE) and 

ongoing treatment of airflow obstruction

• TE can be prolonged by decreasing VE 

(minute ventilation) -- by lowering 

respiratory rate (RR) or tidal volume (VT) 

• TI (inspiratory time) is reduced by 

increasing inspiratory flow and square wave 

flow
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Lung hyperinflation 

measurement
• Collect the total exhaled volume 

during 20 to 60 s of apnea in a 

paralyzed patient --

Tuxen "VEI", volume of gas at end 

inspiration above FRC

• VEI above threshold value of 20 ml/kg 

(1.4 L for adult) may predict 

complications of hypotension and 

barotrauma

--Williams TJ, DV Tuxen Am Rev Respir Dis 146:607-615, 

1992
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Lung hyperinflation and minute 

ventilation

• VE (minute ventilation) of 8 L/min in adult 

resulted in a VEI greater than 20 ml/kg only 

in 18% of patients

• VE of 12.5 L/min resulted in a VEI above 

(20ml/kg) the safe level in 80%

-- Tuxen DV, 1992 Am Rev Respir Dis, 146:1136-1142

Dynamic hyperinflation vs Ppl

and BP
• Effect of increasing 

minute ventilation on 
systolic blood pressure, 
pleural pressure (Ppl) and 
end-inspiratory lung 
volume (Vei = VT + Vt)
above FRC in asthmatic 
patients who were 
ventilated with a tidal 
volume of 1 L at RR of 10, 
16 and 22 breaths/minute
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Lung hyperinflation and plateau 

pressure

• Plateau pressure (Ppl): an estimate of 

average end-inspiratory alveolar pressure 

which increases as lung volume increases

• The correlation of Ppl and VEI is poor due 

to variation in lung compliance and the 

presence of noncommunicating gas

• Ppl has not yet been shown to be a reliable 

predictor of complication but complications 

appear to be rare during Ppl < 30 cmH2O

Lung hyperinflation and auto-

PEEP

• Auto-PEEP: another measure of lung 

hyperinflation (fig 5)

• Auto-PEEP has not been shown to correlate 

with complications

• Auto-PEEP may underestimate the degree 

of lung hyperinflation due to 

noncommunicating gas resulting from 

airway closure
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Dynamic hyperinflation and 

PEEPi
• Changes in alveolar 

pressure, airflow, end-

expiratory lung volume, 

and alveolar pressure, 

illustrating the 

development of PEEPi in 

the patients with 

obstructive airways 

disease
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PEEPi vs. Ppl and heart

• Airway, alveolar, and Ppl

relative to atmosphere at 

the end of expiration, with 

0 (left) and 12 (right) 

cmH2O of PEEPi.

• The higher PEEPi, the 

lung volume and pressure 

surrounding the heart 

increases.

Decreased pulse paradoxus (Δ PP )

during air-O2 vs. heliox
• Pulse pressure change during one respiratory cycle (Air-O2) left, and 

heliox (right), in mechanical ventilated patients with obstructive 

airways disease and pulse paradoxus more than 15 mm Hg

Δ PP = PP max – PP min
Δ PP (air-O2 )> Δ PP (heliox)
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PEEP application in MV status 

asthmaticus

• Ventilator applied PEEP should be 80% of 

PEEPi in sedated and paralyzed MV status 

asthmaticus patients due to its potential of 

increasing lung volume and intrathoracic

pressure

• Auto-PEEP is difficult to assess in active 

spontaneously breathing patients and 

applying PEEP above auto-PEEP may add 

to lung hyperinflation

High inspiratory flow and lung 

hyperinflation

• High inspiratory flow (V) minimizes lung 

hyperinflation (fig 2)

• High V increase Ppk which may be 

associated with barotrauma risk (fig 2)

• Ppk does not predict alveolar pressure or the 

degree of lung hyperinflation due to the 

pressure gradient between the large robust 

airways and the alveoli
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Permissive hypercapnia and lung 

hyperventilation

• Alveolar ventilation =VE × (1-VD/VT)

• Hypercapnic acidosis may cause cerebral 

vasodilation, cerebral edema, decreased 

myocardial contractility, vasodilation with 

hyperdynamic circulation, pulmonary 

vasoconstriction

• PaCO2 < 90 mmHg and acute CO2 

retention is well tolerated by most status 

asthmaticus patients

Permissive hypercapnia and lung 

hyperventilation

• Permissive hypercapnia should be avoided 

in patients suffering from IICP, severely 

depressed myocardial function and S/P CPR

• Low arterial PH can be tolerated by most 

patients but slowly infusion of sodium 

bicarbonate in patients with PH less than 

7.20 is recommended
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Mortality of Permissive 

Hypercapnia vs CMV in MV 

Status Asthmaticus
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PH: permissive hypercapnia

1)Ppk<50 cmH2O

2)PCO2 averaged 89 mmHg

Thomas C, AJRCCM 1995,151.

1296-1316

Extubation in SA

• Extubation may be considered as soon as 

airway resistance starts to fall and PaCO2 

normalizes.

• The use of PS 5 to 8 cmH2O pressure helps 

overcome endotracheal tube resistance

• Close observation in ICU for additional 24 

h postextubation is recommended 
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Pharmacologic Management

• Standard Therapies

Beta-agonists

Corticosteroids

Oxygen 

Anticholinergics

Theophylline

• Unproved alternative Therapies

Magnesium Sulfate

Heliox

Antibiotics

Mechanical Ventilation

• Noninvasive Ventilation

• Intubation

• Sedation

• Paralysis

• Lung Hyperinflation and Barotrauma

• Inhalational Anesthetics

• Bronchoalveolar Lavage

• Extubation
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Summary
• Patients failing drugs therapy should 

be early intubated for MV

• Prolongs TE by limiting VE, 

decreasing TI, permissive hypercapnia

and avoid lung hyperinflation and 

barotrauma may improve the outcome 

of SA

• Aggressive sedation should be 

considered in MV patients and 

paralytic agents should be minimally 

used to decrease the risk of myopathy

The best treatment of status asthmaticus
is to treat it three days before it occurs

-- Thomas Petty 1989, Int Care Med. 4:135-136


