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• Oxygenation: FiO2 + positive airway pressure 
• CO2 removal: ventilation 

Hemodynamics 
Lung 

protection 

Gas exchange 

BALANCE BETWEEN: 

Mechanical ventilation 
can harm the lung: 
Ventilator-Induced 
Lung Injury (VILI) 



Hemodynamics 

Lung 
protection 

Gas exchange 

PEEP adjustment 

POSITIVE EFFECTS 
• Prevent derecruitment 
• Promote recruitment 
• Improve oxygenation 
• Improve ventilation distribution 
• Reduced alveolar VD 

NEGATIVE EFFECTS 
• Overinflation 
• Cardiac output impairement 
• Worsening of oxygenation 
• Worsening of perfusion 

distribution 
• Increased alveolar VD 



PEEP and recruitment 

6 ml/kg 

 

Higher PEEP : 
keeps lungs 
recruited 

Cplrs improved 

 
 

6 ml/kg 

 

Low PEEP: 
derecruitment 

Cplrs low 
 

Overinflation → VILI 



• Shunt  hypoxemia 

• Shunt-dependent increased  Vd/Vt  hypercapnia  

 

Gas exchange 

 

Low PEEP: 
derecruitment 
 

 

HigherPEEP: 
keeps lungs 
recruited 
 

High shunt 
Low PaO2  

Low shunt 
Higher PaO2 

Shunt decrease         Vd/Vt reduction 
Lower PaCO2  



PEEP and lung protection 

 

EXPIRATION 
 

 

INSPIRATION 
 

 

Low PEEP 

Cyclic alveolar opening and closing: atelectrauma → VILI 

 

EXPIRATION 
 

 

INSPIRATION 
 

 

Higher PEEP  
 

Alveolar stabilization 



Static 

Dynamic 

When dynamic 
strain decreases 
‒ ↓ mortality 
‒ ↑ oxygenation 
‒ ↓ histological 

damage and 
BAL IL-6 

Protti et al, CCM 2013 



«It remains unclear whether PEEP is 
protective per se or whether its 

putative benefit is due to the 
associated reduction in tidal volume, 
driving pressure and atelectrauma» 

Collino et al, Anesthesiology 2019 



DISTEND 
THE LUNG 

MOVE 
THE AIR 

KEEP 
OPEN 

Mechanical power: a «unifying 
hypothesis»?   

• Amount of energy applied to the lung 

• Takes into account also the effect of flow and rate 

• Obtained from the equation of motion, multiplying 
total pressure by the changes in volume and rate 



Why is PEEP included?  

• PEEP increases lung volume above FRC  static 
increase in end-exp stress and strain 

• This pressure is stored in lung structures as 
potential energy 

• Tidal lung inflation requires a further increase in 
transpulmonary pressure (dynamic strain) 

• The effect of MP on the respiratory system 
depends on lung recruitability: if PEEP leads to a 
decrease in ΔP and elastance, MP will decrease 



• Hypothesis: PEEP, together with Vt, respiratory 
rate and gas flow, contributes to the mechanical 
power required to ventilate the lungs 

• Animal model: healthy piglets, ventilated for 50 
hrs with a Vt = FRC (strain 1) and RR = 30/min 

• Six levels of PEEP (0-4-7-11-14-18) applied 

Collino et al, Anesthesiology 2019 



• MP similar between 0 and 7 cmH2O of PEEP, then 
increased linearly with PEEP 

• Lung elastance, atelectasis and inflammation 
decreased from 0 to 7 cmH2O PEEP, but increased 
progressively with higher PEEP 



• At high PEEP levels severe hemodynamic 
impairment 

• Mortality 0% with PEEP 0-11 cmH2O  33% with 
PEEP 14 cmH2O  50% with PEEP 18 cmH2O 

CO Fluids 



PEEP and lung protection 

• PEEP will raise total stress in all pts, but its 
application can result in predominant alveolar 
recruitment, alveolar overdistention or a 
combination of both 

• The net effect of PEEP on recruitment, 
overdistention and hemodynamics depend on the 
level of PEEP and on the size of the associated TV 

LUNG RECRUITABILITY IS A CRUCIAL 
DETERMINANT OF THE EFFECT OF PEEP 



Gattinoni et al, NEJM 2006  

• 68 pts with ALI/ARDS 

• CT scan at 5-15-45 cmH2O to assess the 
percentage of potentially recruitable lung 

• High variability in the potential for recruitment 

• Pts with higher recruitability had: greater lung 
weight, lower P/F, lower Crs, higher Vd/Vt, higher 
Qs/Qt and higher mortality 



Gattinoni et al, NEJM 2006  



Gattinoni et al, NEJM 2006  

• Strong correlation between the percentage of 
potentially recruitable lung and the response to 
PEEP increase from 5 to 15 cmH2O 

• Bedside estimate of the percentage of potentially 
recruitable lung: at least 2 of the following 
– P/F < 150 @ PEEP 5 
– a decrease in Vd/Vt or an increase in Crs when PEEP is 

increased from 5 to 15 cmH2O 



lower recruitability higher recruitability 

 Caironi et al, AJRCCM 2010 



High (15) vs low (9) PEEP: RCTs 



High PEEP 34 % vs low PEEP  
39 % (p<0.05) 

High PEEP 27 % vs low PEEP  
19 % (p=0.07) 

 Briel et al, JAMA 2010 



 Goligher et al, AJRCCM 2014 

• After an increase in 
PEEP, an increase in 
P/F strongly 
associated with a 
decrease in mortality  

• Association stronger 
for pts with baseline 
P/F < 150 



• 120 ICUs, 9 Countries, from 2011-2017  

• 1010 pts with moderate-severe ARDS (less than 
72 hrs) randomized to 
1. OLA (n = 501) 
2. Conventional ventilation (n = 509): ARDSnet 

low PEEP – low TV 

Cavalcanti et al, JAMA 2017 



Cavalcanti et al, JAMA 2017 

• Higher mortality in the 
experimental group: 
55.3 vs 49.3%  

• Higher risk of 
barotrauma 

• Higher need for 
vasopressors 

• 5 episodes of CA (!) 

PEEP 16.4 - ΔP 11.5 

PEEP 13 - ΔP 13 



Calfee CS, Lancet Resp Med 2014 

• Data from ARMA and ALVEOLI trials  1022 pts  
• Hypoinflammatory (1) and hyperinflammatory (2) 

phenotypes 
• Different phenotypes had different outcomes and 

response to PEEP 



Oxygenation to predict PEEP 
effect 

• Gattinoni: P/F < 150 at PEEP 5 has PPV of 76% for 
estimating response to PEEP increase (5  15) 

• Briel: higher PEEP beneficial if baseline P/F < 200 

• Goligher: association between P/F improvement 
with higher PEEP and mortality 

MEASURES OF OXYGENATION MAY PREDICT 
CLINICAL RESPONSE TO HIGHER PEEP 



Oxygenation to predict PEEP 
effect 

• BUT oxygenation does not depend only on 
recruitment… 

– effect on cardiac output 

– extrapulmonary shunt 

– efficiency of HPV 

– FiO2 setting 



Oxygenation to predict PEEP 
effect 

• BUT oxygenation does not depend only on 
recruitment… 

– effect on cardiac output 

– extrapulmonary shunt 

– efficiency of HPV 

– FiO2 setting 



ZEEP PEEP 

At a glance 



Hemodynamic effects of PPV 

1. Caused by changes in lung volume and 
by increase in ITP («transmission» of 
airway pressure) 

2. Magnitude depends on: 

− volume status 

− lung and chest wall compliance 

 Ppl = PEEP x CL/(CL+CW) 
 



In practice 

Stiff lung 
Soft chest wall 
 
(Ex. primary ARDS) 

LOWER 
HEMODYNAMIC 
EFFECT OF PEEP 

Soft lung 
Stiff chest wall 
 
(Ex. obese COPD) 

HIGHER 
HEMODYNAMIC 
EFFECT OF PEEP 



Hemodynamic effects of PEEP 

• Reduction of RV preload (decreased gradient 
for VR?)  net effect: CO decrease 

• No direct effect on cardiac contractility 

• Differential effect on RV and LV function 

• Effect on PVR (RV afterload) again depends 
on the balance between recruitment and 
overdistention 



ARDS and RV dysfunction (ACP) 

• Incidence RVD (ACP) ≈ 25% 

• Caused by increase in PVR 

– alveolar damage and microvascular occlusions 

– hypoxemia and hypercapnia vasoconstriction and 
arteriolar remodeling 

– positive pressure ventilation 

• ↑ afterload  imbalance between O2 supply 
and demand  RV ischemia 



Incidence vs Pplat Mortality and US findings 

ARDS and RV dysfunction (ACP) 

Jardin F, ICM 2007 



Conclusions 

• Higher PEEP levels more likely to be 
beneficial in pts with higher potential for 
recruitment 

• PEEP level selected based on its effect on 
gas exchange, respiratory mechanics, 
hemodynamics 

• Remember to monitor hemodynamic 
impact 

 


