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Pathophysiological Considerations
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Adapted from: Stringer WW et al . Eur J Appl Physiol 2005; 93: 634-639 
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VO2 = Cardiac Output x (CaO2-CvO2) 

Pathophysiological Considerations



VO2 = SV x HR x (CaO2-CvO2) 

Pathophysiological Considerations



Oxygen uptake and hemodynamics

VO2

Weber KT et al; Am J Cardiol 1985

Class A: > 20 ml/min/kg 

Peak oxygen uptake: 

Class B: 16- 20 ml/min/kg 

Class C: 10- 16 ml/min/kg 

Class D: < 10 ml/min/kg 



Fick Equation for Cardiac Output Determination:  

CO (HR X SV) =   
VO2

CaO2-CvO2



Oxygen uptake and influencing factors

VO2 = HF x SV x (CaO2-CvO2) 



Oxygen uptake and influencing factors

VO2 = HF x SV x (CaO2-CvO2) 

Ventricular filling

Systolic Funktion

Diastolic Function

Chronotropic competence

Autonomic nervous system

O2 transport capacity:

Hemoglobin content

Sceletal muscle:

Oxygen extraction

Hemodynamics

Mitochondrial function



Oxygen pulse concept

Oxygen pulse = oxygen uptake ÷ heart rate
(Henderson and Prince 1914)

Oxygen pulse describes

oxygen uptake per heartbeat.

Fick equation:  

CO =   
VO2

CaO2-CvO2

SV x HR =   
VO2

CaO2-CvO2

VO2
= SV x (CaO2-CvO2)  

HR   



Gas exchange and hemodynamics



Central and peripheral hemodynamics in heart failure

Aus: Sullivan MJ et al, Circulation 1989 



Aus: Sullivan MJ et al, Circulation 1989 

Central and peripheral hemodynamics in heart failure



Peripheral distribution of Blood Flow

CO, RR
Resis-

tance

Peak 

VO2

Lactate
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After initiation of therapy:

Aus: Sullivan MJ et al. Circulation 1989; 80: 769-781, Duscha BD et al. Heart Fail Rev 2008; 13: 21-37



Ventilatory equivalents in the diagnosis 
of pulmonary vascular disease (PVD)

From: Kroidl et al. Kursbuch Spiroergometrie. 2006
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PaCO2 > PETCO2

PaCO2 = arterial PCo2 (normal: slightly below 40 mmHg)

PETCO2 = End-tidal PCO2 (normal: about 40 mmHg)
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Ventilatory equivalents in the diagnosis 
of pulmonary vascular disease (PVD)

From: Kroidl et al. Kursbuch Spiroergometrie. 2006

Pulmonary Ventilation-/Perfusion 
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efficiency: 

VE/VCO2(left) 
and PETCO2 (right)

normal normal

Heart failure
Heart Failure

Mismatch between 

perfusion and ventilation:

bad perfusion, good ventilation

PaCO2 > PETCO2

PaCO2 = arterial PCo2 (normal: slightly below 40 mmHg)

PETCO2 = End-tidal PCO2 (normal: about 40 mmHg)

CONGESTION CONGESTION

HIGH VENTILATORY DRIVE



What does CPET show

in Heart Failure?



- Peak VO2

- Anaerobic Threshold (VT1)

- Peak Oxygen Pulse (VO2/HR)

- Ventilatory Inefficiency (VE/VCO2)

- End-tidal CO2 partial pressure (PETCO2)

Altered CPET parameters in Heart Failure



- Peak VO2

- Anaerobic Threshold (VT1)

- Peak Oxygen Pulse (VO2/HR)

- Ventilatory Inefficiency (VE/VCO2)

- End-tidal CO2 partial pressure (PETCO2)

- Oscillatory Breathing

Altered CPET parameters in Heart Failure



Clinical Case: Oscillatory Breathing

GV, 71J, male

168 cm, 78 kg

Ex-smoker 

(30 Pack Years)

Ischemic 

Cardiomyopathy

VC max 106,2% d.N.

FEV1: 113% d. N. 

DLCO: 49 % d. N.

Peak VO2: 0,8 L/min

AT: 0,65 L/min

VE/VCO2@AT: 41

PETCO2@AT: 29 mmHg



Oscillatory Breathing: Be careful with averaging

Dumitrescu D et al. Annals of the ATS 2017. 





ESC Guideline Recommendations

From: McDonagh TA et al. Eur Heart J 2021.



Who should receive 

heart transplantation or 

mechanical cardiac support? 



Risikostratifizierung vor Herztransplantation

Gruppe Peak VO2

(ml/min/kg)

Transplantation

1 < 14 Akzeptiert

2 ≥ 14 Abgelehnt

3 < 14 Abgelehnt

Erste Daten zur Risikostratifizierung

anhand der peak VO2 (1991)

Aus: Mancini et al., Circulation 1991



Risikostratifizierung vor Herztransplantation

Aus Mancini et al., Circulation 1991

Accepted
Denied

Denied



Spiroergometrie für die Evaluation für eine Herztransplantation

ISHLT-Leitlinien (2024): 

Peled Y et al., J Heart Lung Transpl 2024



From: Azar M et al. Heart 2026

Risk Stratification for heart transplant: Peak VO2 too simple?



Risk stratification



Correlation between maximal oxygen uptake and left

ventricular ejection fraction

V-HeFT I V-HeFT II

Peak VO2 (ml/kg/min)Peak VO2 (ml/kg/min)

L
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-E
F

 (
%

)

L
V
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F

 (
%

)
Cohn et al., Circ. 87, Suppl. VI, 1993, VI 5 - VI 16



Patient 1

Patient 2

Which patient is of higher risk?

7.5 ml/min/kg

36 % of pred.

Peak VO2
VE/VCO2

Peak VO2
VE/VCO2

18.2 ml/min/kg

58 % of pred.



Guideline Statements



Risk Stratification in Heart Failure

Aus:  Guazzi et al, Circulation 2012. 



MECKI  score
Metabolic Exercise test data 

combined with Cardiac and Kidney 

Indexes

Slide Courtesy of PG Agostoni



Slide Courtesy of PG Agostoni



Slide Courtesy of PG Agostoni



Slide Courtesy of PG Agostoni



Accessed at https://ww.cardiologicomonzino.it/en/mecki-score



LVAD weaning



Left ventricular assist device (LVAD)

From: Goodman D et al. Artificial Organs 2022 / Varshney AS et al. J Am Coll Cardiol 2022.



Ischemia



Clinical Case: 

66Y, female

165 cm, 65 kg

non-smoker

Symptoms: 

Progressive dyspnea 

on exertion

Peak VO2: 0.9 L/min

VT1: 0.55 L/min (46 % peak VO2)

Nadir VE/VCO2: 39

Peak PETCO2: 32 mmHg



CPET for detection of myocardial ischemia

From: Bellardinelli R et al. Eur Heart J 2003. 

n=202: 173 men, 29 women

Gold standard: SPECT myocardial scintigraphy

Exclusion of patients with

heart failure, anemia and respiratory disease

Stress ECG CPET

Sensitivity 0.46 0.87

Specificity 0.66 0.74

Positive

predictive value

0.76 0.88

Negative 

predictive value

0.35 0.72



CPET for detection of coronary artery disease in patients with angina

From: Bellardinelli R et al. Int J Cardiol 2014. 

n=144

Gold standard: Coronary angiography

Exclusion of patients with

heart failure, anemia and respiratory

disease

Stress ECG 

low

Stress ECG 

intermediate

Stress ECG

high

CPET 

low

CPET 

intermediate

CPET high

Positive

predictive

value

0.20 0.42 0.54 0.35 0.60 0.84



CPET for detection of myocardial ischemia

From: Bellardinelli R et al. Eur Heart J 2003. 

Flow-independent 

zone

Flow-dependent

zone

VT1?



Gas exchange abnormalities in dynamic mitral valve insufficiency

From: Bandera F al. Eur Heart J 2017.



CPET for detection of coronary artery disease in patients with angina

From: Sonaglioni A et al. J Clin Med 2025. 

104 studies

n=16.824 patients

CPET

CPET



Detection of coronary artery disease: State-of-the-art

From: Vrints C et al. Eur Heart J 2024 / Sonaglioni A et al. J Clin Med 2025. 



Detection of coronary artery disease: State-of-the-art

From: Ganesananthan S et al. Eur Heart J 2022. 



Evolution of PH Guidelines

Thank you for your attention!


