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Overview 

• Heart and lungs and connected anatomically 
and physiologically

• In series

• Changes in ventilation significantly affects 
cardiac physiology



Determinants of cardiac function





What happens to lungs during MV?

• ↑sed volume  : lung inflation

• ↑sed pressure : Intra thoracic pressure



Effects of normal lung inflation

• Vt <10ml/kg

• causes↓ vagal tone

• ↑ heart rate

• Phasic manner (during inspiration)

• Results in sinus arrythmia

Clinically used to document normal autonomic control

Anrep GV, Pascual W, Rossler R. Respiratory variations in the heart rate in the reflex mechanism of the respiratory 
arrhythmia. Proc R Soc Lond B Biol Sci. 1936;119:191–217.



In case of hyperinflation?

• Vt >10ml/kg

• ↑ vagal tone + sympathetic withdrawal

• ↓ both heart rate and blood pressure

• Compression of heart in cardiac fossa

Glick G, Wechsler AS, Epstein DE. Reflex cardiovascular depression produced by stimulation of pulmonary stretch 
receptors in the dog. J Clin Invest. 1969;48:467–472

Lung inflation mediates its reflex CVS effects by 
modulating central autonomic tone



Localised hyperinflation?

• In split lung ventilation, COPD

• No autonomic changes noted

Fuhrman BP, Everitt J, Lock JE. Cardiopulmonary effects of unilateral airway pressure changes in intact infant lambs. J 
Appl Physiol. 1984;56:1439–1448.

Autonomic changes require general increase in lung volumes



Role of humoral substances?

• Role of ANP

• Hyperinflation and PPV causes ↓sed RA 
stretch

• Simulate hypovolemia

• Decreased synthesis of ANP

• ↓sed natriuresis

Frass M, et al. Atrial natriuretic peptide release in response to different positive end-expiratory pressure levels. Crit Care 
Med. 1993;21:343–347

This is the reason why ventilated pts gain weight early



Effect on pulmonary vascular resistance

• By 2 mechanisms

– ↓ hypoxia induced vasoconstriction

– Altering cross sectional area of vessels



• ↑ ventilation decreases hypoxia and acidosis

• PEEP recruits collapsed alveoli

• Leads to ↓pulm vasomotor tone 

NIV, CPAP, Recruitment maneuvers decrease PVR, intubation and 
mechanical ventilation is not necessary

Brower RG, Gottlieb J, Wise RA, et al. Locus of hypoxic vasoconstriction in isolated ferret lungs. 
J Appl Physiol. 1987;63:58–65



Compression of pulmonary vessels



Net effect on RV afterload

• More effect on alveolar vessels than other 
mechanisms

RV afterload increases with positive pressure ventilation



Role in recruitment maneuvres

• High PEEP used

• Significant compression of alveolar vessels

• Sudden ↑se in PVR

• Can cause acute corpulmonale and LV collapse 

In borderline RV failure, Recruitment maneuvers are used with 
caution and is restricted to 10s or less to avoid significant 

hemodynamic derangements



Ventricular Interdependance





VI In PPV?

• Observed that PEEP results in only minimal 
shift of IV septum to right

• This VI that occurs during this usual PEEP is 
found to be small clinically

Jardin F, Farcot JC, Boisante L. Influence of positive end- expiratory pressure on left ventricular performance. 
N Engl J Med. 1981;304: 387–392

Jardin FF, Farcot JC, Gueret P, et al. Echocardiographic evaluation of ventricles during continuous positive pressure 
breathing. J Appl Physiol. 1984;56:619–627



Effects of increased pressure

• Systemic venous return (preload)

• LV afterload

• Myocardial O2 consumption



Positive pressure ventilation

↑sed ITP and Pra

↓sed pressure gradient for venous return

↓RA filling 

↓ RV stroke volume 



Compensatory mechanisms

• Increased sympathetic tone to increase mean 
systemic pressure

• Diaphragmatic descent causing raised IAP 

Takata M, Wise RA, Robotham JL. Effects of abdominal pressure on venous return: abdominal vascular zone conditions. J 
Appl Physiol. 1990;69:1961–1972







Can we minimize this? YES!

• Fluid resuscitation

• Prolonging expiratory time

• Low tidal volume

• Low end expiratory pressures

van den Berg P, Jansen JRC, Pinsky MR. The effect of positive-pressure inspiration on venous return in volume loaded 
post-operative cardiac surgical patients. J Appl Physiol. 2002;92:1223–1231



LV afterload



LV afterload

• For same tidal volumes, the transmural LV 
strain decreases with increased ITP

• Raised ITP is known to reduce LV afterload for 
similar tidal volumes

Buda AJ, Pinsky MR, Ingels NB, et al. Effect of intrathoracic pressure on left ventricular performance. N Engl J Med. 
1979;301:453–459



Myocardial O2 consumption

• PPV decreases both LV preload and afterload

• Significant decreased O2 requirements

• Whereas  in spontaneous breathing, has 
shown to increase global O2 demand 
(irrespective of energy requirements of resp
muscles)

In CHF, increased global LV performance is demonstrated just by applying 
nasal CPAP and removing negative swings

Buda AJ, Pinsky MR, Ingels NB, et al. Effect of intrathoracic pressure on left ventricular performance. N Engl J Med. 
1979;301:453–459



Spontaneous vs Positive pressure 
ventilation



Spontaneous 
breathing

Parameters
Positive pressure 

ventilation

↑ lung volume ↑

↓ ITP ↑

↓ Pra ↑

+ Addition of PEEP ++

↑ Venous return ↓

- RV afterload ↑

↓ Ventricular interdependence
LV compliance

-

↑ Myocardial O2 consumption ↓

- LV afterload ↓





ROLE OF CARDIOPULMONARY INTERACTION  
DURING INITIATION OF MECHANICAL 
VENTILATION



To summarize



• Above factors plus

• Blunting of sympathetic responses by drugs 
used to allow intubation

• Causes hypotension in normovolemic pts

• Not just the effect of drugs (tracheostomised
pts)



Does it change among diff modes?

• Differential effect of lung volume and ITP only

• When Vt and PEEP are the same, 
hemodynamic changes are similar among all 
the modes of ventilation

• Square flow waveform : ↓sed LV stroke 
volume

Lessard MR, Guerot E, Lorini H, et al. Effects of pressure-controlled with different I:E ratios versus volume-controlled 
ventilation on respiratory mechanics, gas exchange and hemodynamics in patients with adult respiratory distress 

syndrome. Anesthesiology. 1994;80: 983–991



ROLE OF CARDIOPULMONARY 
INTERACTION IN WEANING PROCESS



Changes occurring weaning process

• Shift from PPV to spontaneous breathing 
(reductions in ITP)

• ↑sed venous return (preload)

• ↑sed LV afterload

• ↓sed LV compliance

• ↑sed global myocardial O2 demand

RV and LV stress test



Clinical applications

• Non compliant RV : acute cor pulmonale, CV 
collapse

• LV ischemia: ADHF, LVF

• Also seen in severe obstructive lung diseases

During weaning process, pts are carefully observed for signs of heart failure

Lemaire F, Teboul JL, Cinoti L, et al. Acute left ventricular dysfunction during unsuccessful weaning from mechanical 
ventilation. Anesthesiology. 1988;69:171–179

Richard C, Teboul JL, Archambaud F, et al. Left ventricular dysfunction during weaning in patients with chronic 
obstructive pulmonary disease. Intensive Care Med. 1994;20:171–172



Can we prevent?

• In pts with heart failure or ischemia

• Cardiac performance increased by PPV

• Reverse myocardial ischemia

Rasanen J, et al. Acute myocardial infarction complicated by respiratory failure. The effects of mechanical ventilation. 
Chest. 1984;85:21–28.

Rasanen J, et al. Acute myocardial infarction complicated by left ventricular dysfunction and respiratory failure. The 
effects of continuous positive airway pressure. Chest. 1985;87:156–162

In such patients, preemptive NIV has a role in preventing reintubation
and increasing cardiac performance



ROLE OF VENTILATION TO DEFINE 
CARDIAC PERFORMANCE



• LV ejection can be assessed over many end 
diastolic volumes

• On PPV,  Systolic BP monitoring is done

• If SBP ↑ses : volume overload / heart failure

• If SBP ↓ses : hypovolemia (more likely to 
respond to volume expansion)

Benes J, Giglio M, Brienza N, Michard F. The effects of goal-directed fluid therapy based on dynamic parameters on post-
surgical outcome: a meta-analysis of randomized controlled trials. Crit Care 2014;18:584



Its significance?

• Early identification of pts who respond to 
fluids

• Infusing fluids in others will worsen their 
cardiovascular status

• Can delay appropriate therapy, if proper 
subgroup is not identified

Michard F, Teboul JL. Predicting fluid responsiveness in ICU patients: a critical analysis of the evidence. 
Chest. 2002;121:2000–2008



PARAMETERS FOR HEMODYNAMIC 
MONITORING
•All these are based on principles of cardiopulmonary interaction



Traditional techniques

• Pulmonary artery catheterization

• Central venous pressure monitoring



Why new techniques?

• Both CVP and PAC poor predictive value for 
predicting fluid responsiveness

• affected by a number of other physiologic 
derangements

• Complications: invasiveness

• Data interpretation is difficult

Marik PE, et al. Does central venous pressure predict fluid responsiveness? 
A systematic review of the literature and the tale of seven mares. Chest 2008; 134:172.

Michard F, et al. Predicting fluid responsiveness in ICU patients: a critical analysis of the evidence. 
Chest 2002; 121:2000.
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Pulse pressure variation(PPV)

• systolic – diastolic arterial blood pressure 
varies with respiration

• PPV = 100 x (PPmax – PPmin)/PPmean

• PPV of at least 13 to 15 percent is strongly 
associated with volume responsiveness

• Sensitivity and specificity of 88%

Marik PE, et al. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically 
ventilated patients: a systematic review of the literature. Crit Care Med 2009; 37:2642.
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• Accurate in mechanically ventilated(paralysed) 
pt with VT>7-8ml/kg, when arterial catheter 
used

• Sinus rhythm

Michard F, et al. Relation between respiratory changes in arterial pulse pressure and fluid responsiveness in septic 
patients with acute circulatory failure. Am J Respir Crit Care Med 2000; 162:134.
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Stroke volume variation (SVV)

• linearly related to pulse pressure

• >10% is associated with fluid responsiveness

• SVV = 100 x (SVmax - SVmin)/SVmean

Jacques D, Bendjelid K, Duperret S, et al. Pulse pressure variation and stroke volume variation during increased intra-
abdominal pressure: an experimental study. Crit Care 2011; 15:R33.
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• Accurate when arterial catheter is used

• Has same limitations of PPV

• sensitivity and specificity of 94% with 
threshold value of 10% 

Biais M, et al. Uncalibrated pulse contour-derived stroke volume variation predicts fluid responsiveness in mechanically 
ventilated patients undergoing liver transplantation. Br J Anaesth 2008; 101:761.
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• Both LV stroke volume variation and arterial 
pulse pressure variation during phases of resp
cycle of ventilation are both sensitive and 
specific markers of fluid responsiveness

Marik PE, et al. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically 
ventilated patients: a systematic review of the literature. Crit Care Med. 37:2642–2647, 2009.



Pleth variability index (PVI)

• Pulse oximetric waveform variation w.r.t. 
respiration

• measure of the dynamic changes in the 
Perfusion Index (Pi) that occur during one or 
more complete respiratory cycles

• Predict fluid responsiveness

Cannesson M, et al. Pleth variability index to monitor the respiratory variations in the pulse oximeter plethysmographic
waveform amplitude and predict fluid responsiveness in the operating theatre. Br J Anaesth 2008; 101:200.
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Calculation 

• Expressed as a percentage



LV Ejection Time and Pre Ejection Period

Middleton PM, Chan GS, O’Lone E, Steel E, Carroll R, Celler BG, Lovell NH. Changes in left ventricular ejection time and
pulse transit time derived from finger photoplethysmogram and electrocardiogram during moderate haemorrhage. 

Clin Physiol Funct Imaging 2009;29:163–9



Provocative maneuvers

• Fluid challenge (500ml over 10 min)

• Passive leg raise test (45 degrees for one min)

– sensitivity of 86%, specificity of 92 %

Cherpanath TG, Hirsch A, Geerts BF, et al. Predicting Fluid Responsiveness by Passive Leg Raising: A Systematic Review and 
Meta-Analysis of 23 Clinical Trials. Crit Care Med 2016; 44:981.
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What is Fluid responsiveness? 

• Poorly defined

• 10 or 15% increase in Cardiac Output

• reduction in SVV and PPV when provocative 
maneuvers are used

• Volume responsiveness does not equate to 
the need for fluids, it only identifies the ability 
of the heart to increase stroke volume if given 
fluids

Marik PE, Monnet X, Teboul JL. Hemodynamic parameters to guide fluid therapy. Ann Intensive Care 2011; 1:1.
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IVC Diameter

• during positive pressure ventilation, increased 
intra thoracic pressure pushes blood from the 
heart into the vena cava, leading to distention 
of the vessel

• magnitude of these changes has been 
proposed to correlate with intravascular 
volume status and fluid responsiveness

Barbier C,  et al. Respiratory changes in inferior vena cava diameter are helpful in predicting fluid responsiveness in 
ventilated septic patients. Intensive Care Med 2004; 30:1740.
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• Collapse of IVC diameter with inspiration of 12 
to 18% : associated with fluid responsiveness 
in mechanically ventilated patients

Feissel M, Michard F, Faller JP, Teboul JL. The respiratory variation in inferior vena cava diameter as a guide to fluid 
therapy. Intensive Care Med 2004; 30:1834.
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• Operator dependent

• Requires training

• other heart lesions may be confounding



Velocity time integral (VTI)

• Commonly done at the level of LVOT

• Using doppler echocardiography : pulsed wave 
doppler

• Can be used in our RICU!

• Fairly reliable in predicting cardiac output

Dinh VA, et al. Measuring cardiac index with a focused cardiac ultrasound examination in the ED.
Am J Emerg Med 2012; 30:1845.
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• VTI done by emergency doctors co related 
well with cardiac index 

Dinh VA, et al. Measuring cardiac index with a focused cardiac ultrasound examination in the ED.
Am J Emerg Med 2012; 30:1845.
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PiCCO : Principle

• Calculation of hemodynamic parameters 
based on
– Transpulmonary thermodilution (static 

measurements)

– Pulse contour analysis (dynamic measurements)

• Independent from breathing or ventilatory
cycles 

• Depends on heart lung interaction  





Arterial pulse contour analysis

Goedje O et al. Accuracy of beat-to-beat cardiac output monitoring by pulse contour analysis in 
haemodynamical unstable patients. Med Sci Monit 2001;7(6):1344-1350



Goedje O et al. Accuracy of beat-to-beat cardiac output monitoring by pulse contour analysis in 
haemodynamical unstable patients. Med Sci Monit 2001;7(6):1344-1350



Transpulmonary thermodilution
• defined bolus, for e.g. 15ml cold normal saline is 

injected via a central venous catheter

• cold bolus passes through the right heart, the 
lungs and the left heart and is detected by the 
PiCCO catheter

• repeated around three times in under 10 minutes 
to ensure an accurate average is used to calibrate 
the device and to calculate the thermodilution
parameters

• It is recommended to calibrate the system at least 
3 times per day.



PiCCO Parameters

• Cardiac Index

• Stroke volume index

• Global end diastolic volume index : preload

• Pulse pressure variation

• Stroke volume variation

• Systemic vascular resistance index : afterload

• Extravascular lung water : pulmonary edema

Depends on Cardiopulmonary 
interaction



Overcoming these detrimental interaction

• ↓WOB by ↓ resistance & ↓ collapsed alveoli

• ↓negative swings in ITP/ dysynchrony

• Prevent hyperinflation (use lowest PEEP)

• Fluid resuscitation at initiation

• Prevent volume overload during weaning


