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Pulmonary hypertension (PH) is a progressive and life-threatening disorder that is characterized 

by a gradually progressive increase in the pulmonary vascular resistance resulting in an increase 

in pulmonary artery pressure. Most PH patients present with gradually progressive exercise 

intolerance, typically portrayed as exertional dyspnea, fatigue, palpitations and/or a non-

productive cough. In PH, exercise is considered to be limited primarily by the inability of the right 

ventricle to sufficiently increase pulmonary blood flow, due to the increased pulmonary vascular 

resistance. A growing number of studies have shown that exercise testing provides diagnostic 

and prognostic information in PH patients. The most commonly used exercise tests in PH patients, 

are the cardio pulmonary exercise test (CPET) and the six minute walk test (6-MWT).

In the studies described in this thesis we have focused on the mechanisms underlying 

exercise limitations in PH and on the use of exercise testing as parameter of outcome. Hereby, we 

mainly focussed on chronic thromboembolic pulmonary hypertension (CTEPH) and pulmonary 

hypertension associated with congenital heart disease. Additionally, we assessed the contribution 

of PH in exercise limitations observed in sickle cell disease and patients idiopathic pulmonary  

fibrosis (IPF).  

In chronic thromboembolic pulmonary hypertension (CTEPH), dyspnea is considered to be related 

to increased dead space ventilation caused by vascular obstruction. Pulmonary endarterectomy 

(PEA) releases the thromboembolic obstruction, thereby improving regional pulmonary blood 

flow. In chapter 2 we assessed the effect of PEA on dead space ventilation and its contribution 

to dyspnea symptoms. Preoperatively, dead space ventilation was increased and correlated 

with the hemodynamic severity of disease and dyspnea symptoms. Postoperatively, dead space 

ventilation and dyspnea symptoms decreased significantly. Changes in dyspnea symptoms 

were independently associated with changes in pulmonary hemodynamics and absolute dead 

space. We concluded that the induced change in dead space upon surgical removal of chronic 

thromboembolism contributes to the postoperative recovery of symptomatic dyspnea.

Pulmonary hypertension is a disease mainly affecting the right ventricle. A substantial portion 

of patients with a congenital heart defect have a morphologic right ventricle (RV) supporting 

the systemic circulation; i.e. a systemic right ventricle. Conflicting data have been published 

on the differences in cardiac response to exercise between patients with an atrially switched 

transposition of the great arteries (TGA), and patients with a congenitally corrected TGA (ccTGA). 

Therefore, the purpose of the study described in chapter 3 was to evaluate the differences in 

cardiac response to exercise in these distinct groups of patients with a systemic right ventricle. 

Exercise test with Portapres® measurements were performed to assess maximal exercise capacity 

(V’O2peak), cardiac index, stroke volume index, and heart rate augmentation. Both groups were 

found to significantly augment cardiac index during exercise. Cardiac index augmentation 

during exercise was positively related to V’O2-peak, but independent of resting cardiac function. 

Although the increase in cardiac index during exercise was similar in both patients with TGA 
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and with ccTGA, mechanisms to achieve this increase differed between groups. ccTGA patients 

increased both stroke volume and heart rate during exercise. Atrially switched TGA patients 

augmented heart rate during exercise, but failed to increase stroke volume. As mechanisms 

to achieve cardiac output augmentation differ between ccTGA patients and TGA patients, we 

suggest that therapeutic approaches should be tailored to the specific patient group to avoid 

counterproductive effects. 

In chronic thromboembolic pulmonary hypertension (CTEPH) objective data on the functional 

outcome after pulmonary endarterectomy (PEA) were lacking. In chapter 4 we studied the 

six-minute walk distance (6-MWD) in relation to clinical and hemodynamic severity of disease. 

Moreover, we assessed the level of improvement of the 6-MWD one year after PEA, and studied 

its relation with the postoperative clinical and hemodynamic outcome. Preoperatively, the 

6-MWD decreased in proportion to NYHA functional class, and correlated with clinical and 

hemodynamic severity of disease. One year after PEA, the 6-MWD had increased significantly, and 

the change in the 6-MWD correlated with the observed clinical and hemodynamic improvement. 

In patients with residual pulmonary hypertension after PEA, 6-MWD was significantly lower 

than in hemodynamically normalized patients. However, the absolute increase in the 6-MWD 

was significantly higher in patients with residual pulmonary hypertension, than in normalized 

patients?

In chapter 5 we extended the follow-up period (up to 5 years), assessing the functional recovery 

of CTEPH patients after PEA. The 6-MWD showed a gradual improvement up to 2 years following 

PEA. After 2 years no further improvement was observed. Patients with residual pulmonary 

hypertension were shown to benefit most from surgical treatment, despite their worse absolute 

hemodynamic outcome.

In pulmonary hypertension, a decreased 6-min walk distance is assumed to result from reduced 

maximum aerobic capacity owing to the inability of the heart to increase pulmonary blood flow 

adequately. This assumption holds for severe pulmonary hypertension (WHO/ New York Heart 

Association [NYHA] stage III and IV) where changes in 6-MWD were shown to correlate with 

changes in hemodynamic severity of disease. In mildly impaired patients, however, significant 

improvements in pulmonary hemodynamics were reported to be accompanied by non-significant 

or no improvement in 6-min walk distance. In chapter 6, we studied aerobic capacity during 

maximum cardiopulmonary exercise testing (CPET) and 6-MWT in patients with mild (WHO/

NYHA II; n=8) and severe (WHO/NYHA III; n=13) pulmonary hypertension due to congenital heart 

disease or CTEPH, and in healthy controls (n=8). In the severely impaired patients, 6-MWD was 

indeed shown to reflect maximum aerobic capacity. By contrast, in the mildly impaired patients, 

we demonstrated a significant difference in aerobic capacity between CPET and the 6-MWT. So, 

we concluded that the 6-MWD does not reflect maximum aerobic capacity in mildly impaired PH 

patients and is therefore not an accurate test in this group. 
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In CTEPH, as in other forms of PH, exercise is limited by the inability of the heart to sufficiently 

increase pulmonary blood flow due to a decreased right ventricular (RV) stroke volume (SV) 

response. It might be hypothesized that improvement in exercise capacity observed after 

hemodynamically successful PEA is the result of an improved RV stroke volume response. 

Therefore, the aim of the study described in chapter 7 was to determine the PEA-induced 

restoration of the RV stroke volume response upon sub-maximal exercise, by use of cardiac 

magnetic resonance imaging (cMRI). Preoperatively, SV decreased during exercise in patients 

with CTEPH; and SV during exercise was related to exercise capacity and hemodynamic severity 

of disease. Postoperatively, we demonstrated a PEA-induced restoration of SV response in all 

patients, although 4 patients retained a negative SV response. The postoperatively restoration 

of SV response was accompanied by an increase in exercise tolerance, and by changes in cardiac 

remodeling, although postoperatively SV during exercise and SV response were no longer related 

to any exercise or hemodynamic parameter. The only parameters that discriminated between 

the patients with negative and positive SV response postoperatively were: preoperative right 

ventricular ejection fraction, PaO2 and 6-MWD, pointing to pre-existing, more severe cardiac and 

functional impairment.

In chapter 8 we studied to what extend pulmonary hypertension contributes to decreased 

exercise tolerance in sickle cell disease (SCD). Pulmonary hypertension, defined by a 

echocardiographical determined tricuspid regurgitation jet flow velocity (TRV) >2.5 m·sec-1, is 

observed in 30% of adult SCD patients and is associated with poor prognosis. Reduced exercise 

capacity is one of many manifestations of pulmonary hypertension. In SCD, however, several 

disease specific factors may contribute to a reduced exercise capacity. We hypothesized that PH 

contributes to reduced exercise capacity in SCD and that this could be shown non-invasively by 

a correlation between CPET variables and echocardiography. Peak oxygen uptake (V’O2-peak) 

and physiological responses to exercise did, however, not differ between SCD patients with 

and without echocardiographic evidence for PH. Multivariate linear regression analysis showed 

haemoglobin concentration and vital capacity to be independently associated with V’O2-

peak. No correlation was found between TRV and exercise performance. We demonstrate that 

reduced exercise capacity is prevalent in unselected patients with SCD and related to anemia 

and pulmonary function impairment; the reduced exercise capacity in this group of SCD patients 

could not be explained by a pulmonary vascular exercise limitation.

As in SCD, pulmonary hypertension is a common complication in idiopathic pulmonary fibrosis 

(IPF) and also associated with poor prognosis. In IPF, noninvasive and early markers of pulmonary 

vascular impairment are needed for accurate prognostic assessment. In chapter 9 we studied 

whether non-invasive exercise parameters are predictive for PH in IPF; and determined the 

predictive value of these exercise parameters for survival. PH was defined as an echocardiographical 

determined sPAP ≥40mmHg. From all non-invasive CPET only the ventilatory equivalent for CO2 
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(V’E/V’CO2) at anaerobic threshold showed a significant difference between IPF patients with and 

without PH. ROC curve analysis for V’E/V’CO2 resulted in an optimal cut-off point for predicting 

PH of >45.0. IPF patients with a V’E/V’CO2 >45.0 had a significantly worse survival than patients 

with a V’E/V’CO2 ≤45.0. In contrast, sPAP at rest did not predict survival in this group of patients. 

Based on these findings, we suggest that V’E/V’CO2 at anaerobic threshold is a potentially useful 

non-invasive marker for early detection of vascular impairment, and therefore may be used for a 

more accurate prognostic assessment in IPF patients.
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