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Gratz, EUHJ 2009

Subjective versus measured exercise capacity



Gratz, EUHJ 2009

Subjective versus measured exercise capacity

Dandamudi, AJC 2025

Never trust a patient

pretending to have 

a good exercise capacity!



CPET as Diagnostic Tool

• acute circulatory failure at exercise

• RL shunt at exercise

• pulmonary arterial hypertension

• unilateral pulmonary stenosis



Acute Circulatory Failure

16 year old

male

EBS, WPW

after TV repair

169 cm, 71 kg

RV failure

at high

work load



Shunt

• Desoxyhemoglobin shunts into the 
systemic arteries (right-left shunt)

• Oxyhemoglobin shunts into the 
pulmonary artery (left-right shunt)



Physiologic Left-Right Shunt

Wasserman 1994  



Left-Right Shunt

• physiologic (inability for complete extraction)

• functional

– organs with low O2 consumption (kidneys, gut)

– temperature regulation (sweating, fever)

– perfusion dysregulation

• anatomic

– av malformation

– isolated cardiac shunts (ASD, VSD, PDA, …)



Left-Right Shunt

• reduced

– work load, VO2/WR

– peakVO2, VAT, flat O2 pulse

– peak circulatory power, peak circulatory work 

• delayed recovery VO2, VCO2, VE, HF

• only slightly increased VE/VCO2 slope

• Hyperperfusion of the lungs  pulmonary vascular disease

– exercise induced PAH (exercise echocardiography)

– potentially shunt reversal (Hypoxämia)

similar to

deconditioning, 

early heart failure

or anemia
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Shunt

• Oxyhemoglobin shunts into the 
pulmonary artery (left-right shunt)

• Desoxyhemoglobin shunts into the 
systemic arteries (right-left shunt)



Hypoxemia

• Reduced inspired PO2 (hypobaric or hypoxic)

• Hypoventilation

• Regionally reduced ventilation/perfusion ratio

• Diffusion limitations

• Mismatch CpaO2 – perfusion – diffusion

• True Shunt
– Non ventilated alveoli 

– Intrapulmonary anatomic shunts

– Veno-venous vessel anomalies

– cardiac RL shunt

test with 

FIO2 = 100%

increase in PAO2 

ΔSpO2 > 10% 

Hyperoxia test

ΔSpO2 ≤ 10% 



Hypoxemia

• Reduced inspired PO2 (hypobaric or hypoxic)

• Hypoventilation

• Regionally reduced ventilation/perfusion ratio

• Diffusion limitations

• Mismatch CpaO2 – perfusion – diffusion

• True Shunt
– Non ventilated alveoli 

– Intrapulmonary anatomic shunts
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normal  

PA-aO2
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PA-aO2

PA-aO2 = FIO2 · (Pb - 47mmHg) – PACO2/RER·[1-FIO2·(1-RER)] – PaO2



Hypoxemia

• Reduced inspired PO2 (hypobaric or hypoxic)

• Hypoventilation

• Regionally reduced ventilation/perfusion ratio

• Diffusion limitations

• Mismatch CpaO2 – perfusion – diffusion

• True Shunt
– Non ventilated alveoli 

– Intrapulmonary anatomic shunts

– Veno-venous vessel anomalies

– cardiac RL shunt

desoxy-HB

+

CO2

ONLY 

desoxy-HB



True Shunt        

Alveolar Dead 

Space

PpaCO2 = 46 mmHg

PACO2

37 mmHg

PACO2

46 mmHg

PecCO2 = 37 mmHg PecCO2 = 46 mmHg PaCO2 = 40 mmHg

= (PaCO2 – PECO2) / PaCO2

Petersson 2014

Robertson 2014



Right-Left Shunt

• SpO2 decrease
– O2 pulse + VO2 flattening, HR/VO2 kinking

– decreased peakVO2, peakCP, peakCW

• excessive ventilatory drive, increased VD/VT

– VE increases, RER increases 

– ventilatory equivalents increase (O2 + CO2 in parallel)

– PETO2 increases, PETCO2 decreases

.
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Right-Left Shunt (4)

23 year 

old female, 

PAH, PFO, 

163 cm, 

64 kg

RL shunt 

with 

PAH crises



Right-Left Shunt (7)

female, 

23 years, 

PAH, PFO, 

163 cm, 

64 kg

RL shunt 

with 

PAH crises
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E/   CO2 slope increase

• Left/right heart failure with elevated V/Q

• Pulmonary (arterial) hypertension

• RL shunt

• V/Q mismatch 
– unilateral pulmonary artery stenosis

– stenosis of small pulmonary arteries

– aortopulmonary collaterals

– pulmonary vein stenosis 

• Increased ventilatory drive (ergoreceptor reflex, 
chemoreceptor sensibility, …)

V V

. .

. .



iCPET (with Swan-Ganz-Cath.)

Exercise PH: 

PAP/CO-slope > 3 mmHg/L/min (< 60yr)

postcapillary exercise PH:

PAWP/CO-slope > 2 mmHg/L/min

232022 ESC/ERS Guideline PH
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8/29 Pat. (28%)

21/29 Pat. (72%)

iCPET in Fontan
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(n=24)

iCPET in Fontan

(n=48)

(n=48)

Definitions

Exercise PH

∆PAP/∆Qp > 3 mmHg/L/min

postcapillary exercise PH

∆PAWP/∆Qs > 2 mmHg/L/min

2022 ESC/ERS Guidelines PH (mod)

Miranda 2023



IC Maneuver
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Obstructive Dynamic 

Hyperinflation

• IC decrease > 150 mL

• VFL/VT > 50%

• concave/straight exspir. 

shape of the F/V curve

modified from Meyer, Pneumologie 2018 



IC Maneuver in CHD
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Obstructive Dynamic Hyperinflation

Healthy CHD CHD

• IC decrease 35.8 % 22.7 % BR↑, V‘O2↓, V‘E/V‘CO2-slope↑

• VFL/VT 34.3 % 33.5 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

• Concavity 1.5 % 5.2 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

• All of them 0.0 % 0.7 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

Ludwig, ..., Hager 2026 submitted
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Obstructive Dynamic Hyperinflation
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• IC decrease 35.8 % 22.7 % BR↑, V‘O2↓, V‘E/V‘CO2-slope↑

• VFL/VT 34.3 % 33.5 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

• Concavity 1.5 % 5.2 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

• All of them 0.0 % 0.7 % BR↓, V‘O2↓, V‘E/V‘CO2-slope↑

Ludwig, ..., Hager 2026 submitted

Obstructive Dynamic Hyperinflation 

is very rare in patients with CHD.

IC maneuvers are only warranted 

in patients with suspected COPD.



CPET for Risk Assessment



„Survival of the fittest“

1 MET more            12% longer survival



ACHD with a peakVO2 < 15.5 ml/kg/min

5.6-fold mortality



CPET for Risk Assessment
• Fallot tetralogy (survival) (Giardini 2007, Müller 2015)

• TGA after Senning/Mustard (survival without emergency admission) (Giardini 2009)

• Ebstein (survival without emergency admission or surgery) (Radojevic 2011)

• Fontan (admission) (Diller 2012)

• Coarctation (hypertension) (Buys 2013)

• Cyanotic heart defects (survival) (Radke submitted) 



CPET to Guide Therapy
• Fallot tetralogy (survival) (Giardini 2007, Müller 2015 )

• TGA after Senning/Mustard (survival without emergency admission) (Giardini 2009)

• Ebstein (survival without emergency admission or surgery) (Radojevic 2011)

• Fontan (admission) (Diller 2012)

• Coarctation (hypertension) (Buys 2013)

• Cyanotic heart defects (survival) (Radke submitted)

-> ICD implantation ?

-> Listing for transplant ?

-> regular and frequent ambulatory follow-ups !!!



CPET to Guide Therapy
• Fallot tetralogy with 

– severe pulmonary regurgitation

– only mild RV dilatation

• asymptomatic severe aortic stenosis 

• heart failure (CRT implantation, listing for transplant)

• pulmonary arterial hypertension (therapy escalation?)

• Ebstein anomaly (tricuspid repair) ?



Counseling

• Physical activity, sport

• Insurance

• Education, profession, career planning

• Disability assessment

• Retirement

35



CPET is essential

in the management of patients 

with congenital heart disease 

to evaluate exercise capacity,

to detect diagnostic details, 

to make a risk assessment,

to guide therapy, 

and to give appropriate advices.

Take-Home Message
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