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Why is it Important to Prevent ARDS? 
•  Once established ARDS is very difficult to treat 

– Almost all clinical trials a failure (MacIntyre & Brower) 

– Low Vt only reduced ARDS moderately (ARDSnet) 

– Mortality of ARDS still 30-60% (Shari & Herridge) 

– Mortality is higher than Breast Cancer (Rubenfeld) 

– Even with Low Vt mortality still >40% (Villar ALIEN Study) 

•  Patients that develop established-ARDS often 
develop chronic lung and brain injury 





Established-ARDS: Difficult to Treat	



The Good Guys: 1 

Ouch.. 

McIntyre Crit Care Med, 2000 



Established-ARDS: Difficult to Treat 

Brower RG, Am J Resp Crit Care Med, 2011  



Recently Failed Trials 
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Recently Failed Trials 
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No Reduction in ARDS Mortality since 1998 

Villar J, Curr Opin Crit Care 2014;20:3-9 



To Prevent ARDS we must 
Understand the Pathogenesis 

•  What is the role of mechanical ventilation in the  development of 
Established-ARDS? 

•  Is there a ‘treatment window’ in the hospital during which ARDS 
can be treated? 

•  What is the progressive pulmonary pathophysiology as EALI evolves 
into Established-ARDS ? 

•  What kind of mechanical breath is necessary to prevent ARDS? 
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•  “..should we begin to consider that ALI/ARDS is a consequence of 
our efforts rather than progression of the underlying disease?” 

•  “..injurious ventilation strategies have been shown to cause all of the 
pathology associated with ALI/ARDS.” 

•  “..ALI/ARDS is largely a ‘man-made’ syndrome.” 

•  “..ALI/ARDS is no longer a syndrome that must be treated, but is a 
syndrome that should be prevented.” 



Vt of 10 vs 6 cc/Kg on patients without ALI 

Improper Ventilation in ‘Normal’ Lungs 
Drives ARDS. 

 



Crit Care Med 2004 

Patients in the ICU without ALI placed on multiple Vt’s 



Non-protective  Ventilation =  Vt 10-12cc/kg 0 PEEP 
Lung-protective Ventilation  = Vt 6-8cc/kg, 6-8 PEEP + RM 



Reduced Major Complications 



•  Key Messages 
–  Higher Vt are causal in the development of ARDS 

–  ARDS occurs early in the course of mechanical ventilation suggesting that 
ARDS-prevention trials should occur early, such as in the emergency 
department 

–  The development of ARDS is associated with significant increases in mortality 
and morbidity, suggesting that ARDS-prevention trials are needed 
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Understand the Pathogenesis 

•  What is the role of mechanical ventilation in the  development of 
Established-ARDS? 

•  Conclusion: MV plays a major role in ARDS pathogenesis 

•  Is there a ‘treatment window’ in the hospital during which ARDS 
can be treated? 

•  What is the progressive pulmonary pathophysiology as EALI  
evolves into Established-ARDS ? 

•  What are the key pathologic components that comprise pre-ARDS 
pathophysiology? 
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Early Acute Lung Injury (EALI): Before the patient is placed on MV 



Early Acute Lung Injury (EALI) Criteria 

•  Admission with Bilateral infiltrates on CXR 

•  Initial O2 requirement of >2L/min 

•  Strong predictor of patient progressing to ALI 
– 73% sensitivity 
– 79% specificity  



ARDS Staging 

•  Once the patient progresses from EALI to ALI 
and is placed on mechanical ventilation the 
lung progresses through an additional 3-Stages 
of progressively increasing pathology 



• Degrees of ARDS 
– Mild ARDS: P/F≤300 with PEEP≥5 

– Moderate ARDS: P/F≤200 with PEEP≥5 

– Severe ARDS: P/F≤ 100 with PEEP≥5 



ARDS Pathogenesis 

EALI 

Insidious-ARDS 

Established-ARDS 
Roy et al J Trauma Acute Care Surg. 2012,73: 391 

Stage 



What is Insidious-ARDS and 
is there proof that it exists? 

Insidious-ARDS is an early stage of ARDS that is treatable and 
presents with the identical clinical symptoms as does Established-
ARDS, however, with a maneuver such as a FiO2-PEEP Trial 
oxygenation dramatically improves and the patient no longer meets 
AECC defined ARDS 



•  Observation: Patients with AECC defined ARDS have a P/F <200 regardless of 
ventilator settings 

•  Intervention: Screening these patients with standardized ventilator settings would 
identify Persistent-ARDS 

–  Vt 7-8 ml/kg 
–  PEEP 10 cmH2O 
–  FiO2 100%  

•  Results: Persistent-ARDS 42%; Transient-ARDS 59% 
•  Conclusion: This study supports the concept of a slow progressive pathogenesis for 

ARDS and suggests that preemptive application with the correct Mechanical Breath 
may be able to block disease progression 

Insidious-ARDS 



12/20 
3:23 AM 

P/F ratio 
<200 

APRV Applied 



P/F ratio 
>400 

Insidious-ARDS 
Lungs were recruited, hypoxemia 
was not refractory 

12/21 
4:46 AM 

~24hrs later 



Insidious-ARDS 
•  Unlike pregnancy ARDS is not binary but rather a disease 

with a progressive, insidious onset, similar to cancer 

•  Insidious-ARDS presents with identical symptoms as does 
Established-ARDS 

•  However, if the proper Mechanical Breath is applied to the 
lung with Insidious-ARDS the lung will reopen, edema will 
be reduced and oxygenation will return and disease 
progression may be halted 
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Before we can determine the components 
of the mechanical breath that may prevent 
the pathogenesis of ARDS we must know: 

•  The key pathologic components that drive 
progressive acute lung injury into ARDS 

•  Is the disease process propagated by a 
mechanical or inflammatory injury or both? 
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Alveolar Instability 
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Before we can determine the components 
of the mechanical breath that may prevent 
the pathogenesis of ARDS we must know: 

•  The key pathologic components that drive 
progressive acute lung injury into ARDS 

•  Is the disease process propagated by a 
mechanical or inflammatory injury or both? 



ALI Models and Inflammatory Mediators 

Uhlig S. European J Cell Bio 2012 

VILI 

Acid Aspiration 

Endotoxin - LPS 

Grey = No effect 

Yellow = Protective 
Green = Contributing 

Magenta = Contradictory 

No Mortality Correlate! 



Mechanical Injury During Ventilation 

Stress/Strain 





What is Stress/Stain Injury, Really? 

•  Mechanical Stress 
– High airway pressure/shear stress (Volu- Atelectrauma) 

•  Exceeding the limits of the support structure 
– Alveolar and bronchiole walls 

•  Causing serious damage 
– VILI 



Mechanism of VILI	



Mechanical Stress 

Support Structure 

Serious Injury 



Study Protocol 

Protti et al Crit Care Med 2013 

Dynamic Strain Static Strain 



Shear Stress-Induced 
 Alveolar Injury 



Direct Injury by VILI 

Uhlig S. European J Cell Bio 2012 

Mechanical 
Damage 



Summary  
•  The 4 key pathologic components in ARDS 

pathogenesis are: 
–  Increased capillary permeability 
– Surfactant deactivation 
– Alveolar edema  
– Alveolar instability (alveolar R/D) 

•  Mechanical damage caused by non-protective 
mechanical ventilation drives the progression of 
acute lung injury 



Question 
If mechanical ventilation is a primary 
driving force in progressive acute lung 

injury, how in the world can we use 
mechanical ventilation to prevent acute 

lung injury? 



Take an Entirely New Approach  
•  Deconstruct the mechanical breath 

– Analyze all 10 components of the mechanical 
breath (pressures, flows, rates, volumes, Times) 

– Mechanical Breath Profile (MBP) 

•  Determine the impact of any given MBP on 
the Micro-environment – the alveoli and 
alveolar ducts 
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Whole Breath Deconstruction 
•  Time at Inspiration (TI) 
•  Pressure at Inspiration (PI) 
•  Time at Expiration (TE) 
•  Pressure at Expiration (PE) 
•  Transition Time from PE to PI (Inspiration rate - ∆PI) 
•  Transition Time from PI to PE (Expiration rate - ∆PE) 
•  Respiratory Rate 
•  Tidal Volume 
•  Inspiratory Flow  
•  Expiratory Flow 
•  FRC 
•  TLC 



   Tlow 

Tlow 

Change in I 

Change in I 

Change in E 

Plow 

Plow 

Phigh 

Phigh 

Whole Breath Deconstruction 

Thigh 

Thigh 



First Step in Whole Breath Analysis 

Identify the role of Time on lung protection 
Pressure/Time Profile: P/TP 



Components Comprising the P/TP 

•  Inspiration 
– Time 
– Pressure 

•  Expiration 
– Time 
– Pressure 

•  RATE of change between Inspiration 
and Expiration 

ñPEEP 

Pplat < 30 

CMV 



Components Comprising the P/TP 

•  Inspiration 
– Time 
– Pressure 

•  Expiration 
– Time 
– Pressure 

•  RATE of change between Inspiration 
and Expiration 

THigh 

APRV  
PHigh 

TLow 

PLow 



We used the APRV mode in our 
experiments due to the ease of setting the 

Time of pressure application throughout the 
mechanical breath  



Ventilator as a Therapeutic Tool to 
Prevent ARDS 

•  Maintain a fully inflated homogeneously ventilated lung 
–  APRV extended time at inspiration (THigh) continually recruits 

•  Prevent alveolar collapse during expiration  
–  APRV very short time a expiration (TLow) prevents collapse 
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                     Texp   

P/TP =∫ PdT 
          Tinsp 

 
 

The Pressure Time Profile (P/TP) describes the airway pressure profile of the 
Entire Breath over the time period of one respiratory cycle. P/TP is the area under 
the airway pressure curve.  

APRV SIMV 
Tinsp Tinsp Texp Texp 

Roy et al J Trauma Acute Care Surg. 2012,73: 391 



Two Basic Components of P/TP 

• Pressure 
• Time 



The  Effects of Pressure and Time 

Pressure = 40 cm H2O 
Time = 40 seconds 

Albert SP et al J Appl Physiol, 2009 
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TLow Set by a Physiologic Closed 
Loop Feedback System 

0.65 0.4 



APRV 

Tlow set incorrectly at 10% of Peak Expiratory Flow Rate 



APRV 

Tlow set correctly at 75% of Peak Expiratory Flow Rate 
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Current Studies in our Lab 

Mechanical Breath Profile (MBP) 



Whole Breath Analysis 
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APRV 



Physiologically-based Computational Model 

•  Short time at low pressure with APRV-75% doses not allow time for derecruitment 

•  Long time at high pressure with APRV-75% improves lung recruitment 

•  Thus, APRV-75% opens the lung for homogeneous ventilation and prevents 
alveolar collapse and instability 

Smith B et al BMES, Abstract, 2014 



Conclusion 
•  Multiple components in the Mechanical breath including: 

•  Time a peak inspiration (very long) 
•  Time at end expiration (very short)  
•  Pressure at inspiration (low) 
•  Tidal volume (high) 



Preemptive ventilation to 
prevent ARDS: Studies 

from our Lab 



Rationale for Prevention 

1-www.pathologyoutlines.com/topic/colontumoradenomacarcinoma.html 

1 

Present Intervention Preemptive Intervention 





Our Model: ‘2-Hit’ Peritoneal 
Sepsis +I/R Induced ARDS 

•  Female Yorkshire Pigs (20-30kg)  
•  Peritoneal Sepsis  

•  Fecal Clot 
•  Gut Ischemia-Reperfusion 

•  SMA Clamped for 30 min 
•  Duration  48 hours 



Experimental Design: 
Surgical Instrumentation 

2-Hit Injury 

Early Goal Directed Therapy Based 
Fluid Resuscitation and Vasopressors  

All Animals Continuously Monitored 
according to ICU Standards of Care 

Broad Spectrum Antibiotics 

 APRV (n=4) 
•  Phigh = Pplat 

•  Plow = 0 
•  Tlow PEFR = 75% 
•  Thigh = > 90% CPAP 
•  Vt = 12 mL/kg 

 ARDSnet (n=3) 
•  High PEEP Scale 
•  Vt = 6 mL/kg 
•  Applied post ê O2 

Roy et al Shock 2013;39: 28 

 Sham (n=5) 
•  PEEP = 5 
•  Vt = 10 mL/kg 
•  No Sepsis+I/R 



Results 
•  All Pigs Developed Septic 

Shock 
–  Fever, Leukopenia 
–  Hemodynamic 

Compromise 
–  Positive Blood 

Cultures 
•  E Coli, 

Pseudomonas, 
Streptococci, 
Klebsiella 
pneumoniae 

•  All Pigs Developed 
Complications of Shock: 

- 	
Abdominal Compartment 
Syndrome 

–  Gastric Stress Ulcers 
–  Sepsis Associated 

Coagulopathy 
–  Oliguric Renal Failure 

SOFA scores & plasma  
IL-6 were not different 

Roy et al Shock 2013;39: 28 



PaO2/FiO2 Ratio 

Roy et al Shock 2013;39: 28 



Pressure/Time Profile (P/TP) 

Roy et al Shock 2013;39: 28 



Molecular Protection 

SP-A SP-B 

IL-6 
E-Cadherin 
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Gross Lung 
    APRV  ARDSnet 

Roy et al Shock 2013;39: 28 



Histopathology 
    APRV  ARDSnet 

Roy et al Shock 2013;39: 28 

Sham 



 Increased Capillary Permeability Alveolar Edema 

Surfactant Deactivation 

// 
Appropriate 

P/TP 

Alveolar Instability 

 
 
 
 
 
 
 

Conclusion: APRV inhibits the Tetrad of ARDS 

✔ ✔ 

✔ 
✔ 



Tidal Volume/kg 5.77 ± 0.38 

PEEP 20 ± 2.31 

FiO2 0.73 ± 0.15 

Tidal Volume/kg 11.98 ± 0.77 

Thigh 5.30 ± 0.76 

Tlow 0.48 ± 0.03 

Phigh 31.00 ± 3.51 

Plow 0.0 ±  0.0 

FiO2 0.21 ±  0.0 

  End of Experiment Ventilator Settings 
ARDSnet n=4 

APRV n=4 

Roy et al Shock 2013;39: 28 



Micro-Anatomical Environment 

•  Tracheal Tidal Volume (tVt) 
– Vt delivered by the ventilator to the trachea 

•  Alveolar Tidal Volume (aVt) 
•  The portion of tVt delivered to each individual alveoli 

•  The critical physiologic factor in the development of 
VILI is not the size of tVt, but how this tVt impacts 
ΔaVt  
 



Ventilation Near TLC 
Vt=700ml 

Inspiration 

400 ml 

400 ml 

400 ml 

400 ml 400 ml 

400 ml 

400 ml 

300 ml 

300 ml 

Expiration 

300 ml 300 ml 

300 ml 

300 ml 300 ml 

Each Alveolus as to change volume 25% 



Ventilation Near FRC 
Vt=700ml 

100 ml 

100 ml 

Expiration 

300 ml 

300 ml 

300 ml 

Inspiration 

= Collapsed Alveoli 

Two Alveoli change volume 66% and the other changes 100% 



Micro-Anatomical Environment 
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 Vt 
700 



Micro-Anatomical Environment 
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Whole Lung Tidal Volume versus Alveolar Tidal Volume in 
APRV 

Vt/kg 

I-E% 



It is not just the absolute size 
of the tidal volume but rather 
the size of the tidal volume 
in relation to volume of the 

lung being ventilated 



Take an Entirely New Approach  
•  Deconstruct the mechanical breath 

– Analyze all 10 components of the mechanical 
breath (pressures, flows, rates, volumes, Times) 

– Mechanical Breath Profile (MBP) 

•  Determine the impact of any given MBP on 
the Micro-environment – the alveoli and 
alveolar ducts 



Impact of the MBP 

Micro-environment 
Alveoli and Alveolar Ducts 



Kollish-Singule M, JAMA Surgery, In Press 



Dynamic Alveolar Strain during Ventilation 

Kollish-Singule M, JAMA Surgery, In Press 



Macro- vs Micro-Strain 

Kollish-Singule M, JAMA Surgery, In Press 



Conclusions 
•  APRV 75% both recruits and stabilizes 

alveoli, preventing collapse during expiration 

•  APRV 75% minimizes alveolar micro-strain 



“Airway Pressure Release Ventilation 
(APRV) Reduces Conducting Airway 

micro-Strain in Lung Injury” 

Kollish-Singule M, J Am College Surgeons, In Press 



Schematic of the Terminal Airway 

Kollish-Singule M, J Am College Surgeons, In Press 



Kollish-Singule M, J Am College Surgeons,  
In Press 

ARDS Lungs 
MV 

Normal Lung - SB 



Kollish-Singule M, J Am College Surgeons, In Press 



Conclusions 
•  The volume of gas in the conducting airways (i.e. ducts) was 

increased in all lung injured groups. 
–  This shift was minimized with APRV 75% 

•  The volume of gas in the alveoli was reduced in all lung injured 
groups 
–  This shift was minimized with APRV 75% 

•  Conducting airway micro-strain was minimized with APRV 75% 



Lecture Summary 
•  ARDS is a progressive disease similar to cancer 

•  Most ARDS develops in the hospital so there is a window of 
prevention 

•  Clinical studies have shown that preemptive application of low Vt 
ventilation to patients with normal lungs, but at high risk, reduces 
ARDS incidence 

•  Mechanical injury to the pulmonary parenchyma with inappropriately 
set mechanical ventilation is a key mechanism driving progressive 
acute lung injury 



Lecture Summary 
•  In order to scientifically determine how to reduce the mechanical 

injury caused by MV we must know: 
–  The pathologic impact of mechanical injury 
–  What components in the mechanical breath (MBP) are harmful or protective 
–  How does any given MBP impact the Terminal Airway 

 
•  We have found that the Time pressures and volumes are applied to 

the lung during each breath are critical for lung protection 

•  Multiple studies from our lab have shown that preemptive application 
of appropriately set APRV will block progressive lung damage and 
prevent ARDS in animals at very high risk 



“ARDS is no longer a syndrome that must 
be treated, but is a syndrome that should be 
prevented.”  
              Villar and Slutsky Critical care. 2010;14(1):120.  

Conclusion 



Preemptive Ventilation Waiting for Established-ARDS 

Can the Ventilator be used as a Drug to 
Prevent ARDS?	
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