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The most common pulmonary vascular diseases are pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension, which lead to dyspnoea and exercise intolerance. The physiological derangements of pulmonary hypertension result in characteristic abnormalities observed during dynamic exercise in these patients. Impaired cardiac function results in reduced aerobic capacity, low anaerobic threshold and reduced ΔVO2/ΔWR relationship. High physiologic deadspace and high chemosensitivity contribute to high V'E/V'CO2 during exercise testing. Consequently, resting hypocapnia with low end-tidal PCO2 throughout exercise are typically observed and are related to the severity of disease. Exertional hypoxemia is also a variable but frequent finding during exercise, which can be related to ventilation-perfusion heterogeneity, low mixed venous O2 content from impaired cardiac output, and right-to-left shunting through a patent foramen ovale. Even in the absence of significant resting airflow obstruction, dynamic hyperinflation can occur in pulmonary vascular diseases, which contributes to exertional dyspnoea and exercise intolerance. Peripheral muscle dysfunction is another common component of exercise pathophysiology in these conditions.

Introduction

Pulmonary hypertension is defined as a resting mean pulmonary arterial pressure (mPAP) ≥25 mmHg, which arise from primary diseases of the pulmonary vasculature, left heart disease, lung disease and systemic diseases [START_REF] Galiè | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF]. Pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension (CTEPH) are primary diseases of the pulmonary vasculature caused by obstruction, inflammation, and remodelling of the pulmonary arteries and arterioles, endothelial dysfunction, vasoconstriction and thrombosis [START_REF] Guignabert | Pathology and Pathobiology of Pulmonary Hypertension[END_REF]. PAH may be idiopathic or caused by underlying connective tissue diseases, congenital heart disease, genetic mutations, drugs and toxins, portal hypertension, or infection with human immunodeficiency virus or schistosomiasis [START_REF] Galiè | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF]. CTEPH is a rare complication of pulmonary thromboembolism in which there is persistent obstruction of large and medium sized pulmonary arteries with remodelling of distal small vessels and progressive pulmonary hypertension [START_REF] Gall | An epidemiological analysis of the burden of chronic thromboembolic pulmonary hypertension in the USA, Europe and Japan[END_REF][START_REF] Simonneau | The pathophysiology of chronic thromboembolic pulmonary hypertension[END_REF].

Over time, patients with pulmonary vascular diseases develop progressive increases in mPAP and pulmonary vascular resistance, which ultimately leads to right heart failure and death. Although dyspnoea and exercise intolerance are common but non-specific symptoms of pulmonary vascular disease, cardiopulmonary exercise testing (CPET) may reveal abnormal exercise patterns suggestive of pulmonary vascular disease in patients with undifferentiated dyspnoea. Dynamic exercise during CPET may provide a greater stress to the right ventricle and pulmonary circulation than static resistive exercises, and thus could be more sensitive in detecting an abnormal response in a patient with early pulmonary vascular disease [START_REF] Motoji | Resistive or dynamic exercise stress testing of the pulmonary circulation and the right heart[END_REF]. CPET and can also indicate the severity of disease, gauge responses to treatment and estimate prognosis in patients with known pulmonary vascular disease [START_REF] Weatherald | Cardiopulmonary Exercise Testing in Pulmonary Hypertension[END_REF]. This chapter will focus primarily on the dynamic exercise pathophysiology and patterns of exercise responses during CPET in patients with pulmonary hypertension and increased pulmonary vascular resistance, without significant left heart disease (Group 2 pulmonary hypertension) or a significant obstructive or restrictive ventilatory defect (Group 3 pulmonary hypertension). The features and impact of pulmonary hypertension secondary to other lung and heart diseases is discussed in other sections of this European Respiratory Society monograph.
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Cardiovascular abnormalities

During dynamic exercise, cardiac output (CO) must increase to match oxygen delivery to demand by peripheral muscles. Despite large increases in CO during exercise, mPAP only increases slightly in health because of a modest decrease in the pulmonary vascular resistance from recruitment and distention of pulmonary blood vessels [START_REF] Kovacs | Pulmonary vascular resistances during exercise in normal subjects: a systematic review[END_REF]. In early pulmonary vascular disease, there is a loss of vascular distensibility [START_REF] Lau | Loss of Vascular Distensibility During Exercise Is an Early Hemodynamic Marker of Pulmonary Vascular Disease[END_REF] and mPAP rises disproportionately to CO, even when resting mPAP is not yet elevated [START_REF] Lau | Resting pulmonary artery pressure of 21-24 mmHg predicts abnormal exercise haemodynamics[END_REF][START_REF] Kovacs | Changes in pulmonary exercise haemodynamics in scleroderma: a 4-year prospective study[END_REF]. In severe PAH and CTEPH, the pulmonary vasculature cannot accommodate increased pulmonary blood flow, resulting in further and excessive increases in the right ventricular (RV) afterload during exercise [START_REF] Janicki | The pressure-flow response of the pulmonary circulation in patients with heart failure and pulmonary vascular disease[END_REF]. Because of ventricular interdependence, severe RV pressure overload shifts the interventricular septum to the left during diastole and impairs left ventricular filling [START_REF] Belenkie | Ventricular interaction during experimental acute pulmonary embolism[END_REF][START_REF] Belenkie | Effects of volume loading during experimental acute pulmonary embolism[END_REF][START_REF] Nootens | Understanding right and left ventricular systolic function and interactions at rest and with exercise in primary pulmonary hypertension[END_REF][START_REF] Holverda | Impaired stroke volume response to exercise in pulmonary arterial hypertension[END_REF][START_REF] Naeije | The overloaded right heart and ventricular interdependence[END_REF], limiting maximal CO and oxygen delivery. Thus in patients with pulmonary vascular diseases, changes in CO during exercise are largely mediated by increasing heart rate (HR) rather than increasing stroke volume [START_REF] Holverda | Impaired stroke volume response to exercise in pulmonary arterial hypertension[END_REF][START_REF] Chemla | Strong linear relationship between heart rate and mean pulmonary artery pressure in exercising patients with severe precapillary pulmonary hypertension[END_REF][START_REF] Groepenhoff | Exercise stroke volume and heart rate response differ in right and left heart failure[END_REF].

The ability to increase CO during exercise is a more important determinant of peak exercise capacity than the resting CO in patients with PAH and CTEPH, as it reflects the severity of the underlying pulmonary vascular disease and the ability of the RV to adapt to it [START_REF] Blumberg | Impact of right ventricular reserve on exercise capacity and survival in patients with pulmonary hypertension[END_REF]. In patients with chronic thromboembolism but without manifest pulmonary hypertension at rest, the mPAP/CO slope during exercise is abnormally high and stroke volume increases minimally, indicating that RV stroke volume response is impaired early in the disease course [START_REF] Van Kan | Hemodynamic and ventilatory responses during exercise in chronic thromboembolic disease[END_REF].

The consequences of these pathophysiologic aberrations are the typical but nonspecific findings of cardiovascular limitation to exercise during CPET. Because of high RV afterload and low maximal CO, oxygen delivery to skeletal muscle is impaired, manifesting as reduced aerobic capacity (low peak VO2) and early shift to anaerobic metabolism for a given VO2 (i.e. low anaerobic threshold) [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF]. While maximal work rate (WR) and maximal VO2 are usually reduced, the ΔVO2/ΔWR relationship is also low (< 8-9 mL . min -1. W -1 ) compared to healthy individuals or patients with left ventricular failure, reflecting impaired CO and/or abnormal peripheral muscle O2 utilization (Figure 1) [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][START_REF] Riley | Gas exchange responses to continuous incremental cycle ergometry exercise in primary pulmonary hypertension in humans[END_REF][START_REF] Deboeck | Exercise testing in pulmonary arterial hypertension and in chronic heart failure[END_REF][START_REF] Potus | Impaired angiogenesis and peripheral muscle microcirculation loss contribute to exercise intolerance in pulmonary arterial hypertension[END_REF][START_REF] Mainguy | Peripheral muscle dysfunction in idiopathic pulmonary arterial hypertension[END_REF]. Given that CO is equal to VO2 multiplied by the arterio-venous O2 difference (CaO2 -CvO2) and CO = HR x stroke volume, in the absence of arterial desaturation, a Chapter 9 reduced O2 pulse reflects impaired stroke volume response during exercise. Impairment in stroke volume means that cardiac output depends on increasing heart rate, leading to a decreased and flattened profile of the O2 pulse (VO2/HR) [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][START_REF] Deboeck | Exercise testing in pulmonary arterial hypertension and in chronic heart failure[END_REF]. Poor RV function and stroke volume response may lead to low systemic systolic blood pressure (SBP) during exercise and symptoms of pre-syncope or even syncope may occur. A peak exercise SBP < 120 mmHg during CPET should be considered an ominous sign [START_REF] Wensel | Assessment of survival in patients with primary pulmonary hypertension: importance of cardiopulmonary exercise testing[END_REF]. Vagal reactivation after exercise is an important mechanism underlying HR recovery in the first 30 seconds to 1 minute after exercise, which is abnormally slow in individuals with cardiac impairment [START_REF] Imai | Vagally mediated heart rate recovery after exercise is accelerated in athletes but blunted in patients with chronic heart failure[END_REF]. Recovery of HR after exercise is delayed in PAH patients compared to controls, with slower HR recovery (< 18 beat per minute decrease in the first minute post-exercise) associated with worse resting hemodynamics, lower peak VO2, and a worse prognosis [START_REF] Ramos | Heart rate recovery in pulmonary arterial hypertension: relationship with exercise capacity and prognosis[END_REF][START_REF] Riley | Responses to constant work rate bicycle ergometry exercise in primary pulmonary hypertension: the effect of inhaled nitric oxide[END_REF]. Thus the primary abnormalities of cardiovascular parameters during exercise testing in patients with moderate to severe pulmonary vascular disease are: 1) reduced peak VO2 and peak WR, 2) low anaerobic threshold, 3) reduced ΔVO2/ΔWR, 4) low maximal HR with delayed HR recovery, and 5) a low and flattened O2 pulse (Figure 2).
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Ventilatory abnormalities

For most patients with pulmonary vascular disease, exercise is not limited by encroachment upon their predicted maximal ventilatory capacity; ventilation (V'E) at peak exercise is usually low [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][START_REF] Riley | Gas exchange responses to continuous incremental cycle ergometry exercise in primary pulmonary hypertension in humans[END_REF][START_REF] Theodore | Augmented ventilatory response to exercise in pulmonary hypertension[END_REF][START_REF] Alonzo | Comparison of progressive exercise performance of normal subjects and patients with primary pulmonary hypertension[END_REF]. In the absence of concurrent asthma or chronic obstructive pulmonary disease, mechanical ventilatory constraint (dynamic hyperinflation) is not an expected feature of pulmonary vascular diseases during CPET.

Resting spirometry in patients with PAH is usually normal but may show mild restriction [START_REF] Sun | Pulmonary function in primary pulmonary hypertension[END_REF] or reduced mean expiratory flow (MEF) at 75%, 50% and 25% of vital capacity, and increased residual volume to total lung capacity ratio (RV/TLC) suggesting peripheral airways obstruction and gas trapping [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF][START_REF] Meyer | Peripheral airway obstruction in primary pulmonary hypertension[END_REF]. Breathing patterns during exercise are more rapid and shallow than in patients with PAH than normal individuals. Compared to healthy controls, up to 60% of PAH patients exhibit a reduction in inspiratory capacity during exercise, suggesting dynamic hyperinflation or impaired inspiratory muscle function [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF][START_REF] Richter | Dynamic hyperinflation during exercise in patients with precapillary pulmonary hypertension[END_REF]. Even in the setting of a normal resting FEV1/FVC, the presence of expiratory flow limitation and rapid shallow breathing patterns during exercise can promote dynamic hyperinflation in certain PAH patients, which has the important sensory consequence of more severe dyspnoea (Figure 3) [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF]. Diaphragmatic muscle atrophy and weakness is present in patients with severe PAH or CTEPH [START_REF] De Man | Diaphragm muscle fiber weakness in pulmonary hypertension[END_REF][START_REF] Manders | Reduced force of diaphragm muscle fibers in patients with chronic thromboembolic pulmonary hypertension[END_REF][START_REF] Meyer | Respiratory muscle dysfunction in idiopathic pulmonary arterial hypertension[END_REF] but did not appear to be the mechanism of dynamic reduction in IC when oesophageal manometry was performed during CPET [START_REF] Laveneziana | Inspiratory muscle function, dynamic hyperinflation and exertional dyspnoea in pulmonary arterial hypertension[END_REF]. Whether interventions such as supplemental oxygen or bronchodilators reduce or delay the onset of dynamic hyperinflation in this disease remains to be determined.

The relationship between V'E and carbon dioxide output (V'CO2) reflects the efficiency of ventilation, as represented by the V'E/ V'CO2 slope or the lowest value of V'E/ V'CO2 during exercise. The V'E/ V'CO2 slope is determined by the arterial PCO2 (PaCO2) and the physiologic dead space (VD/VT) according to equation 1:

(1) V'E/ V'CO2 = 863 PaCO2 (1-VD/VT)
The VD/VT is calculated from the Enghoff modification to the Bohr equation in equation 2:
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(2) VD/VT = PaCO2 -PĒCO2

PaCO2

Where PĒCO2 is the mixed expired breath PCO2.

Ventilatory inefficiency (high V'E/ V'CO2) and gas exchange abnormalities are hallmark features of pulmonary vascular diseases (Figure 2). In normal individuals < 60 years old, the 95% confidence interval upper limit for V'E/V'CO2 slope is 33 and for the V'E/V'CO2 nadir is 34 [START_REF] Sun | Ventilatory efficiency during exercise in healthy subjects[END_REF]. In PAH patients, V'E/V'CO2 slope and nadir are usually significantly increased compared to normal individuals and are even higher than in patients with left ventricular failure, despite a similar degree of exercise impairment (Figure 4) [START_REF] Deboeck | Exercise testing in pulmonary arterial hypertension and in chronic heart failure[END_REF][START_REF] Theodore | Augmented ventilatory response to exercise in pulmonary hypertension[END_REF][START_REF] Vicenzi | Exercise oscillatory ventilation in heart failure and in pulmonary arterial hypertension[END_REF][START_REF] Reybrouck | Ventilatory inefficiency for carbon dioxide during exercise in patients with pulmonary hypertension[END_REF][START_REF] Liu | Pulmonary function differences in patients with chronic right heart failure secondary to pulmonary arterial hypertension and chronic left heart failure[END_REF]. In patients with chronic thromboembolism without pulmonary hypertension the V'E/V'CO2 slope, V'E/V'CO2 at anaerobic threshold, and VD/VT are higher than in controls, indicating that ventilatory inefficiency can result from the degree vascular obstruction and ventilation-perfusion inequality, even before overt pulmonary hypertension and impaired RV function develop [START_REF] Mccabe | Inefficient exercise gas exchange identifies pulmonary hypertension in chronic thromboembolic obstruction following pulmonary embolism[END_REF][START_REF] Xi | The lowest VE/VCO₂ ratio best identifies chronic thromboembolic pulmonary hypertension[END_REF]. Compared to PAH, CTEPH patients have even greater V'E/V'CO2 slope and nadir values and higher VD/VT at peak exercise [START_REF] Zhai | Differences in ventilatory inefficiency between pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension[END_REF][START_REF] Godinas | Dead-space ventilation is linked to exercise capacity and survival in distal chronic thromboembolic pulmonary hypertension[END_REF]. In PAH, the severity of increase in V'E/V'CO2 is related to the degree of elevation in mPAP [START_REF] Reybrouck | Ventilatory inefficiency for carbon dioxide during exercise in patients with pulmonary hypertension[END_REF][START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF] and a major determinant of peak VO2 and New York Heart Association functional class [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF]. The combination of findings of low peak VO2, low anaerobic threshold, with preserved breathing reserve and V'E/V'CO2 at the anaerobic threshold > 34 has 88% specificity and 85% accuracy for pulmonary vascular limitation to exercise [START_REF] Markowitz | Diagnosis of pulmonary vascular limit to exercise by cardiopulmonary exercise testing[END_REF].

High V'E/V'CO2 reflects wasted ventilation and is usually attributed to high VD/VT from ventilation-perfusion inequality but it can also be related to high chemosensitivity from sympathetic nervous system hyperactivity or a low PaCO2 set-point [START_REF] Weatherald | Ventilatory Response to Exercise in Cardiopulmonary Disease: the Role of Chemosensitivity and Dead Space[END_REF][START_REF] Velez-Roa | Increased sympathetic nerve activity in pulmonary artery hypertension[END_REF][START_REF] Naeije | Clinical relevance of autonomic nervous system disturbances in pulmonary arterial hypertension[END_REF][START_REF] Wensel | Impaired cardiac autonomic control relates to disease severity in pulmonary hypertension[END_REF].

Although increased chemosensitivity. Sympathetic nervous system activity is increased in patients with pulmonary hypertension which is related to worse exercise capacity and prognosis [START_REF] Velez-Roa | Increased sympathetic nerve activity in pulmonary artery hypertension[END_REF][START_REF] Ciarka | Prognostic significance of sympathetic nervous system activation in pulmonary arterial hypertension[END_REF][START_REF] Dimopoulos | Impairment of autonomic nervous system activity in patients with pulmonary arterial hypertension: a case control study[END_REF]. Augmented chemoreceptor output stimulates hyperventilation, which can be driven by hypoxemia, low cardiac output and neural afferents from metabolic ergoreceptors in the peripheral muscles [START_REF] Weatherald | Ventilatory Response to Exercise in Cardiopulmonary Disease: the Role of Chemosensitivity and Dead Space[END_REF][START_REF] Ponikowski | Muscle ergoreceptor overactivity reflects deterioration in clinical status and cardiorespiratory reflex control in chronic heart failure[END_REF][START_REF] Sun | Gas exchange detection of exercise-induced right-to-left shunt in patients with primary pulmonary hypertension[END_REF][START_REF] Chua | Relation between chemosensitivity and the ventilatory response to exercise in chronic heart failure[END_REF]. Local accumulation of H+ in skeletal muscles contributes to ergoreceptor-mediated stimulation of ventilation in patients with impaired cardiac function [START_REF] Scott | Skeletal muscle reflex in heart failure patients: role of hydrogen[END_REF]. Right ventricular or right atrial distention may also mediate hyperventilation through sympathetic neural reflexes [START_REF] Jones | Cardiac output as a controller of ventilation through changes in right ventricular load[END_REF][START_REF] Ciarka | Atrial septostomy decreases sympathetic overactivity in pulmonary arterial hypertension[END_REF]. This explains why the V'E/V'CO2, an integrated variable reflecting not only gas exchange, but cardiovascular and autonomic nervous system dysfunction, is associated with clinical outcomes in PAH and CTEPH [START_REF] Deboeck | Exercise testing to predict outcome in idiopathic versus associated pulmonary arterial hypertension[END_REF][START_REF] Schwaiblmair | Ventilatory efficiency testing as prognostic value in patients with pulmonary hypertension[END_REF].

Gas exchange abnormalities

As a consequence of alveolar hyperventilation, the end-tidal PCO2 (PETCO2) measured at the mouth during CPET is frequently low in patients with PAH or CTEPH and does not exhibit a normal pattern of gradual increase between rest and the anaerobic threshold but remains constant or decreases further (Figure 4) [START_REF] Riley | Gas exchange responses to continuous incremental cycle ergometry exercise in primary pulmonary hypertension in humans[END_REF][START_REF] Godinas | Dead-space ventilation is linked to exercise capacity and survival in distal chronic thromboembolic pulmonary hypertension[END_REF][START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF][START_REF] Scheidl | Diagnosis of CTEPH versus IPAH using capillary to end-tidal carbon dioxide gradients[END_REF]. A PETCO2 of < 40 mmHg at the anaerobic threshold may suggest underlying pulmonary vascular disease, whereas PETCO2 < 20 mmHg is unusual in other disease states and strongly raises the suspicion of pulmonary vascular disease in a patient with dyspnoea of unknown aetiology (Figure 5) [START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF][START_REF] Held | Cardiopulmonary exercise testing to detect chronic thromboembolic pulmonary hypertension in patients with normal echocardiography[END_REF][START_REF] Laveneziana | Mechanisms of exertional dyspnoea in pulmonary veno-occlusive disease with EIF2AK4 mutations[END_REF]. Patients with CTEPH or pulmonary veno-occlusive disease (PVOD), another rare pulmonary vascular disease, tend to have even lower resting and peak exercise PETCO2 values than patients with idiopathic PAH (Table 1)[47,

66, 68]

Arterial oxygen desaturation and wide alveolar-arterial O2 (PA-aO2) gradient are common (Figure 6) but not universally observed patients with pulmonary vascular diseases [START_REF] Alonzo | Comparison of progressive exercise performance of normal subjects and patients with primary pulmonary hypertension[END_REF][START_REF] Godinas | Dead-space ventilation is linked to exercise capacity and survival in distal chronic thromboembolic pulmonary hypertension[END_REF][START_REF] Weatherald | Chemosensitivity and ventilatory inefficiency in pulmonary vascular diseases[END_REF][START_REF] Sun | Gas exchange detection of exercise-induced right-to-left shunt in patients with primary pulmonary hypertension[END_REF][START_REF] Laveneziana | Mechanisms of exertional dyspnoea in pulmonary veno-occlusive disease with EIF2AK4 mutations[END_REF]. In contrast, significant arterial desaturation and hypoxemia (PaO2 < 60 mmHg) are rarely observed in patients with heart failure, whether due to reduced or preserved left ventricular function, and therefore, desaturation may suggest the presence of underlying pulmonary vascular disease when present in an undifferentiated dyspnoeic patient [START_REF] Wasserman | Lung function and exercise gas exchange in chronic heart failure[END_REF][START_REF] Houstis | Exercise Intolerance in HFpEF: Diagnosing and Ranking its Causes Using Personalized O2 Pathway Analysis[END_REF][START_REF] Van Iterson | Physiological dead space and arterial carbon dioxide contributions to exercise ventilatory inefficiency in patients with reduced or preserved ejection fraction heart failure[END_REF]. The widened PA-aO2 and arterial desaturation are primarily related to low mixed venous PO2 returning to the pulmonary circulation as a consequence of impaired cardiac function and oxygen delivery to peripheral muscles, which is exacerbated by ventilation-perfusion inequality in the lung [START_REF] Dantzker | Pulmonary gas exchange during exercise in patients with chronic obliterative pulmonary hypertension[END_REF][START_REF] Wagner | The physiological basis of pulmonary gas exchange: implications for clinical interpretation of arterial blood gases[END_REF]. A pattern of exercise-induced hypoxemia preceded by a sudden and sustained decrease in PETCO2 and increase in end-tidal PO2 (PETCO2) and the V'E/V'CO2 in patients with pulmonary vascular disease suggests the development of a right-to-left shunt through a patent foramen ovale (PFO)(Figure 7) [START_REF] Sun | Gas exchange detection of exercise-induced right-to-left shunt in patients with primary pulmonary hypertension[END_REF][START_REF] Oudiz | Usefulness of right-to-left shunting and poor exercise gas exchange for predicting prognosis in patients with pulmonary arterial hypertension[END_REF]. This occurs when right atrial pressure rises high enough during enough during exercise to open the PFO, shunting hypoxaemic, acidaemic blood to the systemic circulation, which acutely stimulates peripheral chemoreceptors and hyperventilation.

Normally, PETCO2 increases during exercise in healthy individuals as
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a result of larger tidal volumes and the higher PCO2 in venous blood returning to returning to the lungs (Figure 4b). Since PETCO2 rises and PaCO2 remains stable (or even decreases slightly) during exercise, the difference between PaCO2 and PETCO2 difference (P(a-ET)CO2) is slightly positive at rest and becomes negative in most normal individuals [START_REF] Jones | Difference between end-tidal and arterial PCO2 in exercise[END_REF][START_REF] Liu | Comparison of the end-tidal arterial PCO2 gradient during exercise in normal subjects and in patients with severe COPD[END_REF]. In patients with pulmonary vascular disease, the excessive and inefficient V'E driven by chemoreceptor stimulation leads to often very low PETCO2 near peak exercise. Meanwhile, because of high physiologic dead space, ventilation-perfusion inequalities and rapid shallow breathing patterns, the arterial PCO2 does not change markedly leading to a positive P(a-ET)CO2 at rest and exercise [START_REF] Godinas | Dead-space ventilation is linked to exercise capacity and survival in distal chronic thromboembolic pulmonary hypertension[END_REF][START_REF] Weatherald | Chemosensitivity and ventilatory inefficiency in pulmonary vascular diseases[END_REF][START_REF] Scheidl | Diagnosis of CTEPH versus IPAH using capillary to end-tidal carbon dioxide gradients[END_REF][START_REF] Laveneziana | Mechanisms of exertional dyspnoea in pulmonary veno-occlusive disease with EIF2AK4 mutations[END_REF]. Therefore, a positive value for P(a-ET)CO2 from arterial blood gases performed at peak exercise reflects impaired gas exchange and/or augmented chemoreflexes.
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Peripheral muscle function and exercise in pulmonary hypertension

Deconditioning and peripheral muscle abnormalities are important contributors to exercise intolerance. In congestive heart failure, which shares similar limitations in cardiac output reserve as PAH and CTEPH, oxygen transport and diffusion at the level of skeletal muscle are abnormal [START_REF] Esposito | Limited maximal exercise capacity in patients with chronic heart failure: partitioning the contributors[END_REF]. Tissue oxygen saturation, oxygen extraction and muscle microcirculatory function may be impaired to an even greater degree in PAH compared with left heart failure [START_REF] Dimopoulos | Peripheral muscle microcirculatory alterations in patients with pulmonary arterial hypertension: a pilot study[END_REF][START_REF] Tolle | Impaired systemic oxygen extraction at maximum exercise in pulmonary hypertension[END_REF]. Peripheral muscle in PAH patients is structurally and functionally abnormal, with a lower relative proportion of type I fibres and reduced quadriceps, forearm, and respiratory muscle strength compared to controls, which may be an important determinant of low peak VO2 [START_REF] Mainguy | Peripheral muscle dysfunction in idiopathic pulmonary arterial hypertension[END_REF][START_REF] Bauer | Skeletal muscle dysfunction in patients with idiopathic pulmonary arterial hypertension[END_REF]. Respiratory muscle strength has also been shown to be about 40% lower in CTEPH patients [START_REF] Manders | Reduced force of diaphragm muscle fibers in patients with chronic thromboembolic pulmonary hypertension[END_REF]. The mechanism of generalized skeletal muscle dysfunction in PAH may be a result of microcirculation rarefaction and an imbalance in angiogenic factors [START_REF] Potus | Impaired angiogenesis and peripheral muscle microcirculation loss contribute to exercise intolerance in pulmonary arterial hypertension[END_REF]. Improvements in exercise capacity with exercise training in individuals with heart failure or peripheral vascular disease [START_REF] Duscha | Angiogenesis in skeletal muscle precede improvements in peak oxygen uptake in peripheral artery disease patients[END_REF] have been linked to improvements in skeletal muscle microcirculatory density, capillary-to-fibre ratio and mitochondrial volume [START_REF] Esposito | Isolated quadriceps training increases maximal exercise capacity in chronic heart failure: the role of skeletal muscle convective and diffusive oxygen transport[END_REF], which may be mechanisms by which training can improve exercise capacity in stable patients with PAH [START_REF] Mereles | Exercise and respiratory training improve exercise capacity and quality of life in patients with severe chronic pulmonary hypertension[END_REF][START_REF] Ehlken | Exercise training improves peak oxygen consumption and haemodynamics in patients with severe pulmonary arterial hypertension and inoperable chronic thrombo-embolic pulmonary hypertension: a prospective, randomized, controlled trial[END_REF].
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Prognostic utility of cardiopulmonary exercise testing

Several studies have shown that CPET variables independently predict prognosis in PAH

and CTEPH patients and are potential treatment targets for PAH patients, with objectives of obtaining peak V'O2 > 15 mL . min -1. kg -1 or > 65% predicted and a V'E/V'CO2 slope of < 36 [START_REF] Galiè | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF][START_REF] Puente-Maestu | Use of exercise testing in the evaluation of interventional efficacy: an official ERS statement[END_REF]. PAH patients with a peak V'O2 less than 11 mL . min -1. kg -1 or a V'E/V'CO2 slope ≥ 45 are considered high risk with an estimated 1-year mortality of > 10% according to European Society of Cardiology/European Respiratory Society guidelines [START_REF] Galiè | ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for Heart and Lung Transplantation (ISHLT)[END_REF]. Peak V'O2 and V'E/V'CO2 have been associated with survival in several studies comprising PAH and CTEPH patients [START_REF] Wensel | Assessment of survival in patients with primary pulmonary hypertension: importance of cardiopulmonary exercise testing[END_REF][START_REF] Deboeck | Exercise testing to predict outcome in idiopathic versus associated pulmonary arterial hypertension[END_REF][START_REF] Schwaiblmair | Ventilatory efficiency testing as prognostic value in patients with pulmonary hypertension[END_REF][START_REF] Groepenhoff | Prognostic relevance of changes in exercise test variables in pulmonary arterial hypertension[END_REF]. Wensel and colleagues demonstrated that peak V'O2

provides additional prognostic value to resting haemodynamics in patients with PAH [START_REF] Wensel | Incremental prognostic value of cardiopulmonary exercise testing and resting haemodynamics in pulmonary arterial hypertension[END_REF]. Those with a low V'O2 (< 46.3% predicted) and PVR > 16 Wood units had a particularly dismal prognosis, while patients with peak V'O2 ≥ 46.3 % predicted and a PVR < 11.6 Wood units had > 90% 5-year survival. Echocardiographic assessment of RV function in conjunction with CPET may provide incremental prognostic utility.

Badagliacca and colleagues found that RV fractional area change on echocardiogram, in combination with the O2 pulse from CPET, which reflect RV function and stroke volume, were independent predictors of outcome in patients with idiopathic PAH [START_REF] Badagliacca | Echocardiography Combined With Cardiopulmonary Exercise Testing for the Prediction of Outcome in Idiopathic Pulmonary Arterial Hypertension[END_REF]. Patients with RV fractional area change > 26.5% and an O2 pulse > 8.0 mL . beat -1 had excellent long-term survival, while PAH patients with RV fractional area change < 36.5% and an O2 pulse < 8.0 mL . beat -1 had significantly worse survival.
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Cardiopulmonary exercise testing after interventions

Very few randomized controlled trials of PAH therapy have included CPET variables as efficacy endpoints [START_REF] Barst | Beraprost therapy for pulmonary arterial hypertension[END_REF][START_REF] Barst | Sitaxsentan therapy for pulmonary arterial hypertension[END_REF]. By reducing RV afterload and improving cardiac output and oxygen delivery, PAH therapies such as calcium channel blockers, sildenafil, and epoprostenol improve peak V'O2 and ventilatory efficiency [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][START_REF] Oudiz | Effect of sildenafil on ventilatory efficiency and exercise tolerance in pulmonary hypertension[END_REF][START_REF] Wax | Effects of long-term infusion of prostacyclin on exercise performance in patients with primary pulmonary hypertension[END_REF]. Patients who improve peak V'O2, maximal heart rate and O2 pulse after treatment have better survival, likely due to improvements in cardiac output and stroke volume [START_REF] Groepenhoff | Prognostic relevance of changes in exercise test variables in pulmonary arterial hypertension[END_REF][START_REF] Weatherald | The prognostic value of follow-up hemodynamic variables after initial management in pulmonary arterial hypertension[END_REF]. In CTEPH, pulmonary endarterectomy is the treatment of choice, which involves surgical removal of obstructing chronic thromboembolic material from the pulmonary arteries.

Endarterectomy leads to marked improvements in RV afterload, cardiac function, and recovers the ability to increase stroke volume during exercise, which translates to better exercise capacity and better survival [START_REF] Surie | Effect of pulmonary endarterectomy for chronic thromboembolic pulmonary hypertension on stroke volume response to exercise[END_REF][START_REF] Taboada | Outcome of pulmonary endarterectomy in symptomatic chronic thromboembolic disease[END_REF][START_REF] Claessen | Pulmonary vascular and right ventricular reserve in patients with normalized resting hemodynamics after pulmonary endarterectomy[END_REF][START_REF] Richter | Pulmonary Hemodynamic Response to Exercise in Chronic Thromboembolic Pulmonary Hypertension before and after Pulmonary Endarterectomy[END_REF][START_REF] Bonderman | Right ventricular load at exercise is a cause of persistent exercise limitation in patients with normal resting pulmonary vascular resistance after pulmonary endarterectomy[END_REF][100]. There is also improvement in V'E/V'CO2 soon after endarterectomy likely as a result of immediate improvement in cardiac output and a decrease in chemosensitivity, while peak V'O2 continues to improve months after End-tidal PCO2 PETCO2 at anaerobic threshold (AT) as related to the V'E/ V'CO2 at AT, showing likelihood of pulmonary vasculopathy accounting for exertional dyspnea of Chapter 9

unknown cause. The curve through the points is hyperbolic. The grading of likelihood of primary pulmonary hypertension (PPH) in patients with PPH is based on comparisons with normal subjects. Note that PPH is synonymous with pulmonary arterial hypertension (PAH). From reference [START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF].

Figure 6

Gas exchange abnormalities for a patient with pulmonary arterial hypertension (PAH). increasing more V'E/V'CO2). These changes abruptly returned toward their pre-shunt values when exercise stopped. All 3 patients with a late exercise-induced right-to-left shunt had an increase in V'E/V'CO2 as their shunt opened. From reference [START_REF] Sun | Gas exchange detection of exercise-induced right-to-left shunt in patients with primary pulmonary hypertension[END_REF] Chapter 9 

Tables

  surgery likely due to rehabiliation and improved peripheral muscle conditioning [101]. Medical therapies approved for PAH are used in inoperable CTEPH patients, which improve exercise capacity and may improve gas exchange and V'E/V'CO2 [102]. Balloon pulmonary angioplasty (BPA) is another treatment option for inoperable CTEPH patients, which involves dilation of distal obstructing lesions, improving perfusion and lowering mPAP [103, 104]. Right ventricular function and stroke volume improve after BPA, leading to better exercise variables in terms of peak V'O2, ΔV'O2/ΔWR, O2 pulse and V'E/V'CO2 [105-108]. Oxygen is also a useful intervention to improve exercise performance in patients with pulmonary vascular disease who desaturate during exercise. Supplemental oxygen during exercise increases maximal WR, endurance time, and reduces V'E/V'CO2 by limiting inappropriate chemoreflex-mediated stimulation of V'E [109].

Figure 1

 1 Figure 1Comparison of oxygen consumption (V'O2) to work rate (WR) relationships. A normal individual with peak V'O2 of 97% has a V'O2/WR slope of 10.8 mL per Watt. A patient with pulmonary arterial hypertension (PAH, pulmonary vascular resistance 9.3 Wood units) and a preserved cardiac index (CI = 2.7 L.min.m-2) and moderately reduced peak V'O2 of 67% predicted has a borderline reduction in the V'O2/WR slope of 9.4 mL per Watt. The patient with PAH and severe reduction in peak V'O2 (39% predicted) demonstrates a reduced V'O2/WR slope of 5.7 mL per Watt. Note that the difference in yintercept (V'O2) at WR of 0 Watts is largely related to variability in body mass between these individuals. Original figure. Data from authors' own laboratory.

Figure 2

 2 Figure 2 Pathophysiology and Mechanisms of Exercise Intolerance in Pulmonary Hypertension. Pulmonary vascular obstruction, remodeling and endothelial dysfunction result in high ventilation to perfusion ratios, impaired cardiac output and can result in hypoxemia due to right to left shunting through a patent foramen ovale. Inefficient ventilation proposes high ventilatory demand, high VE/VCO2 and VD/VT and low PETCO2. Cardiac limitation and peripheral muscle abnormalities result in a low anaerobic threshold, early onset lactic acidosis and increased VCO2, which provide further stimulation for excessive ventilation. Ventilatory mechanical constraints on tidal volume expansion also contribute to dyspnea during exercise. Abbreviations: RV = right ventricle; LV = left ventricle; VE= minute ventilation; VE/VCO2 = ratio of minute ventilation to carbon dioxide production; PETCO2= end-tidal pressure of carbon dioxide; VD/VT = dead space to tidal volume fraction; VO2 = oxygen consumption; WR = work rate; O2 pulse = VO2 to heart rate ratio at peak exercise; VCO2 = carbon dioxide production. From Weatherald J, et al. 2017.Cardiopulmonary exercise testing in pulmonary hypertension. Annals of the American Thoracic Society. Vol 14;S84-S92[START_REF] Weatherald | Cardiopulmonary Exercise Testing in Pulmonary Hypertension[END_REF]. Reprinted with permission of the American Thoracic Society. Copyright © 2018 American Thoracic Society. Annals of the American Thoracic Society is an official journal of the American Thoracic Society.

Figure 3

 3 Figure 3 Maximal and tidal flow-volume loops (average data) are shown at rest and during incremental cycle exercise in patients with pulmonary arterial hypertension (PAH) a) with hyperinflation (PAH-H; n = 15, age 40 ± 11 years) and b) without hyperinflation (PAH-NH; n = 10, age 35 ± 13 years). Tidal flow-volume loops are provided at rest, early in exercise (at 20 W), late in exercise (at 60 W) and at peak exercise. Note a significant decrease in dynamic inspiratory capacity during exercise in PAH-H compared with PAH-NH. From reference [33].

Figure 4 a

 4 Figure 4 a) Ventilation (V'E) plotted against CO2 output (V'CO2) for patients with mild (circles) pulmonary arterial hypertension (PAH), moderate PAH (solid squares), and chronic thromboembolic pulmonary hypertension (CTEPH, triangles). The dashed line represents the upper limit of normal. Note that in the patient with mild PAH, the V'E/ V'CO2 slope is only mildly abnormal (V'E/ V'CO2 slope = 30), whereas the patient with moderate PAH and severe CTEPH have significantly elevated V'E/ V'CO2 slopes of 84 and 115, respectively. b) End-tidal PCO2 (PETCO2) plotted against time for the same patients in (a). Note that the patient with mild PAH (circles) exhibits a slight increase in PETCO2 during early exercise, similar to the predicted normal response (dashed line). The patient with moderate PAH exhibits a flat PETCO2 during early exercise with a terminal decline coinciding with hyperventilation after the anaerobic threshold. The patient with severe CTEPH demonstrates a progressive decrease in PETCO2 characteristic of severe pulmonary vascular disease. Original figure. Data from authors' own laboratory.

Figure 5

 5 Figure 5

  figure. Data from authors' own laboratory.

Figure 7 Cycle

 7 Figure 7Cycle CPET in a PPH (primary pulmonary hypertension) patient who developed an EIS just before the end of exercise. Symbols indicate 10-second averaged values. Three minutes of rest was followed by 3 minutes of unloaded cycling (left vertical line), increasing WR (10 W/min) exercise to peak tolerance (middle vertical line), and 2 minutes of recovery (right vertical line). During the 11th minute of the study, the patient developed sudden dyspnea with abrupt and marked gas exchange findings of a right-toleft shunt (increasing PETO2 and RER, decreasing PETCO2 and SpO2, and V'E/V'O2

  Abbreviations: CPET = cardiopulmonary exercise testing; PAH = pulmonary arterial hypertension; CTEPH = chronic thromboembolic pulmonary hypertension; PVOD; pulmonary veno-occlusive disease; V'O2 = oxygen consumption; AT = anaerobic threshold; WR = work rate; O2 pulse = peak V'O2 to heart rate ratio at peak exercise; V'E = minute ventilation; V'E/V'CO2 = ratio of minute ventilation to carbon dioxide production (V'CO2); OUE = oxygen uptake efficiency (V'O2/ V'CO2); OUES = oxygen

  resting and peak exercise VD/VT are elevated in pulmonary vascular diseases,

	resting hypocapnia and exercise hyperventilation during exercise are common and
	correlate with disease severity, supporting important contributions of chemoreceptor and
	sympathetic neural input, and the PaCO2 set-point to ventilatory inefficiency [31, 41, 46-

[START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF][START_REF] Weatherald | Ventilatory Response to Exercise in Cardiopulmonary Disease: the Role of Chemosensitivity and Dead Space[END_REF][START_REF] Naeije | Clinical relevance of autonomic nervous system disturbances in pulmonary arterial hypertension[END_REF][START_REF] Hoeper | Prognostic value of blood gas analyses in patients with idiopathic pulmonary arterial hypertension[END_REF][START_REF] Weatherald | Chemosensitivity and ventilatory inefficiency in pulmonary vascular diseases[END_REF][START_REF] Jones | Cardiac output as a controller of ventilation through changes in right ventricular load[END_REF]

. The VD/VT calculated from equation 2 is sensitive to high levels of ventilation and to rapid-shallow breathing patterns, therefore high VD/VT also reflects Chapter 9

Table 1 -Typical CPET Abnormalities in Patients With Pulmonary Vascular Diseases PAH CTEPH PVOD

 1 

	Metabolic and Cardiovascular	Peak V'O2	↓	↓	↓
		V'O2 at AT	↓	↓	↓↓
		V'O2/WR	↓	↓	↓
		O2 pulse	↓	↓	↓
	Ventilation and Mechanics				
		Peak V'E	↓	↓	↓
		Breathing Reserve	Normal	Normal	Normal
		Dynamic hyperinflation	Possible ?	?
	Gas Exchange	V'E/V'CO2 slope	↑	↑↑	↑↑
		V'E/V'CO2 at AT	↑	↑↑	↑↑
		OUE	↓	↓	?
		OUES	↓	↓	?
		OUEP	↓	↓↓	?
		PETCO2	↓	↓↓	↓↓
		SaO2	↓	↓↓	↓↓
		Pa-ETCO2	↑	↑↑	↑↑
		PA-aO2	↑	↑↑	↑↑
		VD/VT	↑	↑↑	↑↑