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“SAFE MECHANICAL VENTILATION: “WHAT 
YOU NEED TO KNOW ”…AND DO. 



DISCLOSURES 
Past and present Advisory Boards: 
• Resmed 
• Philips/Respironics  
• Hamilton 



OBJECTIVES: 

• Describe the physiology of patient (PILI) and/or 
ventilator induced lung injury (VILI) 

• Discuss current evidence of potentially modifiable 
factors that may limit Lung injury.   

• Describe a rational approach to providing safe 
ventilatory support. 



VENTILATORY SUPPORT  GOALS 

1. Maintain adequate gas exchange  
2. Provide appropriate level of support 

a) Limit excessive work of breathing 
b) Pt comfort 
c) Pt/vent synchrony 

3. Protect the lung 
a) Limit stress and strain  



Lower Pflex 

Upper Pflex 

GOALS OF LUNG PROTECTIVE STRATEGY 
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(Median 7.61 ml/kg) 



• 50 countries, 459 ICUs, 29144 patients receiving mechanical ventilation 
• ARDS incidence 10.4 % (3022 patients) 
• Recognition of ARDS 60% (40% under recognized) 
• Less than 2/3 of ARDS pts received Vt 8ml/kg PBW or less (1/3 received 

Vt too high) 
• 82.6% received PEEP of 12 cmH20 or less (PEEP too low) 
• Plateau pressure only monitored in 40.1% (Driving pressure?) 
• Mortality ranged from 34.9, 40.3, 46.1 % for mild, moderate, and severe 

ARDS respectively 
 CONCLUSIONS AND RELEVANCE Among ICUs in 50 countries, prevalence of ARDS was 10.4% of ICU admissions. 

This syndrome appeared to be under recognized and  undertreated and associated with a high mortality rate. These 
findings indicate the potential for improvement in the management of patients with ARDS. 
 



TIDAL VOLIUME PER PREDICTED BODY WEIGHT 





RADFORD NOMOGRAM N ENGL J MED 1954; 251:877-884 



Critical Care Medicine. 45(5):843-850, May 2017. 

• Is driving pressure superior to its’ 
defining variables in predicting 
outcome? (PEEP, Vt, Pplt) 

• Retrospective analysis from 778 
pts with moderate to severe 
ARDS 

• Lung protective strategy  
• Vt 4-8ml/kg PBW, Pplt < 30cmH20, 

PEEP 10 -15cmH20 (Sp02> 90%), 
PaC02 35-50mmHg 
 

Conclusion: Plateau pressure slightly 
better than driving pressure in predicting 
mortality 

 
Spanish Initiative for Epidemiology, Stratification and Therapies of ARDS (SIESTA) Network 
 



DRIVING PRESSURE 
• Driving Pressure (DP) =Tidal 

volume/Compliance 

 or 

• Plateau pressure minus 
PEEP (total) 

 

• i.e. Pplt 30cmH20 – 20 
cmH20 PEEP = DP 10cmH20 



Driving Pressure = 
Pplat – PEEP 
        or 
Vt/ Compliance 



Recruitable lung 



METHODS TO SELECT PEEP 

• PEEP/Fi02 table 
• Stress Index 
• Best Compliance 

(Decremental) 
• PV Curve 
• Transpulmonary pressure 
Goals: Oxygenation, reduce cyclic 
sheer injury, improve compliance, 
improve lung homogenaity (reduce 
stress raisers) 
Key point: PEEP is related to FRC  
Lung recruitment is an inspiratory 
phenomenon.  



STRESS RAISERS 

• Lung Inhomogeneity/heterogeneity 
increases with ARDS severity 

• Dynamic junction pressure increase 
• Multiplied by factors of 2:1 to 4.64:1 
Pplt 30cmH20 x 2 = 60 cmH20,                             
Pplt 30 cmH20 x 4 = 120 cmH20! 

• Injures normal alveoli 
• Decreasing inhomogeneity reduces 

stress raisers (Early lung recruitment) 

Pplt < 30cmH20 



 



RECRUITMENT  MANEUVERS  
• Sustained inflation (insp hold) 

• 40-45 cmH20 for 10 - 40 sec 

• Incremental/decremental PEEP 
• Best compliance 
• Sp02 

• Pressure Control Modes 
• Inverse I:E ratio (APRV,Bilevel) 
• HFO 

• Slow pressure volume maneuver  
• Super syringe 



DETERMINANTS OF RM SUCCESS 
• ARDS category 

• Intrapulmonary vs extrapulmonary 

• ARDS Stage 
• Early vs. late 

• Post maneuver PEEP 
• Maintain recruitment 

• Response duration 

• Recruiting method 
 



Methods 
Control group: Vt 6ml/Kg PBW, Pplt 30cmH20 

 
 
Intervention group: 
PC driving pressure 15cmH20 and 
incremental/decremental PEEP recruitment  
Incremental PEEP 25 (1 min), 35 (1 min), 45 (2 min) = 
max Pplt 60cmH20 ! 
DSMB changed to PEEP 25, 30, 35 = max Pplt 
50cmH20 due to SAEs (death, barotrauma, ↑ inotropes) 
63% OLV Intrapulmonary ARDS 
(56% Pneumonia) 
 



• Animal study comparing effects of rate of increase in Paw and duration of RM on 
intrapulmonary vs. extrapulmonary ARDS 

• RM Methods: 30cmH20/30 seconds, Stepwise of 5 cmH20, 8.5sec/step (step51), 
Stepwise of 5 cmH20 for 5sec/step with sustained 30cmH20/30sec (STEP 30/30) 

• Measured biological markers of apoptosis, fibrogenesis, and cell damage 

Results:  

• Sustained RM 30cmH20/30 seconds resulted in worse endothelial injury.  

• Both RM of 30/30 and stepwise 30/30 with sustained inflation had  increased 
markers of endothelial injury in extra-pulmonary ARDS 

• Stepwise RM Stepwise 5cmH20 for 8.5 seconds without sustained pressure 
resulted in least adverse biological impact 

• Key point: Both rate and duration of RM matter: Slower rise and shorter duration 
least harmful. 



• 50 pts early onset ARDS 
• Slow inflation (5cmH20/sec) 

sustained inflation of 40cmH20 for 30 
seconds 

• Measured HR, BP, Sp02 and recruited 
volume at 10 sec intervals 

Results: 
• 98% of volume recruited within first 10 

seconds 
• No significant decrease in BP at 10 

seconds 
 



BUT WHAT ABOUT THE SPONTANEOUS 
BREATHING PATIENT? 



BJORN AAGE IBSEN, INTENSIVIST/ ANESTHESIST 
ESTABLISHED THE WORLDS FIRST ICU: 
COPENHAGEN 1953 
  

“And actually it does not 
matter what is the source of 
the patient’s gasping. You 
simply have to bring his 
breathing back in order.“ 



 

Conclusion: Development of diaphragm atrophy during the early course of 
mechanical ventilation predicts prolonged ventilation and an increased risk of 
complications. Similar but weaker results were found for increased diaphragm 
thickness.  
 
Targeting an inspiratory effort level similar to that of healthy subjects at rest 
might accelerate liberation from ventilation. 

Atrophy Excess WOB 



• Assisted ventilation may minimize VALI by: 
• Recruitment of dependent lung regions 
• More homogenous distribution of pleural pressure 

• Assisted modes may exacerbate VALI: 
• Increased asynchrony  

• Allows inappropriate tidal volumes and transpulmonary pressures 

Conclusions: 
• Assisted pressure limited time cycled modes that allow spontaneous ventilation 

may be used in patients with mild to moderate ARDS: P/F >150 (APRV, ACPC). 
•  The following parameters should be monitored: 

• Inspiratory drive (driving pressure) 

• Transpulmonary pressure                 Stress and Strain 
• Tidal volume (6ml/kg PBW) 

• Assisted modes should not be used in severe ARDS.  
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VENTILATOR MONITORING  
RESPIRATORY SYSTEM 
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Peak 
Paw 

Ventilator Circuit Pressures 
Resistance 

Respiratory System Pressures 
Lung, chest wall, abdomen 

Alveolar Distending Pressure 

Plateau 
Pplt 

Respiratory System Pressures 
Lung,chest wall, abdomen 

Alveolar Distending Pressure 

Transpulmonary 
Ptp 

Alveolar Distending Pressure 

DEFINING VENTILATOR PRESSURES 



• Determination of “better PEEP” 
• Tailor tidal volume to lung size 
• Differentiate between chest wall and lung compliance 
• Estimate true driving pressure 
• Assess work of breathing 
• Improve patient ventilator synchrony 

 

 



VENTILATOR MONITORING  
TRANSPULMONARY PRESSURES 



BERLIN DEFINITION 



Non-invasive Ventilation (NIV) of Patients with ARDS: 
Insights from the LUNG SAFE Study AJRCCM 2016 Oct  

 
 
 

• 436/2813 (15.5%) of ARDS patients were initially managed with NIV 
regardless of severity 

• NIV use independently associated with under recognition of ARDS 
23.2% 

• NIV Vt too large  
• 8.46 + 2.77 ml/Kg vs. 7.53 + 1.75 ml/kg invasive MV (p<<.001) 

• NIV PEEP inadequate 
• NIV 7cmH20 + 2 vs. 8 cmH20 + 3.1 invasive MV (p < .001) 

• NIV failure occurred in 22.2% of mild, 42.3% moderate, 47.1% severe ARDS 
• ICU mortality 10.6% NIV success vs. 42.7% NIV failure (p < .001) 
• Hospital mortality 16.1% NIV success vs. 45.4 % NIV failure (p < .001) 
• ICU Mortality P/F <150:  NIV  36.2%  vs.  24.7%  Invasive MV (p = 0.033) 

 



P 0.05 

NIV Pts had ↑ Vt, ↑ driving pressures 



Crit Care Med. 2016 Jan;44(1):120-9 

• Prospective observational study 
of 457 pts meeting ARDS criteria 

• 106 non-intubated at time of 
meeting criteria 

Results: 

• 36/106 required late intubation 
(within 3 days) 

• 55% mortality in NPPV pts who 
required intubation. 

 
Conclusions: A substantial proportion of pts with ARDS were not intubated in their initial days 
of intensive care, and many were never intubated. Late intubation was associated with increased 
mortality. Criteria defining the ARDS prior to need for positive pressure ventilation are required so that 
these patients can studied and to facilitate early recognition and treatment of ARDS. 

https://www.ncbi.nlm.nih.gov/pubmed/26474112


Conclusions: When used before MV, HFNC can improve the prognosis of patients 
compared both with the COT and NIPPV.  

AARC Sept 2017 



 
 
 
 
 
Compared : Biomarkers of NHF and MV pts with bilateral infiltrates and hypoxemia to normal 
nonhypoxemic controls. 
 
In conclusion, acute hypoxemic patients with bilateral infiltrates treated with HFNC may present a 
similar pattern of biomarkers of inflammation and injury to ARDS patients who undergo direct MV. 
 
This suggests that HFNC patients who otherwise meet the Berlin definition criteria may be 
considered as mild ARDS patients and biomarker analysis may help identify patients who will fail 
on HFNC and will need to be intubated. 



 

 

Observational study of 175 pts who failed NHF 
Classified as early intubation < 48 hrs vs. late intubation > 48 hrs 
Results: ICU Mortality: early 39.2 vs. 66.7 %  late (P 0.006) 
Also significant: longer weaning, less vent free days, longer ICU 
LOS in late extubation group 
 
Conclusions: NHF may cause delayed intubation and worse 
clinical outcomes.  
 



 
 
 

   WHAT WE NEED TO DO AT THE 
BEDSIDE. 

 
CASE STUDIES 



WHAT’S THE MOST IMPORTANT FACTOR IN 
ENSURING SAFE VENTILATORY SUPPORT? 

You RRT 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi7z_TA0uzSAhVL7IMKHcVyAVYQjRwIBw&url=http://blogs.discovermagazine.com/neuroskeptic/2015/08/27/woman-stranger-in-the-mirror/&psig=AFQjCNEDb7mVTBm8yMYSyYWAqCx7mhZgJQ&ust=1490359109964744


 
 
 
 

TIMING IS EVERYTHING 
 

 



The golden hours of critical care resuscitation. Delays of even a few hours in the treatment of critical 
care syndromes can result in irreversibly large physiologic changes that become increasingly difficult to 
overcome.  

Ventilator/Patient induced  lung injury 
Appropriate intervention 



NIV/NHF IN RESPIRATORY FAILURE 
1. Careful patient selection (hypercapnic vs. hypoxemic) 
2. NIV settings to target  

a) IPAP: tidal volume (Vt) 6-8 ml/kg PBW 
b) EPAP: Sp02 88-95% with lowest Fi02 

3. NHF setting: Highest flow lowest Fi02 
4. Recognize ARDS ! 

5. Closely monitor for 1- 4 hours! 
a) Work of breathing:  

a) Accessory muscles  
b) Respiratory rate  

b) High likelihood of failure: 
a) P/F < 175 after 1 hr 
b) Vt > 9.5 ml/kg PBW 
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https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjk5tedj4DZAhXJ7IMKHQkxAnMQjRx6BAgAEAY&url=https://nurseslabs.com/acute-respiratory-distress-syndrome-ards-nursing-management/&psig=AOvVaw2VpIHNJkSVxbhPd9SfjL30&ust=1517416532430298


WHAT MODE SHOULD I USE? 
 

 

There are currently 200+ Modes 



CURRENT  VENTILATION GUIDELINES 
LUNG PROTECTION FOR ALL PATIENTS  

• Maintain Sp02 target ( 92-96%),  
Fi02 < .60  

• Target tidal volume 6 (4-8) ml/Kg 
PBW (all pts unless MD directed) 

• Plateau pressure (Pplt) < 30 
cmH20 

• Respiratory rate PaC02 35-45 
mmHg (COPD exception) 

• PEEP/Fi02 table 
• Driving pressure < 15 cmH20 

 
 
 
 



  
Within 2 hours 



PV CURVE AND RECRUITMENT 

• Lower inflection point (LIP) 
• Alveolar opening 

• Point of derecruitment (PDR) 
• Alveolar derecruitment 

• Upper inflection point (UIP) 
• Lung over distention 

• Recruitable volume 
 



Within 6 hours 
Improves outcomes No decrese in mortality 



TRANSPULMONARY PRESSURE MONITORING 

• Respiratory system 
pressures 
• Peak, plateau <30, PEEP 

• Driving pressure (DP) < 15 
cmH20 (respiratory system) 

• Esophageal pressure 
• (pleural pressure) 

• Transpulmonary pressures 
• Inspiratory <20 

• Expiratory 0-5 

• “True” DP trans <15 ( 10-12) 



PRONE POSITION 

• New (old) protocol 2017  
• No Rotoprone initially 

• 16 consecutive hours per day (at 
least) 

• Discontinue when: 
• Resolution of underlying processes 
• P/F >150 mmHg 

• PEEP < 10cmH20 

• Fi02 < .60 
 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi8ve6u_NnLAhVFk4MKHTvbBNkQjRwIBw&url=https://twitter.com/yourICM/status/689190788392161284&bvm=bv.117604692,d.amc&psig=AFQjCNEt9C2PcVlt13LGimw2ojKQVrVRRA&ust=1458931189407657


 

• 62yo male with 
multiple comorbidities  

• bilateral pneumonia 
• worsening hypoxia 
• Pa02 63, PaC02 53, 

pH 7.41  

 

CASE 1 OPTIMIZING VENTILATOR SETTINGS 



 

• End expiratory 
transpulmonary pressure 
(PtransE) – 3.5 cmH20 
 

• Driving pressure 15-16 
cmH20 (resp system)  
 

• Intervention: Increase 
PEEP 
 
 

CASE 1 PEEP TITRATION 



• High Plateau pressure 
(Pplt) 40cmH20 

• Driving pressure airway 
(DPaw) 24cmH20 

• Driving pressure 
Transpulmonary (DPtp) 
24cmH20 

 
Why is driving pressure 
increasing so much? 

CASE 1 DRIVING PRESSURE 



Lower Pflex 

Upper Pflex 

DRIVING PRESSURE 

http://www.scielo.br/img/revistas/jped/v83n2s0/en_a12f04.gif 
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↑ PEEP ↑ FRC 
“Baby lung” 



• Vt decreased to 
380ml (5ml/kg)  

• Ptrans E 0-2 cmH20 
• Ptrans I < 20 cmH20 
• Driving pressure:  

< 15cmH20 
 

Fi02 >.60, marginal  
Sp02, Now what? 

 
 

 

CASE 1 WHAT IS SAFE TIDAL VOLUME 
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• Less cardiac oscillations  
• Significant improvement in 

respiratory mechanics  
• DPtp 11cmH20  
• Fi02 .50, Pa02 > 153mmHg  
• Pt proned for 2 days (16 hrs)  
• Returned supine and 

successfully weaned 3 days 
later. 

CASE 1 PRONE POSITION  



CASE 2 RH PROTOCOL RESCUE  

37 yo from OSH at 03:30 severe ARDS 
 Sp02 during transport low 70s  
Rescue therapies initiated: 

• Fi02 .80 Bilevel (APRV) 30/15 
cmH20 

• Nitric oxide 20 PPM 
• HFOV on standby 
• ECMO consult 

 
07:00 Sp02 low 90s 

 

P 

T 

Bilevel Ventilation 

Nitric Oxide HFOV 

http://images.google.com/imgres?imgurl=http://www.customauthenticjerseys.com/wp-content/uploads/2009/08/brett-favre-a-viking.jpg&imgrefurl=http://www.customauthenticjerseys.com/category/nfl/nfl-news/minnesota-vikings/&usg=__iZs-JyXAlw-s0uJbpAgCmbp7plE=&h=508&w=500&sz=35&hl=en&start=10&um=1&tbnid=MKfRdFc3UojlbM:&tbnh=131&tbnw=129&prev=/images?q%3Dfarve%2Bviking%26hl%3Den%26rls%3Dcom.microsoft:en-us%26sa%3DN%26um%3D1


Within 6 hours 



RECRUITMENT MANEUVER 
• Slow inflation with 10 

second inspiratory hold at 
40 cmH20 
 

• Recruitable lung 
• Large hysteresis 
• Recruited volume > 

400ml 



CASE 2 08:30 TRANPULMONARY MONITORING 
Within 2 hrs 
• Fi02 .60 
• PEEP 20 cmH20 
• DPtp 7-8 cmH20 
• NO off 
• Sp02 94% 
• ECMO consult 

cancelled 
EARLY intervention is Key!  

 



CASE 2    DAY 3 SBT 
• PS 8 cmH20 PEEP 10 cmH20 
• 2 hrs later emergent call to 

room  
• Vt > 12 ml/kg ! 
• Driving pressure  (DPtp) 30 

cmH20 ! 
• Temp 39.9 C 
• Fi02 1.0, PEEP 18, paralytic, 

prone position, 2 week recovery  
• Patient-Self Induced Lung 

Injury !  
 
 

401 
16 

12 



HAVE A PLAN ! 
Predefine SBT success vs. failure 
criteria: 

• RR, Vt, Sp02 
• Work of breathing 

• Physical assessment 
• P 0.1, PTP, Ptp 

• When to reinstitute 
sedation and/or paralytics 

• Avoid Icebergs 
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REFRACTORY HYPOXEMIA GUIDELINES 
PRELIMINARY (UNPUBLISHED) DATA 

50+ catheters so far 
2017 

Decreased: 
• ECMO 
• Nitric oxide usage 
• Driving pressures 
• Ventilator time ?  
• Mortality? 

 
 



 
 

What’s Next? 
 What 

the …? 



SUMMARY 
• Excessive stress and strain causes lung injury regardless of 

how generated. 
• Early lung stabilization and limiting lung distending pressure are 

the key components to preventing lung injury.  
• During spontaneous breathing early recognition and alleviation 

of excessive WOB is crucial in preventing P-SILI. 
• What YOU do makes a difference!   



IT’S TIME TO GET ONBOARD 

# 

RT Practitioners 

Knobo-sauras Rex 
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WHAT ABOUT CARDIAC OUTPUT? 



EFFECT OF MECHANICAL VENTILATION ON 
HEMODYNAMICS 

 

PEEP + Vt 
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