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Hemodynamic effects  

of Mechanical Insufflation 

Use of heart-lung interaction  

to assess fluid responsiveness 



Mechanical insufflation and venous return 
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Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

 Physiological aspects 

 Clinical applications 
• Pulmonary vascular resistance and lung volume 



extra-alveolar vessels 

intra-alveolar vessels 

   high lung volume 



 lung  

volume 

         Lung volume 

improves the RV ejection 

    by decreasing resistance  

    of extra-alveolar vessels 



Lung volume 

RV FRC TLC 

PVR 

extra-alveolar vessels 



 Palv 

         Lung volume 

improves the RV ejection 

    by decreasing resistance  

    of extra-alveolar vessels 

impedes the RV ejection 

by compressing the  

intra-alveolar vessels 

 Transpulmonary pressure 

 Pit 

 Ptranspulm  

=  Palv - Pit 
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Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

 Physiological aspects 

• Pulmonary vascular resistance and lung volume 

• Pulmonary vascular resistance and West’s zoŶes 
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 Hypovolemia favors zones 1 and 2 by reducing intravascular pressures  

Reduced central blood volume  

should amplify  

the deleterious impact of MV  

on RV afterload and RV function  



Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

 Physiological aspects 

 Clinical applications 

 Transpulmonary pressure and ACP 



* 

* 

* 
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Plateau pressure (cmH2O) 

18-26 27-35 > 35 



RV 

RA 

LV 

ACP defined 

as RVEDA/LVEDA > 0.6  

and septal dyskinesia  

Incidence of ACP: 25% 

 
   

Crit Care Med 2001, 29:1551-1555 

       ARDS with protective  ventilation 

               (Pplat < 30 cm H2O) 



Definition of acute cor pulmonale 

• mean PAP > 25 mmHg 

• RAP > PAOP 

• Stroke Index < 30 mL/m2 

145 ARDS pts with PAC 

with lung protective ventilation 



10% 

90% 

ACP + 

ACP - 

145 ARDS patients 

with lung protective ventilation 



Reduction of transpulmonary pressure  

using ventilatory strategies  

aimed at limiting plateau pressure,  

 is associated with  

high reduction of incidence and severity  

of acute cor pulmonale during ARDS 





Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

 Physiological aspects 

 Clinical applications 

 Transpulmonary pressure and ACP 

 Influence of volume status 



TV 

6 mL/kg 

Low PEEP 
 

High  

PEEP 

13 cmH2O 

 

TV 

6 mL/kg 

  5 cmH2O 

 

Pplat : 30 cmH2O 

Passive 

 Leg Raising 

45° 



CI  
L/min/m2 

• Decrease in RV preload? 

 

• Increase in RV afterload? * 
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• Increase in RV afterload 
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* 

Decrease in RV afterload 

  with volume challenge 
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* 

Decrease in RV afterload 

  with volume challenge 

 

* 
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up 

bottom 

  Volume loading may favor zones 3 

 PPA  >  PPV  >  Palv Zone 3 



Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

Mechanical insufflation and LV filling 



 Palv 

 Pit 

improves the LV filling 

Transpulmonary pressure 

(Palv – PIT) 

= 



Mechanical insufflation and RV ejection 

Mechanical insufflation and venous return 

Mechanical insufflation and LV filling 

Mechanical insufflation and LV ejection 



 Pabd 

 Palv 

 Pit 

Transdiaphragmatic pressure 

(PIT – Pabd) 

= 

Improves the LV ejection  

toward the extrathoracic  

compartment 



LVEF  
(%) 

SB      MV 



Hemodynamic effects  

of Mechanical Insufflation 

Use of heart-lung interaction  

to assess fluid responsiveness 



CHEST 2002, 121:2000-8  

Only 52% of patients responded  

to fluid administration  

in terms of CO increase 



Highest positive fluid balance 



•  presence of hemodynamic instability/peripheral hypoperfusion 

    ;ŵottled skiŶ, hypoteŶsioŶ, oliguria, hyperlaĐtateŵia…Ϳ 

•  and presence of preload responsiveness 

•  and limited risks of fluid overload 

Decision of starting fluid administration 



Predictors of preload responsiveness/unresponsiveness 

Can help to choose the best fluid strategy  

by avoiding to fluid overload 

patients who would be fluid unresponsive 



preload responsiveness 

preload unresponsiveness 

 Stroke  

Volume 

Ventricular preload 
 

Fluid infusion will increase LV stroke volume  

only if both ventricles are preload responsive  
  

Fluid responsiveness 

equivalent to  

biventricular preload responsiveness 



. 

 normal heart 
  

   failing heart 
 

preload responsiveness 

   preload unresponsiveness 

 Stroke  

volume 

Ventricular preload 
 

« static » measures of preload  

cannot reliably predict  

fluid responsiveness 



Responders Nonresponders Responders Nonresponders 



Crit Care Med 2013; 41:1774-81 

Predicting fluid responsiveness  

with CVP is like  

1802 pts 

Summary AUC 

0.56 



Level 1; QoE moderate (B) 

31.  We recommend using dynamic over static variables to predict fluid  

        responsiveness, when applicable 
Level 1; QoE moderate (B) 

30.  We recommend not to target any absolute value of ventricular filling 

        pressure or volume 
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 normal heart 
  

   failing heart 
 

preload responsiveness 

preload unresponsiveness 

 Stroke  

volume 

Ventricular preload 
 

Dynamic indices of preload responsiveness 

Heart-lung interaction indices 

Respiratory variation of SV  

(or surrogates) 

End-expiratory occlusion  

test 

Passive Leg Raising test 



* 

** 

Mechanical  

insufflation 
RV filling 

 

RV stroke volume 

LV filling 

LV stroke volume 

at expiration 

 

2-3 heart beats later 

(at expiration) 

 

at inspiration 
pulmonary transit time 

  *  if RV preload responsive  
SV 

RV preload 

  ** if LV preload responsive  
SV 

LV preload 



         induces  

                   only in pts with  

                     biventricular 

          preload responsiveness  

 

              occurs only in pts with    

                     biventricular 

            preload responsiveness 

                                  correlates with the magnitude  

                                         of  the  

                                                 induced by 

cyclic changes in SV fluid responsiveness MV 



  Pulse Pressure = k . 
Stroke Volume 

arterial compliance 

 Pulse pressure variation should predict fluid responsiveness   

 Pulse Pressure Variation 

the respiratory changes in arterial pulse pressure  

should reflect the respiratory changes in LV stroke volume 
 



A B Ventricular preload 

Stroke volume 

preload responsiveness 

preload  

unresponsiveness 



PPmax PPmin 

 PPmax - PPmin 

(PPmax + PPmin) /2 

 

PPV = 

    Am J Respir Crit Care Med  2000; 162:134-8 

Arterial catheter 
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PPV 

CVP 

PAOP 

1 - Specificity 



  807 pts      22 studies   



Threshold: 12% 

AUC: 0.94 



r 
2 
 = 0. 85 

Fluid-induced  

changes in 

cardiac index  

(%) 

PPV (%)  before fluid infusion 
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    Am J Respir Crit Care Med  2000; 162:134-8 

The larger the PPV before fluid infusion,  

the larger the increase in CO after fluid infusion 

The smaller the PPV before fluid infusion,  

the smaller the increase in CO after fluid infusion 



Calculated automatically and displayed in real-time  

by functional hemodynamic monitors 

  Pulse Pressure Variation 



 Arterial  

Pressure 
  

  Arterial pressure waveform analysis             Stroke volume  
 

Stroke Volume Variation 

Calculated automatically and displayed in real-time  

by functional hemodynamic monitors 



  685 pts    



PPVi PPVni 

Non-invasive  

finger blood pressure  

monitoring device 

http://www.cnsystems.at/cache/max_800x600_images_stories_CNAP_Monitor_20120210_CNAP_PPV_m_Cuff_800px.pdf.jpg




PPV 

SVV 

PVI 
GEDV 





post-surgical morbidity 



ICU length of stay 





•  iŵpossiďle to iŶterpret iŶ pts with spontaneous breathing activity 

  Limitations of respiratory variability indices  
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patients  

with spontaneous  

breathing 

PPV  (threshold: 12 %) 

fully adapted to ventilator 



•  iŵpossiďle to iŶterpret iŶ pts with spontaneous breathing activity 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

50 
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PPmin 

  Limitations of respiratory variability indices  



•  iŵpossiďle to iŶterpret iŶ pts with spontaneous breathing activity 

•  diffiĐult to iŶterpret if tidal volume is too low 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

  Limitations of respiratory variability indices  



PPV 8 % 
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PPV 12.8 % 

 

Normal TV 

Low TV 



•  iŵpossiďle to iŶterpret iŶ pts with spontaneous breathing activity 

•  diffiĐult to iŶterpret if tidal volume is too low 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

•  diffiĐult to iŶterpret if lung compliance is too low 

  Limitations of respiratory variability indices  
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Crs ш ϰ0 mL/cmH2O 

ϯ0 ч Crs < ϰ0 mL/cmH2O 

Ability of PPV to predict fluid responsiveness in function of lung compliance 



•  iŵpossiďle to interpret in pts with spontaneous breathing activity 

•  diffiĐult to iŶterpret if tidal volume is too low 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

•  diffiĐult to iŶterpret if lung compliance is too low 

•  diffiĐult to iŶterpret iŶ Đase of high frequency ventilation 

 
                                                            PPV can be not reliable when the heart rate/respiratory rate is > 3.6  

De Backer et al Anesthesiology 2009 

  Limitations of respiratory variability indices  



•  diffiĐult to iŶterpret if tidal volume is too low 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

•  diffiĐult to iŶterpret if lung compliance is too low 

•  diffiĐult to iŶterpret iŶ Đase of high frequency ventilation 

 
                                                            •  diffiĐult to iŶterpret uŶder open-chest conditions 

•  diffiĐult to iŶterpret iŶ Đase of severe RV failure 

Mahjoub et al  Crit Care Med 2009, Wyler von Ballmoos et al  Crit Care 2010 

 

  Limitations of respiratory variability indices  

•  iŵpossiďle to interpret in pts with spontaneous breathing activity 



•  iŵpossiďle to iŶterpret iŶ pts with spontaneous breathing activity 

•  diffiĐult to iŶterpret if tidal volume is too low 

•  iŵpossiďle to iŶterpret iŶ patieŶts with arrhythmias 

•  diffiĐult to iŶterpret if lung compliance is too low 

•  diffiĐult to iŶterpret iŶ Đase of high frequency ventilation 

 
                                                            •  diffiĐult to iŶterpret uŶder open-chest conditions 

•  diffiĐult to iŶterpret iŶ Đase of severe RV failure 

In all these situations and in case of any doubt about interpretation  

other reliable dynamic tests are required  

… aŶd are now available  

  Limitations of respiratory variability indices  



 Stroke  

volume 

Ventricular preload 
 

Heart-lung interaction indices 

Respiratory variation of SV  

(or surrogates) 

End-expiratory occlusion  

test 



  End-expiratory occlusion test 

  Cyclic decrease in venous return and preload 

Transient increase in venous return and preload 



 Stroke  

volume 

Ventricular preload 
 

preload  

responsiveness 

preload  

unresponsiveness 



     Fluid responders should be identified  

     by an increase of their CO during the end-expiration occlusion test   

Transient increase in preload 

  End-expiratory occlusion test 

and hence in CO in case of preload responsiveness 





effect of eeO 

on Pulse contour CO 

effect of eeO 

on Pulse Pressure 
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Airway  

Pressure 

cmH2O 

Arterial 

Pressure 

mmHg 

Volume expansion End-expiratory occlusion 



effect of eeO 

on CO 

effect of eeO 

on PP 

effect of eeO 

on SAP 

AUC: 0.71 

AUC: 0.97 AUC: 0.96 



Lung compliance  

< 30 mL/cmH2O 
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PPV 

effects of EEO on CO 





. 

 normal heart 
  

   failing heart 
 

preload responsiveness 

preload unresponsiveness 

 Stroke  

volume 

Ventricular preload 
 

Dynamic indices of preload responsiveness 

Heart-lung interaction indices 

Respiratory variation of SV  

(or surrogates) 

End-expiratory occlusion  

test 

Passive Leg Raising test 





Crit Care 2015, 19:18 



Ventricular preload 

      Stroke  

     Volume 

A B 

a' 

b' 

a 

b preload  

unresponsiveness 

PLR 

preload  

responsiveness 



Ventricular preload 

      Stroke  

     Volume 

A B 

a' 

b' 

a 

b preload  

unresponsiveness 

PLR 

preload  

responsiveness 

Unlike fluid challenge, no fluid is infused, 

 and, the effects are reversible and transient 

  PLR mimics fluid challenge 

The hemodynamic response to PLR  

    can predict the hemodynamic response to volume infusion 



     Real-time CO response to PLR 

The hemodynamic response to PLR  

 can predict the hemodynamic response to fluid infusion 



21 clinical studies 

995 patients 

2016 



Monnet X, Marik PM, Teboul JL ICM in press 

Changes in PP 

AUC: 0.77 ± 0.05 

Threshold: 12% 

Changes in CO 

AUC: 0.95 ± 0.01  

Threshold: 10% 
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Pts with  

spontaneous  

breathing 
 

PLR-induced changes in ABF 
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PPV 
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Septic shock pts 

n = 30 pts n = 30 pts 



Control group 

Preload dependence group 



Control Preload dependence 



* 

* 

* 



•  presence of hemodynamic instability/peripheral hypoperfusion 

    (mottled skin, hypotension, oliguria, hyperlactatemia…Ϳ 

•  and presence of preload responsiveness 

•  and limited risks of fluid overload 

Decision of starting fluid administration 



•  either disappearance of hemodynamic instability 

•  or presence of preload unresponsiveness 

•  or high risks of fluid overload or severe hypoxemic lung injury 

Decision of stopping fluid administration 



 We do not recommend the routine use of dynamic measures of fluid 

responsiveness (including but not limited to pulse pressure variation, aortic flow 

changes, systolic pressure variation, respiratory systolic variation test, collapse of 

vena cava). 

      Level 1; QoE high (A) 

 

 There may be some advantage to these measurements in highly selected patients. 

      Level 1; QoE high (A) 

 

We recommend using dynamic over static variables  

to predict fluid responsiveness, when applicable.  

Level 1; QoE moderate (B) 



Hemodynamic consequences 

of Mechanical Insufflation 

 

Conclusion 

• Venous return 

• RV ejection 

• LV filling 

• LV ejection 

More marked  

in cases of hypovolemia 
Tool to assess fluid responsiveness 

Thank you 


