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Resting pulmonary function measurements, although of great diagnostic, discriminative and evaluative value, may not always accurately predict the prognosis in the numerous respiratory and cardiac diseases. Exercise tolerance, and its cycle or treadmill cardiopulmonary exercise testing (CPET)-derived variables, has long been recognised as a good predictor of mortality in healthy subjects, across ages ranging from young adults to elderly, and in a wide range of respiratory and cardiovascular diseases including chronic obstructive pulmonary disease, interstitial lung disease, pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension, chronic heart failure, cystic fibrosis and more recently congenital heart diseases.

The purpose of this chapter is to consider the value of CPET-related variables in establishing the prognosis of patients with chronic respiratory and cardiac diseases.

Variables obtained by several other exercise testing modalities such as six minute walking test and shuttle walking test may provide good prognostic value as much as CPET-derived variables. However they fall outside the scope of the present chapter and will not be discussed here.

INTRODUCTION

Cardiopulmonary diseases are an enormous health problem on the global scale, affecting hundreds of millions now and equally more to come. Morbidity is rising, as the inevitable end is pushed away further by medical progress. In Europe, 85 million people were suffering from cardiovascular diseases in 2015, and 3.9 million die annually as a result of it. [START_REF] Wilkins | European Cardiovascular Disease Statistics[END_REF] Similarly, more than 66 millions people were thought to suffer from chronic obstructive pulmonary disease (COPD) in 2010 in Europe and this trend is increasing. [START_REF] Adeloye | Global and regional estimates of COPD prevalence: Systematic review and meta-analysis[END_REF] These diseases come in all shape and form and include a wide range of ailments that all have very different evolution and prognosis. In addition, there are large interpersonal differences in how these diseases affect those afflicted with it. An important part of the medical evaluation of these patients is the prognostic evaluation, i.e. where will this patient stand in terms of morbidity and mortality in the future? A valid evaluation may guide clinicians and the patient through the decision making process of choosing the best treatment to administer, and when to do so.

An important part of the answer to this question can be obtained from a thorough history [START_REF] Min | Medical history for prognostic risk assessment and diagnosis of stable patients with suspected coronary artery disease[END_REF] and other resting measurements. In patients with lung diseases, resting pulmonary function measurements have shown to be a significant predictor of mortality; in particular FEV1, expressed as percent of predicted or as magnitude of its deterioration in time, which is still the variable used by most societies of respiratory medicine to classify the severity of chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF). Other resting variables are commonly used to stratify severity in other cardiopulmonary diseases notably a) vital capacity and DLCO for interstitial lung diseases (ILD); b) PaO2 and PaCO2 for COPD and CF; c) and pulmonary artery pressure (PAP) during heart catheterism for patients with chronic heart failure (HF) and pulmonary hypertension (PH).

Extrapolating from resting data, however, has its limits [START_REF] Diaz | Long-term prognostic value of resting heart rate in patients with suspected or proven coronary artery disease[END_REF][START_REF] Li | Prognostic Significance of Resting Heart Rate and Use of β-Blockers in Atrial Fibrillation and Sinus Rhythm in Patients With Heart Failure and Reduced Ejection Fraction: Findings From the Swedish Heart Failure Registry[END_REF] so that additional and decision changing information can, and must, be obtained through other means. One of the best way to evaluate the cardiopulmonary system as a whole is by using exercise
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testing. Exercise provides the clinician with both objective and subjective information, from gas exchange parameters, to peak mechanical outcomes and symptoms scores.

These can be taken individually or combined into models, in order to better objectify impairment, measure improvement after treatment and predict morbidity and mortality.

Exercise testing is also done quickly, is non-invasive, safe and cheap.( 6) For these reasons, exercise testing has become a mandatory part of the evaluation of patients with cardiopulmonary diseases.

In patients with COPD, exercise testing is increasingly used to evaluate the effects of pharmacologic and non-pharmacologic interventions aimed at reducing exertional breathlessness and at improving exercise capacity. These intervention are expected to improve lung mechanics, e.g. through a reduction in lung dynamic hyperinflation, or an increase in skeletal muscle aerobic capacity, e.g. rehabilitation programs and consequently reduce exercise ventilatory demand. They are not, however, expected to have a significant effect on measurements that define disease severity like FEV1.

Because of this, and also of the importance of patient-related outcomes, symptoms limited exercise testing now holds an essential role in the evaluation of every patient with cardiopulmonary diseases as functional measurements at rest cannot be used alone in the diagnosis and risk stratification of heart and lung diseases severity.

Whatever the lung and/or heart disease is, it results in a progressive inability to perform the physical activities of daily life without experiencing fatigue or dyspnoea. Therefore, exercise intolerance is strictly linked not only to diagnosis but also to prognosis of patients with heart/lung diseases.(7-10) Exercise testing has been proven to be useful for:

1) distinguishing between normal and abnormal responses to exercise; 2) differentiating between cardiovascular and pulmonary causes of exercise intolerance; and 3) identifying disorders of pulmonary gas exchange, certain muscle diseases and psychological disorders.

Perhaps more importantly, cardiopulmonary exercise testing (CPET) variables has proven useful in the prognostic evaluation of patients with pulmonary and cardiac diseases (e.g.,
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COPD, CF, ILD, HF and PH). Exercise tolerance is well recognized to be a valid predictor of mortality in healthy subjects, across ages ranging from young adults to elderly. [START_REF] Myers | Cardiorespiratory Fitness and Reclassification of Risk for Incidence of Heart Failure: The Veterans Exercise Testing Study[END_REF][START_REF] Jensen | Cardiorespiratory fitness and death from cancer: a 42-year follow-up from the Copenhagen Male Study[END_REF][START_REF] Harber | Impact of Cardiorespiratory Fitness on All-Cause and Disease-Specific Mortality: Advances Since 2009[END_REF][START_REF] Barlow | Cardiorespiratory Fitness and Long-Term Survival in "Low-Risk" Adults[END_REF][START_REF] Kodama | Cardiorespiratory Fitness as a Quantitative Predictor of All-Cause Mortality and Cardiovascular Events in Healthy Men and Women: A Meta-analysis[END_REF][START_REF] Myers | Exercise capacity and mortality among men referred for exercise testing[END_REF] (Figure 1) This also appears to be the case in a wide range of respiratory and cardiovascular disease conditions. It is therefore not surprising that, among CPET variables, VO2 at peak exercise has been reported as being one of the strongest and more consistant predictors of mortality in all respiratory and cardiac diseases. While peak VO2 it is an excellent indicator of exercise tolerance/intolerance, it is not a perfect measure in terms of prognostic power, because it results from the global integration of ventilatory, circulatory and muscle/metabolic responses to exercise (Figure 2 and Figure 3).

Therefore, other CPET variables that look at more specific levels/loci of exercise limitation, such as ventilatory, circulatory and muscle/metabolic responses to exercise, may provide more precise prognostic information than the VO2 at peak exercise, which is reduced in the vast majority of pulmonary and cardiac diseases (Figure 2 and Figure 3).

Exercise protocols come in all shapes and forms. The gold standard are laboratory tests on a cycle ergometer or on a treadmill, with gas exchange analysis, ECG, blood sampling and tight control on work-rate. [START_REF] Ats/ | ACCP Statement on Cardiopulmonary Exercise Testing[END_REF][START_REF] Guazzi | Focused Update: Clinical Recommendations for Cardiopulmonary Exercise Testing Data Assessment in Specific Patient Populations[END_REF] These tests, such as the maximal incremental test and endurance tests at different work intensities allow the measurement of pertinent physiologic variables, such as ventilation and inspiratory capacity, that can lead to the recognition of the mechanisms responsible for the improvement in exercise tolerance, e.g. increased ventilatory capacity and or reduced dynamic hyperinflation with bronchodilators. Recently, evidences have been provided that in COPD, endurance protocols (e.g. high intensity constant work rate tests) are particularly useful for evaluating the effects of intervention, such as bronchodilators, oxygen and heliox breathing. [START_REF] Borel | Responsiveness of Various Exercise-Testing Protocols to Therapeutic Interventions in COPD[END_REF] The target work rate for the endurance test is selected on the basis of the results of the maximal incremental test, which remains the "gold standard" for evaluating maximal exercise capacity in patients with lung and heart diseases.

Exercise testing has thus become an essential component of the assessment procedure in heart and lung diseases. For cardiovascular diseases, the role of exercise testing, especially VO2 peak, VO2 at lactic threshold (θL) and the VE/VCO2 (slope or value at Chapter 13 θL), is now well established. Some of these measures (in particular VO2 peak) are even currently used in the new classifications of severity [START_REF] Yancy | ACCF/AHA Guideline for the Management of Heart Failure: A Report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines[END_REF][START_REF] Ponikowski | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failureThe Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA) of the ESC[END_REF] and in the current guidelines for heart transplantation. [START_REF] Mehra | The 2016 International Society for Heart Lung Transplantation listing criteria for heart transplantation: A 10-year update[END_REF] In lung disease however, there is less official agreement as to their use.

Formal laboratory exercise protocols with on-line analysis of expired gases are at this time considered the gold standard for the evaluation of patients with lung diseases, as well as of patients with heart diseases. Many studies have confirmed that V'O2 peak is superior for risk stratification and for the prognostic evaluation of patients with end-stage lung diseases (e.g., CF and COPD). Many evaluation centers however, use field tests (e.g., six minute walking test, 6'WT; shuttle walking test, SWT) to assess exercise capacity, mostly because of their more practical use. [START_REF] Holland | An official European Respiratory Society/American Thoracic Society technical standard: field walking tests in chronic respiratory disease[END_REF] The parameters taken into account for the evaluation of patients are the distance covered during the test, the lowest saturation of O2 and heart rate.(21) Sub-maximal field test (e.g., 6'WT) are mostly utilized, since patients with severe lung disease, especially those who are being evaluated for transplant, often cannot perform a standard maximal test. While the inability to perform a test may be considered itself as a sign of poor prognosis, there is still a need to better characterize these patients. Some authors have found that VO2 peak in patients with end-stage lung diseases, could be predicted by 6'WT distance and the coefficient of correlation increased if age, weight, FVC, FEV1 and DLCO were added to the prediction equation. [START_REF] Celli | The Body-Mass Index, Airflow Obstruction, Dyspnea, and Exercise Capacity Index in Chronic Obstructive Pulmonary Disease[END_REF] Other authors have found that also an elevated breathing reserve at θL, defined as the minute ventilation/maximal voluntary ventilation (MVV) at the θL, is associated with an increased risk of death in patients with CF awaiting lung transplantation. [START_REF] Tantisira | An elevated breathing reserve index at the lactate threshold is a predictor of mortality in patients with cystic fibrosis awaiting lung transplantation[END_REF] The purpose of this chapter is to consider the value of cycle or treadmill CPET-related variables in establishing the prognosis of patients with chronic respiratory and cardiac diseases in terms of morbidity-related outcomes including deterioration and time to clinical worsening, exacerbations, hospitalisations and survival/mortality. Variables obtained by several other exercise testing modalities such as field tests may yield
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prognosis index at least as the ergocycle or treadmill CPET-derived variables. However, they fall outside the scope of the present chapter and will not be discussed here.

Heart Failure

Heart failure (HF) is a syndrome characterized by the inability of the heart to either fill or eject blood properly. The prevalence of heart failure in Europe is estimated to be between 1-2% of the population.( 24) Initially, exercise testing was only used to evaluate transplant candidates, but it has since become a mean to better understand the disease and its ramifications in patients. [START_REF] Corrà | Cardiopulmonary exercise testing in systolic heart failure in 2014: the evolving prognostic role[END_REF] The importance of exercise testing derived variables in the prognosis evaluation of patients with HF was first introduced in 1991 by Mancini et al. [START_REF] Mancini | Value of peak exercise oxygen consumption for optimal timing of cardiac transplantation in ambulatory patients with heart failure[END_REF] in 1991. They found that patients with a VO2 peak <10 mL*kg-1*min-1 had a very poor 1-year survival rate and warranted referral for transplantation. They also proposed cut-off values for peak VO2 (>10 to 14; >14 to 18; >18 mL*kg-1*min-1) in order to identify intermediate and mild risks of death in HF patients. Today, there is a relatively strong agreement to consider patients with a VO2 peak <14 mL mL*kg-1*min-1 as candidates for a formal evaluation for transplantation, while those with a VO2 peak >18 mL*kg-1*min-1 show a survival rate equal to or better than that expected with transplantation. [START_REF] Mehra | The 2016 International Society for Heart Lung Transplantation listing criteria for heart transplantation: A 10-year update[END_REF] In another study, Gitt et al. [START_REF] Gitt | Exercise anaerobic threshold and ventilatory efficiency identify heart failure patients for high risk of early death[END_REF] proposed that the combination of VO2 at θL <11 mL*kg-1*min-1 and VE/VCO2 slope >34 was a better measure to identify patients at a high risk of death from HF. Similarly, Arena et al. showed that 1-year mortality was significantly associated with a VE/VCO2 slope >34.( 28 Swank et al [START_REF] Swank | Modest Increase in Peak VO2 is Related to Better Clinical Outcomes in Chronic Heart Failure Patients: Results from Heart Failure and a Controlled Trial to Investigate Outcomes of Exercise Training (HF-ACTION)[END_REF] also showed that even a small increase in VO2 (6%) in 3 months was associated with an significant reduction in all-cause mortality and hospitalisation for patients with HF.

Because of medical progress, it must be considered that in the past few years, survival in HF has improved significantly, most notably because of the introduction of new drugs (i.e. β-blockers). Some modifications could therefore be warranted to the threshold used for transplant reference. In a recent update to transplant guidelines, for patients with HF and under treatment with β-blockers, a VO2 threshold of 12 mL*kg-1*min-1 is recommended for transplant referral.( 20)

COPD

Few studies have investigated the relationship between CPET derived data and mortality in patients with COPD. One of the first, by Oga et al. showed that decreased peak VO2 was associated with increased mortality. [START_REF] Oga | Relationship between different indices of exercise capacity and clinical measures in patients with chronic obstructive pulmonary disease[END_REF] In this small study, patients with a marked reduction in peak VO2 (<654 ml) had 60% mortality at 5 years compared to approximately 5% of those with a VO2 > 793 ml. In a multivariate analysis, age and VO2 were the strongest predictors of mortality in this patient sample. Another study showed that survival time was particularly reduced when VE/VCO2 nadir > 34 was associated with Inspiratory Capacity to Total Lung Capacity ratio (IC/TLC) ≤ 0.34 or IC/TLC ≤ 0.31 for all-cause and respiratory mortality, respectively (p < 0.001) (35) (Figure 5).

Excess exercise ventilation is an independent prognostic marker across the spectrum of COPD severity and adds to the traditional airway dysfunction and lung mechanics in determining the course of the disease. Yoshimura et al. [START_REF] Yoshimura | Identification of three exercise-induced mortality risk factors in patients with COPD[END_REF] showed similar results, with a marked increase in mortality in patients with peak VO2 < 593 ml. Other CPET-related markers were also associated with increased mortality in these patients, notably PaO2 slope, the decrease in pH in relation with VO2, and the increase in plasma norepinephrine in relation to VO2.
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In another trial, Hiraga et al. [START_REF] Hiraga | Prognostic predictors for survival in patients with COPD using cardiopulmonary exercise testing[END_REF] identified %FEV1, peak VO2 and PaO2-slope as predictors of mortality at 5 years. In particular, patients with PaO2-slope < -80 mmHg*L - 1 *min -1 and/or peak VO2 <10 ml*kg -1 *min -1 had approximately 60% mortality at 5 years.

In fine, the resting ratio of IC to TLC has long been recognised to predict respiratory and all-cause mortality and the risk and severity of exacerbations in COPD population studies [START_REF] Puente-Maestu | Use of exercise testing in the evaluation of interventional efficacy: an official ERS statement[END_REF]. Recently and interestingly, dynamic hyperinflation (measured as a the change in IC during exercise) was found to be a significant predictor of mortality in patients with COPD [START_REF] Ozgur | An integrated index combined by Chapter 13 dynamic hyperinflation and exercise capacity in the prediction of morbidity and mortality in COPD[END_REF].

Pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is defined as a spontaneously occurring (idiopathic) specific form of chronic fibrosing interstitial pneumonia limited to the lung. [START_REF] Raghu | An Official ATS/ERS/JRS/ALAT Statement: Idiopathic Pulmonary Fibrosis: Evidence-based Guidelines for Diagnosis and Management[END_REF] Fell et al. [START_REF] Fell | Clinical predictors of a diagnosis of idiopathic pulmonary fibrosis[END_REF] found that a VO2 peak lower than 8.3 ml*kg-1*min-1 was associated with a 3 times increase in the 5 years follow-up. King et al. [START_REF] King | Predicting Survival in Idiopathic Pulmonary Fibrosis[END_REF] showed that peak exercise PaO2 was a significant predictor of survival in patients with IPF, accounting for 10.5% of a multivariate model.

In a retrospective study of 41 patients with idiopathic pulmonary fibrosis, Miki et al showed that reported that PaO2-slope, VO2 peak, O2 pulse at peak exercise and VE/VCO2 at peak exercise are significant predictors of survival. Interestingly, among the above indices, PaO2-slope was most closely correlated with the survival rate.

Van Der Plast et al. [START_REF] Van Der Plas | Pulmonary vascular limitation to exercise and survival in idiopathic pulmonary fibrosis[END_REF] showed that patient with VE/VCO2 > 45 had a mean survival time of 21 months, compared to 81 months in patients with values above 45.

In a small study, Vainshelboim et al. [START_REF] Vainshelboim | The Prognostic Role of Ventilatory Inefficiency and Exercise Capacity in Idiopathic Pulmonary Fibrosis[END_REF] found that peak work rate <62 watts, peak VO2 ≤13.8 mL/kg/min, tidal volume reserve ≤0.48 L/breath, VE/VCO2 ratio at the anaerobic Chapter 13 threshold >34, and VE/VO2 nadir >34 were associated with increased morality in IPF patients at 40 months.

Pulmonary hypertension

Pulmonary hypertension (PH) is a relatively rare, and high mortality condition of multiple etiologies, where the pressure in the pulmonary arteries is elevated (≥ 25 mmHg). While some medication aimed at reducing the degree of pulmonary hypertension is available, lung transplant remains the only definitive treatment. In the past, invasive techniques (i.e. right heart catheterization with measurement of pulmonary artery pressure and cardiac output) have been used to assess the severity of PH, the response to interventions and the timing of transplant. More recently, exercise testing -often considered unacceptably hazardous in the past -has been used to define disease severity and prognosis. Wensel and coworkers [START_REF] Wensel | Assessment of Survival in Patients With Primary Pulmonary Hypertension: Importance of Cardiopulmonary Exercise Testing[END_REF] reported that patients suffering from primary PH with a peak V'O2 < 10.4 ml/min/kg had a 50% risk of early death at one year and 85% at two years, compared to 10% and 30% respectively, for patients with a peak V'O2 > 10.4 ml/min/kg. Also, if combined with a low peak exercise systolic blood pressure (< 120 mmHg), survival was further decreased, down to 23% at 12 months. Several other studies have found that VE/VCO2 as a slope or at anaerobic threshold predicts mortality and clinical worsening in PH.(45-49) (Figure 6 and Figure 7).

In a recent study of 55 patients with PH, it was shown that the most significant baseline covariates associated with survival were change in systolic pulmonary artery pressure from rest to exercise and exercise cardiac index (hazard ratio 0.56 (95% CI 0.37-0.86) and 0.14 (95% CI 0.05-0.43), respectively).( 50)

Cystic fibrosis

Cystic fibrosis is a multisystemic disorder caused by a mutation of the cystic fibrosis transmembrane conductance regulator (CFTR) protein present in all exocrine tissue, which results in thick secretions from several organs, notably the lung.( 51)
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In a study of 92 adult patients with CF, Moorcroft et al. [START_REF] Moorcroft | Exercise testing and prognosis in adult cystic fibrosis[END_REF] found that peak VO2, peak work-rate and peak VE were all predictors of survival, albeit not superior to baseline FEV1 measurements.

In a 5-year follow-up of patients with CF, Pianosi et al. [START_REF] Pianosi | Peak oxygen uptake and mortality in children with cystic fibrosis[END_REF] found that while baseline peak VO2 was not associated with mortality, the rate of decline of VO2 (> 2.1 ml*kg-1*min-1) and the 5-year peak VO2 value (< 35 ml*kg-1*min-1) was significantly associated with mortality.

In another study [START_REF] Nixon | The Prognostic Value of Exercise Testing in Patients with Cystic Fibrosis[END_REF], patients with CF and a peak VO2 ≥ 81% predicted had a 83% survival rate at 8 years, compared to 28% in patients with a peak VO2 ≤ 58%. After 7.5 ± 2.7 years of follow-up of 127 patients with CF, Hulzebos et al. [START_REF] Hulzebos | Prediction of mortality in adolescents with cystic fibrosis[END_REF] found that FEV1 and VE/VO2 and BMI were significant predictors of mortality. Javadpour et al. [START_REF] Javadpour | Does carbon dioxide retention during exercise predict a more rapid decline in FEV1 in cystic fibrosis?[END_REF] found that increased in PetCO2 during exercise was associated with a more rapid decline in lung function over 6 years in children with CF.

Stanghelle et al. [START_REF] Stanghelle | Eight-year follow-up of pulmonary function and oxygen uptake during exercise in 16-year-old males with cystic fibrosis[END_REF] also showed in an older study, that increased cardiopulmonary fitness was associated with an increased survival in teenagers with CF.

Conclusions

Resting functional measurements do not always correlate well with the functional capacity of patients, nor do they accurately predict prognosis of patients with various cardiopulmonary diseases. As such, the dynamic assessment provided by CPET is without a doubt an essential part of every patient evaluation, as exercise derived values are consistently associated with mortality. The clinical CPET has been demonstrated to be a good predictor of mortality in cardiovascular and pulmonary disease patients (Table 1).
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However, in end-stage disease patients are often unable to complete exercise testing; therefore an alternative diagnostic predictor is required.

In CHF patients, V'O2 peak cut-off values are able to identify patients with mild and moderate risks of mortality and have aided the selection of patients for transplantation.

V'O2 peak is the most significant predictor of 5-year mortality in COPD patients and is a significant predictor of survival in CF and PPH patients. In ILD, CPET has been shown to be particularly useful in predicting the prognosis of the disease. These variables are useful tools in predicting the survival of patients with these diseases, however, a wider variety of factors play a role in disease survival and need to be taken into account. 
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 4 Also, Leite et al.[START_REF] Leite | Periodic breathing during incremental exercise predicts mortality in patients with chronic Chapter 13 heart failure evaluated for cardiac transplantation[END_REF] showed that periodic breathing during exercise independently predicted cardiac mortality in HF patients referred for cardiac transplantation. In a recent study by Sato et al.[START_REF] Sato | Cardiopulmonary exercise testing as prognostic indicators: Comparisons among heart failure patients with reduced, mid-range and preserved ejection fraction[END_REF] peak VO2 was the strongest prognostic factor for hospitalisation for heart failure and death. In another study, Nadruz et al.[START_REF] Nadruz | Prognostic Value of Cardiopulmonary Exercise Testing in Heart Failure With Reduced, Midrange, and Preserved Ejection Fraction[END_REF] found that peak VO2 and VE/VCO2 were strong prognostic index of death or hospitalisation in a 4 year follow-up. In a large study spanning almost 40 years, fit men had significantly lower HF mortality than unfit men, even when matched for the same number of HF risk factors.[START_REF] Farrell | Cardiorespiratory Fitness, Body Mass Index, and Heart Failure Mortality in Men: Cooper Center Longitudinal Study[END_REF] Chapter 13

Figure 1 .

 1 Figure 1. Relative Risks of Death from Any Cause among Subjects with Various Risk Factors Who Achieved an Exercise Capacity of Less Than 5 MET or 5 to 8 MET, as Compared with Subjects Whose Exercise Capacity Was More Than 8 MET. From Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise capacity and mortality among men referred for exercise testing. N Engl J Med. 2002; 346(11):793-801.

Figure 2 (

 2 Figure 2 (original figure). Delivery of Oxygen From the Outside Air Into the MuscleFiber. In this serial system, O2 delivery cannot exceed the capacity of its weakest link. A substantial increase in the function of any one "step" alone may not translate into a corresponding gain in exercise capacity (VO2max) if the remaining steps of the pathway do not also adapt; this is ultimately how the respiratory system limits exercise tolerance in some elite, aerobically trained athletes. In contrast, however, impairment of any one single step in the O2 transport chain, such as occurs in heart, lung and/or peripheral vascular disease states, can seriously compromise exercise performance. The oxygen consumption (VO2) can then be viewed as either the product of minute ventilation(VE) and the difference between inspired and expired fractions of O2 (FiO2 -FeO2) or the product of cardiac output (CO) and the arterious-venous O2 content difference (CaO2 -CvO2) or the product of muscle diffusion (Dm) and the capillary-mitochondrial O2 content difference (CcO2 -CmO2). Abbreviations: PI O2 = partial pressure of inspired O2; DKlungO2 = diffusive conductance of the lung for O2, where conductance reflects how much movement (e.g., flow) is allowed or permitted; PAO2 and PcapO2 = partial pressure of O2 in the alveoli and capillaries, respectively; CaO2 = arterial blood O2 content (determined by pulmonary gas exchange); VKmuscle = muscle vascular conductance (conductance is the inverse of resistance), for example:• ↑ conductance, ↑ muscle blood flow due to dilation of resistance vessels.• ↓ conductance, ↓ muscle blood flow due to constriction of resistance vessels.Pa and Pv = arterial and venous pressure, respectively (the difference or gradient between arterial and venous pressure is an important determinant of skeletal muscle blood flow);

Figure 3 (

 3 Figure 3 (original figure). Theoretical representation how individual changes in each of the major independent O2 transport variables (representing the lungs, heart, blood and lung-blood and blood-muscle interface) affect VO2max. The figure shows, by the grey dot, the normal values of each transport variable plotted against the normal VO2max. The relationships are similar for all 5 variables, and they indicate how VO2max will fall asthe transport variable is reduced below 100% and how it will rise as the variable is increased above normal. In general, a reduction in any given variable has a substantial negative effect on VO2max, while an increase has only modest benefit. Abbreviation: HbO2 = oxyhoemoglobin.

Figure 4 .

 4 Figure 4. A) Kaplan Meier analysis for 1-year cardiac-related mortality with VE/VCO2 slope threshold of 34. Log rank = 20.6. p < 0.0001; B) Kaplan Meier analysis for 1-year cardiac-related hospitalization with VE/VCO2 slope threshold of 34. Log rank = 31.7. p < 0.0001; C) Kaplan Meier analysis for 1-year cardiac-related hospitalization with VE/VCO2 slope threshold of 34 and peak VO2 threshold of 14. VE/VCO2 slope criteria assessed first (≥34). Only those subjects meeting both criteria were categorized as high risk. *Censored cases. From: Arena R, Myers J, Aslam SS, Varughese EB, Peberdy MA. Peak VO2 and VE/VCO2 slope in patients with heart failure: a prognostic comparison. Am Heart J. 2004; 147(2):354-60.

Figure 5 .

 5 Figure 5. Left panel) Kaplan-Meyer survival curves for all-cause mortality with resting IC/TLC and VE/VCO2 nadir optimal thresholds (IC/TLC threshold of 34 and VE/VCO2 nadir threshold of 34) as defined by receiver operating characteristics curve analyses. Log rank = 27.1. p <0.0001; Right panel) Kaplan-Meyer survival curves for respiratory mortality with resting IC/TLC and VE/VCO2 nadir optimal thresholds (IC/TLC threshold of 31 and VE/VCO2 nadir threshold of 34) as defined by receiver operating

Figure 6 .

 6 Figure 6. Kaplan-Meier cumulative survival curves for the ventilatory equivalent for carbon dioxide at the anaerobic threshold (VE/VCO2 at) in a) 136 patients with pulmonary arterial hypertension (PAH) and b) 85 patients with idiopathic PAH. Cut-off value determined by receiver-operating characteristic curve. From: Deboeck G, Scoditti C, Huez S, Vachiéry J-L, Lamotte M, Sharples L, et al. Exercise testing to predict outcome in idiopathic versus associated pulmonary arterial hypertension. Eur Respir J. 2012;40(6):1410-9.

Figure 7 .

 7 Figure 7. Left panel) Kaplan-Meier plot relating survival to Ve/VCO2 slope in patients with pulmonary hypertension; Right panel) Kaplan-Meier plot relating survival to Ve/VCO2 at anaerobic threshold in patients with pulmonary hypertension. From: Schwaiblmair M, Faul C, von Scheidt W, Berghaus TM. Ventilatory efficiency testing as prognostic value in patients with pulmonary hypertension. BMC Pulm Med. 2012;12:23.
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		COPD	CF	ILD	CHF	PVD
	V'O2 peak	+	+	+	+	+
	VO2 at θL				+	
	V'E/V'CO2	++		++	++	++
	Arterial desaturation	+	+	++		+
	PaO2-slope (∆PaO2/∆VO2)	+		+		
	Inspiratory Capacity	++				
	Abbreviations: COPD: chronic obstructive pulmonary disease; CF: cystic fibrosis; ILD:
	interstitial lung disease; CHF: chronic heart failure; PVD: pulmonary vascular diseases;
	O2: oxygen; V'O2peak: oxygen uptake at peak exercise; θL: lactate threshold; V'E:
	minute ventilation; V'CO2: carbon dioxide production; V'E/V'CO2: ventilatory
	equivalent for carbon dioxide; PaO2: arterial partial pressure of O2; ∆: delta; +:
	sensitive; ++: more sensitive. Original table, no permission is required.