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Exercise 
testing

to assist in planning individualized exercise 
training

to identify factors contributing to 
dyspnoea and exercise limitation

to generate prognostic information:
 surgical risk
 survival

 time to clinical worsening
 exacerbations

to screen for coexistent ischemic 
heart disease, peripheral 
vascular disease, arterial 

hypoxemia

to objectively evaluate the impact of 
therapeutic interventions:

 Oxygen
 Bronchodilators
 Vasodilators

 Exercise training

to determine peak oxygen consumption (V’O2) and 
level of disability

Clinical Utility of CardioPulmonary Exercise Testing (CPET) 



How to run an incremental exercise testing 



Cardiopulmonary exercise testing (CPET)

Maximal incremental test

Constant work rate test

Treadmill test

Cycle ergometer test

Cardiopulmonary variables

• VO2

• VCO2

• V’E

• Breathing reserve (VE/MVV)

• EKG

• Heart rate (HR)

• Blood Pressure (BP)

• LT

• VE/VCO2

• Oxygen Pulse (VO2/HR)

• Work efficiency (VO2/watt)

• TLIM 



Exercise Equipment: Cycle Ergometer versus Treadmill



How to run an incremental exercise testing 

Gaz analysis (arterial/ear lobe/arterialised) and lactates ± PtcCO2

Start

Pedaling

Incremental or ramp

o Increase at 5-30 W/minute
o Duration of 1 minute each
o Pedaling frequency of 60 rpm

Resting/baseline
3-6 min

Warm-up/unloaded pedaling
2 - 3 min

Exercise (8-12 minutes)

Recovery
Active : 3 min

Passive : 3 min

End

Gaz analysis (arterial/ear lobe/arterialised) and lactates ± PtcCO2

Laveneziana P, Eur Respir Monograph 2018

V'O2, V'CO2
VT, FR, V’E,
SpO2 , HR, ECG,
Blood pressure, etc…

IC
ERV (FVCrest – IC)

IRV (IC-VT)

PaO2, PaCO2

Serial IC Serial IC Serial IC

Dyspnoea and leg discomfort/fatigue at rest, every minute during exercise, at peak + descriptors of reasons for stopping exercise at the end



Commonly (but avoidable) mistakes

Known nothing about the patient and his/her clinical history

 Ignore symptoms and reasons for stopping exercise

Don’t pay attention to CPET comments from who is running the CPET

 Focus ONLY on numbers (see please next two slides)

Rely (almost exclusively) on predefined algorithms to interpret CPET

How to interpret its key variables



The key variables and their meaning

Quantitative approach Qualitative approach

(“give me a number 

please”….

% predicted….

(response profile and 

or kinetics)

How to interpret its key variables
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Incremental exerciseResting

(Laveneziana et al., AJRCCM 2011 ; Laveneziana et al., RESPNB 2014)
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(Korsak et al. 2018)



if dysfunction of RTN/pFRG

in CCHS patients

(Laveneziana et al. Pulmonology 2025)
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(Laveneziana et al. Pulmonology 2025)



(Laveneziana et al. Pulmonology 2025)

Healthy subjects (n=13, 5F/8M) CCHS patients (n=13, 7F/6M)



(Laveneziana et al. Pulmonology 2025)

Healthy subjects (n=13, 5F/8M) CCHS patients (n=13, 7F/6M)



(Laveneziana et al. Pulmonology 2025)



(Laveneziana et al. Pulmonology 2025)



Assuming a similar organization of respiratory rhythmogenesis in

humans and rodents, the lack of exercise-related expiratory

recruitment observed in our CCHS patients is compatible with a

PHOX2B-related defect of a neural structure that would be

analogous to the rodents’ RTN.

Provided corroboration, ERV recruitment could serve as a

physiological outcome in studies aiming at correcting breathing

control in CCHS.

(Laveneziana et al. Pulmonology 2025)



Bf (/min) VT (L)

Temps (min)

o  onset of exercice 

o 2/3 of VC

o  end of exercice ++

o Bf < 40-45 /min (40±10)

Optimal compromise

Frequency / Volume

VE can increase by 20 times during

exercise, while not being a limiting factor



IRV

ERV

VT

VC

ExerciseRest

IRV
IRV

ERV ERV

↑↑inspiratory muscles

↑↑expiratory muscles

VT at peak exercise = 60-70% (55 ± 10%) Vital Capacity



Normal Breathing Pattern

Gallagher and Younes, 1989

Power output (watts) Rest 50 watts 100 watts 150 watts 200 watts 250 watts

(breaths min-1)
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Laveneziana P, personal unpublished data
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brainstem

Post-COVID and exercise anomalies 

Why is the response not appropriate?

Won’t respond appropriately ‘‘central’’ (‘‘could, but won’t’’)

Laveneziana P, Morelot C et al. Eur Respir J. 2025 to be soon submitted



Dysfunctional Breathing

One ore more features of Dysfunctional Breathing

identified on CPET:

 high VE/VCO2 (> 35 at 40 Watts)

 low PETCO2 (< 30mmHg ou < 4 kPa at rest and

during CPET)

 erratic VT and/or Bf response to workload

Laveneziana P et al. ERR 2021





Dyspnoea Leg Fatigue

Pulmonary Arterial Obstruction

 Mean Pulmonary Arterial Pressure

 Pulmonary Vascular Resistance

 Pulmonary capillary bed/recruitment

 RV Afterload

 LV filling
Relative low alveolar-capillary 

diffusing capacity

 Cardiac Output

 Blood Flow

 Oxygen delivery 

 Exercise PvO2

 V’O2/WR

 O2 Pulse

 AT

 Lactate

 pH

 V’CO2

Excessive and Inefficient 

Ventilation
V’E

V’E/V’CO2

PETCO2

VD/VT Peripheral Muscle 

Dysfunction & 

Deconditioning

Abnormal Ventilatory 

Mechanics

Exercise Intolerance

Exercise intolerance in Pulmonary Vascular Diseases

V/Q inequalities (mismatching)

↓ V/Q ratios (and shunt) :

↓ PaO2

↑ P(A-a)O2

↑ V/Q ratios (↑ V’E of poorly perfused air spaces) :

↑ VD/VT

↑ P(a-ET)CO2

 PaO2  P(A-a)O2 P(a-ET)CO2 VD/VT

Laveneziana et al, Sports Pulmonology 2019 and ERR 2021
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Laveneziana et al, Sports Pulmonology 2019



V/Q inequalities (mismatching)

o ↓ V/Q ratios (and shunt) :

 ↓ PaO2

 ↑ P(A-a)O2

o ↑ V/Q ratios (↑ V’E of poorly perfused air spaces) :

 ↑ VD/VT

 ↑ P(a-ET)CO2



Enlargement of Exercise P(A-a)O2

 Low VA/Q

 Right to Left Shunt

 Relative low diffusing capacity

 Influence of low exercise PvO2 



V/Q inequalities (mismatching)

o ↓ V/Q ratios (and shunt) :
 ↓ PaO2

 ↑ P(A-a)O2

o ↑ V/Q ratios (↑ V’E of poorly perfused air

spaces) :

 ↑ VD/VT
 ↑ P(a-ET)CO2
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Laveneziana et al, Sports Pulmonology 2019
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Sun X-G, et al. Circulation 2001

Ventilatory response



Ventilatory Efficiency

Laveneziana and Weatherald, Frontiers in Physiology 2020

Laveneziana P, Eur Respir J 2013

Laveneziana P, Montani D, et al Eur Respir J 2014

Age VE/VCO2

<20 23 ± 2

20-30 24 ± 2

30-40 25 ± 2

40-50 26 ± 2

50-60 28 ± 2

>60 29.5 ± 2



idiopathic PAH
M, 20yrs;

177 cm, 59 kg

Unpublished data from authors’ lab

Rest AT Peak Pred % Pred Rest AT Peak Pred % Pred



 high V’E/V’CO2 at AT (≥ 34–35) and

 low PETCO2 at AT (≤ 30 mmHg)

 without an alternative explanation in patients presenting with unexplained dyspnoea and exercise

limitation

 should prompt further diagnostic testing to exclude PAH or CTEPH

 particularly in those patients with risk factors, such as prior venous thromboembolism, systemic

sclerosis or a family history of PAH

 these gas exchange anomalies are usually not found in patients with pulmonary venous hypertension

secondary to cardiac diseases

Laveneziana and Weatherald, Frontiers in Physiology 2020





Long-term follow-up (after 6 years)

Three additional PAH cases were diagnosed 6 years after the initial visit in

 two females (aged 50 and 73 years)

 and a 47-year-old male

Three patients had signs of pulmonary hypertension on ECG, two had “very

likely” pulmonary hypertension based on the CPET probability score and the other had

a 22% decrease of V′O2 at peak (CPET probability score not evaluable because of the

absence of arterial blood gases at exercise), and two of them had DLCO <70%

predicted



Pulmonary vascular limitation to exercise is not easy to define and may rely on evidence of:

 increased V′E/V′CO2 slope and ratio at AT

 other typical features of pulmonary vascular disease are:

 low levels of PETCO2 at AT

 a VD/VT which remains stable or increases or fails to decrease from baseline

 a P(a-ET)CO2 which fails to became negative during exercise and, sometimes

 P(A–a)O2 which widens on exertion

 Associated low levels of haemoglobin will enhance oxygen flow deficiency

 Electrocardiographic or blood pressure anomalies during CPET

Pulmonary gas exchange limitation to exercise is not straightforward either, and may rely on

evidence of:

 inefficient CO2 exchange

 which can be signalled by high VD/VT

 and often by high exercise V′E/V′CO2

 or (alone or in combination with) inadequate O2 exchange

 signalled by low PaO2

 or, less directly, by desaturation at pulse oximetry

 and a reduced V′O2peak



The larger the PaCO2 underestimation by PETCO2, the larger the physiological dead space (i.e., more positive P(a-ET)CO2)

Laveneziana P, Eur Respir Monograph 2018



 PvCO2

Right amount of

blood “meets” 

right amount of air

Alveoli rich in CO2!

PACO2= 40 PACO2= 0

LOTS OF EXPIRED CO2

 End-tidal (“alveolar) CO2 (PETCO2)

 (40 mmHg or higher)

PaCO2= 40

Matched V/Q= PETCO2 equal or even higher than PaCO2

Preserved gas exchange
efficiency

Laveneziana P, Eur Respir Monograph 2018



 PvCO2

Too much air

for the amount 

of blood!

Alveoli poor in CO2!

PACO2= 30 PACO2= 0

PaCO2= 30

High V relative to preserved Q= low PETCO2 equal to low PaCO2

Alveolar
hyperventilation

LESS EXPIRED CO2 (PETCO2)

30 mm Hg

Laveneziana P, Eur Respir Monograph 2018



 PvCO2
ALVEOLAR

DEAD SPACE

Poor in CO2!

The larger the dead space, the lower the expired CO2!

So, please do NOT use end-tidal CO2 (PETCO2) as equal to PaCO2!

Do NOT use the automatic estimation of dead space based on PETCO2 in patients – the higher the dead

space, the lower the value!

Low PETCO2 can be WASTED VENTILATION and/or HYPERVENTILATION!

↑P(a-ET)CO2



Excessive 
breathing

VE/VCO2 nadir34
VE/VCO2 slope31
 Dyspnea follows ventilation

P(a-ET)CO2>3 
 Dead space 

Constrained
breathing

 IC    EILV/TLC0.9     VT/IC  0.70
VT plateau         Tidal flow limitation
VEpeak/MVV0.85 (not always)
Dyspnea inflection vs. ventilation

VENTILATORY
INEFFICIENCY

MECHANICAL
IMPAIRMENT

 SpO2

PaO2

Chaotic 
pattern

PETCO2 and PaCO2<35 &
P(a-ET)CO20 & RER>1

Hyperventilation

None

PETCO2 and PaCO2>45 &
P(a-ET)CO20 

Hypoventilation

Hypoxemia Dysfunctional
breathing

Afferent
stimuli (CV?)

P(a-ET)CO2>3 
 Dead space

Laveneziana P, Eur Respir Monograph 2018



Laveneziana P et al, Eur Respir Rev 2021; 30: 200187



Diagnostic performance in the context of unexplained dyspnoea

Unexplained dyspnoea

5%
Unexplained dyspnoea

Hyperventilation syndrome 

Metabolic myopathies

Cardiac dysfunction

PAH

Neuromuscular diseases

Dysautonomia



Laveneziana P et al, Eur Respir Rev 2021

Graphical representations of CPET variables are crucial

Peak V′O2 in an incremental CPET has well-defined normal values

The anaerobic threshold has the advantage of being an effort-

independent measure of exercise tolerance

The entirety of exercise response should be displayed, not only

peak values

 It should be highlighted here that an interval average of 30 s may be

excessive, as it may underestimate peak values or overestimate AT

values



 This data display is important for discriminating what is normal from what appears to be

abnormal in the exercise response:

 patterns of ventilatory and gas exchange responses to CPET can be discerned that

define specific pathophysiological entities

 it can be determined whether exercise is limited by cardiovascular, muscle-metabolic,

gas exchange or ventilatory limitation (or a combination of these)

 additional manoeuvres can be added to the test to clarify pathophysiology, e.g. IC

manoeuvres to assess dynamic hyperinflation

 some assessments require arterial blood sampling to allow normality or abnormality

of VD/VT to be predicted with confidence

 Last, but not least, the use of appropriate normal reference values for the CPET

variables is crucial Laveneziana P et al, Eur Respir Rev 2021



“Discriminating a magnitude or pattern of

deviation from the normal response (of the age-,

gender- and activity-matched standard subject)

and matching the magnitude or pattern of

abnormality with that characteristic of particular

impairments of physiological system function”

Brian Whipp

Laveneziana P et al, Eur Respir Rev 2021



Exercise 
testing

to assist in planning individualized exercise 
training

to identify factors contributing to 
dyspnoea and exercise limitation

to generate prognostic information:
 surgical risk
 survival

 time to clinical worsening
 exacerbations

to screen for coexistent ischemic 
heart disease, peripheral 
vascular disease, arterial 

hypoxemia

to objectively evaluate the impact of 
therapeutic interventions:

 Oxygen
 Bronchodilators
 Vasodilators

 Exercise training

to determine peak oxygen consumption (V’O2) and 
level of disability

Clinical Utility of CardioPulmonary Exercise Testing (CPET) 

Laveneziana P et al, Eur Respir Rev 2021



Eur Respir Monograph 2018



THANKS ! 


