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Cardiopulmonary exercise testing in pulmonary hypertension Articles for the Annals of the American Thoracic Society's special series on cardiopulmonary exercise test

Cardiopulmonary exercise testing allows the assessment of the integrative cardiopulmonary response to exercise and is a useful tool to assess the underlying pathophysiologic mechanisms leading to exercise intolerance. Patients with pulmonary hypertension often face a considerable delay in diagnosis due to the rarity of the disease and nonspecific symptoms of dyspnea, fatigue and exercise limitation. Cardiopulmonary exercise testing may be suggestive of pulmonary hypertension in patients with evidence of both circulatory impairment and ventilatory inefficiency. Other factors, such as mechanical ventilatory constraints from dynamic hyperinflation and peripheral muscle dysfunction, contribute to the profound dyspnea during exercise experienced by many patients with pulmonary hypertension. In patients with pulmonary arterial hypertension or chronic thromboembolic pulmonary hypertension, several exercise variables such as low peak oxygen consumption, high dead space to tidal volume ratio, and high minute ventilation to carbon dioxide production, have proven to be useful in establishing the severity of functional impairment, predicting prognosis and assessing the efficacy of interventions.

INTRODUCTION

Pulmonary hypertension (PH) is a hemodynamic condition defined by an increased mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg, which can result in dyspnea, fatigue, and exercise intolerance [START_REF] Galie | 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]. As patients with PH often present with these nonspecific symptoms, cardiopulmonary exercise testing (CPET) can be a useful tool to suggest a diagnosis of PH, to discriminate between potential etiologies of PH, to assess severity, and to elucidate the underlying pathophysiologic mechanisms contributing to exercise intolerance [START_REF] Pinkstaff | Cardiopulmonary exercise testing in patients with pulmonary hypertension: clinical recommendations based on a review of the evidence[END_REF]. The variables obtained during CPET also provide useful prognostic information in patients with pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary hypertension (CTEPH) [START_REF] Pinkstaff | Cardiopulmonary exercise testing in patients with pulmonary hypertension: clinical recommendations based on a review of the evidence[END_REF] [START_REF] Arena | Cardiopulmonary exercise testing in patients with pulmonary arterial hypertension: an evidence-based review[END_REF]. The purpose of this article is to review the physiological derangements that result in characteristic abnormalities observed during CPET in patients with pulmonary vascular diseases and to discuss the role of CPET in diagnosis, prognostication and assessment of interventional efficacy.

EXERCISE PATHOPHYSIOLOGY IN PAH AND CTEPH

The pathophysiologic hallmarks in PAH and CTEPH include obliteration and obstruction of pulmonary arteries, vascular inflammation and remodeling, and endothelial dysfunction, which all lead to increased pulmonary arterial resistance and elevated pulmonary arterial pressure [START_REF] Lai | Pulmonary arterial hypertension: the clinical syndrome[END_REF] [START_REF] Piazza | Chronic Thromboembolic Pulmonary Hypertension[END_REF]. Consequently, dead space (VD/VT) ventilation increases due to the reduced perfusion of well-ventilated alveoli, which is reflected as a high ratio of minute ventilation (VE) to CO2 output (VCO2) and expressed as VE/VCO2. During exercise, cardiac output (CO) must increase to match oxygen delivery to the increasing demand by peripheral muscles. Increasing pulmonary blood flow during exercise is normally accommodated by vascular distention and recruitment to maintain low resistance for the right ventricle (RV) [START_REF] Naeije | Exercise-induced pulmonary hypertension: physiological basis and methodological concerns[END_REF]. However, in patients with pulmonary vascular disease, fixed vascular remodeling prevents normal recruitment and distention, presents a persistently high vascular resistance, and therefore increases in CO during exercise lead to further increases in mPAP [START_REF] Janicki | The pressure-flow response of the pulmonary circulation in patients with heart failure and pulmonary vascular disease[END_REF]. This progressive elevation in afterload limits the ability of the RV to augment stroke volume [START_REF] Groepenhoff | Exercise stroke volume and heart rate response differ in right and left heart failure[END_REF], and therefore increases in CO during exercise are strongly dependent on heart rate (HR) [START_REF] Chemla | Strong linear relationship between heart rate and mean pulmonary artery pressure in exercising patients with severe precapillary pulmonary hypertension[END_REF].

High RV pressure and RV dilation cause interventricular septal shift, which, along with reduced pulmonary venous return to the left atrium, impairs left ventricular (LV) diastolic filling, systemic CO and tissue oxygen delivery [START_REF] Nootens | Understanding right and left ventricular systolic function and interactions at rest and with exercise in primary pulmonary hypertension[END_REF][11] [START_REF] Kasner | Left Ventricular Dysfunction Induced by Nonsevere Idiopathic Pulmonary Arterial Hypertension[END_REF]. Arterial desaturation also frequently occurs during exercise due to a combination of low mixed venous oxygen saturation, high physiologic dead space or right-to-left shunting through a patent foramen ovale [START_REF] Lai | Pulmonary arterial hypertension: the clinical syndrome[END_REF] [START_REF] Sun | Gas exchange detection of exerciseinduced right-to-left shunt in patients with primary pulmonary hypertension[END_REF]. Hypoxemia further exacerbates the impaired tissue oxygen delivery, contributing to the early onset of lactic acidosis and reduced anaerobic threshold (AT) that occur in the face of a reduced CO. Furthermore, hypoxemia, lactic acidosis and higher VCO2 during anaerobic metabolism all contribute to an excessive increase in VE during exercise [START_REF] Whipp | Determinants and control of breathing during muscular exercise[END_REF] [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF]. These pathophysiologic mechanisms result in characteristic pattern of abnormalities observed during CPET in patients with pulmonary vascular diseases (Table 1) and illustrate the various potential contributors to dyspnea, leg fatigue and exercise intolerance (Figure 1).

Cardiovascular and Metabolic Responses During CPET

Reduced aerobic capacity (VO2peak), anaerobic ventilatory threshold (AT), VO2 to work rate (WR) ratio, peak HR, and O2 pulse (VO2/HR) reflect impaired circulatory responses and are correlated to NYHA functional class and hemodynamic severity [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][16] [START_REF] Riley | Gas exchange responses to continuous incremental cycle ergometry exercise in primary pulmonary hypertension in humans[END_REF]. A reduction in VO2/WR below 10 ml/min/W, particularly after reaching AT, is frequently present in PAH patients and reflects greater dependence on anaerobic metabolism due to poor CO and impaired peripheral muscle oxygen utilization [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][17] [START_REF] Potus | Impaired Angiogenesis and Peripheral Muscle Microcirculation Loss Contributes to Exercise Intolerance in Pulmonary Arterial Hypertension[END_REF]. Virtually all patients with PAH in the study by Sun et al. presented with VO2 at peak exercise < 20 mL/kg/min [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF]. Peak HR is reduced and the chronotropic response is impaired, however the HR/VO2 slope is increased and shifted upwards [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]. The O2 pulse is typically reduced in PAH and CTEPH patients, with a blunted or flattened slope in more severe disease, a reflection of stroke volume impairment and the dependency of increasing CO on HR [START_REF] Groepenhoff | Exercise stroke volume and heart rate response differ in right and left heart failure[END_REF][15] [START_REF] Mccabe | Inefficient exercise gas exchange identifies pulmonary hypertension in chronic thromboembolic obstruction following pulmonary embolism[END_REF]. After exercise, the rate of recovery in HR is abnormal in PAH patients, similar to that seen in LV failure [START_REF] Deboeck | Exercise testing in pulmonary arterial hypertension and in chronic heart failure[END_REF]. Slower heart rate recovery < 18 beats per minute in the first minute post-exercise is correlated with reduced peak VO2, VO2/WR, O2 pulse and predicts a worse prognosis [START_REF] Ramos | Heart rate recovery in pulmonary arterial hypertension: relationship with exercise capacity and prognosis[END_REF].

Ventilatory and Gas Exchange Responses During CPET

Although peak ventilation and breathing reserve are usually normal in patients with pulmonary vascular diseases, dyspnea and ventilatory demand for a given WR or VO2 is significantly higher in PAH (Figure 2) [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF]. It is increasingly clear than many patients have mechanical ventilatory abnormalities that contribute to dyspnea during exercise [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF][23] [START_REF] Sun | Pulmonary Function in Primary Pulmonary Hypertension[END_REF]. While some studies have found restrictive ventilatory patterns [START_REF] Sun | Pulmonary Function in Primary Pulmonary Hypertension[END_REF], others have noted peripheral airflow limitation and resting lung hyperinflation in PAH patients compared to controls, as evidenced by reductions in mean expiratory flow (MEF) at 75%, 50% and 25% of vital capacity, and increased residual volume to total lung capacity ratio (RV/TLC) [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]. Two studies have demonstrated that a substantial proportion of PAH patients (almost 60%) exhibit mechanical ventilatory constraints in tidal volume expansion with progressive reductions in inspiratory capacity (IC) and inspiratory reserve volume indicative of dynamic hyperinflation (DH) (Figure 3) [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].

Patients who develop DH during exercise experience more severe dyspnea at a given WR or VE compared with PAH patients without hyperinflation [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF]. Recently, the author's group employed esophageal pressure catheters to confirm that the observed decline in IC and inspiratory reserve volume during exercise in PAH patients was indeed related to DH (i.e. reduced IC and increased end-expiratory lung volumes) rather than respiratory muscle weakness or fatigue [START_REF] Laveneziana | Inspiratory muscle function, dynamic hyperinflation and exertional dyspnoea in pulmonary arterial hypertension[END_REF]. The etiology of peripheral airflow limitation and reduced IC is not entirely clear but has been hypothesized to be related to bronchiolar compression from dilated pulmonary arteries, airway smooth muscle effects of nitric oxide or endothelin-1, or airway lymphocytic inflammation [START_REF] Meyer | Peripheral airway obstruction in primary pulmonary hypertension[END_REF] [START_REF] Fernandez-Bonetti | Peripheral airways obstruction in idiopathic pulmonary artery hypertension (primary)[END_REF].

Ventilatory inefficiency (high VE/VCO2) is a hallmark abnormality in patients with pulmonary vascular disease and the finding of high VE/VCO2 slope > 30 or VE/VCO2 at AT > 30 should raise pulmonary vascular disease as a potential diagnostic consideration [15][20]. Elevated VE/VCO2 in PH patients is primarily due to high VD/VT, although early onset lactic acidosis, excessive ventilation (alveolar hyperventilation) from increased chemosensitivity and altered PaCO2 'set-point' could also contribute to the disproportionate rise in VE [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF][16] [START_REF] Riley | Gas exchange responses to continuous incremental cycle ergometry exercise in primary pulmonary hypertension in humans[END_REF][22] [START_REF] Laveneziana | Mechanisms of exertional dyspnoea in pulmonary veno-occlusive disease with EIF2AK4 mutations[END_REF]. In normal subjects, VD/VT decreases during exercise as a result of increasing tidal volume, a response that is diminished or absent in patients with pulmonary vascular diseases as a result of severe ventilationperfusion mismatching (high V/Q ratio), or a rapid shallow breathing pattern [START_REF] Alonzo | Comparison of progressive exercise performance of normal subjects and patients with primary pulmonary hypertension[END_REF][17] [22][29]. It should be noted however, that the VD/VT change during exercise may be suggestive but is neither adequately sensitive nor specific for pulmonary vascular disease [START_REF] Mohsenifar | Lack of sensitivity of measurements of Vd/Vt at rest and during exercise in detection of hemodynamically significant pulmonary vascular abnormalities in collagen vascular disease[END_REF].

In normal individuals, end-tidal partial pressure of CO2 (PETCO2) increases from rest to AT before stabilizing during the iso-capnic buffering period and then decreases later in exercise when VE/VCO2 rises [START_REF]ATS/ACCP Statement on cardiopulmonary exercise testing[END_REF] [START_REF] Whipp | Ventilatory control of the "isocapnic buffering" region in rapidly-incremental exercise[END_REF]. However, PETCO2 is often low at rest with and declines further during early exercise in patients with PAH [START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF] and CTEPH [START_REF] Zhai | Differences in Ventilatory Inefficiency Between Pulmonary Arterial Hypertension and Chronic Thromboembolic Pulmonary Hypertension[END_REF]. The presence of PETCO2 at AT > 38 mmHg makes PAH unlikely, while a value < 30 mmHg should raise strong suspicion for pulmonary vascular disease in a patient with unexplained dyspnea [START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF]. Low PETCO2 is related to altered chemosensitivity, ventilatory inefficiency (high VE/VCO2) and high VD/VT, which results in dilution of PETCO2 relative to PaCO2 as ventilation increases. Furthermore, the magnitude of PETCO2 reduction is proportional to impairment in VO2, and inversely correlated with the degree of elevation in mPAP; that is, more severe reduction in PETCO2 is seen in patients with severe PAH and severe exercise impairment [START_REF] Yasunobu | End-tidal PCO2 abnormality and exercise limitation in patients with primary pulmonary hypertension[END_REF]. The arterial to end-tidal PCO2 gradient (Pa-ETCO2), a reflection of ventilation-perfusion inequality, is positive at rest and increases in patients with PAH, CTEPH and pulmonary veno-occlusive disease (PVOD) (Figure 4a), whereas in healthy individuals the Pa-ETCO2 decreases and is often negative at peak exercise [START_REF] Laveneziana | Dynamic respiratory mechanics and exertional dyspnoea in pulmonary arterial hypertension[END_REF][28] [START_REF] Scheidl | Diagnosis of CTEPH versus IPAH using capillary to end-tidal carbon dioxide gradients[END_REF].

Mild to moderate hypoxemia and an increased alveolar-arterial PO2 gradient (PA-aO2) are commonly seen during exercise in patients with pulmonary vascular diseases (Figure 4b), but severe and precipitous desaturations may also beseen in 20 -45% of PAH patients when right atrial pressure exceeds left atrial pressure, forcing a right-to-left shunt through a patent foramen ovale (PFO) [START_REF] Sun | Gas exchange detection of exerciseinduced right-to-left shunt in patients with primary pulmonary hypertension[END_REF][29] [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]. The sudden delivery of acidemic, hypoxemic, CO2-rich blood into the systemic circulation further stimulates the ventilatory response and VE. During CPET, oximetry desaturation with a sudden and sustained decrease in PETCO2, accompanied by an abrupt increase in PETO2, respiratory exchange ratio (RER) and VE/VCO2 detects the presence of PFO with sensitivity of 90% and specificity of 96% [START_REF] Sun | Gas exchange detection of exerciseinduced right-to-left shunt in patients with primary pulmonary hypertension[END_REF].

Peripheral Muscle Abnormalities in Pulmonary Arterial Hypertension

Peripheral muscle dysfunction also contributes to exercise intolerance in PAH patients [START_REF] Potus | Impaired Angiogenesis and Peripheral Muscle Microcirculation Loss Contributes to Exercise Intolerance in Pulmonary Arterial Hypertension[END_REF] [START_REF] Mainguy | Peripheral muscle dysfunction in idiopathic pulmonary arterial hypertension[END_REF]. In the study of Sun et al., 49% of PAH patients terminated exercise due to leg fatigue as opposed to 43% who stopped due to dyspnea [START_REF] Sun | Exercise pathophysiology in patients with primary pulmonary hypertension[END_REF]. Lower extremity muscles are functionally abnormal in PAH patients with reduced type I fibers and diminished muscle strength as measured by maximal voluntary contraction and twitch stimulation, with quadriceps strength correlated with peak VO2 (r 2 =0.42) [START_REF] Mainguy | Peripheral muscle dysfunction in idiopathic pulmonary arterial hypertension[END_REF]. The mechanisms of peripheral muscle dysfunction in PAH are partly related to low cardiac output, vasoconstriction and deconditioning but may also be related to defects in the skeletal muscle microcirculation. Potus and colleagues demonstrated reduced density of microcirculation vessels in quadriceps muscle biopsies of PAH patients, with microcirculation vessel density positively correlated with peak VO2 (r = 0.84, p < 0.0001) [START_REF] Potus | Impaired Angiogenesis and Peripheral Muscle Microcirculation Loss Contributes to Exercise Intolerance in Pulmonary Arterial Hypertension[END_REF].

DIFFERENTIATING CAUSES OF PULMONARY HYPERTENSION USING CPET

A frequently encountered clinical problem relates to differentiating PAH (World Health Organization group 1) and CTEPH (group 4) from PH due to left heart disease (group 2) or lung disease (group 3), which are relatively more common causes of PH. In general, PAH patients have a higher VE/VCO2 slope and VD/VT with a lower PETCO2 and O2 pulse compared to patients with chronic heart failure (CHF) with a comparable degree of exercise impairment, and they frequently develop hypoxemia during exercise, whereas CHF patients do not [START_REF] Deboeck | Exercise testing in pulmonary arterial hypertension and in chronic heart failure[END_REF][58]. Patients with group 2 PH due to CHF may exhibit a pattern of oscillatory ventilation during exercise, which is not seen in patients with PAH, possibly because stimulation of pulmonary J-receptors from high left ventricular filling pressure is necessary to cause exercise oscillatory ventilation [START_REF] Vicenzi | Exercise oscillatory ventilation in heart failure and in pulmonary arterial hypertension[END_REF].

PH secondary to underlying lung disease can be difficult to distinguish from group 1 PAH as the hemodynamic profiles are all pre-capillary (pulmonary artery wedge pressure ≤ 15 mmHg) and CPET offers no reliable method to distinguish between group 1 and group 3 PH[2] [START_REF] Arena | Cardiopulmonary exercise testing in patients with pulmonary arterial hypertension: an evidence-based review[END_REF]. As outlined above, dynamic hyperinflation and ventilatory limitation, which is a typical feature of patients with even mild chronic obstructive pulmonary disease (COPD), can develop in idiopathic PAH patients during exercise and thus does not help distinguish between causes [START_REF] Laveneziana | Inspiratory muscle function, dynamic hyperinflation and exertional dyspnoea in pulmonary arterial hypertension[END_REF] [START_REF] Elbehairy | Pulmonary Gas Exchange Abnormalities in Mild Chronic Obstructive Pulmonary Disease. Implications for Dyspnea and Exercise Intolerance[END_REF]. Resting and peak exercise arterial blood gases be helpful, however, as PAH patients will often have resting and peak exercise hypocapnia with low PETCO2, whereas COPD patients develop exertional hypercapnia and have higher PETCO2; thus, the P(a-ET)CO2 gradient fails to decline or even increases in PAH patients while it decreases from rest-to-peak exercise even in severe COPD patients [START_REF] Liu | Comparison of the end-tidal arterial PCO2 gradient during exercise in normal subjects and in patients with severe COPD[END_REF]. CPET can also be useful to suggest concurrent PH in patients with underlying fibrotic lung disease, the development of which is associated with an ominous prognosis [START_REF] Lettieri | Prevalence and outcomes of pulmonary arterial hypertension in advanced idiopathic pulmonary fibrosis[END_REF]. Patients with interstitial lung disease and severe PH (mPAP >40 mmHg) have significantly lower VO2peak, higher VE/VCO2 slope (59 vs 37) and lower peak exercise PETCO2 (often < 20 mmHg) than patients without PH [START_REF] Armstrong | Impact of pulmonary hypertension on exercise performance in patients with interstitial lung disease undergoing evaluation for lung transplantation[END_REF].

Despite the similarities in pathophysiology and hemodynamic profiles between PAH and CTEPH, important differences in exercise variables exist, which may help in the differential diagnosis. Zhai and colleagues compared CPET variables from 77 PAH and 50 CTEPH patients and found that, despite similar baseline hemodynamics and exercise capacity (peak VO2), CTEPH patients have higher ventilatory demands (VE at AT and VE peak), VE/VCO2 slope, VE/VCO2 at AT and physiologic dead space (41.8% vs 52.9%, p<0.001), with lower PETCO2 at AT compared to PAH patients [START_REF] Zhai | Differences in Ventilatory Inefficiency Between Pulmonary Arterial Hypertension and Chronic Thromboembolic Pulmonary Hypertension[END_REF]. Other studies have confirmed that patients with CTEPH have higher VD/VT at rest and at peak exercise compared to PAH. Using capillary blood samples from the earlobe and capillary CO2 (PcCO2) as an estimate of PaCO2, Scheidl and colleagues found that a gradient between the PcCO2 to PETCO2 (Pc-ETCO2) at peak exercise of > 7.0 mmHg (a reflection of higher VD/VT) distinguished CTEPH from PAH with a sensitivity of 88% and specificity of 90% [START_REF] Scheidl | Diagnosis of CTEPH versus IPAH using capillary to end-tidal carbon dioxide gradients[END_REF].

CPET may offer additional value in the diagnosis of CTEPH in particular clinical situations. Following acute pulmonary embolism, peak exercise VD/VT>45% can distinguish patients with CTEPH from those with chronic thromboembolism without PH and normal controls [START_REF] Mccabe | Inefficient exercise gas exchange identifies pulmonary hypertension in chronic thromboembolic obstruction following pulmonary embolism[END_REF]. Held and colleagues also found that a 4-parameter score incorporating the VE/VCO2 slope, PETCO2 at AT, P(A-a)O2 and Pc-ETCO2 identifies CTEPH with a sensitivity of 83% and specificity of 92%, and correctly identified CTEPH in 12 of 13 patients with a normal or undetectable right ventricular systolic pressure on echocardiogram [START_REF] Held | Cardiopulmonary exercise testing to detect chronic thromboembolic pulmonary hypertension in patients with normal echocardiography[END_REF].

Pulmonary veno-occlusive disease (PVOD), a rare form of pulmonary hypertension that is pathologically distinct from PAH and CTEPH, is characterized clinically by a lower diffusion capacity for carbon monoxide, typical radiographic findings and lower resting PaO2 [START_REF] Montani | Pulmonary veno-occlusive disease: clinical, functional, radiologic, and hemodynamic characteristics and outcome of 24 cases confirmed by histology[END_REF]. Compared to PAH, PVOD patients also have significantly worse gas exchange during CPET with lower PETCO2, higher VE/VCO2 and VD/VT at peak exercise (Figure 4c), and more marked exercise-induced hypoxemia with the PaO2 at peak exercise being 43.1 mmHg in PVOD vs. 83.5 mmHg in PAH patients (Figure 4d) [START_REF] Laveneziana | Mechanisms of exertional dyspnoea in pulmonary veno-occlusive disease with EIF2AK4 mutations[END_REF].

ASSESSING PROGNOSIS

Several CPET variables have been shown in multivariate analyses to predict prognosis in PAH and CTEPH cohorts [START_REF] Puente-Maestu | Use of exercise testing in the evaluation of interventional efficacy: an official ERS statement[END_REF]. Wensel first reported the prognostic utility of CPET in PAH patients, finding that peak exercise systolic blood pressure of ≤ 120 mmHg and peak VO2≤ 10.4 mL/kg/min associated with significantly worse survival [START_REF] Wensel | Assessment of survival in patients with primary pulmonary hypertension importance of cardiopulmonary exercise testing[END_REF]. In another study including 109 PAH and 19 CTEPH patients, those with peak VO2 ≤ 11.2 mL/kg/min had worse 1, 3, and 4-year survival [START_REF] Grünig | Assessment and prognostic relevance of right ventricular contractile reserve in patients with severe pulmonary hypertension[END_REF].

Ventilatory inefficiency has also been strongly associated with survival in PAH and CTEPH. In a study including both PAH and CTEPH patients, a VE/VCO2 slope ≥ 60 (odds ratio 9.9) and VE/VCO2 at AT ≥ 55 (odds ratio 14.7) identified a particularly high risk of death at 2 years, whereas peak VO2<10.4 mL/kg/min had less prognostic importance (odds ratio 1.9) [START_REF] Schwaiblmair | Ventilatory efficiency testing as prognostic value in patients with pulmonary hypertension[END_REF]. Whether the inclusion of CTEPH patients, who have more pronounced ventilatory inefficiency, explains differences in prognostic utility of peak VO2 is not known, as patient groups were not analyzed separately in this study.

The prognostic utility of CPET variables may also differ according to the etiology of PAH. Deboeck et al. reported that for idiopathic PAH patients, peak VO2, VE/VCO2 slope, and VE/VCO2 at AT were predictive of mortality, but no CPET variables were useful in the group of PAH associated with other conditions [START_REF] Deboeck | Exercise testing to predict outcome in idiopathic versus associated pulmonary arterial hypertension[END_REF].

Although low PETCO2 may provide diagnostic information, no studies have demonstrated its prognostic value, specifically. However, PAH patients who develop an exercise induced right-to-left shunt through a PFO will demonstrate a sudden sharp decline in PETCO2 along with SpO2, a finding that is associated with 65% higher risk of death at 5 years than patients without exercise-induced shunt [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].

ASSESSING EFFICACY OF THERAPEUTIC INTERVENTIONS

Both peak VO2 and VE/VCO2 should be included in the multidimensional risk assessment of PAH patients according to recent guidelines, with peak VO2 > 15 mL/kg/min (or >65% predicted) and VE/VCO2 slope < 36 defining a low risk group and a treatment goal [START_REF] Galie | 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]. Surprisingly few therapeutic trials have used CPET variables as primary outcome measures considering their prognostic value [START_REF] Pinkstaff | Cardiopulmonary exercise testing in patients with pulmonary hypertension: clinical recommendations based on a review of the evidence[END_REF] [START_REF] Arena | Cardiopulmonary exercise testing in patients with pulmonary arterial hypertension: an evidence-based review[END_REF]. The 6-minute walk distance (6MWD) has been the primary efficacy endpoint in most PAH clinical trials as 6MWD correlates to peak VO2, VE/VCO2, O2 pulse and mortality [START_REF] Miyamoto | Clinical correlates and prognostic significance of six-minute walk test in patients with primary pulmonary hypertension. Comparison with cardiopulmonary exercise testing[END_REF], however its utility as an appropriate surrogate of clinical outcomes has been questioned [START_REF] Savarese | Do Changes of 6-Minute Walk Distance Predict Clinical Events in Patients With Pulmonary Arterial Hypertension?[END_REF].

The first major trials using CPET endpoints in PAH failed to show convincing effects of beraprost or sitaxsentan on peak VO2 or VE/VCO2 [START_REF] Barst | Beraprost therapy for pulmonary arterial hypertension[END_REF] [START_REF] Barst | Sitaxsentan Therapy for Pulmonary Arterial Hypertension[END_REF]. In a small non-randomized study, sildenafil improved peak VO2, O2 pulse, VE/VCO2 and PETCO2 [START_REF] Oudiz | Effect of sildenafil on ventilatory efficiency and exercise tolerance in pulmonary hypertension[END_REF]. Intravenous prostacyclin, the most effective therapy for PAH, improves peak VO2 by 32% [START_REF] Wax | Effects of long-term infusion of prostacyclin on exercise performance in patients with primary pulmonary hypertension[END_REF], in addition to reducing mortality [START_REF] Barst | A comparison of continuous intravenous epoprostenol (prostacyclin) with conventional therapy for primary pulmonary hypertension[END_REF]. Improvements in VO2, peak HR, and O2 pulse after the initiation of pulmonary vasodilator therapies are related to improvements in RV function and predict improved survival compared to patients in whom CPET variables do not improve after treatment [START_REF] Groepenhoff | Prognostic Relevance of Changes in Exercise Test Variables in Pulmonary Arterial Hypertension[END_REF].

For CTEPH patients with surgically operable thromboembolic disease, pulmonary endarterectomy (PEA) is the treatment of choice and improves functional class, 6MWD, hemodynamics and survival [START_REF] Taboada | Outcome of pulmonary endarterectomy in symptomatic chronic thromboembolic disease[END_REF] [START_REF] Jenkins | Pulmonary endarterectomy: the potentially curative treatment for patients with chronic thromboembolic pulmonary hypertension[END_REF]. A recent study also demonstrated improvements in peak VO2, VE/VCO2 slope, VE/VCO2 at AT, VD/VT and PaCO2 following PEA [START_REF] Charalampopoulos | Exercise physiological responses to drug treatments in chronic thromboembolic pulmonary hypertension[END_REF]. They also showed that phosphodiesterase-5 inhibitors or endothelin receptor antagonists improve peak VO2, O2 pulse, peak WR and VD/VT in 16 CTEPH patients who were inoperable. Balloon pulmonary angioplasty has emerged as an effective treatment option for patients with inoperable CTEPH and improves various exercise variables, including peak VO2, peak WR, exercise duration, O2 pulse, ΔVO2/ΔWR and VE/VCO2 slope within weeks to months [START_REF] Andreassen | Balloon pulmonary angioplasty in patients with inoperable chronic thromboembolic pulmonary hypertension[END_REF] [START_REF] Fukui | Exercise intolerance and ventilatory inefficiency improve early after balloon pulmonary angioplasty in patients with inoperable chronic thromboembolic pulmonary hypertension[END_REF].

Given the multifactorial nature of exercise intolerance, exercise training and pulmonary rehabilitation may also improve exercise capacity in PAH and CTEPH. A recent metaanalysis included 469 participants with PAH and CTEPH from 16 studies, 4 of which were randomized, to assess the efficacy of exercise training. They reported a significant improvement inpeak VO2 of 1.84 mL/kg/min (absolute increase in VO2 of 135.8 mL/min), although significant heterogeneity existed between included studies [START_REF] Pandey | Efficacy and Safety of Exercise Training in Chronic Pulmonary Hypertension: Systematic Review and Meta-Analysis[END_REF].

CONCLUSIONS

Exercise intolerance in patients with pulmonary vascular disease is multifactorial, however the key features on CPET are a reduced peak aerobic capacity (VO2) with impairment of cardiovascular function (reduction in VO2/WR, low O2 pulse, and anaerobic threshold) and ventilatory inefficiency with impaired gas exchange. The presence of high VE/VCO2 with a low PETCO2in a patient with unexplained dyspnea should prompt consideration of pulmonary vascular disease in the differential diagnosis and further diagnostic investigations.. Abnormal respiratory mechanics and peripheral muscle dysfunction also contribute to dyspnea, leg fatigue and exercise pathophysiology in many patients. CPET is a useful tool in determining the degree of functional impairment, disease severity, predicting prognosis and assessing interventional efficacy. 

  Abbreviations: CPET = cardiopulmonary exercise testing; PAH = pulmonary arterial hypertension; CTEPH = chronic thromboembolic pulmonary hypertension; PVOD; pulmonary veno-occlusive disease; VO2= oxygen consumption; AT = anaerobic threshold; WR = work rate; O2pulse = peak VO2 to heart rate ratio at peak exercise; VE = minute ventilation; VE/VCO2 = ratio of minute ventilation to carbon dioxide production (VCO2); PETCO2 = end-tidal pressure of carbon dioxide; SaO2 = arterial oxygen saturation; PA-aO2 = alveolar-arterial oxygen pressure gradient at peak exercise; Pa-ETCO2 = arterial to end-tidal carbon dioxide pressure gradient at peak exercise; VD/VT = physiologic dead space fraction as ratio of dead space (VD) to tidal volume (VT) at peak exercise
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 1234 Figure 1 -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= endtidal 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

TABLE 1 Table 1 -Typical CPET Abnormalities in Patients With Pulmonary Vascular Diseases PAH CTEPH PVOD
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	Metabolic and Cardiovascular	Peak VO2	↓	↓	↓
		VO2 at AT	↓	↓	↓↓
		VO2/WR	↓	↓	↓
		O2 pulse	↓	↓	↓
	Ventilation and Mechanics				
		Peak VE	↓	↓	↓
		Breathing Reserve	Normal	Normal	Normal
		Dynamic hyperinflation	Possible ?	?
	Gas Exchange	VE/VCO2 slope	↑	↑↑	↑↑
		VE/VCO2 at AT	↑	↑↑	↑↑
		PETCO2	↓	↓↓	↓↓
		SaO2	↓	↓↓	↓↓
		Pa-ETCO2	↑	↑↑	↑↑
		PA-aO2	↑	↑↑	↑↑
		VD/VT	↑	↑↑	↑↑
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