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Introduction (113 words)

This introductory chapter aims to answer three key questions germane to the uses of cardiopulmonary exercise test (CPET) in respiratory practice: a) in the past 10 years, what were the specific scenarios in which CPET has advanced in providing clinical information valuable to decision making? b) what are the current challenges facing clinical CPET interpretation? and c) which are the key gaps in knowledge that deserve special attention in the next 10 years to expand CPET application in clinical settings? Each of these pertinent questions is answered in the context of the main indications of CPET, i.e., investigation of exercise intolerance and dyspnoea, risk assessment and outcome evaluation of therapeutic interventions.

Background

The European Respiratory Society (ERS) has an established track of publications focused on clinical exercise testing applied to the management of chronic lung diseases. Following the seminal ERS Task Force guidelines published in 1997 [START_REF]Clinical exercise testing with reference to lung diseases: indications, standardization and interpretation strategies. ERS Task Force on Standardization of Clinical Exercise Testing[END_REF] and updated in 2007, [START_REF] Ers Task Force | Recommendations on the use of exercise testing in clinical practice[END_REF] the previous editions of this Monograph (3) (4) proved influential to shape the field of clinical exercise testing. These efforts contributed to disseminate the message that, in the right clinical context, CPET does add clinically-relevant information. In fact, computerized "metabolic" systems are now available in most advanced pulmonary function laboratories worldwide. As shown in Figure 1, 3541/5100 (70%) of all manuscripts involving CPET since 1978 were published in the past 10 years (Web of Science Citation Report). This state of affairs not only indicates that a new Monograph is a timely publication but also that it is poised to attract a larger readership compared to the previous editions.
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Chapter 1

The 2007 Monograph (4) cogently pointed out that CPET should be viewed as an adjunct to previous comprehensive medical evaluation comprising of: medical history, physical examination and, according to the specific clinical scenario, appropriate complementary tests (e.g. haematocrit, resting electrocardiogram (ECG), chest imaging, arterial blood-gas and acid-base status, resting pulmonary function, echocardiography). Thus, there is a key interpretative feature of CPET which, if ignored, may constitute an important source of frustration for the requesting physician: the test should always be interpreted under the light of the pre-test likelihood of abnormality. In fact, many patients referred to CPET have undergone extensive investigations, including chest computed tomography, transthoracic echocardiography and measurements of circulating biomarkers (e.g., troponin, BNP). It is therefore the referring physician's task to integrate the described pattern(s) of dysfunction on his/her diagnostic plan or prognostic assessment. This became even more relevant in the past decade as the "typical" patient currently referred to CPET has multiple co-morbidities in addition to polypharmacy, obesity and extreme sedentarism. It follows that the subject showing a single mechanism of exercise intolerance became exceedingly rare in the CPET laboratory.

In this challenging scenario, this 2018 Respiratory Monograph on Clinical Exercise

Testing aims to provide a comprehensive update on the contemporary uses of CPET to answer clinically-relevant questions in respiratory medicine. The current chapter also provides a succinct overview of the key extant gaps in knowledge in which CPET-based investigations might prove valuable to improve the care of patients with chronic lung diseases. In patients with known cardio-respiratory diseases, gaining insight into the pathophysiology of dyspnea and exercise limitation might prove valuable to clinical decision making, particularly in patients with only mild to moderate disease. Thus, CPET may help clinicians unmask the physiological mechanisms (and their interaction) underlying this symptom in a broad spectrum of cardiorespiratory disorders (Figure 2).( 6) The test may also help clinicians identify additional mechanisms leading to dyspnoea deemed "independent of" or "not directly related to" the disease under consideration. It can also be used to explore the mechanisms by which exertional dyspnoea can be ameliorated after pharmacological and non-pharmacological interventions (Chapter 14.

Role of exercise testing in defining the response to interventions in COPD).(14)
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Chapter 1

The recognition that some useful insights into the mechanical underpinnings of dyspnoea are gained by following the operating lung volumes [START_REF] O'donnell | The major limitation to exercise performance in COPD is dynamic hyperinflation[END_REF] proved important to enhance the test ability to explain exercise intolerance. [START_REF] O'donnell | Dynamic hyperinflation and exercise intolerance in chronic obstructive pulmonary disease[END_REF] Specifically, it has been recognized that constraints for tidal volume expansion, [START_REF] Laveneziana | Evolution of dyspnea during exercise in chronic obstructive pulmonary disease: impact of critical volume constraints[END_REF] as determined by a critical inspiratory reserve volume, is paramount to exertional dyspnoea in obstructive (Chapter 6. Patterns of cardiopulmonary response to exercise in chronic obstructive pulmonary disease) and restrictive lung diseases (Chapter 7. Patterns of cardiopulmonary response to exercise in fibrosing interstitial lung disease). [START_REF] O'donnell | Chronic obstructive pulmonary disease: clinical integrative physiology[END_REF] In this context, the strengths and limitations in performing inspiratory capacity (IC) maneuvers to uncover these constraints are now better recognized compared to 10 years ago. A great deal of work has helped to better standardize this approach as well as the strategies to interpret the derived variables (as reviewed in ref. [START_REF] Guenette | Inspiratory Capacity during Exercise: Measurement, Analysis, and Interpretation[END_REF]). Exercise IC maneuvers also allow tidal flowvolume loops to be correctly placed relative the maximum, pre-exercise loop thereby allowing a better recognition of expiratory flow limitation. Thus, the use of different metrics of E-CO2 relationship [START_REF] Neder | Physiological and clinical relevance of exercise ventilatory efficiency in COPD[END_REF] has proved useful in the interpretation of CPET responses in patients with unexplained or disproportionate exertional dyspnoea.

3.1.b Investigation of potential pulmonary vascular disease

In the past decade, pulmonary vascular disease, particularly PH, has been more frequently recognized as a cause of exertional dyspnoea.( 31 (values and trajectory) can be reassuring that "significant" PH is unlikely in a subject at risk, e.g., in those with residual exercise intolerance after pulmonary embolism.(38)(39)(40)

3.1.c CPET as an adjunct to the investigation of ischemic heart disease

There is some limited evidence that a downward inflection of O2 as a function of modalities to investigate coronary artery disease, those abnormalities should be valued in a subject at risk.

3.1.d CPET to uncover dysfunctional breathing and/or hyperventilation

Non-physiological changes and increased variability in breathing pattern, frequently accompanied by varied degrees of alveolar hyperventilation, can be identified in patients undergoing CPET due to unexplained dyspnoea.(44)(45) [START_REF] Neder | A 56-Year-Old, Otherwise Healthy Woman Presenting With Light-headedness and Progressive Shortness of Breath[END_REF] Although those abnormalities are not always idiopathic (i.e., "primary") (47) , once identified they might avoid potentially-iatrogenic and costly procedures in patients who frequently have been extensively investigated. 

Risk assessment

3.2.a Prognosis in cardio-pulmonary diseases

3.2.b Pre-operative assessment

In the pre-operative assessment of lung resection surgery, some more recent reports described a role for a high E-CO2 to predict negative outcome in patients .

Effects of interventions

3.3.a Constant work rate testing

3.3.b Incremental exercise testing

Changes in the sub-maximal responses to incremental exercise, particularly those reflecting improved O2 delivery and lower ventilatory demands, have been more frequently used to demonstrate the beneficial effects of selected interventions in pulmonary vascular disease, e.g., sildenafil in PAH [START_REF] Oudiz | Effect of sildenafil on ventilatory efficiency and exercise tolerance in pulmonary hypertension[END_REF] and HFrEF [START_REF] Guazzi | Ventilatory efficiency and dyspnea on exertion improvements are related to reduced pulmonary pressure in heart failure patients receiving Sildenafil[END_REF] , calcium-Chapter 1 channel blockers in selected patients with idiopathic PAH [START_REF] Tang | Effect of calcium channel blockers evaluated by cardiopulmonary exercise testing in idiopathic pulmonary arterial hypertension responding to acute pulmonary vasoreactivity testing[END_REF], vasodilators and thromboendarterectomy in chronic thromboembolic pulmonary hypertension (CTEPH) [START_REF] Iwase | Acute and chronic effects of surgical thromboendarterectomy on exercise capacity and ventilatory efficiency in patients with chronic thromboembolic pulmonary hypertension[END_REF] [START_REF] Charalampopoulos | Exercise physiological responses to drug treatments in chronic thromboembolic pulmonary hypertension[END_REF] . The incremental protocol has also been used to detect the effects of cardiovascular medications in HFrEF and HFpEF, including angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers, different types of β-blockers and sildenafil (as reviewed in ref. [START_REF] Guazzi | Cardiopulmonary Exercise Testing: What Is its Value?[END_REF]).

What are the current challenges facing clinical CPET interpretation?

Investigation of exercise intolerance

4.1.a The patient with multiple potential causes of exercise intolerance

As previously mentioned, the patient with isolated "respiratory" or "cardiovascular" causes of exercise intolerance is an uncommon client of modern clinical CPET laboratories. Most commonly, patients have multiple co-morbidities which individual contribution to exertional symptoms are difficult to ascertain, particularly on a background of polypharmacy. This complex combination of abnormalities was less prevalent (and complex) some decades ago when the CPET was initially used to uncover the "main" mechanism of exercise intolerance in subjects with unexplained dyspnea.(65)(66) (67)(68)

4.1.b The emergence of "novel" causes of exercise intolerance

The burden of obesity (69) and extreme sedentarism [START_REF] Ng | Time use and physical activity: a shift away from movement across the globe[END_REF] 

4.1.c The limitations of non-invasive CPET to identify cardiocirculatory causes of exercise intolerance

Ventilatory and gas exchange variables (in addition to ECG, heart rate and systemic blood pressure) are not sensitive to uncover mild-to-moderate cardiocirculatory abnormalities on exercise. [START_REF] Guazzi | Cardiopulmonary Exercise Testing: What Is its Value?[END_REF] For instance, flattening of ⩒O2/WR (42) might happen only in patients with moderate-to-severe impairment in cardiac output [START_REF] Munhoz | Flattening of oxygen pulse during exercise may detect extensive myocardial ischemia[END_REF]. Even in these patients, it is not infrequent to observe late-exercise increases in ⩒O2 due to the increased metabolic cost of ventilation in morbidly-obese subjects [START_REF] Chlif | Advanced Mechanical Ventilatory Constraints During Incremental Exercise in Class III Obese Male Subjects[END_REF] or those with respiratory co-morbidity [START_REF] O'donnell | Chronic obstructive pulmonary disease: clinical integrative physiology[END_REF]. Thus, a ⩒O2/WR plateau might not be clearly discernible, particularly in a short test. Interpretation of O2 pulse has also become more complex in the past decade because the growing prevalence of patients whose exertional heart rate is under pharmacological (-blockers, ivabradine) or non-pharmacological (pacemakers) control. Anemia and/or hypoxemia may severely decrease CaO2 making O2 pulse interpretation particularly challenging in a detrained patient. In some patients with unexplained exercise intolerance, an abnormally-low cardiac output is not mechanistically linked to intrinsic cardio-pulmonary disease but a failure to increase right atrial pressure, i.e., reduced pre-load. [START_REF] Oldham | Unexplained exertional dyspnea caused by low ventricular filling pressures: results from clinical invasive cardiopulmonary exercise testing[END_REF] It is also important to recognize that there are "central cardiovascular" causes of dyspnoea which are not associated with substantial impairment in stroke volume and/or cardiac output, e.g. HFpEF (80) (81), exercise-induced PH (82) and right ventricle (RV)-to-pulmonary circulation (PC) uncoupling.(50) Thus, CPET variables reflecting "downstream" consequences of impaired O2 delivery might be insensitive to these common abnormalities. In this context, measurement of pulmonary hemodynamics, left ventricular filling pressures, Fick cardiac output Chapter 1 and C(a-v)O2 might be useful in selected patients with unexplained exercise intolerance ("invasive CPET").(83) (84) A less complex approach involves CPET in association with exercise echocardiography to assess stroke volume, diastolic function, mitral function, left ventricular outflow and dynamic pulmonary arterial pressures ("CPET imaging").( 85) For instance, RV-to-PC uncoupling showed an important role in determining the flattening of the ⩒O2/WR relationship in patients with different cardiovascular diseases referred for exertional dyspnoea [START_REF] Bandera | Role of right ventricle and dynamic pulmonary hypertension on determining ΔVO2/ΔWork Rate flattening: insights from cardiopulmonary exercise test combined with exercise echocardiography[END_REF]. This specific hemodynamic abnormality was associated with high E-CO2 [START_REF] Guazzi | Echocardiography of Right Ventriculoarterial Coupling Combined With Cardiopulmonary Exercise Testing to Predict Outcome in Heart Failure[END_REF] and left atrial dynamic impairment in heart failure [START_REF] Sugimoto | Left Atrial Function Dynamics During Exercise in Heart Failure: Pathophysiological Implications on the Right Heart and Exercise Ventilation Inefficiency[END_REF] and hypertrophic cardiomyopathy [START_REF] Finocchiaro | Cardiopulmonary responses and prognosis in hypertrophic cardiomyopathy: a potential role for comprehensive noninvasive hemodynamic assessment[END_REF]. Moreover, echocardiographic E/e′ ratio > 15 at peak exercise in association with high E-CO2 has been found useful to diagnose HFpEF in hypertensive patients with unexplained dyspnea.( 88)

Risk assessment

4.2.a Limitations in the prognostic assessment in cardio-pulmonary diseases

The value of peak O2 as a prognostic index in HFrEF has been constantly reexamined; thus, there is ongoing controversy on the "best" peak O2 threshold (if any) for each individual patient.( 50 

4.2.b Limitations in pre-operative assessment

Peak ⩒O2 is still widely used in practice for risk estimation in the pre-operative assessment (Chapter 15. Exercise testing for pre-surgical evaluation including lung transplant). However, it is an effort dependent variable which, particularly in lung cancer patients (who frequently present with associated COPD), is influenced by peripheral factors (detraining, muscle weakness). In this context, it remains largely unknown whether a given peak ⩒O2 carries similar prognostic information in a patient limited by "lung factors" (i.e., mechanical-ventilatory and gas exchange) compared to another primarily limited by peripheral abnormalities.

Due to the effects of obesity in increasing ⩒O2 for a given work rate (Chapter 3

Abnormal patterns of response to Incremental cardiopulmonary exercise testing),

peak ⩒O2 might be within the "low risk" range in a patient with severely reduced peak work rate; moreover, peak ⩒O2 correction by total body weight may penalize obese subjects exercising in a cycle ergometer.(89) Sub-maximal variables are not free from controversies: the lactate threshold is not always identified, particularly in ventilatory-limited patients with COPD. [START_REF] Zacarias | Heart rate at the estimated lactate threshold in patients with chronic obstructive pulmonary disease: effects on the target intensity for dynamic exercise training[END_REF] In addition, ⩒E-⩒CO2 slope decreases as critical mechanical constraints progresses with COPD severity (91); thus, relatively-preserved (or even reduced) ⩒E-⩒CO2 slope might give false reassurance of low risk despite the presence of end-stage COPD.

Effects of interventions

4.3.a The interpretation of changes in tolerance to constant work rate testing

The magnitude of improvement in endurance exercise tolerance (time to intolerance, Tlim) is influenced by the baseline Tlim [START_REF] Casaburi | Constant work rate exercise testing: a tricky measure of exercise tolerance[END_REF]. This largely stems from the fact that tolerance to a given work rate decreases hyperbolically above individual's highest sustainable work rate. i.e., critical power [START_REF] Neder | Determinants of the exercise endurance capacity in patients with chronic obstructive pulmonary disease. The power-duration relationship[END_REF]. Thus, Tlim is expected to vary greatly among subjects depending on where the selected work rate lies in the individual's power-duration relationship [START_REF] Whipp | Quantifying intervention-related improvements in exercise tolerance[END_REF]. For instance, if the pre-intervention work rate is substantially above the critical power, Tlim might be Chapter 1 excessively short. Conversely, a sub-critical power test can be sustained for prolonged periods of time. If the intervention increases critical power, a test performed just above this parameter is biased to "respond" to a greater extent than the other tests, i.e., regardless the magnitude of the true physiological effect. Under these circumstance, the meaning of a given absolute (s) or relative (%) change in Tlim after an intervention might be difficult to interpret across subjects [START_REF] Whipp | Quantifying intervention-related improvements in exercise tolerance[END_REF].

4.3.b The minimal important clinical difference (MICD) for the constant work rate test

Despite some valuable attempts in defining the MICD for Tlim in COPD (e.g., 100 s or 33% increase from baseline) (95), these thresholds have not been prospectively validated in COPD or other clinical populations. In fact, it is conceivable that the MCID varies according to patient's baseline Tlim, a complex issue which also complaicates the interpretation of changes in lung function over time [START_REF] Cooper | The Global Lung Function Initiative (GLI) Network: bringing the world's respiratory reference values together[END_REF].

Which are the key gaps in knowledge that need to be addressed in the next 10 years to expand CPET application in the clinical arena? ENTER [Table 1]

CPET in the investigation of exercise intolerance: the key unmet clinical needs (Table 1)

The current limitations relative to reference values for CPET either in adults noise would be of a great value in a specific scenario in which the test has a clear potential to impact on clinical decision making [START_REF] Depiazzi | Dysfunctional breathing and reaching one's physiological limit as causes of exercise-induced dyspnoea[END_REF]. 

CPET for risk assessment: the key unmet clinical needs (

CPET to assess the effects of interventions: the key unmet clinical needs (

Chapter 1 3 . 3 . 1

 331 What are the specific scenarios in which CPET has advanced in providing clinically-relevant information in the past decade? Investigation of exercise intolerance 3.1.a Dyspnoea as a cause of exercise intolerance In the respirology practice, CPET is now more commonly requested as part of the work-up for unexplained or disproportionate exertional dyspnoea. (5)(6)(7)(8)(9) (10)(11)(12)(13) As detailed in Chapter 3 (Abnormal patterns of response toIncremental cardiopulmonary exercise testing), the test is more suited to describe patterns of dysfunction since different cluster of abnormalities overlap across specific diseases. Thus, it fundamentally aims to shorten the list of differential diagnoses which could explain patient's symptoms; in some circumstances, it is also helpful to guide further investigations. Alternatively, results might give reassurance that major dysfunction is not currently impacting on exercise responses.

(Chapter 2 .

 2 [START_REF] Johnson | Emerging concepts in the evaluation of ventilatory limitation during exercise: the exercise tidal flowvolume loop[END_REF] Owing to these advances, most of the commercially-available CPET systems nowadays allow IC recording with tidal-to-maximal flow-volume loop displays. Another pathophysiological feature important to genesis of dyspnoea is the excess exercise ventilation ("ventilatory inefficiency") as reflected by increased ventilation ( E) as a function of metabolic demand (i.e., CO2 output ( CO2)) Determinants of the physiological systems responses to muscular exercise in healthy subjects). The potential for a high E-CO2 to trigger uncomfortable respiratory sensations in cardio-respiratory disease has long been recognized.(21)(22) More recently, several studies demonstrated that a high E-CO2 is an early sign of impaired gas exchange efficiency (increased "wasted" ventilation) and/or excessive afferent stimuli to ventilation (as recently reviewed in ref. (23)) being related to a high respiratory neural drive and dyspnoea in symptomatic smokers (24)(25) and patients with mild chronic obstructive Chapter 1 pulmonary disease (COPD) (26)(27), heart failure (HF),(8) HF-COPD,(28)(29) interstitial lung disease (ILD) (30) and pulmonary hypertension (PH) (31) (32).

  )(32)Thus, several studies found that a cluster of CPET findings indicative of combined metaboliccardiovascular (e.g. shallow  O2/work rate, O2 pulse plateau, early lactate threshold (LT)) and ventilatory-gas exchange abnormalities (high E-CO2, low PETCO2) are suspicious for pulmonary vascular disease in a patient with a high pre-test likelihood of disease (Chapter 9. Patterns of cardiopulmonary responses to exercise in pulmonary vascular disease). (31)(32) Unordinary-high E-CO2 in a COPD patient in whom there is no anatomic cause for increased wasted ventilation (e.g., extensive emphysema) (34) and/or low PaCO2 set-point (e.g., selected patients with associated HF)(35) might also prompt further investigations to rule out PH.(36)(37) Conversely, a test showing normal E-CO2 and PETCO2

  work rate and a plateau in O2 pulse are occasionally associated with ischemic heart disease (Chapter 8. Patterns of response diagnostic for cardiac diseases) .(41)(42) Concomitant (or subsequent) ECG abnormalities may occur, particularly in more advanced disease.(43) Although there are other more sensitive and specific Chapter 1

  As a consequence of marked advances in the pharmacological and nonpharmacological treatment of heart failure in the past 10 years,(48) there have been substantial changes in the variables (and their cut-offs) to predict poor outcome (as detailed in Chapter 8. Patterns of response diagnostic for cardiac diseases and Chapter 13. Exercise testing in the prognostic evaluation of patients with lung and heart diseases). For instance, lower peak O2 thresholds compared to those used in seminal studies (49) are now used in multi-parametric models of risk estimation.(50)(51) A flattening submaximal O2 trajectory showed useful to predict poor prognosis in HF with either reduced (HFrEF), mid-range (HFmrEF), or preserved (HFpEF) ejection fraction.(52) Moreover, submaximal ventilatory (high E-CO2, oscillatory ventilation) and gas exchange variables (low PETCO2) have been recognized as independent predictors of unfavorable prognosis.(53) Similar variables (with exception of oscillatory ventilation) have proved valuable as prognosticators in pulmonary arterial hypertension (PAH).(54) Limited evidence suggests that high excessive exertional ventilation also predict poor Chapter 1 outcome in COPD (in association with resting hyperinflation) (55) and ILD (in association with low peak exercise capacity and mechanical constraints) (30).

  with intermediate peak O2 values (56)(57) (Chapter 15. Exercise testing for presurgical evaluation including lung transplant). The value of traditional variables previously found useful in the pre-operative assessment of major abdominal surgery (low peak O2 and/or O2LT) has been extended to colorectal, hepatobiliary, urological and abdominal aortic aneurysm surgery (as recently reviewed in refs. (58) (59)).

  Assessment of tolerance to constant work rate exercise pre-and postinterventions, usually accompanied by non-invasive evaluation of lung mechanics (serial IC measurements) and dyspnea, has been more widely used in patients with COPD (Chapter 14. Role of exercise testing in defining the response to interventions in chronic obstructive pulmonary disease). Albeit to a lesser extent, there has also been renewed interest in the same testing modality to assess the effects of interventions in patients with ILD, PAH and cystic fibrosis (as reviewed in ref. (14)).

  has markedly increased in the past few decades worldwide. It follows that the boundaries between heartlung disease and the physiological consequences of those secular changes become difficult to discriminate in individual subjects. Of note, many patients are nowadays referred to CPET with pre-existing abnormalities which individual contributing to exertional symptoms remain largely unknown, e.g., metabolic syndrome,(71) exercise-induced diastolic dysfunction,(72) atrial fibrillation,(73) Chapter 1 left atrial abnormalities,(74)(75) isolated respiratory muscle weakness (76) and chronotropic incompetence (77).

  ) As outlined in Chapter 8 (Patterns of response diagnostic for cardiac diseases), it seems unlikely that CPET variables alone can predict outcome in such a heterogenous disease. The effects of interventions on the sub-maximal ventilatory-gas exchange variables (e.g., E-CO2, PETCO2) have not been prospectively investigated in a large number of patients; thus, their predictive role may change over time depending on the specific treatment approach. Categories of progressive risk for PH patients have also been proposed based on ventilatory-gas exchange variables.(54) However, the supporting evidence for the chosen cut-offs remains rather limited compared with HFrEF. Chapter 1

(Chapter 5 .

 5 Reference values in adults) or children (Chapter 11. Exercise testing in children with respiratory diseases) are not trivial. In this context, a global frame of reference (akin to the ERS-sponsored Global Lung Initiative for pulmonary function tests)(96) based on a large number of subjects with an ample span of age and body dimensions would be particularly useful to enhance testing interpretation. This also applies to the interpretation of symptom burden: Chapter 1 comprehensive reference intervals for Borg dyspnea scores as a function of work rate (97) and ventilation, for instance, are not yet available. There is a noticeable paucity of normal values for treadmill-based tests. In fact, there is an urgent need to address the long-standing dichotomy of cycle ergometer tests in respirology (2) versus treadmill tests in cardiology (53). This separation has negatively impacted the assessment of exercise normalcy and quantification of impairment in patients who frequently present with lung and heart diseases. Prospective multi-center studies should address the role of CPET as a screening test to identify the syndromes of exercise limitation in contemporary clinical populations with multiple co-existing diseases. Improving our understanding of the confounding effects of obesity on the patterns of exercise limitation is paramount: linear time trend forecasts suggest that by 2030, 51% of the North-American population will be obese (69). Large investigations are specifically warranted to test the incremental role (to standard metabolic-gas exchange variables) of non-invasive measurements of lung mechanics and symptoms to clarify the causes of exertional dyspnoea. In view of the current limitations of CPET in unequivocally differentiate central cardiovascular versus muscular-peripheral causes of exercise intolerance (Chapter 8 (Patterns of response diagnostic for cardiac diseases) and indicate poor ventilation-perfusion matching (Chapter 9. Patterns of cardiopulmonary responses to exercise in pulmonary vascular disease), non-invasive estimates of stroke volume and PaCO2 (capillary or transcutaneous PCO2) (98) (99) (100) might improve substantially its "diagnostic" yield. Mild, submaximal protocols (101) might improve our ability to investigate the mechanisms of exercise intolerance in the growing population of severely-disabled, elderly patients. Addressing the large gaps in knowledge relative to the independent contribution of common cardiovascular co-morbidities to exertional dyspnea in COPD and ILD is also crucial. This might prove particularly helpful in conditions potentially associated Chapter 1 with a high ventilatory drive secondary to increased pulmonary venous pressures such as (moderate-to-severe) diastolic dysfunction,(72) left atrial enlargement,(74)(75) and atrial fibrillation (73). Last, but not least, CPET-based criteria to differentiate chaotic/erratic breathing pattern (Chapter 3. Abnormal patterns of response to Incremental cardiopulmonary exercise testing) from data
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 112 Figure 1. Number of yearly publications citing "cardiopulmonary exercise testing" indexed in the Web of Science Citation Report in the last 4 decades. Note that 70% were published in the past 10 years.

  

Table 1 )

 1 Exercise responses are probably more helpful in adding prognostic information to resting data in patients with more preserved lung function. Thus, there is a need to prospectively test the prognostic value of CPET variables in patients with only mild or early chronic respiratory disease. Few data are currently available regarding to the use of CPET for risk stratification in diseases other than COPD.

	Regardless of the specific disease, CPET variables are more likely to prove useful
	if added to multi-parametric models of risk prediction, such as those developed
	for patients with HFrEF.(50)(51)
	In the pre-operative assessment of lung resection surgery, more research is needed
	to clarify the precise role of CPET relative to imaging (e.g., scintigraphy) and field
	or walking tests (Chapter

10. Walking for the assessment of patients with chronic obstructive pulmonary disease).

  

	Chapter 1
	estimation is currently unclear. For instance, it is possible that additional
	information is gained from ⩒E-⩒CO2 intercept or ⩒E/⩒CO2 nadir rather than the
	⩒E-⩒CO2 slope, particularly in mechanically-limited patients with COPD and
	lung cancer. A negative intercept in a patient with combined heart or pulmonary
	vascular disease signals for a particularly high ventilatory drive, a potent marker
	of poor prognosis in cardiovascular disease.
	Variables deemed to reflect exercise (in)tolerance,
	such as peak ⩒O2, are likely to be more informative if analyzed in conjunction with
	the limiting mechanism(s). For instance, a low peak ⩒O2 due to severe mechanical
	constraints in a patient with COPD probably signals for higher pre-operative risk
	than a similar value obtained in a detrained patient with ample mechanical-
	ventilatory reserves. Apart from the ⩒E-⩒CO2 relationship,(51) little attention has
	been given to submaximal variables from the incremental test to predict poor
	outcome. The "best" metric of ventilatory inefficiency (21) for prognosis

Table

  

Table 1 . Suggested avenues for patient-oriented research in the next 10 years which outcomes might enhance the clinical applicability of CPET in respiratory medicine. Investigation of exercise intolerance

 1 • A global frame of reference for key metabolic, ventilatory and cardiovascular variables in response to standardized cycle ergometer and treadmill protocols • Large normative standards for the trajectory of exertional symptoms as a function of exercise intensity (work rate) and physiological demands (⩒O2 and ⩒E) •. Prospective, multi-center studies addressing the role of CPET in discriminating syndromes of exercise limitation in contemporary clinical populations with multiple co-existing diseases • Prospective, multi-center studies testing the incremental role (to standard metabolic-gas exchange variables) of noninvasive measurements of lung mechanics and symptoms in the investigation of exertional dyspnoea.• The clinical value of adding non-to minimally-invasive methods to estimate stroke volume and PaCO2• Milder constant load protocols to investigate the mechanisms of exercise intolerance in elderly and frail patients • The role of common cardiovascular co-morbidities to exertional dyspnea in COPD and ILD • The independent role of diastolic dysfunction, left atrial enlargement, atrial fibrillation and chronotropic incompetence on respiratory symptoms in patients with unexplained dyspnoea • CPET-based criteria to differentiate chaotic/erratic breathing pattern from data noise in subjects with suspected dysfunctional breathing-hyperventilationRisk assessment• CPET variables added to multi-parametric models of risk prediction • Prognostic assessment of patients with mild/early chronic respiratory disease • Risk stratification in chronic respiratory diseases other than COPD • Prospective, multi-center studies to establish the actual role of CPET in addition to pulmonary function tests and fieldbased tests in predicting poor outcome after lung resection surgery • Addiing the syndromic mechanism of exercise limitation to physiological thresholds in order to improve the prognostic yield of CPET

	1)
	Constant work rate tests are rarely used in practice (i.e., apart from clinical trials),
	partially because little is known on how to integrate this information to decision
	making in individual patients. The surmounting complexities in establishing
	individual critical power are unlikely to be solved in clinical populations (94); thus,
	feasible approaches to individualize the exercise intensity for endurance tests are
	warranted.(102) (103) Such pragmatic approaches might reduce the pre-
	intervention variability on Tlim thereby decreasing the sample size for
	interventional studies while helping interpretation of changes.(104) Establishing
	robust criteria for CPET "responders" versus "non-responders" would be valuable
	to titrate medications with a variable effect on exercise tolerance, such as
	bronchodilators in COPD (105) and -blockers in HFrEF (50). In addition,
	submaximal variables from the incremental test have been largely neglected to
	assess the effects of interventions. This unmet need is particularly relevant in
	practice as the incremental test is the only testing modality which is reimbursed in
	most countries.
	6. Conclusions
	As in any other topic in medicine, the potential usefulness of a clinical method of
	investigation should be cautiously analyzed under the light of its current
	limitations. Such a sober and unbiased approach is a crucial step to open real

•

  Use of submaximal variables from the incremental test to predict poor outcome • Contrasting the predictive values of different metrics of ventilatory inefficiency across disease statesEffects of interventions • Strategies to optimize the use of constant work rate tests to assess the effects of respiratory medications in individual patients• Feasible, pragmatic approaches to individualize the exercise intensity for endurance tests • Prospective, multi-center studies to establish the minimal clinically-important difference for changes in time to exercise intolerance in different respiratory diseases • Robust criteria to discriminate "responders" vs "non-responders" regarding to exercise tolerance in clinical trials • Submaximal variables from the incremental test to assess the effects of selected interventions

	Chapter 1