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Pulmonary hypertension

Pulmonary hypertension (PH) is a progressive and life-threatening disorder. PH is patho-

physiologically characterized by a gradually progressive increase in the pulmonary vascular 

resistance. As a consequence, in order to maintain an adequate transpulmonary blood flow, 

the pulmonary artery pressure will increase. The definition of PH is based upon right heart 

catheterization measurements. PH is defined as a mean pulmonary artery pressure (mPAP) 

greater than 25 mmHg at rest or 30 mmHg during exercise; inclusion of exercise-induced PH 

in the definition, however, has been the subject of recent discussion (1). Without intervention, 

the prognosis is poor and proportional to the observed mean pulmonary arterial pressure at 

the moment of diagnosis (2). Most PH patients present with gradually progressive exercise 

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

productive cough. As the disease progresses, signs of right ventricular failure, chest pain on 

exertion and syncope may occur. The ensuing progressive right ventricular failure leads to 

progressive disability and early death (2). 

  Hemodynamic variables that contribute to pulmonary arterial pressure can be identified 

using a variation of Ohm’s Law: Pressure gradient = flow x resistance. For PH we can rewrite 

this equation to: mPAP - mPVP = Q’ x PVR; where mPAP is mean pulmonary arterial pressure, 

mPVP is mean pulmonary venous pressure, Q’ is (right-sided) cardiac output, and PVR is 

pulmonary vascular resistance. From this equation we can convert that mPAP = (Q’ x PVR) + 

mPVP. The mPVP is estimated by the pulmonary capillary wedge pressure (PCWP) leading to: 

mPAP = (Q’ x PVR) + PCWP. From this equation, it is apparent that mPAP is determined by the 

pulmonary vascular resistance, (right-sided) cardiac output and the mean pulmonary venous 

pressure (3).

The primary cause of significant PH is almost always increased pulmonary vascular resistance. 

In general, an isolated increase in pulmonary blood flow will not cause significant pulmonary 

hypertension because of pulmonary vascular dilatation and recruitment. Likewise, an increased 

pulmonary venous pressure alone is unlikely to cause PH. However, a combination of increased 

flow and increased pulmonary venous pressure may increase pulmonary vascular resistance (3).

Pulmonary vascular resistance, pulmonary blood flow and pulmonary venous pressure can be 

altered by numerous medical conditions (3):

Increased pulmonary vascular resistance may be due to conditions associated with an •	

occlusive vasculopathy of the small pulmonary arteries and arterioles (eg, idiopathic 

pulmonary arterial hypertension, collagen vascular disease, HIV infection), conditions that 

decrease the area of the pulmonary vascular bed (eg, pulmonary emboli, interstitial lung 

disease), or conditions that may induce hypoxic vasoconstriction (eg, chronic obstructive 

pulmonary disease, interstitial lung disease);

Increased flow through the pulmonary vasculature may be due to congenital heart defects •	

with left-to-right shunt (eg, atrial septal defects, ventricular septal defects, patent ductus 

arteriosus), liver cirrhosis, or severe anemia;
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Increased pulmonary venous pressure may be due to mitral valve disease, left ventricular •	

systolic or diastolic dysfunction, constrictive pericarditis, or pulmonary venous obstruction 

(eg, veno-occlusive disease).

  In a recent attempt to categorize PH on a mechanistic basis, the World Health Organization 

(WHO) classified PH into five groups with specific clinical characteristics (Table 1). Pulmonary 

arterial hypertension (group 1) is frequently associated with an underlying connective tissue 

disease or congenital heart disease. However, PAH may also arise in the absence of underlying 

or disease (idiopathic PAH [IPAH]). The other four groups are PH due to left sided heart disease 

(group 2), PH in the context of chronic lung diseases (group 3), chronic thromboembolic 

pulmonary hypertension (CTEPH, group 4) and PH due to unclear often multifactorial 

mechanisms, such as myeloproliferative disorders, sarcoidosis, chronic renal failure on dialysis 

and tumoral obstruction (group 5) (4). 

  The one common presenting symptom in patients with PH is dyspnea (5;6). Dyspnea 

includes several qualitatively distinct sensations that can arise from different pathophysiological 

mechanisms (7;8). In PH, increased dead space ventilation, hypoxemia, sympathetic 

overstimulation and/or stimulation of pressure receptors in the pulmonary vascular bed may 

give rise to an increased ventilatory demand. This will contribute to an increase in respiratory 

motor output with a corresponding increase in the sense of effort, i.e. the work of breathing. 

  Dyspnea can be assessed by the New York Heart Association (NYHA) functional classification 

and the Borg score. NYHA functional class is a doctor reported dyspnea scoring system that 

quantifies a patient’s level of exercise intolerance, expressing the patients (dis)ability to perform 

everyday activities. The Borg score, on the other hand, is a patient reported quantitative scaling 

method of the symptomatic dyspnea (9). Patients rate their own dyspnea on a scale from 0 

(no dyspnea) to 10 (absolutely breathlessness). The Borg score is a momentarily measurement, 

that can change rapidly over time and with activities, allowing the assessment of the effect of 

exercise on the dyspnea.

  Dyspnea is associated with decreased exercise performance, functional status and quality 

of life (10). In PH patients, the initial complaints are commonly related to exertion; and this is 

physiologically reflected by a reduced maximal oxygen consumption during incremental 

maximal cardiopulmonary exercise testing (CPET) (11). A growing number of studies have 

shown that exercise testing provides diagnostic and prognostic information in PH patients (11-

15). The most commonly used exercise test in PH patients, next to CPET, is the six minute walk 

test (6-MWT).
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Exercise testing

Six minute walk test

The 6-MWT is by far the most popular and most frequently used exercise test in PH clinical 

practice and research. The 6-MWT is derived from the Cooper test, a 12 minute running test that 

was developed to evaluate fitness in healthy individuals (16). The 6-MWT itself is a reproducible, 

inexpensive, safe, and simple exercise test that requires no exercise equipment or advanced 

training for technicians. The 6-MWT can be used to evaluate exercise limitation in patients with 

cardiac and pulmonary diseases (17). Walking is a daily life activity that can be performed by all 

but the most severely impaired patients. The 6-MWT measures the distance walked on a flat, 

hard surface in a period of 6 minutes; the 6-minute walk distance (6-MWD). It evaluates the 

global and integrated responses of all systems involved during exercise, i.e. the pulmonary and 

cardiovascular system, systemic and peripheral circulation, neuromuscular units and muscle cell 

metabolism. In contrast to CPET, it does not provide specific information on the function of each 

of the different organs and systems involved in exercise or on the mechanism of the exercise 

limitation. As the 6-MWT is a self-paced walking test (patients choose their own intensity of 

exercise and are allowed to stop and rest during the test), it assesses a sub-maximal level of 

functional capacity. Nevertheless, the 6-MWD has been found to correlate closely with maximal 

oxygen uptake in various pulmonary and cardiac diseases (18;19).

Cardiopulmonary exercise testing

CPET is considered the gold standard for the evaluation of exercise intolerance in patients with 

pulmonary and cardiac disease, and is based on the principle that system failure typically occurs 

while the system is under physical stress (20). CPET is based on a symptom-limited incremental 

exercise protocol in combination with breath-by-breath analysis of cardiopulmonary variables, 

such as oxygen consumption (V’O2), carbon dioxide output (V’CO2), minute ventilation (V’E), 

heart rate (HR) and arterial oxygen saturation. From these variables others can be calculated, 

like the oxygen pulse (O2 pulse; V’O2/HR) as derivative of stroke volume, and the ventilatory 

equivalent of CO2 (V’E/V’CO2) as measure of ventilatory efficiency. As such, in contrast to the 

6-MWT, CPET requires expensive equipment and well trained technicians. Two modes of 

exercise are frequently used: treadmill and cycle ergometer, with cycle ergometry being the 

preferred mode in adult patient (20;21). During CPET, work load is typically increased in a 

stepwise manner, depending on the predicted maximum exercise capacity of the patient; 

with the prerequisite that maximal effort should be attained in 10-15 minutes. All patients are 

stimulated to exercise to their personal maximum exercise capability, allowing peak exercise 

capacity to be determined. As opposed to the 6-MWT, CPET not only evaluates the global and 

integrated responses of all the organ systems involved during exercise, it also provides specific 

information on the function of each of the different components determining the exercise 

capacity. Maximal exercise capacity is determined by the ‘weakest link’ in the interdependent 

physiological components of the gas transport mechanisms (10). 
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General response to exercise in PH

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 

(22;23). CPET has been shown to be a useful tool to assess the severity of disease and prognosis 

in patients with PH (11;15;24;25). CPET in patients with PH shows a distinct pattern of abnormal 

responses to exercise, with reductions in peak oxygen uptake (V’O2-peak), O2 pulse, V’O2 at 

the anaerobic threshold and V’E/V’CO2 (10-12;14). The PH-associated decrease in ventilatory 

efficiency has multiple causes. As blood flow fails to perfuse the ventilated lung, dead space 

Table 1 Clinical Classification of Pulmonary Hypertension (Dana Point, 2008)

1 Pulmonary arterial hypertension (PAH)
1.1 Idiopathic PAH
1.2 Heritable
1.2.1 BMPR2
1.2.2 ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)
1.2.3 Unknown
1.3  Drug- and toxin-induced
1.4  Associated with
1.4.1  Connective tissue diseases
1.4.2  HIV infection
1.4.3  Portal hypertension
1.4.4  Congenital heart diseases
1.4.5  Schistosomiasis
1.4.6  Chronic hemolytic anemia
1.5  Persistent pulmonary hypertension of the newborn
1’   Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis 

(PCH)
2 Pulmonary hypertension owing to left heart disease

2.1  Systolic dysfunction
2.2  Diastolic dysfunction
2.3  Valvular disease

3 Pulmonary hypertension owing to lung diseases and/or hypoxia
3.1  Chronic obstructive pulmonary disease
3.2  Interstitial lung disease
3.3  Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4  Sleep-disordered breathing
3.5  Alveolar hypoventilation disorders
3.6  Chronic exposure to high altitude
3.7  Developmental abnormalities

4 Chronic thromboembolic pulmonary hypertension (CTEPH)
5 Pulmonary hypertension with unclear multifactorial mechanisms

5.1  Hematologic disorders: myeloproliferative disorders, splenectomy
5.2   Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: 

lymphangioleiomyomatosis, neurofibromatosis, vasculitis
5.3   Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4   Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis
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ventilation increases. To compensate for this increase in dead space ventilation the patient’s 

ventilatory requirement must increase. At the same time, the inability to increase cardiac 

output impairs oxygen transport appropriately in response to exercise, causing a low work rate 

“lactic acidosis” and exercise-induced hypoxemia, thereby further stimulating the ventilatory 

drive. The decrease in ventilatory efficiency results in an increase in V’E/V’CO2 and a decrease in 

end-tidal PCO2 (PET,CO2) at anaerobic threshold. Both V’E/V’CO2 and PET,CO2 at anaerobic threshold, 

as parameters of increased dead space ventilation, as well as V’O2-peak and peak O2-pulse, as 

measures of decreased cardiac output, were found to be related to the hemodynamic severity 

of disease in PH patients (11;23;25).

Challenges and outline of this thesis

Although many studies have assessed exercise and exercise limitations in PH, a number of 

aspects remain unsolved. In the studies described in this thesis we focused on the mechanisms 

underlying exercise limitations in variuos forms of PH and on the use of exercise testing as 

parameter of outcome after intervention and in particular PEA surgery, and as prognostic 

outcome measure in predicting survival. Hereby, we mainly studied patients with CTEPH and 

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

to the exercise limitation that can be observed in sickle cell disease and idiopathic pulmonary 

fibrosis (IPF). 

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete resolution 

of the vascular obstruction associated with pulmonary embolism. CTEPH is a life threatening, 

but potentially correctable form of pulmonary hypertension. CTEPH is considered to develop 

in 1-4% of patients who survive an acute pulmonary embolism (26-28). The incidence of 

acute pulmonary embolism is approximately 1:1000 (29), and in the Netherlands, diagnosed 

in about 16.000 patients yearly. Although the exact incidence of CTEPH in the Netherlands is 

still unknown, taken together, these data indicate that yearly up to 600 patients might develop 

CTEPH. 

  Pulmonary endarterectomy (PEA) represents the therapy of choice for CTEPH patients with 

surgically accessible thrombi (28;30;31). PEA has been found to improve, and in many cases 

normalize pulmonary hemodynamics, functional status and long-term survival (31-34). PEA, 

however, does not come without risk. Reported peri- and direct postoperative mortality ranges 

between 4.4% and 16% even in highly experienced centers (31-34).

  In CTEPH, dyspnea is, at least in part, considered to be related to ventilation-perfusion 

mismatching caused by the thromboembolic obstruction of the pulmonary vascular bed. 

Dead space ventilation increases as blood flow fails to perfuse ventilated lung. PEA relieves the 

thromboembolic obstruction of the pulmonary vascular bed, thereby re-establishing pulmonary 

perfusion. Surprisingly, however, a significant decrease in dead space ventilation after PEA 

could not be demonstrated before (35). In chapter 2 we describe the contribution of alveolar 
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dead space ventilation to the pathophysiology in CTEPH and its relation with the experienced 

sensation of dyspnea. Although dead space ventilation is generally believed to contribute to 

decreased exercise intolerance by increasing dyspnea sensation, so far no evidence was found 

for this relation. On the contrary, earlier studies even failed to report an increase in dead space 

ventilation in CTEPH. 

Pulmonary hypertension is a disease 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. These patients are known to develop 

systemic right ventricular dysfunction, have an abnormal cardiac response to stress, and a 

reduced exercise capacity (36;37). Maximal exercise capacity is an important prognostic factor 

in these patients (37). Maximal exercise capacity is directly related to the ability to increase 

cardiac output during exercise, which is obtained by increasing stroke volume, heart rate 

or both. Conflicting data have been published on the different mechanisms used to achieve 

cardiac output augmentation in patients with a systemic right ventricle. Therefore, in chapter 

3 we evaluated the cardiac response to exercise in patients with a systemic RV. Moreover, we 

assessed the relation between resting cardiac function and the cardiac response to exercise in 

these patients.

In CTEPH, after PEA, most patients experience a significant hemodynamic improvement, which 

is associated with improvements in reported New York Heart Association (NYHA) functional 

class and long-term survival (38). However, as the ACCP evidence-based clinical practice 

guidelines for surgical treatments for PAH stated, objective data, such as the 6-MWD, to assess 

the postoperative functional status are still lacking in CTEPH patients following PEA (39). In fact, 

data on the correlation of the 6-MWD with parameters reflecting clinical and hemodynamic 

severity of disease in CTEPH were not studied before. Therefore, in chapter 4 we studied the 

6-MWD in relation to the clinical and hemodynamic severity of disease in patients with CTEPH. 

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.

Longitudinal data on the dynamics of functional recovery after PEA in CTEPH patients are also 

still missing. Therefore, in chapter 5 we assessed the longitudinal follow-up (up to 5 years) of 

6-MWD as parameter of functional recovery in CTEPH patients after PEA.

In PH, the 6-MWD is frequently used as primary endpoint in clinical trials. Although designed 

as a sub-maximal exercise test, the 6-MWD is considered to reflect decreased maximal 

aerobic capacity in severely impaired PH patients (WHO functional class III and IV). Changes 

in hemodynamic severity of disease were found to be directly related to changes in 6-MWD. 

In mildly impaired patients, however, obvious improvements in hemodynamics upon medical 
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treatment were reported to be accompanied by either no, or less markedly improvements in 

6-MWD (40;41). In chapter 6 we discuss that for these patients the 6-MWD might not be the 

most appropriate parameter of outcome since the 6-MWT may be not demanding enough to 

evoke maximal aerobic capacity and corresponding maximal cardiac output. 

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 RV stroke volume response (22;23). An 

exercise associated increase in pulmonary arterial pressure results in impairment of RV function, 

as well as left ventricular underfilling, both leading to a failing stroke volume response to 

exercise (22). As exercise in CTEPH is limited by an impaired RV stroke volume 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. The aim of the study 

described in chapter 7 was therefore, to determine the PEA-induced restoration of the RV 

stroke volume response upon sub-maximal exercise, by use of cardiac magnetic resonance 

imaging (cMRI). Cardiac MRI has been shown a valuable tool to evaluate cardiac function and 

remodeling in patients with pulmonary hypertension, both at rest and during exercise. 

Pulmonary hypertension is a well known complication in both sickle cell disease (SCD) and 

idiopathic pulmonary fibrosis (IPF); PH is associated with reduced exercise capacity and is 

a independent predictor of mortality in both groups of patients. In PH, reduction in exercise 

capacity is one of the main symptoms; and exercise capacity, reflected by peak oxygen 

consumption (V’O2-peak) in a symptom limited CPET was shown to be an important predictor of 

survival in PH patients (13;15). In PH, exercise is limited by the inability of the heart to sufficiently 

increase pulmonary blood flow, due to increased pulmonary vascular resistance (22;23). In both 

SCD and IPF, however, exercise capacity is known to be multifactorial with attribution of disease 

specific pathophysiology. The contribution of PH to the reduced exercise capacity in SCD and 

IPF has not been systematically studied. Upon analysis with CPET, pulmonary vascular limitation 

is reflected by a typical pattern of physiological changes. This pattern is well described and 

validated and has prognostic significance in patients with IPAH (10-14). Recognition of this 

typical pattern can discriminate exercise intolerance due to pulmonary vascular limitation 

from that due to other (SCD or IPF related) factors; and may therefore be of help to identify PH 

early in the course of these diseases. In chapter 8 we studied to what extend PH contributes 

to decreased exercise tolerance observed in sickle cell disease. 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. In the follow-up study described in 

chapter 9 we assessed whether non-invasive CPET parameters are predictive for the presence 

of PH in IPF; and studied the predictive value of these parameters for survival. 
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