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Physiological evidence



• Subject: Pig

• Model: Oleic-acid induced lung injury

• Spontaneous breathing (SB): Airway pressure released ventilation (APRV) without NMB

• Passive ventilation: APRV with NMB (= PCV)

• APRV setting: PEEP 5 cmH2O, I:E ratio 1:1, TV 10 mL/kg, FiO2 0.5

• End-expiratory lung volume (EELV) measurement by nitrogen washout and CT

• Aeration assess by CT (HU): hyperinflation – normal aeration – poor aeration - atelectasis

• P/F ratio after lung injury ≒ 200
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• Subject: Pig

• Model: Oleic-acid induced lung injury

• Spontaneous breathing (SB): Airway pressure released ventilation (APRV) without NMB

• Passive ventilation: APRV with NMB

• APRV setting: PEEP 5 cmH2O, I:E ratio 1:1, TV 10 mL/kg, FiO2 0.5

• Dynamic CT scan: regional distribution, atelectasis, reaeration at diaphragm level

• P/F ratio after lung injury ≒ 200



✓ Increased regional 
distribution in dependent 
lung during SB

✓ Increased reaeration in dependent 
lung during passive ventilation

✓ Increased end expiratory atelectasis in 
dependent lung during passive ventilation

Increased tidal recruitment 
during passive ventilation



• Subject: Pig

• Model: Lung lavage induced lung injury

• Spontaneous breathing (SB): CPAP 0~15 cmH2O

• Passive ventilation: Controlled mechanical ventilation with NMB (PEEP 0~15 cmH2O)

• Atelectasis assess by CT

• Diaphragmatic electric activity (EAdi)  & Transdiaphragmatic pressure (Pdi)

• P/F ratio after lung injury = 223



During SB
CPAP decrease
→ Atelectasis increase

During SB
CPAP decrease
→ Atelectasis increase
→ EAdi increase

✓ During MV, atelectasis is not different between half- and end-
expiration, and is not different between L4 and L1 (diaphragm) 

✓ During SB, atelectasis is lower in L1 (diaphragm) 

✓ Diaphragm prevents early and dependent lung atelectasis



• Subject: Pig

• Model: Lung lavage induced lung injury

• APRV mode with different levels of contribution of SB to minute ventilation

• - PEEP 10 cmH2O, I:E ratio 1:1, TV 6 mL/kg, FiO2 0.5

• - SB 0% vs SB 0~30% vs SB 30~60% vs SB > 60%

• Ventilation assess by CT

• Perfusion assess by 68Ga-labeled tracer and PET scanning

• P/F ratio after lung injury = 72 ~ 155



✓ Increased dorsal aeration 
with increased SB

✓ Higher dorsal perfusion 
regardless of SB

✓ Increased dorsal V/Q 
matching with increased SB



• Subject: Twenty-four mechanically ventilated patients with ARDS (AECC criteria)

• Diagnosis: Trauma or post-surgery in 22 patients

• PSV vs APRV without SB vs APRV with SB under equal airway pressure (or minute ventilation)

• Oxygenation: FiO2 0.58(0.59), PaO2 83(82)mmHg   ∴ PF ratio ≒  143(139) 

Cardiac index and RV ejection fraction were 
higher in PSV than in APRV w/o SB (PCV)



• Subject: Rabbit

• 6 rabbits on assisted mechanical ventilation (AMV) for 3 days (flow triggered)

• 6 rabbits on controlled mechanical ventilation (CMV) for 3 days (time triggered)

• 6 rabbits (control group)

• Assessment of diaphragm electrical activity: electrode insertion during ventilation

• Measurement of diaphragm contractile property: excised diaphragm muscle

• Molecular analysis for muscle atrophy factor-box (MAF-box)
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• Subject: Guinea pigs

• Constant-volume ventilation (CVV): TV 5 mL/kg, RR 60/min

• Variable ventilation (VV): mean TV 5 mL/kg, mean RR 60/min 

• Unventilated (Unvent)

• Whole lung lavage after 3 hours: Surfactant, Protein, Cytokine



● CVV
○ VV
*  Within group difference
# Between group difference

Surfactant associated PL

✓ Increased protein content in CVV (vs Unvent)
✓ Increased phospholipid content in VV (vs CVV)
✓ Higher proportion of surfactant associated phospholipid in VV (vs CVV)

✓ Increased cytokine after mechanical ventilation
✓ Higher cytokine in CVV 



• Subject: Pig

• Model: Lung lavage induced lung injury

• ARDSnet group: PEEP 12 cmH2O, I:E ratio 1:1, TV 6 mL/kg, FiO2 0.7

• ARDSnet + noisy group: breath-to-breath variation of TV (mean 6 mL/kg)

• Diffuse alveolar damage (DAD) was evaluated by blinded expert

• P/F ratio after lung injury < 200





• Subject: Pig

• Ex vivo lung inflation

• Custom-designed, volume-controlled, airtight pressure–volume ventilation system

• Positive-pressure ventilation (PPV) 

• - inflation volume (6, 8, 12 mL/kg)

• Negative-pressure ventilation (NPV)

• - transpulmonary pressure matched to PPV



✓ Global TV and transpulmonary pressure are similar
✓ Different path of lung inflation & deflation

✓ Homogeneous and smaller regional strain during 
NPV



Clinical evidence



• Design: Secondary analysis of a prospective, observational, multicenter study (LUNG SAFE)

• Patients: ARDS and at least 2 days of invasive mechanical ventilation

• - Controlled (C): controlled mode + no SB activity (set RR = actual RR)

• - SB: mode without mandatory breath (ex, PSV) or assist control mode + actual RR > set RR 

• Intervention: Spontaneous breathing

• Comparator: Passive ventilation

• Outcomes: Ventilator free-day, Morrtality → Adjusted by logistic regression



P/F ratio ≥150 P/F ratio <150

SB 
(N = 584)

C
(N = 324)

SB
(N =432)

C
(N = 416)

SOFA 9.0±3.7 10.0±3.6 10.4±3.7 11.1±4.2

Non-pulmonary SOFA 6.4±3.8 7.3±3.7 6.7±3.7 7.3±4.1

FiO2 0.4 (0.4–0.5) 0.5 (0.4–0.6) 0.6 (0.6–0.8) 0.7 (0.6–0.8)

TV (mL/kg) 7.9±1.8 7.6±1.5 7.8±1.7 7.5±1.5

PEEP 7.4±2.6 8.0±2.7 8.8±2.8 9.5±3.3

VFD 16.0 (0.0–23.0) 10.5 (0.0–21.0) 12.0 (0.0–21.0) 0.0 (0.0–18.0)

ICU mortality 168 (28.8) 115 (35.5) 149 (34.5) 173 (41.6)

Hospital mortality 206 (35.5) 135 (41.7) 171 (39.6) 184 (44.7)

P/F ratio ≥150 P/F ratio <150

OR (95% CI) P value OR (95% CI) P value

ICU mortality 1.17 (0.92-1.49) 0.208 1.05 (0.72-1.52) 0.806

Hospital mortality 1.13 (0.92-1.50) 0.298 1.16 (0.86-1.56) 0.346

Effect of No SB



• Design: Multicenter, unblinded, randomized trial (ROSE trial)

• Patients: ARDS (PF ratio < 150,  PEEP ≥ 8 cmH2O,  Less than 48 hours)

• Intervention: NMB with deep sedation (RASS -5 ~ -4,  cisatracurium 37.5 mg/h for 48 hours)

• Control: Light sedation (RASS -1 ~ 0) 

• Outcomes: In-hospital death from any cause at 90 days



• Protocol

• - High PEEP strategy 

• - Conservative fluid strategy

• - NMB can be stopped when weaning criteria met (FiO2 ≤ 0.4,  PEEP ≤ 8cmH2O)

• - NMB bolus can be administered when plateau pressure > 32 cmH2O despite other measure

• Sample size calculation: 1408 patients (mortality 27% vs 35%, power 90%)

• After second interim analysis: 1006 patients included and study stopped

FiO2 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.6 0.7 0.8 0.8 0.9 1.0 1.0

PEEP 5 5 6 8 10 12 14 16 16 18 20 20 20 20 22 22 22 24





NMB + deep sedation
(N = 501)

Light sedation
(N =  505)

P value

Tidal volume (mL/kg) 6.3±0.9 6.3±0.9

FiO2 0.8±0.2 0.8±0.2

PEEP (cmH2O) 12.6±3.6 12.5±3.6

PF ratio 98.7±27.9 99.5±27.9

Cistracurium use 488 (97.4%) 86 (17%)

Cistracurium dose (mg) 1807 (1706-1815) 38 (14-200)

90-day mortality 213 (42.5±2.2%) 216 (42.8±2.2) 0.93

PF ratio < 120 42.5±2.6% 42.2±2.6% n-s

PF ratio ≥ 120 42.4±4.2% 44.2±4.1% n-s

Serious cardiovascular event 14 (2.8%) 4 (0.8%) 0.02

Barotrauma 20 (4.3%) 32 (6.3%) 0.12

Pneumothorax (first 2 days) 8 (1.6%) 10 (2.0%) 0.81



Possible strategies to facilitate 
spontaneous breathing



• Subject: Pig

• Model: Injurious ventilation induced lung injury

• Pressure control mode (I:E ratio 1:2, TV 6~7 mL/kg, FiO2 1.0)  

• - Optimum PEEP ± spontaneous breathing

• - Low PEEP ± spontaneous breathing

• - Optimum PEEP: open-lung PEEP estimated by electrical impedance tomography

• - Low PEEP: open-lung PEEP minus 10 cmH2O

• P/F ratio after lung injury = 125

• PEEP: 16.9 (16.7) cmH2O vs 6.5 (6.1) cmH2O



✓ Similar distribution of ventilation regardless of 
SB in optimum PEEP

✓ Different distribution of ventilation according 
to presence or absence of SB in low PEEP

✓ Shorter duration of pendelluft (red bar)

✓ Longer duration of pendelluft (red bar)



✓ No tidal recruitment in 
optimum PEEP

✓ Tidal recruitment in low 
PEEP with SB

✓ No tidal recruitment in 
low PEEP without SB, BUT 
dependent atelectasis



✓ Perfect V/Q matching in 
optimum PEEP 
regardless of SB

✓ Poor V/Q matching in 
low PEEP without SB

✓ Improved V/Q matching in 
low PEEP with SB, BUT 
poorer than optimum PEEP



• Subject: Rabbit

• Model: Lung lavage induced lung injury

• Low TV with weak or strong SB (PEEP 8cmH2O, I:E ratio 1:2, TV 6 mL/kg, FiO2 1.0)

• Moderate TV with weak or strong SB (PEEP 8cmH2O, I:E ratio 1:2, TV 7~9 mL/kg, FiO2 1.0)

• Weak or Strong SB (P0.1 2cmH2O)

• P/F ratio after lung injury < 100



✓ Low TV with strong SB improves oxygenation and histology



• Design: Proof-of-concept study

• Patients: ARDS patients. PSV mode (PS = 12cmH2O, TV > 8mL/kg)

Breath stacking 8/min



EAdi in physiological level





• Design: Single center, unblinded, randomized controlled trial

• Patients: ARDS with PF ratio ≤ 250, IMV less than 48 hours

• Before randomization, volume control mode with plateau pressure < 30cmH2O

• Control(low tidal ventilation): TV 6 mL/kg (4~8), ARDSnet protocol

• Intervention(APRV): Phigh (previous plateau) Plow (5cmH2O), spontaneous minute ventilation (30% 
of total)

• Outcome: 28-day ventilator free day 







Summary

• Lung recruitment

• V/Q matching

• Pulmonary hemodynamics

• Surfactant release with less cytokine release

• Homogeneous regional strain

• Ventilator-free day

• High PEEP

• Low tidal volume with partial neuromuscular block

• APRV mode
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