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A brief reminder of physiology

Only a simple one …

The Fick equation

VO2 = CO x DAV O2



The Fick 

equation 

during 

exercise

HF



Exercise right heart catheterization (1985)
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Relationship CO/W
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∆ VO2 = ∆ CO x ∆ AVD O2



Implications

• It is possible to estimate peak CO from peak VO2

• If peak VO2 is 3 500 ml/min and RER (QR) max is 
1.20, peak CO is between 23 and 27 l/min

• Peak CO = peak VO2 / peak AVO2 difference

• Peak AVO2 difference is about 0.13-0.16

– May be increased in athletes or ePO

– Decreased if

• Submax exercise

• Anemia

• Low muscle bulk (needs engagement of more than 75% of the 
muscle during exercise; if not, less desaturated blood returning 
from the rest of the body may decrease peak AVO2 difference)



AVO2 difference responses 
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AVO2 difference responses 
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The O2 pulse



Peak O2 pulse

• Often a misconception : 
– « O2 pulse is the reflect of SV »

• O2 pulse is VO2/HR =  SV x AVO2 difference
• During exercise:

– SV
• May increase by 50-100% in athletes
• May be stable (normals)
• May decrease by 30% (HF)

– AVO2 difference
• Always increases
• X by 5 in athletes
• X by less than 2 in severe HF (from 8 to 13 …)



Normals /fit people

• If ∆ Stroke Volume is 1.5 (+50%)

• If ∆ AVO2 difference is 4 (from 0.04 to 
0.16)

• ∆ O2 pulse is 1.5 x 4 = 6

– So from 4 to 24 for exemple



Severe HF

• If ∆ Stroke Volume is 0.8 (20% decrease)

• If ∆ AVO2 is 2 (from 0.06 to 0.12)

• ∆ O2 pulse is 0.8 x 2 = 1.6

• So for example from 4 to 6



So it is important to consider

• Peak O2 pulse
– Normal means normal response

– Low may be due to low SV or low peak AVO2 difference

– By chance, both are often associated ….

– Normally x 3 at least

• But also the profile
– Generally regular increase

– May plateau after 50-75% of the test

– If early, pathological
• Suggests a decrease in SV

• As AVO2 difference always increases …



Causes of low ∆ O2 pulse

• Anaemia

• O2 desaturation  during exercise (FO reopening)

• Decrease forward flow

– HF

– Mitral regurgitation 

– …
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O2 pulse in mitral stenosis

Cohen Solal A. Eur Heart J 1999



Pouls d’O2

VO2

Ischemic mitral regurgitation



Who cares about recovery ? …

The patient …..



VO2 recovery kinetics
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•Alternate knee-extensor 

exercises

Whipp et al., (1999)

PCr and VO2 kinetics  MRI study



Relationship between VO2 and Pi/PCr kinetics recoveries

A Cohen-Solal, Circulation 1996

T ½ PCr (NMR spectrometry)



VO2 kinetics recovery : 
calculation, relation with exercise level

A Cohen-Solal, Circulation 1996
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Exercise level and VO2 recovery



T ½ VO2 Recovery

• In normal, 80±20 sec

• In HF may exceed 4 minutes …

• If peak VO2 is low
– Normal VO2 kinetics recovery : submax test, 

normal subject

– Slow VO2 kinetics recovery : 
circulatory/pulmonary failure

• Prognostic value

• Easy to assess



« VO2 RD » Bailey CS. JACC HF 2018



Overshoot at recovery



BP response

• A low BP means a poor exercise circulatory 
response

• May be observed with preserved peak VO2

• Coupled analyze of BP and VO2 can be 
interesting



BP and « circulatoy power »

• Peak exercise cardiac stroke work and power are 
major haemodynamic parameters



BP and « circulatory power »

• Peak exercise cardiac stroke work and power are major 
haemodynamic parameters

• Cardiac power : CO x SBP
– Better prognostic factor than VO2max

– Difficult to assess non invasively during exercise

– May be approached by CPX : « circulatory power » 



Prognostic value of the Stroke Work Index
 during exercise in CHF

Author n Follow up Results (multivar analy)

Griffin (1991) 49 12 months SWIex

Roul (1995) 50 21 months SW ex>VO2ex

Mancini (1996) 65 232 days SWex>VO2ex

Metra (1999) 219 19 months SWIex>VO2ex>Na

Exercise cardiac stroke work  : 
a powerful prognostic factor



Prognostic value of Cardiac Power 
Output

LB Tan et al. Eur Heart J 2002
(CO measured by rebreathing method)



BP and « circulatory power »

• Peak exercise cardiac stroke work and power are major 
haemodynamic parameters

• Cardiac power : CO x SBP
– Better prognostic factor than VO2max

– Difficult to assess non invasively during exercise

– May be approached by CPX : « circulatory power » 

• Circulatory power
– VO2max x SBP max

– = CO max x AVO2D max x SBP max

– = CO max x SBP max  x AVO2Dmax

– = Max Cardiac Power x AVO2D max



Survival according to 
quartiles of Circulatory Power

Tabet JY et al.

EHJ 2002

Only 

predictor of 

survival by 

multivariate 

analysis



VE/VCO2 slope

• Reflects the amount of ventilation 
needed to reject CO2

• Normally, 25-30 l/min of ventilation for 
expiring 1 litre of CO2 

• (so normal VE/VCO2 slope 25-30)

• (Age dependent)



VE/VCO2 slope during exercise 

in CHF



Meaning of an increase 
in VE/VCO2 slope

• Complex, multiple causes
– Increased dead space (rapid superficial breathing)

– Insufficient increase in pulmonary blood flow (V/P 
mismatch)

– Abnormalities of chemoreceptors (hyper 
responsiveness)

– Ergoreflex (stimulation of ventilation from nerval 
stimulation arising from the pathological peripheral 
muscles)

• High prognostic value in CHF





VE/VCO2 > 45 = PHT

VE/VCO2 < 30 = no PHT

VE/VCO2 30-45 : grey zone

VE/VCO2 slope and 
SPAP in HF

Guazzi M et al.
J Cardiac Fail 2013;19:461e467) 



HR

Ventilation

CPX and chronotropic incompetence
a specific CPX profile



Prognostic value

Exercise Capacity
The Prognostic Variable That Doesn’t Get Enough Respect

Daniel B. Mark MD, MPH; Micheal S. Lauer, MD

FOCUSED PERSPECTIVE

Circulation



So don’t forget

• CPX IS an haemodynamic test

• That deeply goes into pathophysiology





Clinical cases



Case 1

• 50 years

• DCM LVEF 20%

• NYHA I

• LBBBB







10.0 cm …
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Case 3

• Man, 55 y

• Active (peasan)

• CMD (LVEDD 80 mm)

• LVEF 20%

• NYHA III-IV

• Heart transplant? 

• But

– Peak VO2 17 ml/min/kg …

– Denied HT



Case 3

BP 90 mm Hg BP100 mm Hg

40% theoretical VO2max



Case 3

VE/VCO2 slope 52



CPX with Jarvik 2000 …



Clinical case : mitral stenosis
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Figure 4. Example of abnormal O2 pulse  (in red) and chronotropic incompetence (in blue) 

in cardiac amyloidosis patients. There is low increase of O2 pulse during exercise : from 4 

to 10 mL/bpm (X2,5) and a premature plateauing of O2 pulse. 



Conclusion 

• CPX reflects the circulatory/pulmonary response 
during exercise

• CPX should be used in all exercise diagnostic tests 
(except ischemia detection or BP response)
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