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The pulmonary circulation 

The main function of the pulmonary circulation is oxygen uptake from the alveolar air into the blood, 

so it can be transported to all the tissues of the body. The pulmonary vasculature is well developed 

for its main task. There is an extensive network of capillaries lining the alveoli making the blood surface 

area that is in contact with air large1. In addition, the alveolar-capillary membrane, through which 

oxygen has to diffuse, is extremely thin1. Both the large capillary surface area and thin alveolar-

capillary membrane are key elements in the process of oxygen transfer. 

The right ventricle (RV) pumps deoxygenated blood through the lung, where it gets oxygenated, as is 

shown in FIGURE 1.1. In healthy persons, the right ventricle is characterized by a thin muscular wall 

when compared to the left ventricle and shows a crescent shape, see FIGURE 1.22,3. These 

morphological characteristics are a consequence of the low pressures that are typical for the low 

resistive and highly compliant pulmonary vascular bed.  

The present thesis focuses on a disease of the pulmonary circulation, that is pulmonary hypertension. 

Pulmonary hypertension is a condition that is characterized by an increase in pulmonary artery 

pressures. A more detailed description of the disease is given below. Patients with pulmonary 

hypertension mostly do not have problems with oxygen uptake. However, there are exceptions, as 

will be discussed in the section on lung diffusion capacity, and which is the focus of part II of the 

present thesis. The function of the RV, however, is affected in all patients with pulmonary 

hypertension and plays an important role in patient performance and survival, as will be discussed 

below and is the focus of part I of this thesis.  

 

FIGURE 1.1 (right page). The heart and the great pulmonary vessels. The right atrium (RA) receives blood from all the organs of the 

body after oxygen has been taken up from the blood. From the right atrium, blood flows into the right ventricle (RV), that pumps 

the blood into the pulmonary circulation. The main pulmonary artery (PA) with its left and right branches are shown. In the lung, 

blood is oxygenated and flows into the left atrium (LA), then into the left ventricle (LV) that pumps the oxygenated blood into the 

ascending aorta (Ao) from where it is transported to the organs of the body. In pulmonary arterial hypertension (group I PH, see 

section on ‘Pulmonary Hypertension’), the arterial vessels in the lung (see enlargement on the right side of the figure and schematic 

cross section of a pulmonary arteriole) narrow due to thickening of the vessel wall (lower right enlargement). As a consequence, 

pulmonary vascular resistance increases, and thus pulmonary artery pressure increases as well. The right ventricle has to cope with 

this increase in pressure by shifting from a low- to a high-pressure pump. (Adapted with permission from: Zeller JL et al, Pulmonary 

Hypertension, JAMA 2009;302(13):1490). 
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Pulmonary Hypertension 

Pulmonary hypertension (PH) is a hemodynamic condition and is diagnosed when mean pulmonary 

artery pressure (mPAP) is >25 mmHg at rest (normal = about 13 mm Hg)4,5. In PH, pulmonary vascular 

remodeling leads to an increase in vascular wall thickness, a reduction in vascular lumen and therefore 

an increase in pulmonary vascular resistance and a decrease in arterial compliance. This consequently 

leads to an increase in PA pressure (see FIGURE 1.1). PA pressures can also increase during exercise 

as a consequence of increased cardiac output6 or as a result of increased left atrial pressure due to 

left heart failure5. The latter can also be accompanied by pulmonary vascular remodeling and is one 

of the most common causes of increased PA pressures and thus pulmonary hypertension (see TABLE 

1.1, group 2)4,5.  

Pulmonary hypertension can be caused by a number of other disorders, such as for example chronic 

lung diseases and chronic thromboembolic disease (TABLE 1.1, group 3 and 4)7. The group of 

pulmonary arterial hypertension (PAH, group 1) consists of patients sharing a similar clinical picture 

and similar pulmonary vascular lesions, despite of a variety in etiologies4,7,8. The diagnosis of PAH is 

different from the diagnosis of PH in that it excludes all of the 2 to 5 groups of PH4.   
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In PAH (group 1), therapy is aimed at vasodilation, with only lung transplantation as final treatment 

option. Despite of the fact that over the past decades treatment options have significantly increased, 

treatment efficacy is still not satisfying as the majority of patients still die within 5-10 years after 

diagnosis9. Right heart failure is the main cause of death in this patient population10 and parameters 

that indirectly reflect RV function appear to be better in identifying at risk patients than parameters 

reflecting pulmonary vascular remodeling4,11,12. As such, the RV plays an important role in PAH disease 

progression and has gained more attention over the past decade and is now much investigated11,13–

16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1.1. Update classification of pulmonary hypertension (5th World Symposium of Pulmonary Hypertension,  

Nice, 2013). PAH: pulmonary arterial hypertension; HIV: human  immunodeficiency virus.  

 

The right ventricle in PAH 
 
The RV in pulmonary hypertension has to undergo both morphological and functional adaptation in 

order to maintain a normal level of stroke volume or cardiac output in the presence of largely 

increased PA pressures, see FIGURE 1.2. A normal level of cardiac output may be maintained at rest 

in the early phase of the disease, with symptoms only presenting during exercise as a result of limited 

ability to increase cardiac output17. Eventually, a normal level of cardiac output is also not achieved at 

rest in patients with pulmonary hypertension18,19, which points to insufficient RV adaptation to the 

UPDATED CLASSIFICATION OF PULMONARY HYPERTENSION (Nice, 2013) 

1. Pulmonary arterial hypertension 
1.1 Idiopathic PAH 
1.2 Heritable PAH 
1.3 Drug and toxin induced 
1.4 Associated with: 

1.4.1 Connective tissue disease 
1.4.2 HIV infection 
1.4.3 Portal hypertension 
1.4.4 Congenital heart diseases 
1.4.5 Schistosomiasis 

1’      Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis 
1’’     Persistant pulmonary hypertension of the newborn (PPHN) 
2. Pulmonary hypertension due to left heart disease 

3. Pulmonary hypertension due to lung diseases and/or hypoxia 

4. Chronic thromboembolic pulmonary hypertension (CTEPH) 

5. Pulmonary hypertension with unclear multifactorial mechanisms 
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increased load. The maintenance of a normal level of cardiac output is important for patients with 

pulmonary hypertension, as is reflected by the relation between cardiac output and exercise capacity  

and by the association between a cardiac output and survival20–25.  

 

FIGURE 1.2. Cross-section through the right and left ventricle (RV and LV respectively). Note that a normal heart (A) is characterized 

by a thin-walled and crescent shaped RV, a concave septum, and a LV with a thick muscular wall. In most patients with pulmonary 

hypertension (B), the RV is dilated, the RV wall muscularized and the septum flattened with reduced LV filling.  

  
 

 
Insufficient RV adaptation to the increased load is present despite of morphological and functional RV 

changes that occur in the adaptation process, such as muscle hypertrophy and increased 

cardiomyocyte contractility26,27. Insufficient adaptation leads to RV dilatation11,15,16, which increases 

RV wall tension and therefore myocardial oxygen demand15. The consequence is a further impairment 

of RV systolic contraction and more dilatation leading to right heart failure.  

Adaptive mechanisms such as hypertrophy and enhanced cardiomyocyte contractility are helpful for 

maintaining RV systolic function in the presence of increased load, but also affect RV diastolic 

function26. RV hypertrophy makes the whole ventricle stiffer, thereby impairing RV diastolic 

function28. In addition, fibrosis and cardiomyocyte stiffening contribute to diastolic stiffness, as has 

been observed in end-stage RV tissue samples of pulmonary hypertension patients26. The presence of 

RV diastolic stiffness has been demonstrated in patients with pulmonary hypertension and relates to 

markers of disease severity26. 

RV systolic and diastolic functional parameters that are currently used in the clinic are RV ejection 

fraction29 and right atrial pressure30. These RV functional parameters, together with morphological RV 

RV LV LVRV

A. B.Normal heart Pulmonary hypertension
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parameters such as right ventricular end-diastolic and end-systolic volume have shown their 

importance in predicting survival in PAH13,14,20,21,23,25,31,32. It is thus evident that the RV plays an 

essential role in disease progression in pulmonary hypertension patients. However, the problem with 

the currently used measures of RV systolic and diastolic function are that they are load-dependent33. 

This means that they not solely reflect RV systolic and diastolic function, but also reflect the increased 

load, filling pressure and RV dilatation. This makes it difficult to distinguish changes in RV function 

alone, which may help to improve insight into the process of transition from RV adaptation to failure 

and to identify patients that are at risk of developing right hear failure. Also, RV specific treatment 

effects cannot be measured with load-dependent parameters. Therefore, novel methods to measure 

RV function and the arterial load in a load-independent matter are needed.  

For the left ventricle, a load-independent analysis of ventricular systolic and diastolic function has 

been developed and can be provided using pressure-volume analysis28,34. With pressure-volume 

analysis, ventricular pressures and volumes are measured simultaneously. Consequently, a pressure-

volume loop, representing one heartbeat, is obtained. A more detailed description of this type of 

analysis is given below. 

Thus far, the use of pressure-volume analysis has been limited to experimental settings due to the 

invasiveness of the measurement and the requirement of acute changes in loading conditions (see 

below), which may be contraindicated in some patients28. As such, more applicable methods have 

been developed for the left ventricle35,36, and recently these so-called single-beat methods have been 

validated for the RV also37. With the development and validation of a single-beat method to measure 

load-independent RV diastolic function26, it is now possible to fully describe load-independent RV 

systolic and diastolic function and arterial load in PAH patients. 

 

RV pressure-volume analysis 
 
The pressure-volume loop was first described by Otto Frank in 189838,39. The pressure-volume loop 

forms the basis of pressure-volume analysis, see FIGURE 1.3a. A single pressure-volume loop 

represents one heartbeat and gives information on ventricular volumes and pressures during the 

cardiac cycle. When multiple pressure-volume loops are obtained, during for example preload 

reduction, information on ventricular contractile and diastolic function can be obtained. For 

ventricular contractile function, the end-systolic pressure-volume points of the different pressure-

volume loops are connected. By doing so, an end-systolic pressure-volume relation (ESPVR) is 
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obtained. The slope of this rather linear ESPVR represents end-systolic elastance (Ees), see FIGURE 

1.3b. Ees is sensitive to changes in contractility28,37,40–42, and relative insensitive to acute changes in 

loading conditions33,34, and is therefore considered a load-independent measure of ventricular systolic 

function. Ees, however, is dependent on the amount of muscle or wall thickness, and therefore cannot 

be used to assess changes in ventricular function over time when muscle mass or wall thickness is not 

simultaneously measured28. 

The end-diastolic pressure-volume relationship (EDPVR) is nonlinear and allows the assessment of 

load-independent diastolic function, which reflects the passive properties of the ventricle. In addition 

to ventricular systolic and diastolic function, afterload can be assessed by means of arterial elastance 

(Ea, measured as end-systolic pressure divided by stroke volume, not shown in figure). The ratio of Ees 

and Ea, RV-arterial coupling, then gives information on how well RV systolic function matches with the 

load28,38,39.  

 

 

 

FIGURE 1.3.  Schematic presentation of a single pressure-volume loop (A, for clarification drawn rectangular) and multiple pressure-

volume loops obtained during gradual preload reduction (B). A single pressure-volume loop gives information on end-systolic and 

-diastolic volumes and pressure (upper left and lower right corner respectively). It also shows stroke volume (SV) and ejection 

fraction (calculated by dividing SV by  end-diastolic volume, then multiplied by 100%). With multiple pressure-volume loops, then 

end-systolic and end-diastolic pressure-volume relations are obtained (ESPVR and EDPVR respectively). Also shown are pressure-

volume loops obtained after inotropic intervention with epinephrine (broken lines). End-systolic elastance represents the slope of 

the ESPVR and reflects load-independent ventricular contractility (Modified with permission from: Maughan WL et al. 

Instantaneous pressure-volume relationship of the canine right ventricle. Circ Res 1979;44:309-315). 
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The development of single-beat pressure-volume analysis has made it possible to perform pressure-

volume analysis in PAH patients. But also single-beat pressure-volume analysis has its drawbacks, as 

it still requires measurement of RV pressure and volumes, making the assessment clinically less 

applicable due to its invasiveness. In the literature, noninvasive assessments of RV-arterial coupling 

(Ees/Ea) have been proposed and used, which would make the evaluation of RV-arterial coupling in a 

large number of patients possible43. However, this noninvasive assessment of RV-arterial coupling is 

based on the assumption that RV end-systolic elastance can be measured by dividing RV end-systolic 

pressure by end-systolic volume. Since this assumption has never been tested for accuracy, it cannot 

be used in patient research until further research and validation has been performed.  

 

Lung diffusion capacity in PH 
 
An area that has not been much under investigation in PAH is the functional component of the 

pulmonary arterial system, that is to take up oxygen from the alveolar air into the blood. For oxygen 

to reach the blood in the pulmonary capillaries, oxygen-containing air has to reach the alveoli through 

inhalation. 
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FIGURE 1.4. (left page) Schematic presentation of an alveolus, its alveolar-capillary membrane and capillary. Oxygen (O2) moves 

across the alveolar-capillary membrane and into the erythrocyte by means of diffusion. There it binds to hemoglobin and is 

transported to all the tissues of the body (not drawn). Carbon dioxide (CO2) diffuses across the membrane into the alveolar air and 

is expelled by exhalation.   

 

Once in the lower airways, oxygen molecules move from the more proximal airways towards the 

alveolar-capillary membrane along a diffusion gradient44,45. Oxygen molecules then move, also by 

means of diffusion, through the alveolar-capillary membrane into the capillary blood, diffuse into the 

red blood cell and bind to the hemoglobin molecule (see FIGURE 1.4)44,45. Oxygen is then transported 

to the tissues where it can be used for energy utilization.  

The capacity of the lung to take up oxygen can be measured using carbon monoxide (CO). The diffusion 

capacity (when measured with CO called DLCO) depends on several factors. Simplified there are two 

main determinants, that is 1) the properties of the alveolar-capillary membrane and 2) the pulmonary 

capillary blood volume. The greater the alveolar-capillary surface area and the thinner the membrane, 

the better oxygen is allowed to diffuse into the capillary blood. In addition, the greater the capillary 

blood volume, the greater the amount of hemoglobin and thus capacity to bind oxygen.  

In PAH, most patients present with a normal or moderately reduced DLCO46. Patient with pulmonary 

hypertension who present with a severely reduced DLCO often turn out to have an associated 

condition such as connective tissue disease47,48, pulmonary veno-occlusive disease49, left heart 

failure50, and parenchymal lung disease51,52. Measuring DLCO is therefore important for the diagnostic 

process. However, some patients show a severely reduced DLCO without an identifiable cause and 

are therefore considered idiopathic PAH patients. Little is known about IPAH patients with a severely 

reduced DLCO. It has been observed that these patients have a reduced survival32,53. Additionally, 

these patients are now more frequently seen, as has been demonstrated by recent registries18,54. As 

such, there is a need to obtain more insight into this patient group with increased risk of clinical 

progression.  

 

Aims and outline of this thesis 

The aim of the present thesis is twofold. First, we aimed to enhance insight into RV function and 

adaptation in PAH patients using a load-independent assessment of RV systolic and diastolic function 

and its clinical value (part I). The underlying hypothesis was that an impaired RV contractile function 
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would be a more sensitive sign of progression towards RV failure compared to load-dependent 

parameters such as RV ejection fraction or cardiac output.  

We first give an overview of normal RV function and how it can be measured in  CHAPTER 2, which is 

mandatory to understand changes that occur in RV morphology and function in patients with 

pulmonary hypertension.  

Load-independent assessment of RV function with pressure-volume analysis will provide novel 

insights into the different components that may affect overall RV function. Since pressure-volume 

analysis is time-consuming and not easily applicable in clinic, we investigated first in CHAPTER 3 

whether load-independent RV systolic function could be measured using a simplified approach.  

In CHAPTER 4 we subsequently applied load-independent assessment of RV systolic function in a large 

cohort of PAH patients and determined its clinical value. In CHAPTER 5 we focused on load-

independent RV diastolic function only and investigated in greater detail its relation with RV 

morphology and its clinical value. Information on the contributions of hypertrophy, fibrosis and 

cardiomyocyte stiffening to RV diastolic stiffness thus far can only be derived from tissue samples of 

end-stage patients. Therefore, we additionally addressed the question whether RV wall thickness 

contributes differently to RV diastolic stiffness in different disease stages.  

 

In part II of this thesis, we aimed to get more insight into the nowadays more heterogeneous group 

of idiopathic PAH patients using DLCO as a distinctive marker. IPAH, previously a homogenous disease 

mostly observed in young women without comorbidities, is currently a more heterogeneous disease 

with older patients that present with more comorbidities18,54. DLCO is low in a considerable group of 

IPAH patients and is associated with a worse prognosis53. Yet, information on the clinical 

characteristics of this subgroup of IPAH patients is lacking. As such, it remains unknown what causes 

the severe reduction in DLCO in these patients. Therefore, we investigated in great detail the clinical 

characteristics of IPAH patients with a severely reduced DLCO CHAPTER 6.  

Additionally, in CHAPTER 7 we elaborate on possible differences in DLCO between idiopathic and 

familial PAH, as it has been suggested that these two entities may present with different 

vasculopathies. Unavailability of lung samples has limited the comparison between these two groups. 

Therefore, by using DLCO as a marker of the quality of the pulmonary-capillary structure, we tested 

in CHAPTER 7 whether there is evidence that points towards the existence of different vasculopathies 

in these two groups.   
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