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1 Pulmonary hypertension:  

After successfully and safely using the cardiac catheter technique in animals, Dr. Werner Forssmann 

performed in 1929 the first recorded human cardiac catheterization of his own right heart. Andre 

Cournand and Dickinson Richards did further development of this technique for clinical purposes in 

1944 and demonstrated the safety and feasibility of this technique in a large cohort of patients. For 

their contributions to the understanding of cardiac physiology, Forssmann, Cournand and Richards 

received the Nobel Prize in Physiology in 1956 (Figure 1)  [1]. 

 

Figure 1: Forssmann, Richards 

and Cournand receiving the 

Nobel Prize in Physiology.  

 

 

 

 

 

 

 

 

 

 

Today, the right heart catheterization (RHC) is still the gold standard for the hemodynamic 

evaluation of the right ventricle (RV) and pulmonary circulation. During a RHC, the pressure is 

measured and recorded in the right atrium (RA), right ventricle (RV) and pulmonary artery (PA).  

 

Shortly after the clinical introduction of the RHC technique, it became clear that elevated pulmonary 

vascular pressures were related to symptoms of dyspnea and fatigue. Paul Wood defined in 1958 a 

mean pulmonary artery pressure (mPAP) of 25 mmHg as the upper limit of normal on the basis of 

measurements performed in 60 healthy subjects [2]. The same definition of pulmonary hypertension 

(PH) is still used today and the RHC remains the gold standard for the diagnosis of PH [3].  
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Figure 2: Using acetylcholine 

as a pulmonary vasodilator, 

Paul Wood showed in 

patients with ‘Primary PH 

that the administration of 

acetylcholine leaded to a 

decrease in pulmonary 

artery pressure in 

combination with an 

increase in cardiac output 

proving the increased 

vasoconstriction in this 

disease. 

 

Wood’s studies using acetylcholine in PH patients also contributed to the classification of PH (Figure 

2), which has been modified several times in the last five decades. Approximately 40 causes of PH 

are now recognized, which are categorized in 5 main groups (Table 1). Left sided heart failure (group 

2) is the most common cause of PH [3].  

 

Since the cardiovascular system is a closed loop system, different (patho)physiological hemodynamic 

changes can initiate an increase in mPAP. The hemodynamic mechanisms resulting in an increase in 

mPAP are, an increase in pulmonary vascular resistance (PVR), an increase in pulmonary arterial 

wedge pressure (PAWP) and an increase in cardiac output (CO).  

 

Table 1: Clinical classification of pulmonary hypertension according to guideline (Galie ERJ 2015) 

1. Pulmonary arterial hypertension 
1.1 Idiopathic 
1.2 Heritable 
   1.2.1 BMPR2 mutation 
   1.2.2 Other mutations 
1.3 Drugs and toxins induced 
1.4 Associated with: 
   1.4.1 Connective tissue disease 
   1.4.2 Human immunodeficiency virus (HIV) infection 
   1.4.3 Portal hypertension 
   1.4.4 Congenital heart disease 
   1.4.5 Schistosomiasis 
1’. Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis 
2. Pulmonary hypertension due to left heart disease 
3. Pulmonary hypertension due to lung diseases and/or hypoxia 
4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions 
5. Pulmonary hypertension with unclear and/or multifactorial mechanisms 
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1 An increase in the afterload of the RV leads to an increase in mPAP since the RV needs to build up 

more pressure to maintain an adequate CO. The load on the outflow of the RV can be divided into 

the resistance to steady state flow and the resistance to pulsatile flow from vascular impedance [4]. 

The resistance to steady state flow is known as the pulmonary vascular resistance (PVR) and is 

defined as PVR = (mPAP – PAWP) / CO. An increase in PVR can be due to a decrease in the 

pulmonary vessel radius or due to the loss of arterial surface [4]. A decrease in pulmonary arterial 

vessel radius is seen in group 1 and 4 PH patients and is due to thickening of the vascular wall, 

intravascular occlusions (either by exuberantly proliferating endothelial and smooth muscle cells or 

thrombosis and emboli) and loss of vessel number (rarefaction). Hypoxic vasoconstriction, also seen 

in group 3 PH patients can contribute to a decrease in the pulmonary arterial diameter. A decrease 

in arterial surface area is often observed in emphysema. Vascular rarefaction as the sole cause of an 

increased PVR is still a matter of debate, since even in severe emphysema, PH is rare. PVR can also 

be increased in conditions associated with an increased blood viscosity. 

Resistance to pulsatile flow is mostly described by an inverse measure, the pulmonary arterial 

compliance. Pulmonary arterial compliance is assessed by stroke volume (SV) divided by the pulse 

pressure (PP) (SV/PP). It has been shown that in the pulmonary circulation PVR and compliance are 

inversely related [5]. The product of PVR and compliance, known as the RC time (Ƭ), can be 

calculated as Ƭ = PVR x compliance = ((mPAP – PAWP) / (SV x HR)) x (SV/PP) = T x ((mPAP – PAWP) / 

PP). Over a wide range of PVR, Ƭ remains relatively stable in healthy people and patients with 

precapillary PH [5-7].  

mPAP can also be increased due to an increased PAWP. During RHC a balloon can be inflated to 

temporarily close a small pulmonary artery branch. The pressure proximal from the inflated balloon 

is the PAWP and is a surrogate measure of the pressure in the post-capillary system including the 

left atrial pressure. Left heart failure or left sided valvular disease results in an increase in PAWP, 

which can subsequently increase mPAP.  A PAWP > 15mmHg is defined as abnormal and is due to 

left heart disease. Therefore, PH can be classified in pre- and postcapillary PH based on the PAWP 

[3]. The significance of a PAWP between 12 and 15mmHg is still unclear.  

 

The degree to which an increase in CO could lead to an increase in mPAP depends on the degree to 

which lung vessels can distend and be recruited. The magnitude of vascular distention and lung 

vascular recruitment during exercise is still hotly debated. During exercise an increased demand for 

oxygen will increase CO, which is usually followed by at least some increase in the mPAP [8]. 
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Conditions like congenital heart disease, hyperthyroidism, portal hypertension and congenital 

portosystemic venous shunts can also increase CO and increase mPAP [9-11]. Nevertheless, 

overwhelmingly patients with PH have a decreased CO as a result of the increase in PVR and RV 

failure.  

 

The right ventricle in pulmonary hypertension 

The increased resistance of the pulmonary vascular bed in PH patients increases the load on the RV. 

In order to maintain an adequate CO, the RV needs to adapt. RV adaption is a complex  interplay of 

RV remodeling, neuro-hormonal activation, changes in myocardial metabolism and changes in 

coronary artery perfusion. In order to maintain cardiac output, the RV needs to generate higher 

pressures to overcome the increased resistance of the pulmonary vascular bed. According to Laplace 

law (wall stress = (pressure x radius) / (2 x wall thickness)) this increase in pressures will increase 

wall stress subsequently changing myocardial metabolism and activating the neurohormonal system 

[12]. The subsequent effects on RV remodeling are not clear-cut since also other aspects as time of 

onset of PH, the underlying etiology of PH and possibly genetics play a role in the process of RV 

adaption. Simplified, the first step in the process of remodeling is RV hypertrophy and an increase in 

contractility. RV hypertrophy decreases wall stress, however can increase RV diastolic stiffness [13, 

14]. If, despite these adaptive changes, cardiac output cannot be maintained, the RV will dilate 

further increasing wall stress. Ultimately, this will lead to RV failure. Maintenance of RV systolic 

function is important since RV systolic function is the main predictor of survival [15-19].  

 

Exercise intolerance in patients with pulmonary hypertension 

During exercise the cardiopulmonary system is pushed to its upper limits. The increased demand for 

oxygen delivery to the tissues is met by an almost 4 fold increase in CO. The entire CO passes 

through the pulmonary circulation and the pulmonary circulation prevents a proportional increase in 

mPAP by vasodilatation and vessel recruitment [20].  

PH patients often complain of exercise induced dyspnea and this impaired exercise tolerance is 

mainly due to circulatory limitations. Exercise induced dyspnea in PH patients is primarily due to the 

inability to increase pulmonary blood flow during exercise. This limited increase in CO is caused by 

an inability to increase SV and due to an abnormal chronotropic response [21, 22]. The inability to 

increase SV is the result of the increase in PVR and RV dysfunction [21, 23-25]. An abnormal 

chronotropic response is demonstrated as a decreased maximal heart rate (HR) in PH and is believed 
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1 to be the result of an imbalance of the autonomic nervous system [22, 26-28]. The decrease in CO 

for a given workload results in insufficient oxygen delivery to peripheral tissues, anaerobic 

metabolism of glucose and muscle weakness due to acidosis [29]. Together these changes limit the 

maximal uptake of oxygen (VO2max) and result in early exercise termination. In PH, a reduced 

VO2max, O2 pulse and a reduced VO2 at the anaerobic threshold (VO2AT) result from a decreased 

blood flow and reflect RV dysfunction[30].  

A second problem in PH is an increased ventilatory requirement, which is still poorly understood, 

but likely contributes to the patients’ sensation of dyspnea. In precapillary PH, dead space 

ventilation occurs because of hypoperfusion of normally ventilated alveoli due to loss of the 

pulmonary capillary bed. Dead space ventilation could lead to problems eliminating carbon dioxide, 

increasing minute ventilation (VE).  

 

 

Figure 3: Comparison of VO2max, O2 

pulse and VE/VCO2 between PAH 

patients and healthy controls. A: 

Decrease in AT- , B: decrease in 

VO2max- , C: decrease in O2 pulse- , 

D: increase in VE/CO2 slope- in PAH 

patients compared to healthy 

controls.   

 

 

 

 

 

 

 

 

 

However, because PH patients are often hypocapnic at rest and during exercise, it is assumed that in 

addition to dead space ventilation, alveolar hyperventilation further contributes to the increased 

ventilatory requirement [31]. It is believed that exercise induced alveolar hyperventilation in PH is 

due to the summation of lactate acidosis, a hypoxemic ventilatory drive and a sympathetic nerve 
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overdrive. This ventilatory inefficiency (increased VE/VCO2 slope) is a hallmark of PH and may 

contribute to the sensation of dyspnea [23, 26, 29, 32] (Figure 3). Finally, diaphragm weakness can 

lead to a further increase of breathlessness during exercise [33]. 

 

Recently, invasive assessment of hemodynamics during exercise has received interest in PH studies. 

Such exercise protocols are completed with pulmonary artery and radial artery catheters in situ, 

giving a more complete hemodynamic and ventilatory evaluation during exercise [34] (figure 4). 

 

Figure 4: Invasive cardiopulmonary exercise test. 

 
 

The ability to increase CO during exercise depends on the fitness of an individual and the slope of 

the mPAP-CO relationship which is steeper in older subjects [35]. It has been suggested that a mPAP 

of 30mmHg at a CO <10L/min and a mPAP-CO slope >3mmHg per L/min represent the upper limits 

of normal. A slope of >2,5mmHg per L/min is probably abnormal in younger individuals [8, 35-38]. 

Such criteria for the upper limits of normal for the mPAP-CO relation are not yet officially endorsed 

in the PH guidelines because they require external validation.  
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1 A study by Gruenig et al [39] used the rise in systolic pulmonary artery pressure (sPAP) during 

exercise, assessed with echocardiography, as a measure of the contractile reserve of the RV. They 

showed in PAH and CTEPH patients that the increase of sPAP during exercise was an independent 

predictor of survival with a better survival in the patients with a bigger contractile reserve [39].  

Likewise, changes in PVR and PCWP from rest to exercise are poorly characterized. A recent meta-

analysis showed that changes in PVR and PAWP during exercise dependent on age [40].   

Despite the suggestion that evaluation of the hemodynamic response to exercise aids the early 

detection of pathological cardiopulmonary changes and the distinction between exercise-induced 

PH and left-sided diastolic dysfunction [34, 38], more and more widely disseminated experience 

with invasive CPET is necessary to determine its value.  
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Outline of this thesis 

In this thesis, a number of techniques and methods were evaluated that may contribute to earlier 

recognition of PAH and improved monitoring and prognostication. 

 

Early recognition and prognostication in pulmonary hypertension 

Due to the non-specific nature of symptoms at presentation, most patients with pulmonary arterial 

hypertension are diagnosed by the time their disease is already in an advanced stage. Early 

detection of PH and a timely initiation of treatment can significantly improve clinical outcome. 

Computed tomography pulmonary angiography (CTPA) is a diagnostic tool often used in the 

diagnostic process of patients that present with unexplained dyspnea, for example to exclude 

pulmonary emboli. A well-known clue for the presence of pulmonary hypertension on CTPA is an 

increased ratio between the diameter of the pulmonary artery and the diameter of the ascending 

aorta. In chapter 2, we investigated whether a combination of dimensional measurements of the 

pulmonary artery and the heart would increase the predictive value of computed tomography 

pulmonary angiography for the presence of pulmonary hypertension. The prognostic value of right 

ventricular parameters in pulmonary hypertension is well-established. Whether a combination of 

parameters of the right heart merged into a simple risk score predict outcome in precapillary 

pulmonary hypertension was investigated in chapter 3. 

 

Treatment response in pulmonary hypertension 

Since the prognosis of patients with pulmonary hypertension is determined by right ventricular 

function, monitoring of right ventricular function is of utmost importance. In chapter 4 we 

summarized available methods for measuring the right ventricular response to therapy. Cardiac 

magnetic resonance imaging is the gold standard for monitoring right ventricular function. Since this 

technique is expensive, not widely available and analyses are time-consuming, monitoring right 

ventricular function using simple echocardiographic measurements would be ideal in daily practice. 

Therefore, in chapter 5, we investigated the usage of simple echocardiographic parameters for the 

serial assessment of RV function. In chapter 6 we investigated whether the hemodynamic and 

cardiac responses to PH specific therapy are different between patients with idiopathic pulmonary 

arterial hypertension and a severely reduced diffusion capacity of the lung for carbon monoxide 

compared to patients with idiopathic pulmonary arterial hypertension with a more preserved 

diffusion capacity of the lung for carbon monoxide. 



1A study by Gruenig et al [39] used the rise in systolic pulmonary artery pressure (sPAP) during 

exercise, assessed with echocardiography, as a measure of the contractile reserve of the RV. They 

showed in PAH and CTEPH patients that the increase of sPAP during exercise was an independent 

predictor of survival with a better survival in the patients with a bigger contractile reserve [39].  

Likewise, changes in PVR and PCWP from rest to exercise are poorly characterized. A recent meta-

analysis showed that changes in PVR and PAWP during exercise dependent on age [40].   

Despite the suggestion that evaluation of the hemodynamic response to exercise aids the early 

detection of pathological cardiopulmonary changes and the distinction between exercise-induced 

PH and left-sided diastolic dysfunction [34, 38], more and more widely disseminated experience 

with invasive CPET is necessary to determine its value.  
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1  

Emerging modalities in pulmonary hypertension 

Chapter 7 summarizes emerging imaging techniques in the setting of pulmonary hypertension. As 

depicted in the introduction the diagnosis of PH is made during RHC. Subsequently, assessing 

disease severity and monitoring of patients is done by assessing hemodynamics, indices of right 

ventricular function as well as exercise tests. However, currently there is no possibility to clinically 

assess the primary disease process in the pulmonary arteries of patients with precapillary pulmonary 

hypertension. Since preclinical studies are increasingly focusing on therapies directly targeting the 

pulmonary vascular remodeling, there is an urgent need for an imaging method that allows 

quantification of this remodeling. Such a technique would not only provide insight into the 

underlying disease process, but would also enable assessment of responses to targeted therapies. 

Therefore, in chapter 8, we investigated whether 3’-[18F]fluoro-3’-deoxythymidine ([18F]-FLT) 

positron emission tomography (PET/CT) could be used to quantitatively assess proliferation in the 

pulmonary vasculature of PAH patients. Furthermore, we tested whether [18F]-FLT was able to track 

the pulmonary vascular remodeling and reverse remodeling after administration of targeted 

therapies in a monocrotaline PH rat model. 

An emerging technique to characterize the myocardium by cardiac magnetic resonance imaging is 

native T1-mapping. In chapter 9 we investigated this technique in precapillary pulmonary 

hypertension patients.  

As summarized in the general introduction, patients with pulmonary hypertension have a decreased 

exercise tolerance and this exercise intolerance in mainly determined by circulatory limitations. 

Whether this exercise intolerance coincides with an inability to increase right ventricular 

contractility was investigated in chapter 10 during an invasive cardiopulmonary exercise test.  
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Abstract 

 

Introduction: The most common feature of pulmonary hypertension (PH) on computed tomography 

pulmonary angiography (CTPA) is an increased diameter-ratio of the pulmonary artery to the 

ascending aorta (PA/AAAX). The aim of this study was to investigate whether combining PA/AAAX 

measurements with ventricular measurements improves the predictive value of CTPA for 

precapillary PH. 

Methods: Three predicting models were analyzed using baseline CTPA scans of 51 treatment naïve 

precapillary PH patients and 25 non-PH controls: model 1: PA/AAAX only; model 2: PA/AAAX 

combined with the ratio of the right ventricular and left ventricular diameter measured on the axial 

view (RV/LVAX); model 3: PA/AAAX combined with the RV/LV-ratio measured on a four chamber view 

(RV/LV4CH). Prediction models were compared using multivariable binary logistic regression, ROC 

analyses and decision curve analyses (DCA). 

Results: Multivariable binary logistic regression showed an improvement of the predictive value of 

model 2 (-2LL=26.48) and 3 (-2LL=21.03) compared to model 1 (-2LL=21.03). ROC analyses showed 

significantly higher AUCs of model 2 and 3 compared to model 1 (p=0.011 and p=0.007, 

respectively). DCA showed an increased clinical benefit of model 2 and 3 compared to model 1. The 

predictive value of model 2 and 3 was almost equal. We found an optimal cut-off value for the 

RV/LV-ratio for predicting precapillary PH of RV/LV≥1.20. 

Conclusions: The predictive value of CTPA for precapillary PH improves when ventricular and 

pulmonary artery measurements are combined. A PA/AAAX ≥1 or a RV/LVAX ≥1.20 needs further 

diagnostic evaluation to rule out or confirm the diagnosis. 
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Introduction 

Pulmonary hypertension (PH) is defined as an increase in mean pulmonary artery pressure (mPAP) 

above 25 mmHg [1]. Irrespective of the exact cause, the condition leads to right heart failure and 

finally death [2].  

Most PH patients are diagnosed by the time their disease is in an advanced stage [3, 4]. The non-

specific nature of symptoms at presentation (exercise-induced dyspnea, fatigue) leads to failure of 

physicians to recognize the disease and an undesirable late diagnosis. [4-7]. Early detection of PH 

and a timely initiation of treatment can significantly improve the clinical outcome [8-10]. A unique 

opportunity for an earlier diagnosis of PH is provided when a standard non-ECG gated computed 

tomography pulmonary angiography (CTPA) is performed to evaluate a patient presenting with 

shortness of breath. To the attentive radiologist, CTPA may provide important clues towards a 

diagnosis of PH. 

An intensively studied feature to predict PH on CTPA is an increased diameter ratio of the pulmonary 

artery (PA) to ascending aorta (AA) [11-17]. Studies showed that this parameter has a sensitivity of 

58-87% for the diagnosis of PH. A way to improve the diagnostic sensitivity is to add information on 

the structure of the heart. 

The clinical value of the ratio of the transverse diameter of the right ventricle (RV) and the left 

ventricle (LV) measured on the axial (AX) view and on a manually reconstructed four chamber (4CH) 

view is known as a typical sign of RV failure in acute pulmonary embolism [18, 19]. One study 
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Introduction 
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subjects in whom both a baseline right heart catheterization and baseline CTPA were performed, 

were included in this study. In total, 51 precapillary PH patients were randomly selected. Precapillary 

PH was diagnosed according to the World Health Organization guidelines (mean pulmonary artery 

pressure > 25 mmHg and a pulmonary arterial wedge pressure ≤15 mmHg) *1+.  

25 subjects who were referred to our center for suspected pulmonary hypertension and who 

appeared to have normal pulmonary artery pressures during right heart catheterization and without 

a history of left heart disease, were randomly chosen and used as controls. 

The study was approved by The Medical Ethics Review Committee of the VU University Medical 

Center. The study does not fall within the scope of the Medical Research Involving Human Subjects 

Act (WMO). Therefore, the study was approved without requirement of a consent statement. 

 

CTPA image acquisition 

CTPA studies of the entire chest were performed on either a 4-slice multi-detector CT system 

(Somatom Volume Zoom, Siemens, Erlangen, Germany) or a 64-slice multi-detector CT system 

(Somatom Sensation, Siemens, Erlangen, Germany). 18 CTPA studies were performed on the 4-slice 

CT system and 58 CTPA studies were performed on the 64-slice CT system. The Dose Length Product 

(DLP) was 266 ± 118 mGy.cm. 

For the 4-slice multi-detector CT scanning parameters were 140kV and 100mAs with dose 

modulation at a slice collimation of 4x1,0mm, a rotation time of 0,5 seconds and a pitch of 1,25 out 

of which 1,5mm axial slices with 1mm reconstruction increment were reconstructed. The series 

were acquired using bolus tracking within the PA at maximum inspiration after intravenous injection 

(4ml/s) of 100ml of a low-osmolar, non-ionic contrast agent with iodine concentration of 300mg/ml 

(Ultravist-300 Iopromide; Bayer Pharma AG, Berlin, Germany), using an injection pump through an 

18g cannula preferably in the right antecubital vein. 

For the 64-slice multidetector CT, a slice collimation of 32x0,6mm, a rotation time of 0,33 seconds 

and a pitch of 0,75 was used. The series were acquired using a test bolus (30ml at 6ml/s) with 

tracking in the PA and a scan bolus with calculated delay at maximum inspiration after intravenous 

injection (≤60ml at 6ml/s) of a low-osmolar, non-ionic contrast agent with a iodine concentration of 

300mg/ml (Ultravist-300 Iopromide; Bayer Pharma AG, Berlin, Germany), using an injection pump 

through an 18g cannula mostly in the right antecubital vein. 
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Figure 1: CTPA parameters. A: Pulmonary 

artery (PA) and ascending aorta (AA) ratio 

(PA/AAAX) on an axial view at the level of the 

bifurcation of the pulmonary trunk. B: Right 

ventricle (RV) and left ventricle (LV) ratio 

(RV/LVAX) on an axial view. The RV diameter is 

measured perpendicular to the long axis of 

the heart. The LV diameter is not measured in 

this image, since the maximum diameter of 

the LV is not necessarily on the same image. 

C: RV/LV4CH on a four chamber (4CH) view. 
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CTPA image analyses 

CTPA studies were analyzed using a Sectra PACS IDS7 workstation. Measurements were performed 

by an investigator from the department of pulmonary diseases under supervision of a radiologist 

with special interest in thorax imaging. Intraobserver variability was tested by repeated 

measurements in 10 CT studies. To test interobserver variability, measurements were repeated in 20 

CT studies by another investigator from the same department. Both observers were blinded to 

patients’ medical history, hemodynamic data and diagnosis.  

 

CTPA parameters 

PA/AAAX - Maximum diameters of the main pulmonary artery (PA) and ascending aorta (AA) were 

obtained at the level of the bifurcation of the pulmonary trunk according to previous studies [11, 

12]. PA and AA measurements were done on the same image in the axial view (figure 1A). 

Afterwards the PA/AA ratio was calculated.  

RV/LVAX - Maximum transverse diameters of the RV and LV, defined as the widest distance of the 

endocardium between the interventricular septum and the free wall, were measured in the axial 

plane perpendicular to the long axis of the heart. Maximum diameters of the RV and LV were not 

necessarily obtained from the same image. Subsequently the RV/LV ratio was calculated (figure 1B). 

RV/LV4CH - Multiplanar reconstruction (MPR) was used to manually reconstruct a 4CH view in the 

same manner as described earlier [18, 20]. Similar to the ventricular measurements in the axial view, 

the maximum transverse diameters of the RV and LV were obtained from the 4CH view and the 

RV/LV ratio was calculated. Again maximum diameters of the RV and LV were not necessarily 

acquired from the same image (figure 1C). 

 

Statistical analysis 

Continuous data are presented as mean ± standard deviation (SD) and absolute numbers for 

categorical variables. Differences between mean values from precapillary pulmonary hypertension 

patients and control subjects were analyzed using the unpaired Student t test (variables with a 

normal distribution) or Mann-Whitney U tests (variables not normally distributed). Intra and- 

interobserver variability of the three CTPA parameters were analyzed using simple linear regression 

analysis. Univariable binary logistic regression analysis was used to test the predictive value of the 

three different CTPA parameters separately for precapillary pulmonary hypertension.  
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To test whether adding ventricular measurements to the PA/AAAX-ratio would improve the 

diagnostic model of CTPA for precapillary pulmonary hypertension, we compared three different 

diagnostic models: Model 1: PA/AAAX (standard); Model 2: PA/AAAX + RV/LVAX; and Model 3: PA/AAAX 

+ RV/LV4CH (table 1). 

 

Prediction models  

Model 1 PA/AAAX 

Model 2 PA/AAAX + RV/LVAX 

Model 3 PA/AAAX + RV/LV4CH 

Table 1: Prediction models. PA/AAAX = ratio between pulmonary artery and ascending aorta. RV/LVAX = ratio between RV and LV 

in the axial plane. RV/LV4CH = ratio between RV and LV in the 4CH view. 

 

The statistical approach to test the predictive value for precapillary PH of the three diagnostic 

models contained three different steps.  

First we tested the predictive value of the three different models using multivariable binary logistic 

regression analysis. Second, the predictive value of the three different diagnostic models were 

tested using the area under the curve (AUC) derived from the Receiver Operating Characteristic 

curves. The AUC from the different models were compared using the DeLong method. 

Third, to test the predictive value of the different diagnostic models within the clinical context of this 

study, we used decision curve analysis. With decision curve analysis it is possible to evaluate the 

clinical net benefit of the different prediction models [21, 22]. The net benefit is defined as the sum 

of benefits (true positives) minus the harms (false positives). Importantly, the threshold probability 

of the outcome determines the weights given to the true positives and false positives. The threshold 

probability is defined as the minimum probability of precapillary PH where a physician would decide 

to act. In this study it means that on the basis of the CTPA scan, it is decided to do further diagnostic 

tests to confirm the diagnosis. Since the exact threshold probability is unknown and will vary among 

physicians, we calculated the net benefit over a variety of probabilities. These net benefits can be 

calculated from the net benefit when nobody has precapillary PH (no positives) or from the net 

benefit when everybody has precapillary PH (no negatives). In this study, we focused on a range of 

low threshold probabilities (1-20%) since the weight assigned to false negatives (missing the 

diagnosis) is considerably larger than to false positives (further diagnostic evaluation). 

For clinical purposes of the diagnostic models, a cut-off value to define precapillary PH is demanded. 

An established cut-off value to define PH is PA/AAAX > 1 [12]. A well-recognized cut-off value for the 
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RV/LV-ratio is lacking. A frequently applied method for determining a cut-off value is calculation of 

the Youden Index, which is the cut-off value belonging to the highest sum of the combination of 

sensitivity and specificity, derived from the ROC-analysis. Since this cut-off value is not necessarily 

the optimal cut-off value within the clinical context, we chose a range of cut-off values to determine 

an optimal cut-off value.  

Statistical analyses were performed using SPSS (version 20.0, SPSS, inc, Chicago, Illinois) and R (R 

Foundation for Statistical Computing, Vienna, Austria, 2013) . P-values <0.05 were considered 

statistically significant. 

 

Results 

Baseline characteristics of both groups are summarized in table 2. Between groups there were 

expected differences in mean pulmonary artery pressure (mPAP), pulmonary vascular resistance 

(PVR), right atrial pressure (RAP) and cardiac output (CO). The average interval time between the 

baseline right heart catheterization and CTPA in the precapillary PH group was 16 ± 7 days and 15 ± 

5 days in the control group. Mean values of all three CTPA parameters were significantly different 

between precapillary PH patients and controls (table 3).  

 

 PH (n=51) Controls (n=25) 

Gender 71% female 76% female 

Age (years) 56 ± 16 55 ± 15 

Precapillary PH 

    IPAH 

    CTEPH 

 

41 

10 

 

mPAP (mmHg) 48 ± 16 16 ± 4* 

PAWP (mmHg) 7 ± 3 6 ± 3 

PVR (Dyne.s/cm5) 774 ± 452 126 ± 70* 

RAP (mmHg) 8 ± 5 3 ± 2* 

CO (L/min) 5.1 ± 0.3 6.9 ± 0.4* 

Table 2: Baseline characteristics. IPAH = idiopathic pulmonary arterial hypertension; CTEPH = chronic trombo-embolic pulmonary 

hypertension; mPAP = mean pulmonary artery pressure; PAWP = pulmonary artery wedge pressure; PVR = pulmonary vascular 

resistance; RAP = right atrial pressure; CO = cardiac output. *p<0.05 compared with the PH group. 
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CTPA parameters PH Controls 

PA/AAAX 1.20 ± 0.30 0.85 ± 0.13* 

RV/LVAX 1.62 ± 0.42 1.00 ± 0.20* 

RV/LV4CH 1.65 ± 0.42 1.00 ± 0.18* 

Table 3: CTPA parameters. Mean values ± SD. PA/AAAX = ratio between pulmonary artery and ascending aorta. RV/LVAX = ratio 

between RV and LV in the axial plane. RV/LV4CH = ratio between RV and LV in the 4CH view. *p<0.05 compared with the PH group. 

 

Intra- and interobserver variability 

Intra- and interobserver variability was tested with simple linear regression and showed good 

agreement for all three parameters (Intra: PA/AAAX: β=0.974 p<0.001; RV/LVAX: β=0.958 p<0.001; 

RV/LV4CH: β=0.896 p=0.001. Inter: PA/AAAX: β=0.971 p<0.001; RV/LVAX: β=0.965 p<0.001; RV/LV4CH: 

β=0.930 p<0.001).  

 

Univariable and multivariable binary logistic regression analysis 

Univariable binary logistic regression analysis showed that all three CTPA parameters were 

predictors of precapillary PH (Table 4). Multivariable binary logistic regression analysis showed an 

improvement of the predictive value for precapillary PH of model 2 (-2LL=26.48)  and 3 (-2LL=21.03) 

compared with model 1 (-2LL=56.56) and showed a slightly better predictive value of model 3(-

2LL=21.03) compared to model 2(-2LL=26.48) (table 5). A multivariate model with all three CTPA 

parameters was not possible because the correlation between RV/LVAX and RV/LV4CH was too 

strong (multicollinearity, VIF=6.5).  

 

CTPA 

parameters 

-2LL B OR 95% C.I. p-value 

PA/AAAX 56.56 1.19 3.27 1.78 – 6.03 p<0.001 

RV/LVAX 47.22 0.82 2.26 1.51 – 3.39 p<0.001 

RV/LV4CH 44.77 0.86 2.37 1.51 – 3.71 p<0.001 

Table 4: Univariable binary logistic regression analysis. B = beta; OR = odds ratio; 95% C.I. = 95% confidence interval.  

 

ROC analysis 

The AUC of the three different models are shown in figure 2. The AUC of model 2 and 3 were 

significantly higher than the AUC of model 1 (p=0.011 and p=0.007, respectively). There was no 

significant difference in the AUC between model 2 and 3 (p=0.266). 
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Prediction 

models 

 -2LL B OR 95% C.I. p-value 

Model 1 

 

PA/AAAX 

 

56.56 1.19 3.27 1.78 – 6.03 P<0.001 

Model 2  

 

PA/AAAX 

RV/LVAX 

26.48 1.79 

0.82 

5.99 

2.28 

1.67 – 21.45 

1.37 – 3.78 

P=0.006 

P=0.001 

Model 3 PA/AAAX 

RV/LV4CH 

21.03 2.40 

1.12 

10.98 

3.07 

1,73 – 69.52 

1.46 – 6.46 

P=0.011 

P=0.003 

Table 5: Multivariate binary logistic regression analysis. -2LL=log-likelihood statistic; B= beta; OR = odds ratio; 95% C.I. = 95% 

confidence interval. 

 

 
Figure 2: Area Under the Curve (AUC) of the three different models. Blue line = model 1; Green line = model 2; Red line = model 

3. 
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Decision curve analysis 

The DCA curves of the three models are illustrated in figure 3. The black line represents the net 

benefit at different threshold probabilities if we would not use any model and decide that nobody 

has precapillary PH (no positives). Since the net benefit is defined as the sum of the true positives 

minus the false positives, the net benefit is zero at the entire range of threshold probabilities. The 

grey line represent the net benefit if we decide that everybody has precapillary PH (no negatives) 

and any of the models would not be used. We determined, at a range of low threshold probabilities 

(0-20%), the net benefit of the three diagnostic models with respect to calling everybody a 

precapillary PH patient (grey line).  

Results are summarized in table 6. The net benefit of model 2 and 3 was, over the entire range of 

low threshold probabilities, better than the net benefit of model 1, with a decrease of up to 25 false 

positive patients without an increase in false negative patients. The net benefit of model 3 was also 

slightly better than model 2. 

 

 
Figure 3: Decision curve analysis. Decision curve analysis of the three models to predict the presence of precapillary PH. On the 

right an expended view of the curves at low threshold probabilities, ranging from 0 to 20% 
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Prediction 

models 

 -2LL B OR 95% C.I. p-value 

Model 1 

 

PA/AAAX 

 

56.56 1.19 3.27 1.78 – 6.03 P<0.001 

Model 2  

 

PA/AAAX 

RV/LVAX 

26.48 1.79 

0.82 

5.99 

2.28 

1.67 – 21.45 

1.37 – 3.78 

P=0.006 

P=0.001 

Model 3 PA/AAAX 

RV/LV4CH 

21.03 2.40 

1.12 

10.98 

3.07 

1,73 – 69.52 

1.46 – 6.46 

P=0.011 

P=0.003 

Table 5: Multivariate binary logistic regression analysis. -2LL=log-likelihood statistic; B= beta; OR = odds ratio; 95% C.I. = 95% 

confidence interval. 
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Threshold 

probability % 

False 

Positives 

NB PH all NB Model 1: 

PA/AAAX 

Delta NB Decrease in false positives 

(per 100 patients) without 

an increase in false 

negatives 

1 25 0.6677299 0.6677299 0.0000000 0 

2 24 0.6643394 0.6646079 0.0002685 1 

5 22 0.6537396 0.6558172 0.0020776 4 

10 19 0.6345029 0.6432749 0.0087720 8 

15 18 0.6130031 0.6160991 0.0030960 2 

20 18 0.5888158 0.5855263 -0.0032895 -1 

Threshold 

probability % 

 NB PH all NB Model 2: 

PA/AAAX + 

RV/LVAX 

Delta NB Decrease in false positives 

(per 100 patients) without 

an increase in false 

negatives 

1 18 0.6677299 0.6686603 0.0009304 9 

2 17 0.6643394 0.6664877 0.0021482 11 

5 13 0.6537396 0.6620499 0.0083102 16 

10 10 0.6345029 0.6564328 0.0219298 20 

15 9 0.6130031 0.6501548 0.0371517 21 

20 7 0.5888158 0.6480263 0.0592105 24 

Threshold 

probability % 

 NB PH all NB Model 3: 

PA/AAAX + 

RV/LV4CH 

Delta NB Decrease in false positives 

(per 100 patients) without 

an increase in false 

negatives 

1 16 0.6677299 0.6689261 0.0011962 12 

2 14 0.6643394 0.6672932 0.0029538 14 

5 10 0.6537396 0.6641274 0.0103878 20 

10 8 0.6345029 0.6593567 0.0248538 22 

15 6 0.6130031 0.6571207 0.0441176 25 

20 6 0.5888158 0.6513158 0.0625000 25 

 

Table 6: Net benefits(NB) of model 1, 2 and 3. The net benefit (NB) is calculated as: NB = (true positives / n) – ((false positives / n) 

x (Pt / (1-Pt)). Subsequently, the decrease in false positives per 100 patients without an increase in false negatives is calculated 

as: (NBmodel – NBall) x 100(Pt / 1-Pt). Pt = Threshold probability [21, 22]. 
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Cut-off value 

To find an optimal cut-off value for defining precapillary PH, we analyzed a range of cut-off values 

which are summarized in table 7. Since the weight assigned to false-negatives is larger than to false-

positives, we looked for a cut-off value with a high sensitivity and negative predictive value, in 

combination with a relatively high specificity. Therefore, we chose as an optimal cut-off value for the 

RV/LV- ratio: RV/LV ≥ 1.20. 

 

Prediction models Sensitivity(%) Specificity(%) PPV(%) NPV(%) 

     

Model 1:     

PA/AAAX ≥1 75 92 95 64 

     

Model 2:     

PA/AAAX ≥1 or RV/LVAX ≥1 100 48 80 100 

PA/AAAX ≥1 or RV/LVAX ≥1.10 100 68 86 100 

PA/AAAX ≥1 or RV/LVAX ≥1.15 98 76 89 95 

PA/AAAX ≥1 or RV/LVAX ≥1.20 94 80 91 87 

PA/AAAX ≥1 or RV/LVAX ≥1.30 94 84 92 88 

     

Model 3:     

PA/AAAX ≥1 or RV/LV4CH ≥1 100 40 77 100 

PA/AAAX ≥1 or RV/LV4CH ≥1.10 100 68 86 100 

PA/AAAX ≥1 or RV/LV4CH ≥1.15 98 76 89 95 

PA/AAAX ≥1 or RV/LV4CH ≥1.20 96 80 91 91 

PA/AAAX ≥1 or RV/LV4CH ≥1.30 94 84 92 88 

Table 7: Sensitivity, specificity, positive predictive values and negative predictive values. PPV=positive predictive value; 

NPV=negative predictive value. 

 

Discussion 

In this study we tested different prediction models for precapillary PH using CTPA. Using an 

extensive statistical approach to obtain the best prediction model, we were able to show that 

combining ventricular and pulmonary artery measurements (model 2 and 3) improved the predictive 

value of CTPA for precapillary PH.  
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Discussion 

In this study we tested different prediction models for precapillary PH using CTPA. Using an 

extensive statistical approach to obtain the best prediction model, we were able to show that 

combining ventricular and pulmonary artery measurements (model 2 and 3) improved the predictive 

value of CTPA for precapillary PH.  
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Earlier studies mainly focused on PA/AAAX to predict PH and showed that a PA/AAAX>1 has a 

sensitivity and specificity ranging from 58 to 87% and 73 to 95%, respectively [14, 15, 18-20]. This is 

in line with our results (PA/AAAX>1: sensitivity 75% and specificity 92%). 

Multivariable binary logistic regression analyses and the significantly higher AUCs of model 2 and 3 

compared to model 1, showed that there is a statistically significant improvement of the prediction 

model when ventricular and pulmonary artery measurements are combined. DCA confirmed the 

clinical relevance of this approach. Arguing that, missing the diagnosis is worse than performing 

unnecessary diagnostic tests, we assigned a higher weight to false negatives than to false positives 

and focused on a range of low threshold probabilities. We showed that, even at this range of low 

threshold probabilities, in comparison to model 1, models 2 and 3 allowed a decrease in number of 

false positives without an increase in the number of false negatives. As such, adding ventricular 

measurements to pulmonary artery measurements statistically improves the prediction model with 

clinical relevance. 

We are aware of only one other study investigating ventricular measurements on CTPA to predict 

PH. Chan et al measured the RV/LV ratio in the axial view and found that a RV/LV>1.28 predicted PH 

with a sensitivity of 85.7% and 86.1% [16]. There are no studies that used a combination of 

ventricular and pulmonary measurements to improve the predictive value of CTPA. 

Manual reconstructed 4CH-views for determining ventricular diameters on standard CTPA have not 

been previously used in radiological studies of PH. In studies of patients of acute PE, some 

investigators indicated that the RV/LV determined in the 4 chamber view provided superior 

prediction of subsequent adverse events than the same ratio measured in the axial view,  although 

other studies didn’t find any differences *18, 19, 23+. 

In this study, ROC analyses showed no significant difference between model 2 and 3 (p=0.266) and 

also the net benefits determined with DCA were almost equal in both models. Therefore, 

determination of the RV/LV ratio in the axial view seems preferable as it does not require a manual 

reconstruction of the image. 

We analyzed a range of cut-off values for the RV/LV ratio and did not use ROC analysis, as this 

method may not necessarily yield a clinically relevant cut-off value. To avoid missed diagnosis, the 

most suitable cut-off value for defining precapillary PH in this study was RV/LV ≥ 1.20 (model 2: 

sensitivity 94%, specificity 80%, PPV 91%, NPV 87%; model 3: sensitivity 96%, specificity 80%, PPV 

91%, NPV 91%).   
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Recognizing the signs of pulmonary hypertension on CTPA provides the radiologist with a tool to 

identify the disease timely. CTPA is often performed early in the diagnostic process of patients with 

unexplained dyspnea. Combining ventricular and pulmonary artery measurements decreases the 

chance that the diagnosis of precapillary PH is missed. When there is suspicion of precapillary PH, 

and a CTPA is made, we recommend radiologists to assess not only the diameters of the great 

vessels, but also of both ventricles. When the PA/AA-ratio is greater or equal to 1 or when the RV/LV 

is greater or equal to 1.20, further diagnostic tests, to confirm or rule out PH are required. As a next 

diagnostic step, we would recommend to perform an echocardiography. 

We want to emphasize, that CTPA measurements should not be used as a primary screening tool for 

precapillary PH. In isolation, CTPA measurements are not suitable to rule out or confirm the 

diagnosis of precapillary PH. 

The reason for including patients with idiopathic pulmonary arterial hypertension and chronic 

thromboembolic pulmonary hypertension in this analysis is that a timely diagnosis in these 

conditions can be lifesaving. Whether or not our results can be extrapolated to other forms of 

precapillary PH for which no treatment is currently available requires further investigations. In 

addition, we excluded patients with PH due to left sided systolic or diastolic heart failure (WHO 

group 2). That this may not be a major problem is suggested by the study of Chan et al. [16], in 

which mostly WHO group 2 PH patients were included and PA/AAAX and RV/LVAX, measured 

separately, were good predictors of PH. 

 

Study limitations 

First of all, baseline hemodynamic results suggested that all our PH patients were diagnosed in an 

advanced stage of their disease. We do not know whether our findings can be extrapolated to the 

earliest stages of the disease. Another limitation is that we performed a retrospective analysis. 

Preferably, a prospective analysis would be performed in a general population undergoing a CTPA 

for the evaluation of dyspnea. However, performing such a study would be very difficult regarding 

the low prevalence of precapillary PH.  

18 CTPA studies were performed on a 4-slice CT system. Theoretically, on a 4-slice CT system, not all 

slices depicting the heart are in the same phase of the cardiac cycle. However, since the slices 

depicting the maximum diameter of the RV and LV were mostly adjacent or very close to each other, 

we did no experienced this problem. 
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Conclusions 

The predictive value of CTPA for precapillary PH improves when ventricular and pulmonary artery 

measurements are combined. A PA/AAAX ≥ 1 or a RV/LVAX ≥ 1.20 needs further diagnostic evaluation 

to rule out or confirm the diagnosis. 
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Conclusions 

The predictive value of CTPA for precapillary PH improves when ventricular and pulmonary artery 

measurements are combined. A PA/AAAX ≥ 1 or a RV/LVAX ≥ 1.20 needs further diagnostic evaluation 

to rule out or confirm the diagnosis. 
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Abstract 

 

Introduction: This study sought to determine whether a simple score combining indexes of right 

ventricular (RV) function and right atrial (RA) size would offer good discrimination of outcome in 

patients with pulmonary arterial hypertension (PAH). Identifying a simple score of outcome could 

simplify risk stratification of patients with PAH and potentially lead to improved tailored monitoring 

or therapy. 

Methods: We recruited patients from both Stanford University (derivation cohort) and VU University 

Medical Center (validation cohort). The composite endpoint for the study was death or lung 

transplantation. A Cox proportional hazard with bootstrap CI adjustment model was used to 

determine independent correlates of death or transplantation. A predictive score was developed 

using the beta coefficients of the multivariable models. 

Results: For the derivation cohort (n=95), the majority of patients were female (79%), average age 

was 43±11 years, mean pulmonary arterial pressure was 54±14 mmHg, and pulmonary vascular 

resistance index was 25±12 WUxm2. Over an average follow-up of 5 years, the composite endpoint 

occurred in 34 patients, including 26 deaths and 8 patients requiring lung transplant. On 

multivariable analysis, RV systolic dysfunction grade (HR: 3.4 per grade; 95%CI: 2.0-7.8 p<0.001), 

severe RA enlargement (HR: 3.0 95%CI: 1.3-8.1 p=0.009), and systemic blood pressure <110 mmHg 

(HR: 3.3; 95% CI: 1.5 to 9.4; p < 0.001) were independently associated with outcome. A right heart 

(RH) score constructed on the basis of these 3 parameters compared favorably with the National 

Institutes of Health survival equation (AUC=0.88; 95%CI: 0.79-0.94 vs. AUC=0.60; 95%CI: 0.49-0.71 

p<0.001) but was not statistically different than the REVEAL (Registry to Evaluate Early and Long-

Term PAH Disease Management) score c-statistic of 0.80 (95%CI: 0.69-0.88) with p=0.097. In the 

validation cohort (n=87), the RH score remained the strongest independent correlate of outcome. 

Conclusions: In patients with prevalent PAH, a simple RH score may offer good discrimination of 

long-term outcome. 
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Introduction 

Pulmonary arterial hypertension (PAH) is a rare condition caused by the progressive narrowing of 

the small pulmonary arteries, leading to increased pulmonary vascular resistance and right-sided 

heart failure [1]. Despite advances in therapy, the mortality remains high, approaching 30% to 50% 

at 5 years in symptomatic patients [1, 2]. In recent years, right ventricular (RV) function has emerged 

as one of the strongest predictors of outcome in PAH [3]. Hemodynamic studies have highlighted the 

prognostic importance of elevated right atrial (RA) pressure and decreased cardiac output, whereas 

imaging studies have highlighted the importance of RV remodeling and systolic function [2, 4-6]. 

Moreover, recent scores, such as the REVEAL (Registry to Evaluate Early and Long-Term PAH Disease 

Management) score, have integrated several of the clinical and functional parameters [2].  

To date, only a few studies have investigated whether RA size or function has incremental value to 

RV function in predicting outcome in PAH. The importance of RA size in PAH was first suggested by 

Bustamente-Labarta et al. [7] in their series of 25 patients. In a larger study in patients with PAH 

(n=81), Raymond et al. [8] found that there was a trend for an independent association between RA 

area index (p=0.106) and the composite endpoint of death or transplantation. To our knowledge, no 

study has of yet also investigated the prognostic value of RA function measured by active and 

passive emptying fractions (RAEF) in PAH.  

For our study, we first hypothesized that measures of RA size or function would be independently 

associated with event-free survival in PAH. We further hypothesized that a simple score combining 

quantitative measures of right heart size or function would provide good discrimination of outcome 

in PAH. 
 

Methods 

Study design  

Our study included a derivation cohort at Stanford University, followed by a validation cohort at the 

VU University Medical Center. After ethics committee approval, consecutive adult patients followed 

at Stanford University between January 1999 and January 2009 with a confirmed diagnosis of 

idiopathic or drug and toxin PAH were considered for inclusion in the study. The diagnosis of PAH 

was on the basis of the standard definition of mean pulmonary arterial pressure ≥25mmHg and 

pulmonary artery wedge pressure ≤15mmHg [9]. We excluded patients for whom an 

echocardiogram was not available and patients with evidence of atrial fibrillation at baseline, left 
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heart failure, and significant parenchymal lung disease. Patients recruited at the VU University 

Medical Center had a diagnosis of idiopathic or familial PAH and underwent cardiac magnetic 

resonance (CMR) as part of a prospective study to evaluate the role of CMR in the management of 

PAH, for which medical ethical consent approval was obtained. 

The composite endpoint of the study was death or lung transplantation. Death was verified through 

the national Social Security Death Index and transplantation through chart review. Data collection 

included demographics, 6-min walking distance (6MWD), estimated glomerular filtration rate, N-

terminal pro–B-type natriuretic peptide (NTproBNP) levels, diffusion capacity of carbon monoxide, 

and hemodynamics. Renal function was estimated using the modified diet and renal equation [10]. 

For purposes of standardization, data were collected on the first outpatient visit after stabilization 

on disease-modifying medications (prostanoids, endothelin receptor blockers, or phosphodiesterase 

inhibitors). We chose this time point for 2 reasons. First, this time point corresponded to the same 

day patients completed echocardiography, 6MWD, and laboratory testing (metabolic panel and NT-

proBNP). In addition, the baseline right heart catheterization was often obtained within a 3- to 6-

month time frame of this visit. 

 

Echocardiography 

Digitized echocardiographic studies were analyzed by the Stanford Cardiovascular Institute 

biomarker and phenotypic core laboratory in accordance with published guidelines of the American 

Society of Echocardiography (ASE) [11]. All measures were averaged over 3 cycles, and RV or RA size 

measures were indexed to body surface area. RV end-diastolic and end-systolic areas, as well as RA 

size, were measured from the apical 4-chamber view (Figure 1). RV function was quantified using 

right ventricular fractional area change (RVFAC), tricuspid annular systolic excursion (TAPSE), and 

right ventricular myocardial performance index (RVMPI), as previously described [11-13]. RA size 

was measured at end-systole (RAmax), pre-atrial contraction (RApre-A), and end-diastole (RAmin) 

(Figure 2), and total, passive, and active RAEF were calculated as follows: 

 

RAEFtotal = (RAmax - RAmin) / RAmax 

 

RAEFpassive = (RAmax - RApre-A) / RAmax 

 

RAEFactive = (RApre-A - RAmin) / RApre-A  
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Figure 1: Representative Measures of Right Heart Size and Functional Parameters. A: Measures of right ventricular end-diastolic 

area (RVEDA). B: Measures of right ventricular end-systolic area (RVESA) and 2-dimensional tricuspid annular systolic excursion 

(TAPSE). C: Measures of tricuspid regurgitation (TR) duration. D: Measures of RV ejection time. RA = right atrial; RVET = right 

ventricular ejection time; RVFAC = right ventricular fractional area change; RVMPI = right ventricular myocardial performance 

index. 

 

Reference values for right heart remodeling and function 

RV systolic dysfunction was classified based on RVFAC as mild (25-35%), moderate (18-24%), or 

severe (≤17%) [11]. For indexed values of RA size and function, because no values are referenced in 

the ASE guidelines, we used 95% of the upper limit of 95 prospectively recruited age- and sex-

matched healthy controls on the basis of a 50-point questionnaire. Dimensions were categorized 

using similar thresholds as the left atrial volumes: mild increase (increase <18% of reference value) 

and severe increase (increase >40% of reference value). For indexed RA area and right ventricular 

end-diastolic area (RVEDA), the upper limit of normal was 11 cm2/m2 and for indexed right 

ventricular end-systolic area (RVESA), the upper limit was 7.5 cm2/m2.  
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Figure 2: Atrial Size and Emptying Fractions. The figure depicts the different concepts related to RA volumes and the related 

concepts of total, passive, and RA emptying fractions. EV = emptying volume; RAEF = right atrial emptying fractions; Vmax = 

maximal volume; Vmin = minimal volume; VpreA = pre-atrial contraction volume.  

 

CMR protocol in the validation cohort 

CMR was performed on a 1.5T Sonato scanner (Siemens Medical Solutions, Erlangen, Germany), 

equipped with a 6-element phased-array receiver coil. Short-axis images from base to apex of the 

ventricles were obtained with a typical slice thickness of 5mm, and an interslice gap of 5mm was 

used for estimation of ventricular volumes using the Simpson method, as previously described [14]. 

The thresholds chosen for the CMR categorical classification were pre-defined at the beginning of 

the study. We chose the threshold of 35% for moderate RVEF dysfunction similar to the previously 

established cutoff in the study of van de Veerdonk et al. [14].  

In addition, on the basis of a prior study from our group, we found that RVFAC of 25% corresponded 

best to an RVEF of 35% [15]. We used the same threshold for RA area for the echocardiographic and 

CMR studies. 
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Statistical analysis 

Continuous data are presented as mean ± SD if the Kolmogorov-Smirnov test showed a normal 

distribution; otherwise, data are presented as median ± interquartile range (IQR). Categorical 

variables are expressed as frequency and percentage. Comparisons between groups were 

performed using 2-sided Student t tests with adjustment for unequal variance as needed. For non-

normally distributed variables such as NT-pro-BNP level, transformation to the common logarithm 

was performed before analysis. Linear regression analysis was used to determine independent 

associations between hemodynamic and structural or functional right heart parameters. The 

association between clinical and echocardiographic parameters and outcome was analyzed using 

Cox proportional hazards models. The assumption of proportional hazards was assessed by plotting 

the scaled Schoenfeld residuals for each independent variable against time; these correlations were 

found to be nonsignificant for all variables included in the multivariable model. We used hierarchical 

modeling to determine factors independently associated with outcome and chose to include at 

maximum 1 covariate per 10 events to minimize overfitting of the model. We avoided including in 

the model variables that were collinearly related to each other. We used bootstrapping with 5000 

iterations to estimate hazard ratios and bias-corrected 95% confidence interval (CI) for the 

multivariable models. For building the predictive score, the smallest absolute beta coefficient was 

assigned a value of 0 and values for subsequent variables were assigned on the basis of multiples of 

their respective beta coefficients to the nearest 0.5 approximation for categories with significantly 

different beta coefficients [16]. The survival c-statistic was calculated to show the discriminatory 

ability of the models and was used to compare the predictive score with the validated REVEAL score 

and National Institutes of Health (NIH) survival equation. Intraobserver variability was assessed 

using the average difference in absolute measurement and the intraclass correlation coefficient 

(ICC). Statistical analysis was done using PASW statistical program (version 18.0, SPSS Inc., Chicago, 

Illinois). 

 

Results 

Study population  

Of 128 patients with idiopathic and drug- and toxin-associated PAH who were seen during the study 

period, 106 were enrolled in the prospective registry. Eleven patients were excluded from the study 

for the following reasons: unavailable echocardiogram (n=2), atrial fibrillation (n=1), lost to follow-

up (n=5), left heart failure (n=2), and restrictive lung disease (n=1).  
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Characteristics n=95 

Age (years) 43±11 

Women 75 (79%) 

White 84 (88%) 

Etiology of PAH  

    Idiopathic or familial 44 (46%) 

    Drugs and toxin (history of use) 51 (55%) 

Body mass index (kg/m2) 30±6 

Right heart catheterization  

    HR (BPM) 82±14 

    SBP (mmHg) 120±17 

    RAP (mmHg) 10±6 

    mPAP (mmHg) 54±14 

    PAWP (mmHg) 10±4 

    CI (L/min/m2) 2.0±0.6 

    PVRI (WUxm2) 25±12 

6MWD (m) 432±117 

DLCO (%) 75±23 

Comorbid conditions  

    CKD (eGFR <60ml/min/1.73m2) 22 (23%) 

    Hyponatremia (<136 mEq/l) 9 (9.5%) 

    Diabetes mellitus 3 (3%) 

    Systemic hypertension 4 (4%) 

Medication  

    Diuretics 48 (51%) 

    Prostanoid therapy 43 (45%) 

    PDE5I 31 (33%) 

    ERA 39 (41%) 

    Warfarin 59 (63%) 

Table 1: Values are mean ± SD or n (%). CI = cardiac index; CKD = chronic kidney disease; DLCO = diffusion of carbon monoxide; 

eGFR = estimated glomerular filtration rate; HR = heart rate, mPAP = mean pulmonary arterial pressure; PAH = pulmonary arterial 

hypertension; PAWP = pulmonary capillary wedge pressure; PVRI = pulmonary vascular resistance index; RAP = right atrial 

pressure; SBP = systolic blood pressure. 

 

Table 1 summarizes the characteristics of the study population. The average follow-up time for our 

study was 5.0±2.4 years. The mean pulmonary arterial pressure was 54±14mmHg, and the 
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pulmonary vascular resistance index (PVRI) score was 25±12 WUxm2. Forty-five percent of patients 

(n=43) were on prostanoid therapy, and 19% of patients (n=18) were on combination therapy. 

Figure 3 summarizes the relationship between RA size, RAEF, and RV function as assessed by RVFAC. 

Compared with healthy controls, patients with PAH had a greater degree of RA and RV enlargement 

and lower RAEF. In general, RA enlargement and impaired active RAEF were more common among 

patients with severe RV dysfunction (Figures 3B and 3D). 

 

 
Figure 3: Ventricular and Atrial Remodeling and Function in the Study Population. A: Box-and-whisker plot of indexed RA and RV 

areas of patients with pulmonary arterial hypertension (PAH) and healthy controls. B: Box-and-whisker plot of indexed RA area 

according to the pre-defined categories of right ventricular dysfunction (RVD). C: Box-and-whisker plot of total, active, and 

passive RAEF of patients with PAH and healthy controls. D: Bar graph with 95% confidence interval for mean value for active 

RAEF, stratified according to the pre-defined categories of RA size. In the box-and-whisker plots, the central box represents the 

values from the lower to upper quartile (25th to 75th percentile); the middle line represents the median; and the line extends 

from the minimum to the maximum value, excluding outlier values. RAE = right atrial enlargement; RVF = right ventricular 

function; other abbreviations as in Figures 1 and 2. 
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Characteristics n=95 

Age (years) 43±11 

Women 75 (79%) 

White 84 (88%) 

Etiology of PAH  

    Idiopathic or familial 44 (46%) 

    Drugs and toxin (history of use) 51 (55%) 

Body mass index (kg/m2) 30±6 

Right heart catheterization  

    HR (BPM) 82±14 

    SBP (mmHg) 120±17 

    RAP (mmHg) 10±6 

    mPAP (mmHg) 54±14 

    PAWP (mmHg) 10±4 

    CI (L/min/m2) 2.0±0.6 

    PVRI (WUxm2) 25±12 

6MWD (m) 432±117 

DLCO (%) 75±23 

Comorbid conditions  

    CKD (eGFR <60ml/min/1.73m2) 22 (23%) 

    Hyponatremia (<136 mEq/l) 9 (9.5%) 

    Diabetes mellitus 3 (3%) 

    Systemic hypertension 4 (4%) 

Medication  

    Diuretics 48 (51%) 

    Prostanoid therapy 43 (45%) 

    PDE5I 31 (33%) 

    ERA 39 (41%) 

    Warfarin 59 (63%) 

Table 1: Values are mean ± SD or n (%). CI = cardiac index; CKD = chronic kidney disease; DLCO = diffusion of carbon monoxide; 

eGFR = estimated glomerular filtration rate; HR = heart rate, mPAP = mean pulmonary arterial pressure; PAH = pulmonary arterial 

hypertension; PAWP = pulmonary capillary wedge pressure; PVRI = pulmonary vascular resistance index; RAP = right atrial 

pressure; SBP = systolic blood pressure. 

 

Table 1 summarizes the characteristics of the study population. The average follow-up time for our 

study was 5.0±2.4 years. The mean pulmonary arterial pressure was 54±14mmHg, and the 
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pulmonary vascular resistance index (PVRI) score was 25±12 WUxm2. Forty-five percent of patients 

(n=43) were on prostanoid therapy, and 19% of patients (n=18) were on combination therapy. 

Figure 3 summarizes the relationship between RA size, RAEF, and RV function as assessed by RVFAC. 

Compared with healthy controls, patients with PAH had a greater degree of RA and RV enlargement 

and lower RAEF. In general, RA enlargement and impaired active RAEF were more common among 

patients with severe RV dysfunction (Figures 3B and 3D). 

 

 
Figure 3: Ventricular and Atrial Remodeling and Function in the Study Population. A: Box-and-whisker plot of indexed RA and RV 

areas of patients with pulmonary arterial hypertension (PAH) and healthy controls. B: Box-and-whisker plot of indexed RA area 

according to the pre-defined categories of right ventricular dysfunction (RVD). C: Box-and-whisker plot of total, active, and 

passive RAEF of patients with PAH and healthy controls. D: Bar graph with 95% confidence interval for mean value for active 

RAEF, stratified according to the pre-defined categories of RA size. In the box-and-whisker plots, the central box represents the 

values from the lower to upper quartile (25th to 75th percentile); the middle line represents the median; and the line extends 

from the minimum to the maximum value, excluding outlier values. RAE = right atrial enlargement; RVF = right ventricular 

function; other abbreviations as in Figures 1 and 2. 
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Relationship between metrics of right heart function and hemodynamics 

The different parameters of right heart size and function are not independent of each other; their 

inter-relationship is important to consider before outcome models are built. As expected, there was 

also strong collinearity between parameters of RV function (R2=0.61 between RVFAC and TAPSE 

[p<0.001] and R2=0.51 between RVFAC and RVMPI [p<0.001]), as well as between RVEDA and RA 

area (R2=0.51; p<0.001). Table 2 summarizes factors independently associated with RVFAC, RA area 

index, active and passive RAEF, and log NT-proBNP levels. We favored including in the model factors 

that were not only correlates but also potential determinants. As covariates, factors considered 

included demographic factors (age and sex), load parameters (PVRI and right atrial pressure [RAP]), 

functional indexes (tricuspid regurgitation and TAPSE), or renal function for NT-proBNP. Among 

other associations, we found that pericardial effusion, which was present in 17 patients, was 

strongly related to both RAP and RA size (chi-square=22; p=0.01). Systolic blood pressure (SBP) was 

significantly correlated with cardiac output, as well as the use of intravenous prostanoids (R2=0.28; 

p<0.011; r=0.40 with cardiac output and r=-0.28 with prostanoids).  

 

 RVFAC RAI RAEFactive RAEFpassive Log NT-proBNP 

R2 0.32 0.61 0.41 0.27 0.59 

Correlates PVRI (r=-0.44) RAP (r=0.44) RAP (r=-0.27) Age (r=-0.35) RVFAC (r=-0.48) 

 Male (r=-0.30) TR (r=0.45) TAPSE (r=0.33) TAPSE (r=0.47) RAI (r=0.40) 

   Male (r=-0.27)  eGFR (r=-0.31) 

     Male (r=-0.24) 

Table 2: The multivariate models presented are all p < 0.001. PVRI is based on the most recent right heart catheterization. r 

corresponds to partial correlation coefficients. NT-proBNP = N-terminal pro–B-type natriuretic peptide; RAEF = right atrial 

emptying fractions; RAI = right atrial area index; RVFAC = right ventricular fractional area change; TAPSE = tricuspid annular 

systolic excursion; TR = tricuspid regurgitation; other abbreviations as in Table 1. 

 

Outcome analysis in the derivation cohort  

The composite endpoint occurred in 34 patients (36%), including 26 deaths and 8 lung transplants. 

Event-free survival at 1, 3, and 5 years was 95%, 89%, and 81%, respectively. The predicted NIH 

survival equation 1-, 3-, and 5-year survival estimates were 66%, 44%, and 33%, respectively, and 

the revised NIH prediction scores were 91%, 71%, and 63% [17]. Several parameters of right heart 

structure and function were strongly related to outcome on univariate analysis (Table 3).  
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 HR 95%CI P-value 

Clinical    

    Age, per 10 years 0.75 0.54-1.03 0.082 

    Male 1.90 0.90-4.03 0.094 

    DT vs. Idiopathic 0.94 0.47-1.85 0.84 

    NYHA functional class, III+IV vs I+II 2.67 1.34-5.32 0.005* 

    Walking distance, per 100m 0.73 0.55-0.96 0.026* 

    SBP, per 10mmHg 0.73 0.58-0.92 0.009* 

    HR, per 10 bpm 1.17 0.89-1.54 0.26 

    DLCO, per 10% 0.97 0.88-1.09 0.61 

Comorbidities    

    CKD 2.18 1.07-4.46 0.033* 

    Hyponatremia 1.80 0.69-4.68 0.23 

Log NT-proBNP 4.81 2.13-10.86 <0.001* 

RV parameters    

    RVEDAI, per 3cm2/m2 1.60 1.29-2.04 <0.001* 

    RVESAI, per 3cm2/m2 1.82 1.49-2.22 <0.001* 

    RVFAC, per 5% 0.52 0.41-0.67 <0.001* 

    TAPSE, per 0.3cm 0.61 0.46-0.82 0.001* 

    RVMPI, per 0.3U 2.06 1.16-3.69 0.015* 

Right atrial parameters    

    RAI, per 5 cm2/m2 1.81 1.44-2.28 <0.001* 

    RAEF active, per 5% 0.69 0.57-0.83 <0.001* 

    RAEF passive, per 5% 1.27 1.02-1.58 0.029 

Septal curvature    

    Diastolic EI, per 0.5U 1.84 1.19-2.87 0.007* 

    Systolic EI, per 0.5U 1.33 1.11-1.57 0.001* 

Tricuspid regurgitation  1.95 1.30-2.90 0.002* 

Hemodynamics    

    RAP, per 5mmHg 2.12 1.51-3.01 <0.001* 

    RVSP, per 10mmHg 1.14 0.91-1.43 0.25 

    RVSP/SBP, per 0.25 2.77 1.61-4.75 <0.001* 

    SVI, per 5ml/m2 0.82 0.70-0.97 0.019* 

    Cardiac index <1.8l/min/m2 2.22 1.09-4.50 0.025* 

    PVRI, per 10 WU x m2 1.41 1.02-1.96 0.039* 
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LV parameters    

    LVID, per 0.5cm 0.79 0.54-0.99 0.049* 

    LVEF, per 5% 0.72 0.60-0.88 0.001* 

Table 3: Univariable analysis of factors associated with the composite endpoint. *Statistically significant. DT = drug and toxin; EI = 

eccentricity index; LVID = left ventricular internal dimension; LVEF = left ventricular ejection fraction; NYHA = New York Heart 

Association; RVEDAI = right ventricular end-diastolic area index; RVESAI = right ventricular end-systolic area index; RVMPI = right 

ventricular myocardial performance index; RVSP = right ventricular systolic pressure; SVI = stroke volume index; other 

abbreviations as in Tables 1 and 2. 

 

 
Figure 4: C-statistics and Kaplan-Meier Curves for Selected Parameters of RV and RA Function. A: C-statistic between indexes of 

RV function. B: Five-year Kaplan-Meier curve of RV systolic dysfunction on the basis of RVFAC. C: C-statistic between RA indexes. 

(D) Five-year Kaplan-Meier curve and severe RA enlargement. *In A and C, the criterion value noted on the graph is the optimal 

criterion value corresponding with the Youden index J with equal weight given to sensitivity and specificity. aRAEF = active right 

atrial emptying fractions; pRAEF = passive right atrial emptying fractions; RAI = right atrial area index; other abbreviations as in 

figures 1, 2, and 3. 
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The strongest relationships were found with RVEDA index, RVESA index, RVFAC, TAPSE, RA size, 

active RAEF, and log NT-proBNP levels. In addition, New York Heart Association (NYHA) functional 

class, resting SBP, kidney function, low cardiac index on right heart catheterization, and PVRI were 

associated with outcome. Figure 4 presents the c-statistic of the RV and RA parameters, as well as 

their Kaplan-Meier survival curves from RVFAC and RA index categories. With the area-length 

method, volumetric measures of RA size or RAEF were not associated with significantly different c-

statistics (p=0.79 and p=0.87, respectively). To minimize overfitting the multivariable Cox 

proportional hazards model, we only included 4 variables in the initial analysis (i.e., RVFAC, RA index, 

resting SBP, and NYHA functional class III and IV vs. I and II). The choice of variables was based on 

the following rationale: 1) RVFAC was more strongly associated with outcome than other RV 

functional parameters and was not collinearly related to RA size in contrast to RVEDA or RVESA; 2) 

RA size was more reproducible than active RAEF in our study population; 3) SBP was not collinearly 

related to RVFAC—in contrast, there was a moderate relationship between RV systolic pressure or 

relative RV systolic pressure and RVFAC (r=0.45; p < 0.001 and r=0.48; p<0.001); and 4) NYHA 

functional class was related to outcome in many previous studies. On multivariable analysis, RVFAC, 

RA size, and SBP were strongly and independently associated with outcome, as shown in Table 4 

(both in continuous and categorical analyses). In the subgroup of patients for whom NT-proBNP 

level was available (n=79), NT-proBNP level was not retained in the multivariable model.  

 

 HR 95%CI p-value 

Multivariable model – continuous    

    RVFAC, per 5% 0.6 0.4-0.7 <0.001 

    RAI, per 5cm2/m2 1.4 1.1-2.8 0.021 

    SBP, per 10mmHg 0.7 0.5-0.9 0.007 

Multivariable model – categorical    

    RV systolic dysfuncti on per grade* 3.4 2.0-7.75 <0.001 

    Severe RAE, >16cm2/m2 3.0 1.3-8.1 0.009 

    SBP <110mmHg 3.3 1.5-9.4 0.002 

RH score (categorial)    

    RH score, per grade 3.2 2.3-5.4 <0.001 

Table 4: Independent Correlates of the Composite Endpoint in the Derivation Cohort. *RV dysfunction was classified into normal 

(no dysfunction), mild, or moderate to severe according to the American Society of Echocardiography criteria. Model was 

adjusted for age and sex. RAE = right atrial enlargement; RH = right heart; other abbreviations as in Tables 1 and 2. 
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Right heart score and other validated scores 

A right heart score was built on the basis of the beta coefficients of the multivariable model, 

assigning a baseline value of 1 and additional points for each category of risk (Table 5). The right 

heart score had a c-statistic of 0.88 (95%CI: 0.79-0.94), the REVEAL score had a c-statistic of 0.80 

(95%CI: 0.69-0.88), and the NIH survival equation had a c-statistic of 0.60 (95%CI: 0.49-0.71). With 

the DeLong method, both the right heart score and the REVEAL score had significantly higher c-

statistics than the NIH survival equation (p<0.001 and p=0.013, respectively). There was no statistical 

difference between the right heart score and the REVEAL score in the cohort (p=0.097). Figure 5 

illustrates the Kaplan-Meier survival curves associated with the right heart score, as well as its 

relationship with other scores. 

 

Baseline value 1 

RV function  

    Normal 0 

    Mild 1 

    Moderate to severe 2 

RA size  

    Less than severe RAE 0 

    Severe RAE 1 

SBP  

    SBP >110mmHg 0 

    SBP <110mmHg 1 

RH score 1-5 

Table 5: Example of RH Score and Point Allocation. RV dysfunction was classified into normal (no dysfunction), mild, or moderate 

to severe according to the American Society of Echocardiography criteria. 

 

Validation cohort 

The validation cohort included 87 patients with idiopathic or familial PAH followed at VU Medical 

Center between 2001 and 2012. The average age was 47.8±16.0 years, the majority of patients were 

female (75%), baseline PVR was 11.2±5 Wood units, and baseline 6MWD was 407±127 m. All 

patients were on disease-modifying therapy, the average time between CMR and diagnosis was 

1.5±1.5 years, and the average follow-up time was 4.2±3.2 years. The composite endpoint occurred 

in 29 patients, including 23 deaths and 6 lung transplants. On univariate analysis, the strongest 
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correlates of outcome included right ventricular ejection fraction (RVEF) (chi-square=12; p<0.001), 

RA index (chi-square=11; p<0.001), RV end-systolic volume index (chi-square=9; p<0.001), right 

heart score (chi-square=14; p<0.001), and more weakly 6MWD (chi-square=5; p=0.03). On 

multivariable analysis, right heart score (HR: 1.9 per grade; 95%CI: 1.4-2.6) and age (HR: 1.3 per 

grade; 95%CI: 0.98-1.69) were the only 2 variables independently associated with outcome, with chi-

square=19 (p<0.001).  

 

 
Figure 5: Right Heart Score in Relation to the REVEAL and NIH Scores. A: Five-year Kaplan-Meier curve on the basis of the right 

heart score. B: C-statistic between the right heart score and the REVEAL (Registry to Evaluate Early and Long-Term PAH Disease 

Management) score and 5-year predicted National Institutes of Health (NIH) survival. C: Strong relationship between the right 

heart score and the REVEAL score, with 95% CI for the mean value. (D) Strong relationship between the right heart score and the 

NIH score, with 95% confidence interval for the mean value. 

 

The c-statistic for the right heart score in the validation cohort (0.76; IQR: 0.66-0.84) was 

significantly different from the c-statistic for the NIH survival equation (0.59; IQR: 0.48-0.70; 
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p=0.030). Because NT-proBNP levels and the percentage-predicted diffusion capacity of carbon 

monoxide were not systematically available, the derived REVEAL score could not be calculated in the 

majority of patients at the time of follow-up. 

 

Intervariability of echocardiographic measures 

For RVFAC, the average difference in absolute measurement was 2.1±1.6%, with an ICC of 0.84; for 

TAPSE, the average difference in absolute measurement was 0.1±0.1cm, with an ICC of 0.93; and for 

RVMPI, the average difference in absolute measurement was 0.09±0.11, with an ICC of 0.85. The 

ICCs for maximal, minimal, and pre-atrial systole RA volumes were 0.95, 0.97, and 0.87, respectively. 

The ICC was 0.89 for total RAEF, 0.72 for active RAEF, and 0.84 for passive RAEF. 

 

Discussion 

Our study is the first to demonstrate that a simple score combining measures of RV systolic function, 

RA size, and SBP offered a good discrimination of outcome in patients with established PAH. 

Consistent with other studies, the results of our study highlighted that the quantitative metrics of 

right heart remodeling or function may simplify the risk stratification of patients with PAH [3, 18]. 

The REVEAL score and the NIH survival equation represent the 2 most validated survival scores in 

PAH [2, 5]. The NIH registry score relies on hemodynamic parameters, whereas the REVEAL registry 

score incorporates clinical, functional, and imaging parameters. Although our sample size was small, 

confidence in our results is provided by the fact that the right heart score correlated well with 

established outcome scores, the findings were validated in an independent cohort, and the results 

were consistent using different imaging modalities. In a recent publication, in a large series of 

patients with PAH, Fine et al. [18] showed that RV global longitudinal strain (RVGLS), log NT-proBNP 

levels, and NYHA functional class were independent correlates of clinical deterioration in patients 

with PAH. Consistent with the study of Fine et al. [18], our study also highlighted the importance of 

right heart function. In contrast, NYHA functional class and log NT-proBNP levels did not emerge as 

independent correlates of outcome due to their strong relationship with RV function and RA size; 

alternatively, our study may have been underpowered to assess their incremental value. In the 

REVEAL registry score, qualitative assessment of RV function was considered but did not emerge in 

the multivariate model; one can theorize, although not yet proven, that this may reflect the inter-

laboratory variability in assessing RV function and the multiple grades of dysfunction considered (5 

classes). With echocardiography, different metrics of RV systolic function have been considered, 
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including RVFAC, TAPSE, RVMPI, and more recently RVGLS [3, 12, 13, 18]. In our study, RVFAC 

emerged as a stronger correlate of outcome than either TAPSE or RVMPI. In a recent study, we 

showed that RVFAC was more closely related to RVEF than TAPSE [19]. Moreover, we showed that 

an RVFAC of 25%corresponded best to an RVEF of 35%, a commonly chosen threshold for moderate 

RV dysfunction in CMR imaging studies of patients with PAH [14, 15]. In comparison to RVFAC, 

TAPSE has the advantage of reproducibility but does not take into account the radial component of 

RV contraction [20]. Although RVMPI combines information of both systolic and diastolic function, in 

different studies it has not appeared to carry stronger prognostic value than RVFAC, TAPSE, or 

RVGLS [18, 21]. Although not yet proven, this may be in part due to pseudo-normalization of RVMPI 

values, which can occur in patients with severe dysfunction. As shown in the recent study of Fine et 

al. [18], RVGLS emerged as the best metric of RV function compared with RVFAC and TAPSE in PAH; 

ongoing studies are currently validating the findings in independent cohorts. One of the most 

important contributions of our study was to prove the independent contribution to RA size [22]. In 

fact, in contrast to studies on atrial remodeling in left heart failure, there have been a limited 

number of studies addressing atrial remodeling or atrial function in PAH [7, 8, 23]. Bustamante-

Labarta et al. [7] were the first to suggest an association between RA size and outcome in 25 

patients with PAH. In the study of Raymond et al. [8], in 81 patients with NYHA functional class III or 

IV PAH, there was a trend for an independent association between RA area indexed to height and 

the composite endpoint of death or transplantation (p=0.106). In the recent study of Kane et al. [23], 

severe RA enlargement assessed qualitatively were also predictive of survival when corrected for 

age, sex, and functional class. Mechanistically, RA size is strongly associated with RAP, and tricuspid 

regurgitation severity can therefore provide important information on adverse ventricular 

remodeling. However, further studies are needed to provide better normative indexed thresholds of 

RA size. In addition to changes in RA remodeling, we showed that RA function was significantly 

impaired in patients with PAH. Although the change affected both passive and atrial components of 

atrial function, better prognostic information was provided by active atrial emptying. The 

association between active RAEF and RAP, as well as TAPSE, is not surprising because RAP may be an 

indirect metric of RA afterload and TAPSE may limit the extent of active RAEF as the atria cannot 

contract if the ventricle has a limited annular excursion. As a marker of outcome, active RAEF has 

the potential disadvantage of lower reproducibility compared with maximal RA size; in addition it is 

more collinearly related with metrics of RV systolic function, which may limit its incremental value in 

multivariate models. Conversely, RA size was more related to RV end-systolic dimensions, which 
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may limit their incremental values if considered together as covariates. The sex differences related 

to active RAEF will require further study and validation. The association that we found between SBP 

and outcome was consistent with the findings of the REVEAL registry and may reflect lower cardiac 

output or the use of prostanoid therapy. Our study has 3 main clinical implications. First, a simple 

right heart score can be useful for stratified randomization strategies in phase II clinical trials 

because matching based only on NYHA functional class may not capture the complexity of the 

disease process and all variables from the REVEAL registry may not be available. Second, a simple 

right heart score can serve as a “benchmark” against which the incremental value of novel 

biomarkers can be assessed. Third, empirically patients with higher scores could be monitored more 

closely clinically because they are at higher risk of clinical deterioration. However, it is important to 

mention that our study was not designed to provide a comparison with well-validated scores, such 

as the REVEAL registry score, and should by no means be considered interchangeable. Our study 

does however suggest, as did the study of Fine et al. [18], that quantitative assessment of right heart 

function and remodeling may simplify risk assessment in patients with PAH.  

 

Study limitations 

The small sample size limited the number of variables that we could consider in the multivariable 

model. The strong relationship with the REVEAL registry and NIH survival equation, however, 

brought indirect external validation to our findings, as did the validation cohort. Second, we did not 

include more complex imaging modalities, such as strain imaging, in our study. Finally, it is important 

to emphasize that our study focused on prevalent cases of patients with PAH, rather than incident 

treatmentnaive patients. 

 

Conclusions 

In this study, we showed that in patients with idiopathic, familial, or drug- and toxin-associated PAH, 

a simple right heart score combining indexes of right heart remodeling and function could predict 

longterm outcome. If further validated, this simple score may significantly improve the evaluation of 

novel biomarkers and help guide stratified randomization in clinical trials.  
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may limit their incremental values if considered together as covariates. The sex differences related 
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and outcome was consistent with the findings of the REVEAL registry and may reflect lower cardiac 
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Abstract 

 

Irrespective of its cause, pulmonary hypertension (PH) leads to an increase in pulmonary vascular 

resistance. Failing adaption of the right ventricle (RV) to the increased afterload is the main cause of 

death in PH patients and therefore monitoring RV function during treatment is essential. However, 

consensus on the optimal method for serial assessment of RV function is lacking and therefore the 

major clinical trials on PH specific therapies have not provided clear answers with respect to the 

response of the RV to treatment. This short review will give an overview of the most important load-

dependent and load-independent parameters to assess RV response to therapy in PH patients. 
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Introduction 

Pulmonary hypertension (PH) is a hemodynamic condition caused by a variety of underlying 

etiologies leading to a progressive increase in pulmonary vascular resistance (PVR) and pulmonary 

artery pressure (PAP). The diagnosis of PH is based on a right heart catheterization (RHC) showing a 

mean PAP (mPAP) > 25 mmHg. Coping of the RV to increases in afterload is through mechanisms of 

hypertrophy and dilatation and is essential in determining patient outcome: RV failure is the main 

cause of death in PH [1]. Established predictors of long-term outcome in PAH all represent RV 

function in one way or another: cardiac output (CO), mixed venous oxygen saturation, right atrial 

pressure, NT-proBNP, NYHA functional class and exercise capacity [2]. When performed at baseline 

or after initiation of treatment, cardiac imaging by means of echocardiography (ECHO) and cardiac 

magnetic resonance imaging (cMRI) provides additional prognostic information [3]. The mechanisms 

of RV adaptation to increases in load are not fully understood and have only recently become an 

important research topic. The importance of the RV, ‘the forgotten chamber’ in PH, was long 

unrecognized and very few investigators studied RV responses to PH therapy [4]. The possibility to  

treat the RV directly – i.e. not by decreasing afterload- was addressed in a few preclinical studies [5, 

6], but never in PH patients. While there is an urgent need to study the RV response to PH therapy, 

there is no universally accepted consensus on the optimal method of assessing RV function and 

structure [2]. This short review will give an overview of, in our opinion, the most suitable functional 

parameters to assess the RV response to therapy in PH patients.  
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Introduction 
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or (in)direct Fick method, and also using (Doppler) ECHO or cMRI. It has been shown that changes in 

SV track RV responses to therapy [11, 12]. In PAH patients, an increased SV is achieved with 

intravenous infusion of epoprostenol [13, 14] and with oral treatment with Bosentan [15]. Not only 

is SV a sensitive parameter to measure RV responses, it has been shown that a change in SV of 10ml 

during follow-up should be considered clinically relevant [16]. An increase in CO in PAH patients has 

been shown with Ambrisentan, Bosentan, Sildenafil and Epoprostenol [14, 17-20]. In all these 

studies, improvements in SV and CO may have come about due to a reduction in afterload, an 

improvement in intrinsic RV function, or both.  

 

RV parameters Modalities 

Load-dependent  

Stroke volume RHC, cMRI, Doppler-ECHO 

Right ventricular ejection fraction cMRI, 3D-ECHO 

Cardiac output RHC, cMRI, 3D-ECHO 

Longitudinal shortening 2D-ECHO, cMRI 

Transverse shortening 2D-ECHO, cMRI 

Eccentricity index 2D-ECHO, cMRI 

Right ventricular mass cMRI 

Tei Doppler-ECHO 

Strain 2D-ECHO, cMRI 

Load-independent  

Ees 

 

RHC (favorably combined with cMRI or 3D-ECHO for 

assessment of EDV and ESV) 

Ea 

 

RHC (favorably combined with cMRI or 3D-ECHO for 

assessment of EDV and ESV) 

Ees/Ea RHC 

Table 1: Overview of modalities to assess different RV parameters. RHC = right heart catheterization; cMRI = cardiac magnetic 

resonance imaging; ECHO = echocardiography; EDV = end-diastolic volume; ESV = end-systolic volume 

 

Cardiac Imaging by magnetic resonance and echocardiography 

Imaging by means of cMRI or ECHO has the major advantage of being non-invasive. The 

disadvantage of imaging, however, is that the obtained functional information is load-dependent 
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while the load itself is not assessed. Despite the prognostic value of baseline imaging, cMRI and 

ECHO parameters were never used as end-points in the major clinical trials evaluating the effects of 

PH specific treatment. Imaging-related evaluation of the RV response to therapy has rather been 

part of descriptive cohort studies [1]. Right ventricular ejection fraction (RVEF) is considered as one 

of the most important load-dependent measures of RV function. Improvement of the RVEF to PH 

therapy was described with Ambrisentan treatment [19] and with the combination of Bosentan and 

Sildenafil [21]. A change in RVEF during treatment predicts long-term outcome in PAH patients [7, 

12]. 

RVEF is calculated as 100% x the difference between end-diastolic volume (EDV) and end-systolic 

volume (ESV), divided by EDV, or 100% x (EDV-ESV)/EDV. cMRI is considered as the golden standard 

for assessment of RV volumes, which has led to growing interest in its use in the evaluation of PH 

patients. With cMRI high resolution 3D images allow accurate assessment of RV volumes despite the 

complex anatomy of the RV. The most essential drawbacks of cMRI are the relative expensiveness, 

limited availability, incompatibility with metallic devices like cardiac pacemakers and defibrillators 

and it is not suitable for bedside analysis. 3D-ECHO is a promising technique for the measurement of 

cardiac volumes. With 3D-ECHO there is no need to make the mathematical assumptions which are 

necessary with 2D-ECHO. ECHO is widely available, is relatively inexpensive and can be used for 

bedside analysis. In a recent meta-analysis, 23 comparative studies on RV volume assessment using 

3D-ECHO and cMRI were analyzed and it was concluded that 3D-ECHO underestimates RV volumes. 

Important for application in PH patients, underestimation of RV volumes and RVEF was greater in 

dilated RV’s [22-24]. The most important reason for underestimation of RV volumes by ECHO is 

blurring of the images due to the distance between the transducer and the RV border. The blurred 

area can become incorporated into the measurement of the RV wall, which leads to an 

underestimation of RV volumes. Furthermore, suboptimal coverage of the RV outflow tract and a 

low temporal resolution may contribute to underestimation of the EDV and overestimation of the 

ESV by 3D-ECHO [22-27]. Inter-observer variability is also higher for 3D-ECHO in comparison to cMRI 

[25-27]. However, with improvements in temporal and spatial resolution, 3D-ECHO may become an 

accurate and readily available substitute for cMRI. 

The complex anatomy of the RV complicates the assessment of RV volumes and, hence, RVEF. 

Because automatic contour detection is very difficult, assessing volumes is time-consuming. In an 

attempt to save analysis time, RV function has been described using one-dimensional 

measurements. Longitudinal shortening of the RV can be assessed by M-Mode ECHO determining 
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the Tricuspid Annular Plane Systolic Excursion (TAPSE). TAPSE describes the absolute longitudinal 

movement of the lateral tricuspid annulus towards the apex and is a widely applied measure of RV 

function. TAPSE can also be measured with cMRI. Although the complex geometry of the RV makes 

measurements of RV function using uni-dimensional measurements difficult, TAPSE shows a 

reasonably good correlation with RVEF [28, 29]. When measured at baseline, TAPSE has important 

prognostic value and the measurement is also sensitive to changes in RV function during follow-up 

[30, 31]. However, because longitudinal shortening reaches a floor level during progressive RV 

failure, a determination of transverse shortening is preferred when RV function is monitored in end-

stage PH [32].  

Flattening or even shifting of the inter ventricular septum from right to left is frequently seen in PH 

and is due to a delay in the time to peak shortening of the RV compared to the LV [33]. A frequently 

applied method to quantify bowing of the inter ventricular septum is the eccentricity index (EI), 

which can be obtained with ECHO and cMRI. EI is measured in a short-axis view of the LV cavity at 

end-systole or end-diastole and is defined as the ratio of the LV diameter parallel to the inter 

ventricular septum and the LV diameter perpendicular to the inter ventricular septum. Normally the 

EI is around 1 and EI increases with bowing of the inter ventricular septum. It has been shown that 

Bosentan treatment decreased the end-systolic EI in PAH patients [17, 18, 20]. Improvement of 

diastolic EI was seen in PAH patients who received Sildenafil in addition to prostanoids [34]. 

An important aspect in the pathogenesis of PH is hypertrophy of the RV wall. With cMRI it is possible 

to obtain RV mass as well as LV mass including trabeculae. The increase in RV mass due to the 

increase in afterload is believed to have a protective effect on the RV since it reduces wall stress 

following the law of Laplace. Wilkins et al compared the adding of Sildenafil or Bosentan to first line 

monotherapy and found a reduction of RV mass when Sildenafil was added, but not Bosentan [20]. A 

reduction of RV mass with Sildenafil has also been described in other studies [21, 35] and has been 

suggested to be related to intrinsic effects on the heart, in addition to vasodilating effects [9]. No 

change in RV mass was decribed with Ambrisentan [19].  

The myocardial performance index, also known as the Tei index, describes global RV function and 

integrates systolic and diastolic function. The Tei index is measured by the ratio of isovolumic time 

intervals (isovolumic relaxation time plus isovolumic contraction time) and the ejection time, so that 

a deterioration of RV function results in an increase in Tei index. Tei index can be assessed with 

Doppler-ECHO without the need of making geometric assumptions. It has been shown that in PAH 

patients, Tei index decreases with Bosentan [17, 18, 36, 37] and with intravenous epoprostenol 

Chapter 4 
 

65 
 

treatment [38]. A final emerging technique to describe RV function is the measurement of 

myocardial deformation or strain. This method allows a global and regional assessment of RV 

function and can be assessed with 2D Speckle-tracking ECHO and tagged cMRI. Strain measurements 

were only applied in a few studies in PH [39]. Using 2D speckle tracking ECHO it was shown that in 

PH, RV free wall longitudinal peak systolic strain is decreased, correlates with RVEF and contains 

prognostic value [40, 41]. In addition, strain and strain rates can improve after initiation of PH 

therapy or after pulmonary endarterectomy in chronic thromboembolic pulmonary hypertension 

[42, 43]. 

In our opinion, volumetric RV measurements are the most suitable load-dependent parameters to 

measure RV responses to therapy. Baseline SV and RVEF and the change of SV and RVEF during 

treatment are strong predictors of mortality and can track RV response to treatment [7, 11].  

 

Load-independent parameters 

When load-dependent parameters are used, one cannot distinguish cardiac-specific effects of 

treatment from indirect effects on RV function. Several methods are available to describe load-

independent RV function and the pressure-volume relationship is most commonly used and is 

readily available. It is well established that combined volume and pressure measurements provide a 

load-independent assessment of RV function. A load-independent measure of RV contractility is the 

end-sytolic elastance (Ees) described by the slope of the line connecting multiple end-systolic points, 

the end systolic pressure volume relation (ESPVR) [44]. In order to derive the ESPVR and to calculate 

Ees, multiple end-systolic points are required. To obtain multiple pressure-volume loops, it is 

necessary to briefly change preload conditions, for example by partial occlusion of the caval vein. 

Because this is considered dangerous in PH patients, attempts have been made to simplify the 

measurement of the Ees. A sufficient way to obtain a second point, in order to calculate the slope of 

the ESPVR, is the single beat method. This method uses a RV pressure curve of an ejecting beat to 

extrapolate the pressure curve of an isovolumic beat in order to obtain the maximum isovolumic 

pressure (Pmax). Pmax can be used as a second point to measure the ESPVR and subsequently Ees 

[45]. Since the end-systolic ventricular pressure almost equals the mPAP [46], Ees can be derived 

from the equation Ees = (mPAP-Pmax) / SV (Figure 1). 
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Figure 1: Pressure-volume loop. Pes = end-systolic pressure; mPAP = mean pulmonary artery pressure; Pmax = maximal 

isovolumic pressure; ESPVR = end-systolic pressure volume relationship; Ees = RV contractility; Ea = pulmonary vascular 

resistance; SV = stroke volume. Adapted from [6]. 

 

From the pressure-volume relationship it is also possible to derive the resistance of the pulmonary 

vascular system. The slope of the line connecting the end-systolic and end-diastolic point, the Ea 

(mPAP/SV), is a measure of pulmonary vascular resistance and therefore a measure of afterload on 

the RV (figure 1). Coupling of the RV to its load (RV-A coupling) is calculated as Ees/Ea (Figure 1), and 

this ratio is believed to reflect cardiac efficiency [44]. 
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Pre-clinical studies have shown that in PH as compared to controls RV contractility, or Ees, is 

increased and that RV-A coupling is decreased [6, 47, 48]. β-Adrenergic receptor blockade increases 

contractility and partially restores Ees/Ea in rats with PH induced by monocrotaline (MCT) [6]. 

Sildenafil improved RV contractility in rats with mechanical RV pressure overload due to pulmonary 

artery banding [49]. Similar contractility improving effects of Sildenafil were also suggested in 

another study on MCT rats using a Langendorf preparation [9]. With the same experimental set-up, 

this group also showed a decrease in RV contractility in MCT rats after Bosentan treatment [8].  

Despite the preclinical evidence of direct cardiac effects of pulmonary vasodilators, RV contractility 

and RV-A coupling were never assessed in clinical trials in PAH patients. In contrast to the cited 

experimental studies, a recent meta-analysis using pump-function graph analyses, suggested that 

PAH therapies have little or no cardiac specific effects on top of their vasodilating effects [4]. This 

may not be true for some of the newer drugs, including growth factor receptor inhibitors.  

 

RV function during exercise 

During exercise the cardiovascular system is pushed to its upper limits.  Holverda et al [50] showed 

that exercising iPAH patients show no increase in SV and even a decrease in RVEF. This implies that 

RV failure becomes more manifest during exercise. Although assessing load-dependent parameters 

of RV function during exercise is challenging, its interest is rising [51]. Load-independent 

measurements of RV function can also be assessed during exercise using an exercise protocol during 

RHC [52]. Future studies will have to reveal if RV functional parameters obtained during exercise 

could be more sensitive to assess RV responses to therapy. 

 

Conclusions 

Today, after two decades of treating PH patients with pulmonary vasodilators, a thorough 

understanding of RV responses to therapy is still lacking. Given the importance of RV function in 

patient outcome, future studies on new PH therapies should include a comprehensive 

determination of load-dependent and load-independent effects of treatment on the RV. Serial 

assessment of RV structure and function should include a combination of RV parameters and should 

at least include volumetric parameters. PH therapies specifically targeting the RV, e.g. treatment 

with β-adrenergic receptor blockers, should use load-independent parameters to determine cardiac-

specific effects of therapy. 
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Abstract 

 

Introduction: Although cardiac magnetic resonance imaging (CMRI) is the gold standard for the 

(serial) assessment of right ventricular (RV) function, the technique has several drawbacks: CMRI is 

relatively expensive, has limited availability and the analyses are time consuming. Echocardiography 

(echo) can overcome several of these issues. The aim of this study was to compare simple echo-

derived parameters of RV systolic function with CMRI-derived RV ejection fraction (RVEF) in patients 

with precapillary pulmonary hypertension (PH) and to determine which echo parameters best 

followed the change in CMRI-derived-RVEF during follow-up.  

Methods: CMRI and echo were performed in 96 precapillary PH patients. In 38 patients a second set 

of a CMRI and echo were available. Retrospectively, echo-derived right ventricular fractional area 

change (RVFAC), tricuspid annulus plane systolic excursion (TAPSE), fractional transversal (FTWM) 

and longitudinal wall motion (FLWM) were assessed and compared with CMRI-derived-RVEF. 

Furthermore, the changes in RVFAC, TAPSE, FTWM and FLWM during follow-up were compared with 

the change in CMRI-derived-RVEF. 

Results: All four echo parameters were significantly correlated to CMRI-derived-RVEF. The strongest 

relationship was seen between CMRI-derived-RVEF and RVFAC (r2=0.567). However, sensitivity for 

predicting a deterioration in CMRI-derived RVEF was poor for all four echo-derived parameters 

(ranging from 33-56%).  

Conclusions: Although RVFAC, TAPSE, FTWM and FLWN were significantly correlated to CMRI-

derived-RVEF, all four echo parameters showed a low sensitivity for predicting a deterioration in 

CMRI-derived RVEF during follow-up. Therefore, RVFAC, TAPSE, FTWM and FLWN are not suitable 

parameters for the serial assessment of RV systolic function in patients with precapillary PH. 
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Introduction 

Precapillary pulmonary hypertension (PH) is a progressive condition affecting the small pulmonary 

arteries, that increases the load on the right ventricle (RV). Survival in patients with precapillary PH 

is strongly related to RV systolic function [1-5] and several studies have shown the strong prognostic 

value of RV ejection fraction (RVEF) [3, 5]. Therefore, it is of utmost importance to monitor RV 

systolic function during the follow-up of patients with precapillary PH [3, 4, 6].  

Although CMRI-derived-RVEF is the gold standard for the (serial) assessment of RV systolic function, 

it has several drawbacks: CMRI is relatively expensive, has limited availability and is incompatible 

with metallic devices [7]. Furthermore, for assessing RVEF it is necessary to manually trace the 

endocardial border on the complete stack of short-axis slices making determination of RVEF time-

consuming. Therefore, using CMRI-derived-RVEF for the assessment of RV systolic function is not 

always the most practical option during daily practice.  

In contrast to CMRI, echocardiography (echo) is inexpensive, readily available and can be applied at 

the bedside. Several simple and rapidly quantifiable echo-derived parameters of RV systolic function 

are available [8] and provide important prognostic information in precapillary PH [9, 10]. Two recent 

studies compared two echo-derived parameters of RV systolic function, RVFAC and tricuspid annulus 

plane systolic excursion (TAPSE) in precapillary PH patients with CMRI-derived-RVEF [11, 12]. 

However, these studies were performed in small cohorts and showed conflicting results. More 

importantly, it is unknown whether simple echo-derived parameter of RV systolic function can 

follow the change in CMRI-derived-RVEF during follow-up and hence can be used for the serial 

assessment of RV function in patients with precapillary PH.  

The aim of this study was to compare simple echo-derived parameters of RV systolic function with 

CMRI-derived-RVEF in a large cohort of precapillary PH patients and to investigate whether echo-

derived parameters of RV systolic function were able to follow the changes in CMRI-derived-RVEF 

during follow-up. 

 

Methods 

Study population 

Retrospectively, precapillary PH patients that underwent an echo and CMRI in the VU University 

Medical Center between April 2010 and August 2014 were included. Available data was 

prospectively completed with precapillary patients that underwent an echo and CMRI within one 
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day between September 2014 and March 2015. In total 96 precapillary PH patients could be 

included, 31 treatment naïve and 65 patients under specific PH treatment (table 1). Precapillary PH 

was defined as a mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg and pulmonary arterial 

wedge pressure (PAWP) ≤ 15 mmHg at rest assessed during a right heart catheterization (RHC) 

performed according to current ERS/ESC guidelines [13].  

Of the 96 patients with precapillary PH, 38 patients had a second complete set at of an echo and 

CMRI at follow-up. These data were used to compare the change in echo-derived parameters of RV 

function with the change in CMRI-derived-RVEF.  

This study was approved by The Medical Ethics Review Committee of the VU University Medical 

Center. Since the study did not fall within the scope of the Medical Research Involving Human 

Subjects Act (WMO), the study was permitted without requirement of an informed consent 

statement. 

 

Echocardiography 

Echocardiography was performed on a PHILIPS Sparq Ultrasound System with a S4-2 Ultrasound 

Probe. Measurements were done according to current guidelines *14+. Echo’s were performed by 

echo technicians of the echocardiography laboratory of the department of Cardiology of the VU 

University Medical Center. Post-processing analyses were retrospectively performed of all echo-data 

by one observer (MCDP). A second observer (OAS) analysed 15 echo-studies to determine 

interobserver variability.  

 

Right ventricular fractional area change (RVFAC) 

RVFAC was obtained from an apical four-chamber view by tracing the right ventricular endocardial 

border at end-diastole and end-systole. End-systole was defined as the smallest RV area. RVFAC was 

calculated as: 

 

                                                                       

 

Tricuspid annulus plane systolic excursion (TAPSE) 

TAPSE was determined from an apical four-chamber view with a M-mode cursor through the lateral 

tricuspid annulus. 
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Figure 1: Assessment of the relative longitudinal and transverse wall motion. A = end-diastole; B = end-systole. The relative 

longitudinal wall motion was assessed by measuring the distance between the annulus of the tricuspid valve and the apex at end-

diastole and end-systole. The relative transversal wall motion was assessed at 50% and perpendicular to the longitudinal distance 

at end-diastole and end-systole. 

 

Fractional longitudinal wall motion (FLWM) and fractional transverse wall motion (FTWM) 

FLWM and FTWM were not previously studied by echo, but showed reasonable correlations with 

RVEF in a recent CMRI study [15]. FLWM was determined from an apical four-chamber view by 

measuring the distance between the tricuspid annulus and apex at end-diastole and end-systole 

(figure 1). FLWM was than calculated as: 

 

                                                                                                                         

 

FTWM was determined from an apical four-chamber view. First a line was drawn from the tricuspid 

annulus to the apex. Halfway through and perpendicular to this line, the transverse distance 

between the RV endocardium and interventricular septum was drawn at end-diastole and end-

systole (figure 1). Subsequently, FTWM was calculated as: 
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Cardiac magnetic resonance imaging (CMRI) 

All CMRI scans were performed on a Siemens 1.5T Sonato or Avanto scanner (Siemens Medical 

Solutions, Erlangen, Germany). Image acquisition and post-processing was performed as described 

elsewhere [3]. Short-axis images were analyzed using the MASS software package (MEDIS Medical 

Imaging Systems, Leiden, the Netherlands). Endocardial borders of the RV were manually traced on 

end-diastolic images (defined as the first cine after the R-wave trigger) and on end-systolic images 

(defined as the cine with visually the smallest cavity). Trabeculae as well as papillary muscles were 

excluded from the cavity and RV end-diastolic and end-systolic volumes were assessed using the 

Simpson rule. RVEF was calculated as: 

 

                                                                                     

 

Statistical analysis 

Normal distribution of the data was checked and presented as mean ± SD, unless stated otherwise. 

Simple linear regression was performed to test the relation between CMRI-derived-RVEF and echo-

derived parameters of RV systolic function. Receiver operating characteristic (ROC) analyses were 

used to test which echo parameter best predicted a RVEF<35% or ≥35% *3+. The areas under the 

curves (AUCs) of the different parameters were tested using the DeLong-method.  

Intra-observer and inter-observer variability of all four echo parameters were assessed in 15 

patients and tested using Bland and Altman analysis and intraclass correlation coefficients. Intra-

observer and inter-observer variability was also assessed of CMRI-derived RVEF in 10 patients using 

Bland Altman analysis. For echo and CMRI intra- and interobserver variability measurements the 

moment of end-systole was independently chosen [16].  

The comparison between the change in echo-derived parameters of RV systolic function and the 

change in CMRI-derived-RVEF during follow-up was firstly analysed by simple linear regression. 

Subsequently, sensitivity, specificity, negative predictive values (NPV) and positive predictive values 

(PPV) of the ability of the four echo-parameters to predict a deterioration in RV function were 

analysed. A decrease of >3% in CMRI-derived-RVEF was considered as deterioration in RV function 
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[16]. SDs of the bias of the interobserver variability of the different echo parameters were used as a 

cut-off value to define an echo-based deterioration in RV function. Statistical analyses were 

performed using SPSS version 20 for Windows (IBM Corp. Armonk, NY, USA), GraphPad Prism 

version 6.0 (Graphpad Software, Inc. San Diego, CA, USA) and Stata version 12 (Stata Corp. Stata 

Statistical Software: release 12. College Station, TX, USA). A p-value < 0.05 was considered 

statistically significant.  

 

Results 

Clinical, hemodynamic and cardiac characteristics are summarized in table 1 and 2.  

 

Clinical characteristics  

    Age (yr) 53 ± 16 

    Sex (M:F) (n) 27 : 69 

    BMI 25 ± 4.6 

    BSA 1.83 ± 0.2 

    NYHA functional class I/II/III/IV (n) 10/56/22/8 

    6MWD (m) 412 ± 147 

    Pro-BNP (ng/L) 1730 ± 2824 

Diagnosis (n)  

    Pulmonary arterial hypertension (PAH) (WHO group I) 75 

           Idiopathic/heritable PAH 54 

           Associated with connective tissue disease 13 

           Associated with congenital heart disease 7 

           Pulmonary veno-occlusive disease 1 

    CTEPH (WHO group IV) 17 

    PH with unclear and/or multifactorial mechanism (WHO group V) 4 

Treatment (n)    

    Treatment naive 31 

    Monotherapy (ERA or PDE5I) 18 

    Calcium channel blockers  2 

    Dual combination therapy 35 

    ERA+PDE5I 26 

    ERA + prostacyclin 3 

    PDE5I + prostacyclin  6 
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    Triple combination therapy (ERA + PDE5I + prostacyclin) 8 

    Post-PTE  2 

Hemodynamic characteristics  

    Heart rate (beats/min) 78 ± 14 

    Mean pulmonary artery pressure (mmHg) 48 ± 15 

    Pulmonary arterial wedge pressure (mmHg) 10 ± 3 

    Mean right atrial pressure (mmHg) 9 ± 6 

    Pulmonary vascular resistance (dyn.s/cm5) 607 ± 398 

    Cardiac output (l/min) 5,6 ± 1,9 

    Mixed venous O2 saturation (%) 65 ± 11 

Table 1: Clinical characteristics, treatment and hemodynamics. M = males; F = females; BMI = Body Mass Index; BSA = Body 

Surface Area; NYHA = New York Heart Association functional class; 6MWD = six minute walk distance; CTEPH = Chronic 

Thromboembolic Pulmonary Hypertension; ERA = Endothelin Receptor Antagonists; PDE5I = Phosphodiesterase-5 Inhibitors. 

 

Parameters Mean ± SD 

CMRI-RVEF (%) 41.4 ± 15.2 

Fractional area change (%) 35.8 ± 11.4 

Tricuspid annular plane systolic excursion (mm) 18.8 ± 4 

Longitudinal movements   

        Tricuspid annulus-apex ED (mm) 92.4 ± 13.7 

        Tricuspid annulus-apex ES (mm) 75.8 ± 12.4 

        Tricuspid annulus-apex distance (mm) 11.8 ± 9.5 

        Fractional longitudinal wall motion (%) 17.6 ± 6.8 

Transverse movements   

        Septum to free wall ED (mm) 41.2 ± 11.1 

        Septum to free wall ES (mm) 30.9 ± 11 

        Septum to free wall distance (mm) 8.6 ± 6 

        Fractional transverse wall motion (%) 23.7 ± 11.1 

Table 2: Right ventricular function. CMRI-RVEF = Right Ventricle Ejection Fraction derived from cardiac magnetic resonance 

imaging; RVFAC = right ventricular fractional area change; TAPSE = tricuspid annular plane systolic excursion; ED = end-diastole; 

ES = end-systole. 

 

In the cohort of 96 patients, mean time between CMRI and echo was 2±2 days. CMRI-derived-RVEF 

correlated significantly to all echo parameters (figure 2). The strongest relation was seen between 

CMRI-derived-RVEF and RVFAC (r2=0.567, P<0.001), while weaker correlations exist between RVEF 
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and fractional transverse wall motion (r2=0.296), TAPSE (r2=0.235) and fractional longitudinal wall 

motion (r2=0.184) (figure 2).  

 

 
Figure 2: Relation between CMRI-derived-RVEF and echo parameters. RVEF = Right Ventricle Ejection Fraction; RVFAC = Right 

ventricular fractional area change; TAPSE = tricuspid annular plane systolic excursion; FLWM = fractional longitudinal wall motion. 

FTWM = fractional transverse wall motion. 

 

As depicted in figure 3, RVFAC (AUC=0.90) was superior in detecting a RVEF<35% compared to 

TAPSE (AUC=0.80), FLWM (AUC=0.82) and FTWM (AUC=0.81). Comparison of AUCs of the different 

parameters showed a trend towards significance in favour of the AUC of RVFAC compared to the 

AUCs of TAPSE (p=0.069), FLMW (p=0.095) and FTWM (p=0.054). 

 

Intra- and interobserver variability of all four echo-parameters are depicted in table 3 and figure A 

and B in the online supplement. Intraobserver variability and interobserver variability were best for 

TAPSE (ICC=0.97 and ICC=0.92). 
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Figure 3: ROC analysis of echo parameters for predicting RVEF <35% or ≥35%. FAC = (right ventricular) fractional area change. 

TAPSE = tricuspid annulus plane systolic excursion. FLWM = fractional longitudinal wall motion. FTWM = fractional transverse 

wall motion. 

 

Parameters Intraobserver Interobserver 

 ICC Bias SD of bias ICC Bias SD of bias 

RVFAC (%) 0.90 0.38 4.89 0.80 -1.08 5.39 

TAPSE (mm) 0.97 -0.20 1.08 0.92 0.60 1.68 

FLWN (%) 0.96 0.16 2.16 0.80 -0.93 4.59 

FTWN (%) 0.78 -4.07 6.60 0.73 0.03 8.20 

Table 3: Caption: Intra- and interobserver variability. ICC = intraclass correlation coefficient; SD = standard deviation; RVFAC = 

right ventricular fractional area change; TAPSE = tricuspid annulus plane systolic exercursion; FLWN: fractional longitudinal  wall 

motion; FTWN = fractional transversal wall motion. 
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Characteristics of the 38 patients with a second set of a CMRI and echo are summarized in the online 

supplement (table A). The median (IQR) time between the first measurements and the second 

measurements was 192 (129-570) days. The time between the second CMRI and second echo was 

2±6 days. The change in CMRI-derived-RVEF was significantly related to the change in all four echo 

parameters (figure 4), with the strongest relation found between the change in CMRI-derived-RVEF 

and the change in RVFAC (r2=0.349 p<0.001).  

 

 
Figure 4: Relation between the change in CMRI-derived-RVEF and the change in echo parameters. The dotted lines represents the 

SD of the repeatability of CMRI-based-RVEF (ref: Bradlow) and the SD of interobserver variability of the four different echo-

parameters.  RVEF = right ventricular ejection fraction; RVFAC = right ventricular fractional area change. TAPSE = tricuspid 

annulus plane systolic excursion. FLWM = fractional longitudinal wall motion. FTWM = fractional transverse wall motion. 

 

The sensitivity, specificity, NPV and PPV are summarized in table 4. Sensitivity of echo for predicting 

a deterioration in RV systolic function was poor for all four parameters, with the highest sensitivity 

for RVFAC (56%). 
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Figure 3: ROC analysis of echo parameters for predicting RVEF <35% or ≥35%. FAC = (right ventricular) fractional area change. 

TAPSE = tricuspid annulus plane systolic excursion. FLWM = fractional longitudinal wall motion. FTWM = fractional transverse 

wall motion. 

 

Parameters Intraobserver Interobserver 

 ICC Bias SD of bias ICC Bias SD of bias 

RVFAC (%) 0.90 0.38 4.89 0.80 -1.08 5.39 

TAPSE (mm) 0.97 -0.20 1.08 0.92 0.60 1.68 

FLWN (%) 0.96 0.16 2.16 0.80 -0.93 4.59 

FTWN (%) 0.78 -4.07 6.60 0.73 0.03 8.20 

Table 3: Caption: Intra- and interobserver variability. ICC = intraclass correlation coefficient; SD = standard deviation; RVFAC = 

right ventricular fractional area change; TAPSE = tricuspid annulus plane systolic exercursion; FLWN: fractional longitudinal  wall 

motion; FTWN = fractional transversal wall motion. 
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Parameters Sensitivity (%) Specificity (%) NPV (%) PPV (%) 

ΔRVFAC (cut-off: <-5%) 56 79 85 55 

ΔTAPSE (cut-off: <-2mm) 33 83 80 63 

ΔFLWN (cut-off: <-5%) 33 83 80 63 

ΔFTWN (cut-off: <-8%) 44 86 83 50 

Table 4: Sensitivity, specificity, NPV and PPV for four echo-parameters for predicting a deterioration in RV function (defined as a 

decrease in RVEF >3% measured with CMRI (Ref: Bradlow et al.). Cut-off points of the four echo-parameters are based on the SD 

of the interobserver variability (table 3). RVFAC = right ventricular fractional area change; TAPSE = tricuspid annulus plane systolic 

excursion; FLWN: fractional longitudinal wall motion; FTWN = fractional transversal wall motion; NPV = negative predictive value; 

PPV = positive predictive value. 

 

Discussion 

We investigated in the largest cohort of patients with precapillary PH thus far, the relation between 

several simple echo-derived parameters of RV systolic function and CMRI-derived-RVEF (gold 

standard). Additionally, we studied whether echo-derived parameters of RV systolic function were 

able to detect a deterioration in RV systolic function during follow-up. We found that RVFAC best 

correlated with CMRI-derived-RVEF, however none of the four investigated echo-derived 

parameters were able to sensitively detect changes in CMRI-derived RVEF during follow-up. 

 

Relation between echo parameters and CMRI-derived-RVEF 

In two relatively small cohorts of PH patients, the relation was assessed between echo-derived 

parameters of RV systolic function and CMRI-derived-RVEF. These studies showed conflicting results. 

Sato et al. [11] compared CMRI-derived-RVEF with echo-derived RVFAC and TAPSE and found that 

RVEF was better related to TAPSE (r2=0.71) than to RVFAC (r2=0.23). Recently, Shiran and coworkers 

[12], found a stronger relation between RVEF and RVFAC (r2=0.76) compared to TAPSE (r2=0.64). 

These inconsistent findings prompted us to investigate the comparison between echo-derived 

parameters of RV systolic function and CMRI-derived RVEF in a large cohort of PH patients. Our 

results are in line with those of Shiran et al. [12] with a stronger relation between CMRI-derived-

RVEF and echo-derived RVFAC (r2=0.57) compared to TAPSE (r2=0.24). Furthermore, RVFAC could 

best distinguish between a RVEF<35% and RVEF>35%. Kind et al. [15] compared 2D-CMRI-derived RV 

parameters with CMRI-derived-RVEF in a large cohort of PH patients and also found the best 

correlation between RVFAC and RVEF. Given the complex geometry of the RV cavity, it is not 
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unexpected that the more of the geometry of the RV is taken into account within a 2D 

measurement, the better it correlates to a 3D function parameter.  

In addition, we assessed RV systolic function by the fractional transverse and longitudinal wall 

motion from the four-chamber view. The fractional transverse wall motion correlated better with 

CMRI-derived-RVEF compared to TAPSE and fractional longitudinal wall motion. This finding is in line 

with Kind et al. [15] comparing 2D-CMRI-derived parameters with CMRI-derived-RVEF. It has been 

shown that during deterioration of RV function in PH patients, the decrease in longitudinal wall 

motion is reaching a floor effect, while this does not apply to the decrease in transverse wall motion 

[6]. This could explain why fractional transverse wall motion better correlated to RVEF compared to 

fractional longitudinal wall motion.    

 

Ability of echo to predict a deterioration in CMRI-derived-RVEF 

Since monitoring RV function during follow-up of PH patients is of utmost importance, we assessed 

which echo-derived parameter of RV systolic function best followed the change in CMRI-derived-

RVEF over time. The strongest correlation was found between the change in RVFAC and RVEF 

(r2=0.349). Based on repeatability studies, a decrease in CMRI-derived-RVEF>3% is accepted as a real 

decrease in RV function [3, 16]. Since, as far as we know, no repeatability studies have been 

performed for TAPSE and RVFAC, echo-based cut-off values for a deterioration in RV function were 

based on the interobserver variability. All four echo parameters showed a poor sensitivity for 

detecting a deterioration in RV function. This suggests that echo-derived RVFAC, TAPSE, FTWM and 

FLWM may not be suitable parameters for the serial assessment of RV function in the follow-up of 

patients with precapillary PH.  

We investigated four simple and rapidly assessable parameters of RV systolic function. Echo-derived 

parameters of RV systolic function, in particular RVFAC, could reasonably distinguish between a 

decreased or preserved CMRI-derived-RVEF. However, all four investigated echo-derived parameters 

of RV systolic function were insufficiently sensitive for detecting a deterioration in RV systolic 

function during follow-up. Therefore, CMRI remains the gold standard for the serial assessment of 

RV systolic function.  

The number of patients that we used for measuring the ability of echo-derived parameters to follow 

the change in CMRI-derived RVEF is relatively low. This can have affected the positive and negative 

predictive values of the different echo-derived parameters. 
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Conclusions 

Although RVFAC, TAPSE, FTWM and FLWM were significantly related to CMRI-derived-RVEF, all four 

echo-derived parameters of RV systolic function showed a low sensitivity for predicting a 

deterioration in CMRI-derived RVEF during follow-up. Therefore, RVFAC, TAPSE, FTWM and FLWN 

are not suitable for the serial assessment of RV systolic function in patients with precapillary PH.  
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Supplementary material 

 

 
Figure A: Intra-observer analyses. Dotted lines represent the mean and 95%CI. A = intra-observer variability of RVFAC; B = intra-

observer variability of TAPSE; C = intra-observer variability of FLWM; D= intra-observer variability of FTWM. RVFAC = right 

ventricular fractional area change. TAPSE = tricuspid annulus plane systolic excursion. FLWM = fractional longitudinal wall 

motion. FTWM = fractional transverse wall motion. 
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Figure B: Inter-observer analyses. Dotted lines represent the mean and 95%CI. A = inter-observer variability of RVFAC; B = inter-

observer variability of TAPSE; C = inter-observer variability of FLWM; D= inter-observer variability of FTWM. RVFAC = right 

ventricular fractional area change. TAPSE = tricuspid annulus plane systolic excursion. FLWM = fractional longitudinal wall 

motion. FTWM = fractional transverse wall motion. 

 

 
Figure C: Intra- and inter-observer analyses of RVEF. Dotted lines represent the mean and 95%CI. RVEF = right ventricular ejection 

fraction. 
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Figure C: Intra- and inter-observer analyses of RVEF. Dotted lines represent the mean and 95%CI. RVEF = right ventricular ejection 

fraction. 
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Clinical characteristics  

    Age (yr) 46 ± 15 

    Sex (M:F) (n) 4 : 34 

Diagnosis (n)  

    Pulmonary arterial hypertension (PAH) (WHO group I) 36 

            Idiopathic/heritable PAH 24 

           Associated with connective tissue disease 6 

           Associated with congenital heart disease 5 

           Pulmonary veno-occlusive disease 1 

    CTEPH (WHO group IV) 2 

Hemodynamic characteristics  

    Heart rate (beats/min) 79 ± 18 

    Mean pulmonary artery pressure (mmHg) 50 ± 19 

    Pulmonary arterial wedge pressure (mmHg) 8 ± 3 

    Mean right atrial pressure (mmHg) 7 ± 4 

    Pulmonary vascular resistance (dyn.s/cm5) 714 ± 415 

    Cardiac output (l/min) 5.4 ± 1.7 

    Mixed venous O2 saturation (%) 65 ± 14 

Table A: Characteristics of patients with two complete sets of a CMR and echo. Summarized characteristics are from the moment 

of the first measurement. M = males; F = females; WHO = World Health Organization clinical classification system; CTEPH = 

Chronic Thromboembolic Pulmonary Hypertension. 
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Abstract 

 

Introduction: Patients with idiopathic pulmonary arterial hypertension (IPAH) and a reduced 

diffusion capacity of the lung for carbon monoxide (DLCO) have a worse survival compared to IPAH 

patients with a preserved DLCO. Whether this poor survival can be explained by unresponsiveness to 

pulmonary hypertension (PH) specific vasodilatory therapy is unknown. Therefore, the aim of this 

study was to evaluate the hemodynamic and cardiac response to PH specific vasodilatory therapy in 

patients with IPAH and a reduced DLCO. 

Methods: Retrospectively, we studied treatment naïve hereditary- and IPAH patients diagnosed 

between January 1990 and May 2015 at the VU University Medical Center. After exclusion of 

subjects without available baseline DLCO measurement or right heart catheterization data and 

subjects carrying a BMPR2 mutation, 166 subjects could be included in this study. Subsequently, 

hemodynamics, cardiac function, exercise capacity and oxygenation at baseline and after PH-specific 

vasodilatory therapy were compared between IPAH patients with a preserved DLCO (DLCO>62%), 

IPAH patients with an moderately reduced DLCO (DLCO 43-62%) and a severely reduced DLCO 

(DLCO<43%). 

Results: Baseline hemodynamics and right ventricular function were not different between groups. 

Baseline oxygenation was worse in patients with IPAH and a severely reduced DLCO. Hemodynamics 

and cardiac function improved in all groups after PH specific vasodilatory therapy without worsening 

of oxygenation at rest or during exercise.  

Conclusions: Patients with IPAH and a severely reduced DLCO show a similar response to PH-specific 

vasodilatory therapy in terms of hemodynamics, cardiac function and exercise capacity as patients 

with IPAH and an moderately reduced or  preserved DLCO. 
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Introduction 

Patients with pulmonary hypertension tend to have a mildly reduced pulmonary diffusion capacity 

for carbon monoxide (DLCO) compared to healthy subjects [1]. A severely reduced DLCO is most 

often seen in pulmonary hypertension related to connective tissue disease, lung parenchymal 

disease or in pulmonary veno-occlusive disease, but also in a subset of patients with idiopathic 

pulmonary arterial hypertension (IPAH) without signs of these underlying conditions [2-5]. Recent 

studies revealed that IPAH patients with a low DLCO have a worse survival [6]. Although it is yet 

unknown what causes this difference in survival, it has been argued that compared to other IPAH 

patients, IPAH patients with a severely reduced DLCO may have a distinct type of pulmonary 

vasculopathy that is less responsive to PAH-specific therapy [7,8]. Therefore, the aim of this study 

was to compare the response to pulmonary arterial hypertension specific vasodilatory therapy in 

terms of hemodynamics, cardiac function, exercise capacity and oxygenation  between IPAH 

patients with different degrees of DLCO impairment. 

 

Methods 

We studied retrospectively treatment naïve hereditary- and IPAH patients who were diagnosed 

between January 1990 and May 2015 at the VU University Medical Center. Part of this cohort was 

described in the study of Trip et al. [5]. A diagnosis of hereditary- and IPAH was established by a 

multidisciplinary PH team, after rigorous clinical evaluation according to the ERS/ESC guideline [9]. 

Subjects without available baseline DLCO measurement, with severe emphysema or pulmonary 

fibrosis on HRCT [5] were excluded from this study. Furthermore, to avoid clouding of the results, 

patients carrying a BMPR2 mutation were excluded from this study as recent studies showed the 

reduced life-expectancy but preserved DLCO status in these subjects [4, 10]. In total 166 patients 

were included in this study (figure 1). The cohort was divided into three groups using tertiles, 

leading to one group with a severely reduced DLCO (<43%), one group with a moderately reduced 

DLCO (43%-62%) and one group with a preserved DLCO (>62%). 

 

Right heart catheterization 

Hemodynamics and RV pressure curve recordings were assessed with a balloon-tipped, flow 

directed 7.5F triple lumen Swan-Ganz catheter (Edwards Lifesciences LLC, Irvine, CA, USA). Cardiac 

output measurements were performed using thermodilution or the direct Fick method.   
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Figure 1: Flow chart. PAH = pulmonary arterial hypertension; RHC = right heart catheterization. 

 

Cardiac function and volumes 

RV function and volumes were assessed using cardiac magnetic resonance imaging  (CMRI). All scans 

were performed on a Siemens 1.5T Sonata or Avanto scanner (Siemens Medical Solutions, Erlangen, 

Germany). Image acquisition and post-processing was done as described previously [11]. Left and RV 

volumes were indexed to body surface area (BSA). Stroke volume (SV) and ejection fraction (EF) 

were calculated according to the following formulas, in which EDV= end-diastolic volume and ESV = 

end-systolic volume: SV = EDV-ESV and EF = (EDV-ESV)/EDV.  

 

Six-minute walking test (6 MWT) 

6MWTs were performed according to the ATS guidelines [12, 13]. The distance walked (in meters) 

and the arterial oxygen saturation at rest and during exercise were measured at baseline and during 

follow-up. 
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Treatment response 

Treatment responses were assessed by the baseline-to-follow-up responses in hemodynamics, 

cardiac function and 6MWD. Time between baseline and follow-up was 1.9 ± 1.6 years in the 

DLCO<43% group, 1.6 ± 1.2 years in the DLCO 43-62% group and 2.1 ± 2.2 years in the DLCO>62% 

group (p=0.860). 

 

Statistical analysis 

Data are presented as mean ± standard deviation (SD) unless stated otherwise. Comparisons of 

baseline hemodynamics, cardiac function and the change in hemodynamic and cardiac function 

after PAH-specific therapies between the DLCO<43%, DLCO 43-62% and the DLCO>62% group were 

performed using one-way ANOVA with Bonferroni post-hoc corrections and Kruskas-Wallis tests 

with Dunn’s multiple comparisons post-hoc test as appropriate. Kaplan-Meier analyses were 

performed to test for survival differences between the DLCO<43%, DLCO 43-62% and the DLCO>62%  

groups in the entire cohort and the cohort in which a MRI at follow-up was present. Kaplan-meier 

analysis was also performed to test for survival differences between the subjects with and without a 

CMRI at follow-up in the DLCO<43% group. Subsequently, multivariable cox regression analyses 

were performed to correct the association between DLCO and survival for age differences. Statistical 

analyses were performed using SPSS for Windows version 20 (IBM Corp., Armonk, NY, USA) and 

GraphPad Prism for Windows version 6 (GraphPad Software, Inc., San Diego, CA, USA). P-values 

<0.05 were considered statistically significant. 

 

Results 

Characteristics of the DLCO<43%, DLCO 43-62% and DLCO>62% patients are summarized in table 1. 

A detailed characterization of the majority of patients was already given in our previous study [5]. 

 

Baseline measurements 

SvO2, LVEDVI and LVESVI were significantly lower in the DLCO<42% group compared to the 

DLCO>62% group. Except from these, baseline hemodynamics and cardiac function were not 

different between groups. Exercise capacity, assessed by the 6MWT, was significantly lower in the 

DLCO<42% group compared to the moderately reduced and preserved DLCO group, as well as the 

arterial oxygen tension and saturation at rest. Furthermore, the DLCO<42% group showed a larger 

drop in arterial oxygen saturation during exercise (Table 1). 
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 DLCO<43% DLCO 43-62% DLCO>62% p-value 

Age at diagnosis (yrs) 65±13 53±18* 48±14# <0.0001 

Male (%) 58 18 27 <0.0001 

6MWT     

    6MWD (m) 286±136 366±119* 416±134# <0.0001 

    6MWD (% predicted) 56±23 70±19* 71±23# <0.01 

    SaO2-rest (%) 91±4 94±3* 95±2# <0.0001 

    SaO2-exercise (%) 79±7 89±6* 89±6# <0.0001 

    ΔSaO2 (%) -11 (-16—6) -4 (-8 –2)* -5 (-10—2)# <0.0001 

Laboratory tests     

    NT-proBNP (ng∙L) 1004 (304-2487) 802 (194-2888) 555 (156-1887) 0.45 

    PCO2 (mmHg) 30±6 33±7 33±6 0.19 

    PO2 (mmHg) 61±15 68±11 72±13# <0.05 

    SaO2 (%) 91±5 94±3* 94±3# <0.01 

Baseline hemodynamics     

    HR (beats/min) 80±17 78±15 80±13 0.84 

    mPAP (mmHg) 48±12 51±14 52±15 0.33 

    mRAP (mmHg) 7 (4-9) 7 (4-11) 8 (5-11) 0.67 

    PAWP (mmHg) 10±3 9±4 8±4 0.27 

    PVR (dynes·s·cm-5) 706 (540-1000) 858 (476-1041) 569 (441-961) 0.56 

    CI (l/min/m²) 2.3±0.7 2.5±1.0 2.7±0.9 0.18 

    SvO2  (%) 61±9 63±9 67±9# <0.01 

Baseline cardiac function      

    LV EDVI (ml/m²) 40±10 41±11 48±13# <0.05 

    LV ESVI (ml/m²) 15±6 14±6 18±7† <0.05 

    LV EF (%) 63±10 66±10 62±10 0.21 

    RV EDVI (ml/m²) 76±27 76±17 88±21 0.06 

    RV ESVI (ml/m²) 54±26 50±18 59±23 0.31 

    RV EF (%) 33±12 36±12 35±12 0.67 

Table 1: Baseline characteristics. 6MWD = six minute walking distance; SaO2 = arterial oxygen saturation; HR = heart rate; mPAP 

= mean pulmonary arterial pressure; mRAP = mean right atrial pressure; PAWP = pulmonary arterial wedge pressure; PVR = 

pulmonary vascular resistance; CI = cardiac index; SvO2 = mixed venous oxygen saturation; LVEDVI = left ventricular end-diastolic 

volume index; LVESVI = left ventricular end-systolic volume index; LVEF = left ventricular ejection fraction; RVEDVI = right 

ventricular end-diastolic volume index; RVESVI = right ventricular end-systolic volume index; RVEF = right ventricular ejection 

fraction. *DLCO<43% significantly different compared to DLCO 43-62%, #DLCO<43% significantly different compared to 

DLCO>62%, †DLCO 43-62% significantly different compared to DLCO>62%. 
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Treatment response 

As can be appreciated from Table 2, the DLCO<42% group received more double-therapy, more 

prostacyclin monotherapy and less endothelin receptor antagonist or phosphodiesterase type 5 

inhibitor mono therapy. Interestingly, a significantly higher percentage of patients switched from 

monotherapy to combination therapy in the severely reduced DLCO group (table 3). 

 

  DLCO <43% DLCO 43-62% DLCO>62% p-value 

Mono ERA/PDE5i (%) 26.7 41.9 52.8 <0.001 

Mono PGI2 (%) 26.7 7.0 11.1 <0.001 

Double: ERA+PDE5i (%) 40.0 37.2 22.2 <0.05 

Double: PGI2 +ERA/PDE5i (%) 5.7 2.3 0 <0.05 

Triple (%) 0 2.3 8.3 <0.01 

Calcium antagonist (%) 0 9.3 5.6 <0.01 

Table 2: Pulmonary arterial hypertension specific medication during follow-up. ERA = endothelin receptor antagonist; PGI2 = 

prostacyclin; PDE5i = phosphodiesterase type 5 inhibitor. 

 

  DLCO <43% DLCO 43-62% DLCO>62% p-value 

Mono to combi therapy (%) 32.0 20.0 11.1 <0.01 

Mono to triple therapy (%) 0 0 2.8 0.05 

Combi to triple therapy (%) 0 2.5 2.8 0.22 

Table 3: Treatment changes during follow-up (changes after an unsatisfactory response to previous treatment, hemodynamic or 

clinical worsening). 

 

All groups showed a decrease in mPAP and pulmonary vascular resistance (PVR), an increase in 

cardiac index (CI) and no change in pulmonary arterial wedge pressure (PAWP) and heart rate (HR) 

from baseline to follow-up (figure 2). 

 

Cardiac responses are depicted in figure 3. Both groups showed no change in left ventricular end-

systolic volume index (LVESVI). Delta left ventricular end-diastolic volume index (LVEDVI) and delta 

left ventricular ejection fraction (LVEF) did not differ between the three groups. Delta RVEDVI, 

RVESVI and RVEF were similar between severely reduced DLCO group, the moderately reduced 

group and the group with a preserved DLCO.  
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Figure 2: Hemodynamic treatment response. mPAP = mean pulmonary artery pressure; PAWP = pulmonary arterial wedge 

pressure; mRAP = mean right atrial pressure; PVR = pulmonary vascular resistance; CI = cardiac index; HR = heart rate. ns = non-

significant. Data is presented as mean±SEM.. 
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6MWD increased in all three groups after PH specific vasodilatory therapy. Arterial oxygen 

saturation did not change from baseline to follow-up, while the moderately reduced DLCO group 

had a lower arterial oxygen saturation after exercise compared to the severely reduced DLCO and 

preserved DLCO group (Figure 4). 

 

 
Figure 3: Cardiac response to treatment. LVEDV = left ventricular end-diastolic volume index; LVESVI = left ventricular end-systolic 

volume index; LVEF = left ventricular ejection fraction; RVEDVI = right ventricular end-diastolic volume index; RVESVI = right 

ventricular end-systolic volume index; RVEF = right ventricular ejection fraction. Data is presented as mean ± SEM. 
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Figure 4: Treatment response in oxygenation and 6MWD. 6MWD = 6 minute walking distance; SaO2 rest = arterial oxygen 

saturation in rest; SaO2 rest-ex = change in arterial oxygen saturation during exercise. * = p<0.05. Data is presented as mean ± 

SEM. 

 

Survival analyses 

LVEDVI and LVESVI proved to be confounders to the survival analysis. LVEDVI and age-corrected 

survival was worse for patients with a DLCO<43% (figure 5A). These survival differences between 

DLCO<43% and DLCO 43-62% and DLCO>62% were also present in the selected cohort with a CMRI 

available at follow-up (figure 5B). No difference in survival was seen between patients with and 

without a CMRI at follow-up in the DLCO<43% group (figure 5C). 

 

Discussion 

In the present study we evaluated the effects of pulmonary hypertension specific vasodilatory 

therapy in IPAH patients with a severely reduced DLCO. It is known that IPAH patients with a low 

DLCO have a worse survival compared to IPAH patients with a preserved DLCO [6]. In addition, it has 

been shown that IPAH patients with a low DLCO have more coronary artery disease, a higher 

tobacco exposure, a higher body mass index, are older, have worse pulmonary function tests and 

show more mild abnormalities on HRCTs compared to IPAH patients with a preserved DLCO [5]. 

Although it seems that the IPAH patients with a low DLCO share some risk factors with group 2 and 

group 3 PH, normal PAWP pressures, spirometry and HRCT excluded left heart conditions and lung 

disease as a cause of PH. In addition, HRCTs of the IPAH patients with a low DLCO showed no signs of 

PVOD [14,15]. The question rises whether the low DLCO group has a different pulmonary 

vasculopathy compared to IPAH patients with a preserved DLCO [7,8]. The answer to this question 

remains elusive and requires further investigation. As a first step, we analyzed the treatment 

response in this patient cohort.   
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Figure 5: Survival analyses. A: Difference in survival between the DLCO<42%, DLCO 43-62% and DLCO≥63% groups in the total 

cohort (n=166). The DLCO<42% group showed a worse survival than the moderately reduced DLCO and preserved DLCO groups. 

B: Difference in survival between the severely reduced DLCO group, the moderately reduced DLCO and preserved DLCO group in 

the cohort in which a CMRI at follow-up was available (n=68). Also in this selected cohort the DLCO<42% group showed a worse 

survival compared to other two groups. C: Difference in survival between the group with and without a CMRI at follow up in the 

DLCO<42% group (n=42). No difference in survival was found between the group with and without a CMRI at follow-up in the 

DLCO<42% group. * adjusted for age and left ventricular end diastolic volume index. 
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Figure 4: Treatment response in oxygenation and 6MWD. 6MWD = 6 minute walking distance; SaO2 rest = arterial oxygen 

saturation in rest; SaO2 rest-ex = change in arterial oxygen saturation during exercise. * = p<0.05. Data is presented as mean ± 

SEM. 

 

Survival analyses 

LVEDVI and LVESVI proved to be confounders to the survival analysis. LVEDVI and age-corrected 

survival was worse for patients with a DLCO<43% (figure 5A). These survival differences between 

DLCO<43% and DLCO 43-62% and DLCO>62% were also present in the selected cohort with a CMRI 

available at follow-up (figure 5B). No difference in survival was seen between patients with and 

without a CMRI at follow-up in the DLCO<43% group (figure 5C). 
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PVOD [14,15]. The question rises whether the low DLCO group has a different pulmonary 

vasculopathy compared to IPAH patients with a preserved DLCO [7,8]. The answer to this question 

remains elusive and requires further investigation. As a first step, we analyzed the treatment 
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Figure 5: Survival analyses. A: Difference in survival between the DLCO<42%, DLCO 43-62% and DLCO≥63% groups in the total 

cohort (n=166). The DLCO<42% group showed a worse survival than the moderately reduced DLCO and preserved DLCO groups. 

B: Difference in survival between the severely reduced DLCO group, the moderately reduced DLCO and preserved DLCO group in 

the cohort in which a CMRI at follow-up was available (n=68). Also in this selected cohort the DLCO<42% group showed a worse 

survival compared to other two groups. C: Difference in survival between the group with and without a CMRI at follow up in the 

DLCO<42% group (n=42). No difference in survival was found between the group with and without a CMRI at follow-up in the 

DLCO<42% group. * adjusted for age and left ventricular end diastolic volume index. 
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Remarkably, we observed a significant improvement in hemodynamics, right ventricular function 

and exercise capacity upon pulmonary hypertension specific vasodilatory therapy without an impact 

on oxygen saturation in this cohort as in comparison to the IPAH patients with an moderately 

reduced or preserved DLCO.  

Less follow-up data was available in the DLCO<43% group compared to the DLCO 43-62% and 

DLCO>62% group which could have led to a selection bias and subsequent overestimation of the 

treatment effect in the DLCO<43% group. However, no survival difference existed in the DLCO<43% 

group between the subjects with and without available follow-up data. This to some extent suggests 

that the subjects in the DLCO<43% group with follow-up data are representative for the total 

DLCO<43% group. Furthermore, survival differences between the DLCO<43% and the moderately 

reduced and preserved DLCO groups continued to exist when only the subjects with follow-up data 

were entered in the survival analysis further arguing against the presence of an important selection 

bias. At follow-up, the DLCO<43% group received more combination therapy compared to the 

DLCO≥43% groups. This may have confounded our results. 

Based on the pulmonary vascular response on treatment there is no reason to withhold pulmonary 

arterial hypertension specific treatment from patients with IPAH and a severely reduced DLCO. The 

similarities in hemodynamic and cardiac treatment responses between IPAH patients with a severely 

reduced DLCO and IPAH patients with a preserved DLCO suggests that the poor survival in the low 

DLCO group is not explained by unresponsiveness of the pulmonary vasculature to current 

pulmonary arterial hypertension specific medications. Survival differences may be partially 

explained by the fact that the DLCO<42% group was older [16]. Cox proportional hazard analyses 

showed that age was a confounder for the differences in survival between groups, however, survival 

differences remained after adjusting for age. As such, the question remains why survival in this 

subgroup of patients with IPAH and a severely reduced DLCO is so poor [6]. 

 

Conclusions 

Patients with IPAH and a severely reduced DLCO show a similar response to PH specific vasodilatory 

therapy as patients with IPAH and a moderately or preserved DLCO in terms of hemodynamics, right 

ventricular function, exercise capacity and oxygenation. 
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Introduction 

Accurate assessment of right ventricular (RV) and arterial structure and function in pulmonary 

hypertension (PH) is essential for several reasons. 

First, since direct visualization of the effects of the disease on the vessel wall is not possible, the 

assessment of disease severity and monitoring of therapeutic effects is only possible by studying the 

RV and pulmonary arterial function. Since the effects of treatment on RV and pulmonary arterial 

function are small, a prerequisite for such measurements is that they are accurate, reproducible, 

observer independent, and do not require geometric assumptions. 

Second, the primary cause of death in most types of PH is RV failure. The diagnosis of early RV 

failure is thus of great clinical importance. In addition, the mechanisms of RV failure are currently 

poorly understood and can only be unraveled if the complex interaction between altered RV 

structure and function and the pivotal role of myocardial perfusion and metabolism on these 

parameters can be elucidated. 

Thirdly, since it is known that most drugs used in the field of pulmonary arterial hypertension (PAH), 

not only act on the pulmonary vasculature, but also have an effect on the myocardium, 

discrimination of the effects of PH drugs on both the RV and the pulmonary vasculature are 

important.  

Magnetic resonance imaging (MRI) and nuclear imaging techniques are both emerging techniques in 

the field of PH and offer novel possibilities to study the role of the RV in PH and the effects of 

treatment thereon. In addition, these techniques allow to determine the role of the different factors 

involved in RV failure, and subsequently to develop new therapeutic strategies. This chapter 

provides an overview of the application of MRI and nuclear imaging techniques in the field of PH and 

discusses future possibilities.  

  

Magnetic Resonance Imaging 

Quantification of Right Ventricular geometry and mass 

In the early years of MRI, it was already recognized that this technique allows accurate 

measurement of the RV volumes [1-3]. Initially, the accuracy of global RV volume and function 

measurements was verified by using water-filled latex balloons and ventricular casts of excised 

bovine hearts [2].  
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In recent years, temporal and spatial resolution has been further improved, allowing more accurate 

quantification of global function of both the left and right ventricle and the complex interaction 

between both ventricles in PH [4, 5]. Short-axis images are used to reconstruct a 3D image of the 

right and left ventricle (LV), allowing the measurements of ventricular volumes and wall mass at all 

phases of the cardiac cycle.  

 

 
Figure 1: Short axis images covering the complete cardiac cycle made at the mid-ventricular level. The first image represents the 

end diastolic phase. Leftward ventricular septal bowing (LVSB) is observed in the early diastolic phase of the left ventricle , while 

the right ventricle is still contracting (left to right ventricular asynchrony). 

 

Figure 1 shows short axis images covering the complete cardiac cycle made at the mid-ventricular 

level. Endocardial contours are drawn during post processing on end-diastolic and end-systolic 

frames, and total LV and RV volumes are calculated using the so called ‘Simpson’s rule’, which takes 

into account the sum of individual slice volumes and the interslice gap. LV and RV end-systolic 
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volumes are subtracted from the end-diastolic volumes yielding stroke volumes. From the contours 

of epicardial and endocardial tracings, ventricular wall volume is derived and wall mass is the 

product of myocardial volume and muscle density (1.05 g/cm3). From the volume changes of the RV 

over time, parameters of systolic and diastolic function can be derived [4, 6, 7]. Previously,  post 

processing was time consuming since all the contours were drawn manually, but new software 

solutions make a semiautomatic analysis possible. 

The accuracy and inter-study reproducibility of volume measurements using semiautomatic analysis 

has been validated in several reports [5, 8-11] and appears to be superior to echocardiography [12]. 

Another advantage of MRI-based ventricular measurements is that this technique does not require 

geometric assumptions and can also be assessed in subset of patients difficult to study by means of 

echocardiography, such as is the case in COPD [13]. Bottini et al. showed that estimates of RV mass 

measured by MRI acquired pre-mortem in COPD patients corresponds closely with RV mass 

measured at autopsy [14]. 

 

 
Figure 2: Long axis view of a healthy subject (A) and a patient with severe pulmonary arterial hypertension. RV = right ventricle, 

LV = left ventricle, PE= Pleural effusion, TI= tricuspid regurgitation. 

 

The clinical value of the different MRI parameters in PH has been assessed in several studies. Earlier 

MRI studies  revealed that in PH, RV volumes at end-diastole and end-systole are increased together 

with an increase in RV mass, whereas LV end-diastolic volume and stroke volume are decreased [2, 

3, 15, 16]. As a consequence, RV ejection fraction is decreased, whereas LV ejection fraction is 

preserved or even increased [6, 7, 17]. Figure 2 shows a long axis image of a healthy control and a 
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patient with severe PH. Several studies showed that single MRI parameters of the RV are related to 

hemodynamic parameters and disease severity. For instance, two independent studies showed that 

MRI-measured RV ejection fraction is inversely related to NT-proBNP [6, 7] and that RV mass is 

related to pulmonary arterial pressure [18, 19]. In a group of 64 idiopathic PAH patients, van 

Wolferen et al. showed that RV end-diastolic volume, stroke volume and LV end-diastolic volume all 

measured at baseline conditions were strong predictors for first year mortality [20]. It has been 

shown that baseline RV ejection fraction and the change in RV ejection fraction after one year of 

PAH specific treatment are strong predictors of survival [21]. Furthermore, a recent study by Swift et 

al. found that, when corrected for age, sex and body surface area, RV end-systolic volume was an 

independent predictor of mortality [22].  

Several studies have demonstrated the possibilities of MRI to monitor the effects of PAH therapy on 

the RV over time [16, 20, 23-25]. In these studies, an increased RV stroke volume and a decrease in 

RV wall mass was associated with improvement of symptoms and 6-minutes walking distance. In 

addition, it was shown that a progressive dilation of the RV during therapy accompanied with a 

decrease in stroke volume is associated with a poor outcome [20, 26].  

The potential of MRI-derived parameters to be used as a primary end-point to compare different 

treatment strategies was demonstrated in the Seraph study; a randomized prospective study aimed 

to measure the different effects of bosentan and sildenafil on RV mass [27]. This study 

demonstrated that sildenafil, in contrast to bosentan, reduces RV mass. This finding is of interest; 

since it underlines that MRI provides additional insights in comparison to the functional parameters 

currently used to evaluate the efficacy of medication.  

Finally, the volume of the RV might be considered as an additional treatment goal since a recent 

study showed that progressive dilatation of the RV in clinical stable PH patients predict worse 

outcome whereas a stable RV volume during the first year of treatment predicts a long term survival 

[28].  

 

Advanced techniques to characterize the right ventricle 

The MRI protocol can be extended with more advanced techniques that recently have been used in 

the study of the RV in PH. These techniques include delayed contrast enhancement to measure the 

presence of scar tissue in the RV wall, myocardial tagging to analyze regional myocardial shortening 

and measurement of coronary artery flow to the RV.  
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• Delayed Contrast Enhancement (DCE) can be used to visualize and quantify the deposition 

of collagen in the RV myocardium. DCE imaging is performed about ten minutes after injection of a 

MRI contrast agent. In healthy myocardium, the contrast agent then has been washed out, but in 

non-viable, damaged and fibrotic myocardium the contrast agent is still present. Thus, ‘’bright is 

dead’’ with this technique. In two studies it was shown that abnormal DCE is present in the RV and 

confined to the insertion points of the RV and interventricular septum [29-31]. Interestingly, these 

findings may suggest that mechanical factors contribute to the occurrence of fibrosis. In both 

studies, the extent of contrast enhancement correlated positively with mean PAP, and pulmonary 
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Advanced techniques to characterize the right ventricle 

The MRI protocol can be extended with more advanced techniques that recently have been used in 

the study of the RV in PH. These techniques include delayed contrast enhancement to measure the 

presence of scar tissue in the RV wall, myocardial tagging to analyze regional myocardial shortening 

and measurement of coronary artery flow to the RV.  
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is insufficient. This technique has been successfully used in the study of the mechanisms of 

ventricular interdependency [33, 34]. These studies show that there is a left to right asynchrony in 

the peak of circumferential shortening, which is caused by RV overload and plays a role in the 

leftward septal bowing and thereby impairing LV filling (Figure 4). A relatively new technique to 

assess strain is feature tracking. The advantage of this technique is that there is no need to obtain 

additional sequences and strain analyses can be applied on standard short-axis images. Feature 

tracking has been validated for circumferential strain analyses [35]. 

 

 
Figure 4: Circumferential strain curves after the electrocardiographic R-wave for the septum, right and left ventricle in a patient 

with severe pulmonary hypertension. MRI myocardial tagging is used to calculate the circumferential strain. From this image it is 

clear that time to right ventricular peak shortening is delayed in comparison to the left ventricle. As a consequense leftward 

septal bowing occurs. Note that right ventricular contraction continues after pulmonary valve closure leading to the so called 

end-systolic right ventricular isovolumetric shortening (adapted from: [33]) 

 

• Finally, advances in MRI make it possible to visualize and measure coronary artery flow 

and perfusion. From animal studies it is known that RV coronary perfusion is not or little impeded in 

systole. By using MR-based coronary flow assessment it was shown that in patients with RV 

hypertrophy coronary arterial flow in systole is impeded, and in severe RV hypertrophy even total 

mean flow to the RV is reduced [36]. Whether this reduction of coronary blood flow per gram RV 
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tissue might contribute to RV failure is unknown. In addition, using MRI perfusion techniques it was 

shown that pulmonary perfusion reserve is decreased in PAH [37]. 

 

Although the direct clinical value of these techniques is presently still uncertain, application of these 

techniques have advanced our understanding of RV function and failure and offers tools to increase 

our understanding in the near future.  

  

Assessment of Pulmonary artery Flow and distensibility 

Velocity encoded cine MRI provides an accurate and reproducible tool for quantification of 

pulmonary artery flow [38-40]. Kondo et al. described in 1992 for the first time the application of 

this technique in PAH patients [41]. It was found that in comparison to controls, flow acceleration 

time and distensibility of the pulmonary artery were decreased in patients with primary PAH; a 

finding similar to that observed in studies using Doppler echocardiography for measuring flow 

velocity. Several attempts have been made to estimate pulmonary artery pressure from the flow 

signal [42-44]. However, a validation study performed by Roeleveld et al. showed that all these 

approaches fail to estimate pulmonary arterial pressure accurately [18]. This can be explained by the 

fact that acceleration time is not only a parameter of the pulmonary vascular bed but is also 

influenced by the pump function characteristics of the RV. 

The major advantage of flow measurements, however, is not the estimation of pulmonary artery 

pressure but the accurate assessment of effective stroke volume of the RV from MRI flow 

measurement in the pulmonary artery [38-41]. Stroke volume can be considered as one of the most 

important hemodynamic parameters in PAH, since it is a direct reflection of RV function in relation 

to its increased afterload. Earlier studies showed that stroke volume is decreased in PH and that 

exercise does not lead to an increase in stroke volume [45]. In addition, it was shown that baseline 

stroke volume accurately predicts 6-minutes walking distance in PAH and that improvements in 

stroke volume in patients under treatment are directly related to an improvement in the six minute 

walking distance [24, 46]. Furthermore, it was shown that stroke volume derived from the 

pulmonary artery flow measured by MRI is a strong predictor of mortality in PAH [18].  

An additional feature of the abnormal flow in PH is the so called vortical flow which is flow rotating 

around an ax. It was found that vertical flow in the main pulmonary artery is a typical characteristic 

of the presence of PH [47] and that the duration of the vortex is related to the main pulmonary 

artery pressure [48]. 
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Since the aorta flow can be measured in the same plane as the pulmonary artery flow, the ratio of 

right to left flow and vice versa can be used in the assessment of intra-cardiac shunts. Beerbaum et 

al. validated this MRI based shunt measurement approach, showing that right to left and left to right 

intra-cardiac shunts in children with congenital heart disease can be measured accurately in less 

than 60 seconds [38, 49]. A limitation of this technique is that in dilated pulmonary arteries 

turbulent flow can occur, causing an inaccuracy of the pulmonary blood flow estimates by MRI [49].  

Another parameter that can be assessed from the flow measurements is the diameter and 

distensibility of the pulmonary artery. It is known that a progressive dilatation of the pulmonary 

artery harbours a poor prognosis [50]. In addition, from invasive studies it is known that compliance 

of the pulmonary vascular bed is decreased in advanced disease, and that this decrease is related to 

a poor outcome [51, 52]. Since compliance is quantitative measure of the elasticity of the large 

pulmonary vessels, this gives an important functional characterization of the vascular tree. Indeed, it 

was shown that loss of compliance of the large pulmonary vessels measured by MRI is related to a 

poor outcome [53].  

 

Combining MRI flow measurements with invasive measurements 

Measurement of the pulmonary vascular resistance requires an accurate assessment of pulmonary 

blood flow and pressure. Certain conditions, such as congenital heart disease might preclude a 

reliable invasive estimation of pulmonary blood flow. In these cases, combined MR measured flow 

with invasive measured pulmonary artery pressure, provides accurate estimations of pulmonary 

vascular resistance. In a group of 24 children with either suspected PAH or congenital heart disease 

it was shown that this approach provides more reliable data than invasive measurements [54]. 

Another application of the combined measurements of pressure and flow is the assessment of 

arterial input impedance [55, 56], as a comprehensive representation of RV load. Input impedance 

takes into account the pulsatile nature of blood flow and pressure and not only consists of 

pulmonary vascular resistance but also of compliance and characteristic impedance. The assessment 

of input impedance can only be obtained from spectral analysis of pressure and flow curves. 

Although the relevance of such measurements has been acknowledged for a long period of time, 

clinical application has been hampered by the requirement of simultaneous and instantaneous 

pulmonary pressure and flow, and sophisticated analysis techniques. With the advent of MRI 

scanners in the catheterization laboratory [57-60], pressure and flow can be measured 
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simultaneously; enabling advanced hemodynamic characterization of individual patients in clinical 

practice [61]. 

A limitation of the combined measurement of pressure and MRI derived flow is that a right sided 

heart catheterization is still required and that for simultaneous measurements an interventional (X-

)MRI suite together with a special catheterization set must be used. Thus, although this approach 

can be of use in conditions that an accurate invasive stroke volume measurement is not possible, or 

in experimental settings, it is unlikely that this type of measurement will be performed routinely in 

the near future.  

 

MRI pulmonary angiography and perfusion measurements 

Although digital subtraction angiography of the pulmonary artery is still regarded as the reference 

technique for the diagnosis of chronic thromboembolic pulmonary hypertension, recent studies 

showed that MR angiography is a sensitive non-invasive alternative for the depiction of central 

thromboembolic material [62]. Typically, one static 3D image acquisition is performed, tailored for 

spatial resolution and signal to noise ratio during a breath-hold period of about 15 s. The advantage 

of MRI is not only that it provides high quality 3D images of the pulmonary vasculature, but also that 

these measurements can be combined with the assessment of RV function and perfusion 

measurements [63] (figure 5).  

 

 

Figure 5: MR perfusion image of a 

patient with chronic thromboembolic 

pulmonary hypertension 
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MRI based dynamic pulmonary perfusion imaging is a technique visualizing the passage of an 

contrast bolus of an MRI-contrast agent through the lungs in a 3-dimensional way, enabling the 

visualization of sub-segmental perfusion defects in chronic thromboembolic PAH [63, 64]. In 

addition, post-processing of the perfusion images makes it possible to derive quantitative data from 

the dynamic perfusion scan such as pulmonary blood volume, flow and transit time defined as the 

time required for the contrast to transit through the lungs [65]. Although it has been shown that all 

of these MRI derived parameters are directly related to hemodynamic parameters such as 

pulmonary artery pressure and cardiac output, accurate calculation of the main determinant of the 

pulmonary vascular bed, the pulmonary vascular resistance, is not yet possible [66, 67]. 

 

Nuclear imaging techniques 

Nuclear techniques can be used for imaging the lung and the heart. The application of lung perfusion 

scintigraphy in the diagnosis of chronic thromboembolic pulmonary hypertension is well established 

and its role is further discussed in chapter 13. A refinement of perfusion scintigraphy is single 

photon emission computed tomography (SPECT). This technique enables the reconstruction of 

perfusion images in a way similar to the reconstruction of CT images, further improving the 

diagnostic accuracy of perfusion scintigraphy [68].  

The role of nuclear techniques in the diagnosis of RV failure is less well established despite the fact 

that these techniques play a pivotal role in the diagnosis of left heart disease. In the past, ventricular 

angiography was frequently used to assess RV volumes and function. Several approaches have been 

described to measure RV volumes, including SPECT equilibrium radionuclide angiography [69, 70]. 

Despite the fact that these approaches provide reliable data on RV volumes, its role is limited and 

has been replaced by echocardiography, magnetic resonance imaging and computed tomography. 

Recent insights obtained by nuclear imaging techniques are that the metabolic function of the RV is 

altered in PAH. Several studies showed that in PH the uptake of free fatty acids is decreased 

whereas the uptake of glucose is increased [71, 72]. In healthy subjects glucose uptake in the RV can 

barely be seen using fluoro-18-deoxyglucose ([18F]-FDG) positron emission tomography (PET). 

Figure 6 shows an example of glucose consumption measured by [18F]-FDG PET in the RV in a 

patient with severe PAH. This image shows that glucose uptake of the RV exceeds glucose uptake of 

the LV. Kluge et al. found that glucose uptake in the RV is closely related to RV function as measured 

by echocardiography indicating that a failing RV switches from free fatty acids metabolism to 

glucose metabolism [73].  In a study by Oikawa et al. it was shown that glucose uptake in the RV can 
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be reversed by epoprostenol therapy [74]. Although the mechanisms responsible for this metabolic 

switch remain to be elucidated, one possibility is that RV ischemia might induce such changes. 

Gomez et al. showed by using stress myocardial scintigraphy that nine of the 23 PAH patients 

examined had images consistent with RV ischemia [75]. In addition, they found a significant 

correlation between RV ischemia obtained through myocardial perfusion scintigraphy and 

hemodynamic measures of RV failure, underpinning the possible contribution of ischaemia to RV 

failure. 

 

  

 
 

[11C]-Acetate and [15O]-oxygen tracers allow to study the oxidative metabolism of the pressure 

overloaded RV. In a study by Wong et al. it was shown by means of [11C]-acetate PET that heart rate 

and systolic pulmonary artery pressure are the main determinants of oxygen consumption in PAH 

patients [76]. In addition these tracers allow to obtain more insight in the pathophysiology of the 

Figure 6: upper image: glucose consumption 
in the right and left ventricle as indicated as 
MRglu (metabolic rate of glucose 
(μmol/ml/min) measured by 18FDG-PET. 
Lower image: corresponding short axis view 
measured by MRI  

 



7

 

MRI based dynamic pulmonary perfusion imaging is a technique visualizing the passage of an 

contrast bolus of an MRI-contrast agent through the lungs in a 3-dimensional way, enabling the 

visualization of sub-segmental perfusion defects in chronic thromboembolic PAH [63, 64]. In 

addition, post-processing of the perfusion images makes it possible to derive quantitative data from 

the dynamic perfusion scan such as pulmonary blood volume, flow and transit time defined as the 

time required for the contrast to transit through the lungs [65]. Although it has been shown that all 

of these MRI derived parameters are directly related to hemodynamic parameters such as 

pulmonary artery pressure and cardiac output, accurate calculation of the main determinant of the 

pulmonary vascular bed, the pulmonary vascular resistance, is not yet possible [66, 67]. 

 

Nuclear imaging techniques 

Nuclear techniques can be used for imaging the lung and the heart. The application of lung perfusion 

scintigraphy in the diagnosis of chronic thromboembolic pulmonary hypertension is well established 

and its role is further discussed in chapter 13. A refinement of perfusion scintigraphy is single 

photon emission computed tomography (SPECT). This technique enables the reconstruction of 

perfusion images in a way similar to the reconstruction of CT images, further improving the 

diagnostic accuracy of perfusion scintigraphy [68].  

The role of nuclear techniques in the diagnosis of RV failure is less well established despite the fact 

that these techniques play a pivotal role in the diagnosis of left heart disease. In the past, ventricular 

angiography was frequently used to assess RV volumes and function. Several approaches have been 

described to measure RV volumes, including SPECT equilibrium radionuclide angiography [69, 70]. 

Despite the fact that these approaches provide reliable data on RV volumes, its role is limited and 

has been replaced by echocardiography, magnetic resonance imaging and computed tomography. 

Recent insights obtained by nuclear imaging techniques are that the metabolic function of the RV is 

altered in PAH. Several studies showed that in PH the uptake of free fatty acids is decreased 

whereas the uptake of glucose is increased [71, 72]. In healthy subjects glucose uptake in the RV can 

barely be seen using fluoro-18-deoxyglucose ([18F]-FDG) positron emission tomography (PET). 

Figure 6 shows an example of glucose consumption measured by [18F]-FDG PET in the RV in a 

patient with severe PAH. This image shows that glucose uptake of the RV exceeds glucose uptake of 

the LV. Kluge et al. found that glucose uptake in the RV is closely related to RV function as measured 

by echocardiography indicating that a failing RV switches from free fatty acids metabolism to 

glucose metabolism [73].  In a study by Oikawa et al. it was shown that glucose uptake in the RV can 

Chapter 7 
 

119 
 

be reversed by epoprostenol therapy [74]. Although the mechanisms responsible for this metabolic 

switch remain to be elucidated, one possibility is that RV ischemia might induce such changes. 

Gomez et al. showed by using stress myocardial scintigraphy that nine of the 23 PAH patients 

examined had images consistent with RV ischemia [75]. In addition, they found a significant 

correlation between RV ischemia obtained through myocardial perfusion scintigraphy and 

hemodynamic measures of RV failure, underpinning the possible contribution of ischaemia to RV 

failure. 

 

  

 
 

[11C]-Acetate and [15O]-oxygen tracers allow to study the oxidative metabolism of the pressure 

overloaded RV. In a study by Wong et al. it was shown by means of [11C]-acetate PET that heart rate 

and systolic pulmonary artery pressure are the main determinants of oxygen consumption in PAH 

patients [76]. In addition these tracers allow to obtain more insight in the pathophysiology of the 

Figure 6: upper image: glucose consumption 
in the right and left ventricle as indicated as 
MRglu (metabolic rate of glucose 
(μmol/ml/min) measured by 18FDG-PET. 
Lower image: corresponding short axis view 
measured by MRI  

 



7

 

failing RV in relation to perfusion, metabolism and power output. For instance, in another study by 

Wong et al. it was shown that oxygen efficiency was reduced in  more advanced right heart failure 

[77], indicating that mitochondrial dysfunction might play a role. Potential tracers of interest are 

[18F]-RGD to assess changes in angiogenesis [78] and [11C]-hydroxyephedrine [11C]-HED) and [11C]-

CGP-12177 to assess changes in beta-adrenergic receptor density [79, 80] due to sympathetic nerve 

overactivity in PH.   

A future application of nuclear imaging techniques in the field of PH is the use of tracers and 

radioligands to image the abnormal pulmonary vascular bed. Due to the large space of air and the 

double circulation of the lung (pulmonary and bronchial) methodological problems need to be 

solved before reliable answers can be provided and understand the current controversies in 

literature. For instance, Marsboom et al. found an increased [18F]-FDG uptake in the lungs of 

patients with PH, giving evidence for the so called glycolytic shift in the pulmonary vasculature [81]. 

However, Ruiter et al. corrected [18F]-FDG uptake for the decreased perfusion and could not 

observe this phenomenon [82]. The most interesting development is to image the pathobiology and 

site of action of drugs and by that guide treatment decisions and monitoring. An example of such a 

ligand is [11C]RAL-01PDE, a potential phosphodieseterase 5 (PDE5) ligand [83]. In a study by 

Jacobsen et al. it was shown that this ligand binds to the binding site of PDE5 on the myocardium 

and lung [83]. The results of this study showed that this ligand has the potential to quantify PDE5 

expression in the lung of PAH patients and by that guide therapeutic decisions. A potential tracer to 

image the increased proliferation of endothelial cells and smooth muscle cells in the small 

pulmonary arteries is [18F]-fluorothymidine ([18F-FLT) [84], which has yet to be tested in PH. 

 

Conclusions 

Both MRI and nuclear imaging techniques are promising emerging techniques in the field of PH. MRI 

offers not only the possibility to measure accurately RV structure and function and its relation with 

changes in the pulmonary vasculature, but also provides information on morphological changes of 

the RV wall and coronary flow. In addition, although the role of MRI is not yet defined, the 

advantage of MRI to monitor PAH patients is presently well recognized by many clinicians [85]. 

Although nuclear imaging techniques have not been frequently applied to study  RV failure, lessons 

learned from the LV, especially with respect to perfusion and metabolism, show that this modality 

can play an important role in the near future.  
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failing RV in relation to perfusion, metabolism and power output. For instance, in another study by 

Wong et al. it was shown that oxygen efficiency was reduced in  more advanced right heart failure 

[77], indicating that mitochondrial dysfunction might play a role. Potential tracers of interest are 

[18F]-RGD to assess changes in angiogenesis [78] and [11C]-hydroxyephedrine [11C]-HED) and [11C]-

CGP-12177 to assess changes in beta-adrenergic receptor density [79, 80] due to sympathetic nerve 

overactivity in PH.   

A future application of nuclear imaging techniques in the field of PH is the use of tracers and 

radioligands to image the abnormal pulmonary vascular bed. Due to the large space of air and the 

double circulation of the lung (pulmonary and bronchial) methodological problems need to be 

solved before reliable answers can be provided and understand the current controversies in 

literature. For instance, Marsboom et al. found an increased [18F]-FDG uptake in the lungs of 

patients with PH, giving evidence for the so called glycolytic shift in the pulmonary vasculature [81]. 

However, Ruiter et al. corrected [18F]-FDG uptake for the decreased perfusion and could not 

observe this phenomenon [82]. The most interesting development is to image the pathobiology and 

site of action of drugs and by that guide treatment decisions and monitoring. An example of such a 

ligand is [11C]RAL-01PDE, a potential phosphodieseterase 5 (PDE5) ligand [83]. In a study by 

Jacobsen et al. it was shown that this ligand binds to the binding site of PDE5 on the myocardium 

and lung [83]. The results of this study showed that this ligand has the potential to quantify PDE5 

expression in the lung of PAH patients and by that guide therapeutic decisions. A potential tracer to 

image the increased proliferation of endothelial cells and smooth muscle cells in the small 

pulmonary arteries is [18F]-fluorothymidine ([18F-FLT) [84], which has yet to be tested in PH. 

 

Conclusions 

Both MRI and nuclear imaging techniques are promising emerging techniques in the field of PH. MRI 

offers not only the possibility to measure accurately RV structure and function and its relation with 

changes in the pulmonary vasculature, but also provides information on morphological changes of 

the RV wall and coronary flow. In addition, although the role of MRI is not yet defined, the 

advantage of MRI to monitor PAH patients is presently well recognized by many clinicians [85]. 

Although nuclear imaging techniques have not been frequently applied to study  RV failure, lessons 

learned from the LV, especially with respect to perfusion and metabolism, show that this modality 

can play an important role in the near future.  
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Abstract 

 

Introduction:  Pulmonary  vascular  cell  hyperproliferation  is  characteristic  of  pulmonary  vascular 

remodelling in pulmonary arterial hypertension (PAH). A non‐invasive imaging biomarker is needed 

to  track  the pathology and assess  the  response  to  treatments  targeted at  resolving  the structural 

changes. Here we evaluate  the application of  radioligand 3'‐deoxy‐3'‐[18F]‐fluorothymidine  (18FLT) 

using positron emission tomography (PET). 

Methods & results: We performed dynamic 18FLT PET scanning  in 8  idiopathic PAH patients (IPAH) 

and applied  in‐depth kinetic analysis with a reversible 2‐compartment 4k model. Our results show 

significantly  increased  lung  18FLT  phosphorylation  k3  in  IPAH  patients  compared  with  non‐PAH 

controls (0.086±0.034 min‐1 vs 0.054±0.009 min‐1; P<0.05). The lung 18FLT signals are variable both 

between  IPAH  patients  and within  the  lungs  of  each  patient,  compatible with  histopathological 

reports of  lungs  from  IPAH patients. Consistent with  18FLT PET data, hyperproliferative pulmonary 

vascular  fibroblasts  isolated  from  IPAH  patients  exhibited  upregulated  expression  of  the  key 

thymidine metabolism enzymes TK1 and thymidine transporter ENT1. In the monocrotaline rat PAH 

model,  increased  lung  18FLT  uptake was  strongly  associated with  peripheral  pulmonary  vascular 

muscularization and  the proliferation Ki‐67 score, along with  the prominent  thymidine kinase TK1 

and transporter ENT1 in the remodeled vessels. Importantly, lung 18FLT measurements responded to 

two anti‐proliferative treatments, dicholoroacetate and tyrosine kinase inhibitor imatinib. 

Conclusions:  Dynamic  18FLT  PET  imaging  can  be  used  to  report  hyperproliferation  in  pulmonary 

hypertension and merits further study to evaluate response to treatment in IPAH patients. 
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Introduction 

Pulmonary arterial hypertension  (PAH)  is characterized by structural remodeling of  the pulmonary 

vasculature leading to increased pulmonary artery pressure and progressive right heart dysfunction 

[1‐3]. Histopathology of  lungs from PAH patients at the end stage of their disease show a complex 

pulmonary  pathology  including  aberrant  proliferation  of  pulmonary  vascular  cells,  exuberant 

inflammatory cell  infiltration and deposition of extra‐cellular matrix, but with a patchy distribution 

[4‐6].  The  licensed  treatments  used  in  the  clinic  are  based  on  restoration  of  an  imbalance  in 

vasoactive factors favoring vasoconstriction. While these drugs improve symptoms, they fail to halt 

the disease and have a limited effect on survival [7]. Innovative treatment strategies that inhibit the 

excessive proliferation of lung vascular cells, e.g. with the receptor tyrosine kinase inhibitor imatinib 

[8] and  the metabolic modulator dichloroacetate  (DCA)  [9],  show great promise  in  the preclinical 

setting. Disappointingly, imatinib was only partially efficacious in a larger PAH patient cohort [10]. A 

possible  explanation  for  this  failure  to  translate  preclinical  findings  to  patients  may  be  the 

heterogeneity of pulmonary  vascular  remodeling  in PAH, with  some patients exhibiting profound 

active  vascular  proliferation  but  others  a  more  quiescent  state  of  end‐stage  fixed  pulmonary 

vascular  remodeling.  A  new  tool  for  assessing  PAH  pathology  in  vivo would  greatly  improve  the 

potential  to  translate  therapeutic  strategies  targeted at  resolving pulmonary vascular  remodelling 

into  the  clinic.  Ideally,  such  a  tool would  allow  a  strategy  of  precision medicine with  therapies 

tailored to individual patients. 

 Positron  emission  tomography  (PET)  with  appropriate  ligands  allows  for  spatial  detection  and 

localization of pathophysiological processes  in vivo.  It  is used  in oncology  to  stratify patients and 

assess  disease  progression  and  response  to  treatment,  and  predict  clinical  outcomes.  The 

radioactive  ligand   18F‐3'‐fluoro‐3'‐deoxythymidine  (18FLT)  is a marker  for cell proliferation  [11,12] 

that correlates closely with histological markers, such as proliferating cell nuclear antigen (PCNA), Ki‐

67 and S phase fraction [13‐16]. 18FLT is a fluorine‐modified thymidine analogue that is transported 

into  the  cell  via  passive  diffusion  and  by  nucleoside  transporters,  such  as  the  equilibrative 

nucleoside  transporter  (ENT1),  in  a  similar  way  as  thymidine  [17].  Thereafter,  18FLT  is 

phosphorylated by thymidine kinase 1 (TK1) and trapped intracellularly at a rate proportional to TK1 

activity, which is elevated during the S phase of the cell proliferation cycle but decreased or absent 

in  quiescent  cells  [18‐21].  Importantly,  18FLT  PET  is  recognized  for  evaluating  whole  tumor 

proliferation heterogeneity [22]. 
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Few studies have explored the application of PET  imaging  in PAH. Previously we have reported on 
18FDG‐PET  as  a  tool  for  following  response  to  treatment  in  animal models  and  the  signal  from 

patients with PAH, but this ligand reports on both proliferation and inflammation. Here we evaluate 

the potential of 18FLT PET as an  imaging biomarker for assessing the distinctive hyper‐proliferative 

pulmonary vascular pathology seen  in PAH. First, we examined 18FLT  lung uptake  in  idiopathic PAH 

(IPAH) patients  in  comparison  to  control  subjects.  Second, we  assessed whether  18FLT PET  could 

track pulmonary pathology  in animal PAH models and  their response  to  targeted  therapies. Third, 

we examined ENT1 and TK1 expression  in  lung tissues and pulmonary vascular  fibroblasts  isolated 

from IPAH patients to understand the drivers of lung 18FLT uptake in PAH. 

 

Methods 

Patient population 

8 patients (Table 1) diagnosed with  IPAH according to ERS guidelines [23] were recruited from the 

VU  University Medical  Center;  both  treatment  naive  and  treated  patients were  included  in  this 

study. We made use of  18FLT PET data  sets  from an oncology  study of non‐small  cell  lung  cancer 

patients  [24]  from  the VU University Medical Center as controls. We  included 6 subjects who had 

confirmed one‐sided  lung tumor; 18FLT PET data from the tumor‐free side of the  lung was used as 

control for comparison with  IPAH patients. The study was approved by the Medical Ethical Review 

Committee  of  the  VU  University Medical  Center  (Toetsingonline:  NL49166.029.14)  and  all  IPAH 

patients gave written informed consent. 

 

Right heart catheterizations and cardiac magnetic resonance imaging  

All patients underwent  right heart catheterization and cardiac magnetic  resonance  imaging  (CMR) 

within one month of  their PET/CT  scan, and  in  this period all patients were  stable on pulmonary 

hypertension  targeted  therapy.  A  balloon‐tipped,  flow‐directed  7.5F,  triple‐lumen  Swan‐Ganz 

catheter (Edwards Lifesciences LLC, Irvine, CA) was inserted in the pulmonary artery via the jugular 

vein or femoral vein under local anesthesia and constant ECG monitoring, and measurements were 

performed  according  to  guidelines  [23].  Catheter  ports  were  placed  in  the  right  atrium,  right 

ventricle and pulmonary artery and the zero reference level for the pressure transducer was placed 

at mid‐thoracic level in supine position.  
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CMR  scans  were  performed  on  a  Siemens  1.5T  Sonato  or  Avanto  scanner  (Siemens  Medical 

Solutions,  Erlangen,  Germany).  Acquisition  and  post‐processing  were  performed  as  described 

previously [25].  

 

  IPAH (n=8)  Controls (n=6) 

Age (yr)  46 ± 12   68 ± 9 

Sex (M:F) (n)  4 : 4  3 : 3 

NYHA functional class I/II/III/IV (n)    ‐ 

6MWD (m)  518 ± 125  ‐ 

NT‐ProBNP  641 ± 992  ‐ 

Treatment     

    Treatment naive  1  ‐ 

    Monotherapy (ERA or PDE5I)  1  ‐ 

    Dual combination therapy (ERA+PDE5I)  3  ‐ 

Triple combination therapy (ERA + PDE5I + prostacyclin)  3  ‐ 

Hemodynamic characteristics     

    Heart rate (beats/min)  79 ± 8  ‐ 

    Mean pulmonary artery pressure (mmHg)  52 ± 20  ‐ 

    Pulmonary arterial wedge pressure (mmHg)  8 ± 3  ‐ 

    Mean right atrial pressure (mmHg)  7 ± 4  ‐ 

    Pulmonary vascular resistance (dyn.s/cm5)  686 ± 482  ‐ 

    Cardiac output (l/min)  5.6 ± 1.7  ‐ 

    Mixed venous O2 saturation (%)  68 ± 10  ‐ 

Cardiac magnetic resonance imaging     

    RVEDVI (ml/m2)  93 ± 21   

    RVESVI (ml/m2)  59 ± 23   

    RVEF (%)  39 ± 11   

    LVEF (%)  63 ± 8   

Table  1:    Clinical  Characterization  of  Patients  with  Idiopathic  Pulmonary  Arterial  Hypertension  (IPAH)  and  6  controls  with 

unilateral  lung cancer. M = males; F = females; NYHA = New York Heart Association functional class; 6MWD = six minute walk 

distance; ERA = Endothelin Receptor Antagonists; PDE5I = Phosphodiesterase‐5 Inhibitors. RVEDI = right ventricular end diastolic 

volume  index;  RVESV  =  right  ventricular  end  systolic  volume  index;  RVEF  =  right  ventricular  ejection  fraction;  LVEF  =  left 

ventricular ejection fraction. 
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Summarized,  short‐axis  images of  the  right and  left ventricle were analyzed using MASS  software 

(MEDIS  Medical  Imaging  Systems,  Leiden,  The  Netherlands).  Endocardial  borders  of  the  right 

ventricle were manually  traced on end‐diastolic  images and on end‐systolic  images. Right and  left 

ventricular end‐diastolic and end‐systolic volumes were assessed using the Simpson rule. 

 

IPAH Patients 18FLT PET 
18FLT was synthesized as described previously [26]. Minimum 4 hours fasting was instructed prior to 

the PET scan,  IPAH patients were scanned on a Philips  Ingenuity PET/CT  (Philips Healthcare, Best, 

The  Netherlands),  whilst  control  data  sets  were  from  a  Philips  Gemini  TF‐64  PET/CT  (Philips 

Healthcare, Best, The Netherlands) using an  identical scanning protocol. First, following a scout‐CT 

scan,  IPAH patients were positioned with  lungs  centered  in  the  field of  view of  the PET  scanner. 

Then,  a  dynamic  60‐min  emission  scan  was  started  simultaneously  with  automated  bolus 

intravenous injection of 370 MBq of 18FLT (0.8 mL/s). After completion of the emission scan, a low‐

dose CT scan was performed  to correct  for photon‐attenuation and scatter. Finally, emission data 

were  reconstructed  in a 36  frame  (1x10, 8x5, 4x10, 3x20, 5x30, 5x60, 4x150, 4x300 and 2x600  s) 

using  the  3‐Dimensional  Row‐Action  Maximum  Likelihood  Algorithm  (3D‐RAMLA),  applying  all 

appropriate  corrections  for  dead  time,  decay,  scatter,  attenuation  and  normalization. During  the 

scan, venous blood samples were withdrawn at 5, 10, 20, 30, 40 and 60 minutes post injection and 

measured  for  the presence of  radiolabeled metabolites  (18F‐glucuronide)  and  the  ratio of plasma 

and whole‐blood activity concentrations as described by Hoekstra et al. [27].  

 

Kinetic Model for Data Analysis 
18FLT  PET  data were  analyzed  using  the  plasma  kinetic model  as  described  previously  [26].  The 

model consists of three or four rate constants, of which k3 represents phosphorylation of 18FLT by 

thymidine kinase and this rate constant was assumed to most closely represent proliferation rate, 

thus  used  to  represent  the  lung  18FLT  uptake.  The  model  can  be  described  using: 

(1),  in  which  CPET(t)  represents  the  measured  pulmonary 

activity concentrations, CT(t) the activity according to the plasma kinetic model, CA(t) and CV(t) are 

arterial and venous blood concentrations, respectively. To correct for contamination of the signal by 

blood‐pool activity, VA (arterial blood volume fraction) and VV (venous blood volume fraction) were 

added to the model. For CT(t), both an irreversible 2‐compartment 3k model (2T3k) and a reversible 

2‐compartment  4k  model  (2T4k)  were  tested  and  the  best  fit  was  obtained.  The  use  of  an 
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irreversible or  reversible  two‐tissue model was evaluated using Akaike  Information Criterion  (AIC) 

[28]. For all patients and controls, AIC  showed a  significantly  improved  fit using a  reversible 2T4k 

model  and  consequently,  all  results  below  are  obtained  using  this  model.  In  this  model,  k1 

represents the rate constant for the transport of 18FLT from blood into tissue, k2 represents the rate 

constant  of  the  transport  of  18FLT  from  tissue  back  to  blood,  k3  reflects  the  rate  constant  of 

phosphorylation of 18FLT and k4 describes the rate of  18FLT dephosphorylation [29].  

 

Input Functions 

The  lung  has  a  dual  circulation  with  perfusion  coming  from  both  the  pulmonary  and  systemic 

(bronchial) circulation. Because systemic perfusion becomes quantitatively more  important  in PAH 

[30],  we  first  determined  model  fits  separately  with  pulmonary,  systemic  and  combined  input 

functions. Because the best model fit was obtained using a pulmonary input function, this was used 

for  further calculations. Five 1cm diameter regions of  interest  (ROI) were drawn  in  the pulmonary 

artery  at  the  level  of  the  pulmonary  trunk  on  early  frames  showing  the  first‐pass  of  the  bolus 

through  the  pulmonary  circulation.  Average  activity  through  time  CPA(t) was  obtained  from  this 

region and assumed  to  represent  the  total  supply of  radioactivity  to  the  lungs CA(t)  in eq.  (1). To 

obtain the arterial input function CPL(t), CPA(t) was multiplied with a sigmoid function fitted through 

the  ratio of plasma and whole‐blood activity  concentrations and a  second  sigmoid  function  fitted 

through  the  fraction  of  non‐metabolized  tracer.  This  correction  was  performed  as  described 

previously [26]. A second set of ROIs was drawn in left atrial cavity in at  least three slices. Average 

activity  concentrations  CLA(t)  were  obtained  and  used  as  correction  factor  for  venous  blood 

concentrations in the lungs CV(t) in eq. (1).  

 

Lung Segmentation 

Pulmonary  activity  concentrations were  obtained  using  the  low‐dose  CT  scan.  Using  automated 

region‐growing methods, a region of low tissue density between 0.05 and 0.6 g/mL was obtained for 

each lung. A layer of 2 voxels (8mm) was eroded from the borders of each lung region to reduce the 

effects of respiratory motion, spill‐in of activity from the  liver and other partial volume effects. To 

avoid  any  effects  of  a  gradient  signal  in  the  lungs  and  of  differences  in  the  field  of  view  of  the 

scanner  and  patient  positioning,  data  from  a  2cm  region  at  the  level  of  the  bifurcation  of  the 

pulmonary artery were used for analysis using the ROIs drawn in the pulmonary artery.  
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Parametric Mapping 

To  assess  the  spatial  distribution  of  18FLT  uptake  within  the  lungs,  volume  of  distribution  was 

estimated from the slope of the linear regression on the Logan plot [31]. A parametric 3‐dimentional 

map  was  generated  by  using  volume  of  distribution  values measured  per  voxel  basis,  typically 

200000 voxels (2mm2 per voxel) for a human subject. 

 

Animals and Experimental Design 

Adult male  Sprague‐Dawley  (SD)  rats  (body weight  200‐250g)  (Charles  River, UK) were  used.  All 

experiments were conducted in accordance with the UK Home Office Animals (Scientific Procedures) 

Act  1986  (London,  UK).  Pulmonary  hypertension  was  induced  by  subcutaneous  injection  of 

monocrotaline (MCT, 60 mg/kg; Sigma‐Aldrich). 

In vivo experiments were designed as follows: a) 18FLT PET – following MCT induced PH progression; 
18FLT  PET  scans were  performed  in  control  and MCT  PAH  rats  one week  and  four weeks  after 

injection. b) 18FLT PET – to assess the effects of treatments in MCT PH model; rats were divided into 

4  groups  (n=6  per  group)  (i)  control  (C),  (ii) MCT  4 weeks  (4W)  and MCT  rats  treated with  (iii) 

Dichloroacetate  acid  70mg/kg/day  in  drinking  water  (DCA,  Sigma‐Aldrich,  UK),  (iv)  imatinib 

100mg/kg/day (IMA, LC Laboratories, USA) by oral gavage. Each treatment was started 2 weeks post 

MCT injection and continued for the following 2 weeks. At the end of the treatment, 18FLT PET scans 

were performed and tissues were collected for biochemical and histological examination.  

 

In vivo 18FLT PET  

In vivo  imaging was performed using a Siemens  Inveon small‐animal multimodality PET/CT system 

(Siemens Healthcare Molecular  Imaging).  Briefly,  rats were  anaesthetized with  isoflurane  (2‐4%), 

ventilation was adjusted to maintain pO2, pCO2 and pH within normal range. After the completion 

of  the  CT  scan,  18FLT  (approximately  35 MBq,  <0.5ml)  was  injected  through  tail  vein  catheter. 

Dynamic emission scans were acquired  in  list‐mode format for 60 minutes using conventional full‐

ring, whole‐body PET. During PET scanning, serial blood samples were taken via a femoral artery line 

(20 µl each) 8 samples at 1st minute, and then at 2, 3, 5, 10, 15, 30, 45 and 60 minutes. At the end, 

animals  were  sacrificed  and  tissue  samples  (lung,  RV,  kidney,  liver)  were  collected  for  gamma‐

counting, as well as snap frozen for biochemical measurement. The ratio of RV to left ventricle plus 

the  septum mass  (RV/  LV  +  septum) was  used  as  an  index  of  RV  hypertrophy.  Left  lungs were 

inflated and fixed with 4% formalin for histology examination.  
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Data Analysis 

PET  image  data  were  sorted  into  0.5mm  sinogram  bins  and  33  time  frames  and  images  were 

reconstructed  using  filtered  back  projection  with  CT‐based  attenuation  correction.  The  frame 

durations  used  for  the  study were  12×5s,  4×15s,  6×30s,  11×300s.  The  reconstructed CT  and PET 

images  were  analyzed  using  the  3‐dimensional  visualization  toolbox  in  the  Inveon  Research 

Workplace software. (Siemens Healthcare Molecular Imaging).  

The  whole  lung  tissue  time‐activity  curves  (TACs)  were  calculated  from  lung  PET  images  co‐

registered with ROI  on  CT  lung  images,  covering  the  lung  volume with  clearly  visible  boundaries 

adjusted  by  CT  density  thresholding.  Cumulative  images  over  0  to  60 min were  used  for  kinetic 

analysis of tracer uptake. The image derived input functions (IDIFs) were determined individually by 

sampled arterial plasma  time activity curves or  the PET  images derived activity curve  from  the LV 

blood pool. 

Decay corrected whole  lung TACs were normalized  for  injected activity  (kBq) and body weight  to 

obtain standardized uptake value (SUV). The dynamic image data was fitted to a 2‐compartment 4k 

model using the Matlab‐based in house kinetic analysis software package (CLICKFIT). In this model, 

K1 represents the rate constant for the transport of 18FLT from blood into tissue, k2 represents the 

rate constant of the transport of   18FLT  from tissue back to blood, k3 reflects the rate constant of 

phosphorylation of 18FLT, and k4 describes the rate of  18FLT dephosphorylation [29].  

 

Bio‐distribution  

The plasma  and  tissue  samples  (lung, RV,  LV,  septum,  liver,  and  kidney) harvested  following PET 

scanning were weighed and measured for radioactivity in a gamma counter. All data were corrected 

for  radioactivity decay. The amount of  radioactivity was expressed as percentage of  injected dose 

per gram of tissue or blood (%ID/g).  

 

Histology Examination 

Transverse  lung  sections were processed  for elastic Van Gieson  (EVG) and hematoxylin and eosin 

(H&E) staining. Peripheral vessels less than 100 µm in lung were counted blindly under microscope 

(40X) and pulmonary vascular remodelling was expressed as the proportion of vessels with double 

elastic  lamina  to  total vessels counted. Lung sections were also processed  for Ki‐67  (1:50, Thermo 

Scientific), CD68 (1:50; Serotec), TK1 (1:50; Abcam) and ENT1 (1:100; Abcam) immunostaining. Ki‐67 
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score was calculated on a minimum of 20 randomly selected 40X high‐power fields per slide and Ki‐

67 positive cells around the vessels (<100μm) were counted (approximately 40‐50 vessels per slide). 

Number of Ki‐67 positive  cells per  vessels was  calculated  for  comparison between groups. CD68‐

positive cells were counted in whole‐lung tissue sections and expressed as per mm2. 

 

Western Blotting 

Rat  lung  samples were homogenized  in RIPA buffer  (150 mmol/L  sodium  chloride, 1.0% NP‐40 or 

Triton  X‐100,  0.5%  sodium  deoxycholate,  0.1%  SDS,  50 mmol/L  Tris,  pH  8.0,  supplemented with 

protease  inhibitor;  Roche).  Western  blotting  was  performed  according  to  the  manufacturer’s 

suggestions  (rabbit polyclonal anti‐TK1 and anti‐ENT1 1:1000; Abcam). Proteins were detected by 

Novex  ECL  chemiluminescence  (Invitrogen). Optical densities of  individual bands were measured, 

and protein expression was standardized with GAPDH. 

 

Cell Culture 

Pulmonary artery adventitial fibroblasts isolated from the lungs of IPAH patients and healthy donors 

were obtained  from the University of Giessen and Marburg Lung centre tissue bank. Our previous 

experiment have shown that the IPAH pulmonary arterial fibroblasts exhibited greater proliferation 

capacity 9. We extracted RNA by  the Trizol method  from pulmonary artery adventitial  fibroblasts 

and  donor  cells  cultured  in  6‐well  plates.  Total  RNA was  transcribed with  a High  Capacity  cDNA 

Reverse  Transcription  Kit  (Applied  Biosystems),  followed  by  real‐time  polymerase  chain  reaction 

analysis of ENT1 and  thymidine metabolism enzyme genes  (TK1 and  thymidine phosphorylase TP) 

using primers described in Table 2. 

 

Name  Forward Primer  Reverse Primer 

TK 1  CCGTGGTTTAAAGCGGTCG  GGACGCGTCTCATCAACTCT 

ENT1  ACTCCAAAGTCTCAGCAGCAGG  AGAGTTCCGCTCAGGCAAG 

TP  AGGAGGCACCTTGGATAAGC  GCCCCTCCACGAGTTTCTTA 

Table 2. Real‐Time Polymerase Chain Reaction Primers for the Thymidine Kinase 1 (TK1), Equilibrative Nucleotide Transporter 1 

(ENT1) and Thymidine Phosphorylase (TP). 

 

Statistical Analysis 

Data are presented as mean±SEM. Normal distribution was verified with  the Kolmogorov‐Smirnov 

test, and variance of homogeneity was tested by the Levene test. Differences between groups were 
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assessed by either the Student t test or an appropriate ANOVA followed by the Bonferroni post hoc 

test for multigroup comparisons. Correlations between 18FLT uptake (k3) and clinical variables were 

determined  by  simple  linear  regression  analyses.  A  P  value  <0.05  was  considered  statistically 

significant. All  statistical analyses were performed with  Statistical analyses were performed using 

SPSS for Windows version 20 (IBM Corp., Armonk, NY) and GraphPad Prism for Windows version 5 

(GraphPad Software, La Jolla, CA). 

 

Results 

Increased Rate of 18FLT Phosphorylation k3 in IPAH Patients 

The clinical characteristics of  the  IPAH patients studied and details of  the controls  included  in  this 

study are summarized in Table 1. We calculated the rates of 18FLT transportation by 2T4k modeling 

[29] based on the sixty‐minute PET imaging dynamic acquisition. Compared with 18FLT PET uptake in 

control  subjects,  18FLT phosphorylation  k3  (Figure  1A) was  increased  significantly  in  IPAH patient 

lungs (0.086±0.034 vs 0.054±0.009; P<0.05).  There was variation in k3 within the IPAH group, such 

that some patients exhibited uptake more than 2‐fold above the control group whereas others were 

in  the  range of controls. Further analysis by 3‐dimensional parametric mapping of computed per‐

voxel 18FLT uptake from IPAH patients demonstrated that focal areas of relatively high uptake were 

distributed unevenly throughout the lung parenchyma (Figure 1B). Two representative IPAH patients 

with  lowest and highest mPAP  (Patient A 25mmHg vs Patient B 92mmHg) and PVR  (Patient A 134 

dyn.s/cm5 vs Patient B 1005dyn.s/cm5) demonstrated  this variation  (Table 1); computed per‐voxel 
18FLT uptake from Patient B showed a distinctive uneven regional pattern of 18FLT signal compared 

to Patient A.  

 

We next looked at the relationship between lung 18FLT uptake and cardiopulmonary hemodynamics 

in the  IPAH group. There was no correlation between  lung 18FLT uptake (phosphorylation rates k3) 

and mean pulmonary  artery pressure  (mPAP,  r2=0.38, p=0.111) or pulmonary  vascular  resistance 

(PVR  r2=0.042, p=0.625)  (Figure 1C).  Interestingly,  18FLT phosphorylation k3  levels were correlated 

significantly with  right  ventricular  end‐diastolic  volume  index  (r2=0.54,  p=0.037),  right  ventricular 

end‐systolic volume (r2=0.65, p=0.015), right ventricular ejection fraction (r2=0.51, p=0.048) and the 

load on the right ventricle (arterial elastance r2=0.50, p=0.048). There was no correlation between 

k3 and cardiac index (r2=0.05, p=0.604) (Supplement Figure I).  
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distributed unevenly throughout the lung parenchyma (Figure 1B). Two representative IPAH patients 

with  lowest and highest mPAP  (Patient A 25mmHg vs Patient B 92mmHg) and PVR  (Patient A 134 

dyn.s/cm5 vs Patient B 1005dyn.s/cm5) demonstrated  this variation  (Table 1); computed per‐voxel 
18FLT uptake from Patient B showed a distinctive uneven regional pattern of 18FLT signal compared 

to Patient A.  

 

We next looked at the relationship between lung 18FLT uptake and cardiopulmonary hemodynamics 

in the  IPAH group. There was no correlation between  lung 18FLT uptake (phosphorylation rates k3) 

and mean pulmonary  artery pressure  (mPAP,  r2=0.38, p=0.111) or pulmonary  vascular  resistance 

(PVR  r2=0.042, p=0.625)  (Figure 1C).  Interestingly,  18FLT phosphorylation k3  levels were correlated 

significantly with  right  ventricular  end‐diastolic  volume  index  (r2=0.54,  p=0.037),  right  ventricular 

end‐systolic volume (r2=0.65, p=0.015), right ventricular ejection fraction (r2=0.51, p=0.048) and the 

load on the right ventricle (arterial elastance r2=0.50, p=0.048). There was no correlation between 

k3 and cardiac index (r2=0.05, p=0.604) (Supplement Figure I).  
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Figure  1.  A.  Lung  18FLT  uptake  (rate  of  18FLT  phosphorylation  k3)  was  significantly  increased  in  IPAH  patient  group  (n=8, 

0.086±0.012)  compared  with  controls  (n=6,  0.054±0.004;  p<0.05).  B.  Upper  panel:  Parametric  map  of  Lung  18FLT  uptake 

calculated from Logan analysis from two different IPAH patients having lowest (Patient A) and highest (Patient B) mPAP among 

the  patient  group  (Table  1).  Lower  panel:  3D  parametric map  generated  from  computed  per‐voxel  18FLT  uptake  from  IPAH 

Patients A and B, showing an uneven regional 18FLT uptake which is considerably higher in Patient B. C. There was no significant 

correlation between lung 18FLT uptake (k3) with mean pulmonary artery pressure (mPAP) or pulmonary vascular resistance (PVR). 

But  lung  18FLT  uptake  (k3) was  closely  correlated  to  right  ventricular  dimensions  (RVEDVI  and  RVESVI)  and  right  ventricular 

function (RVEF) as well as to the load on the right ventricle (Ea). (RVEDVI = right ventricular end‐diastolic volume; RVESVI = right 

ventricular end‐systolic volume; RVEF = right ventricular ejection fraction; Ea = arterial elastance). 

 

Increased TK1, TP and ENT1 Expression in IPAH Fibroblast 

The vascular remodeling in PAH involves all cellular elements of the vessel wall, including fibroblasts. 

We  have  shown  previously  that  pulmonary  fibroblasts  from  IPAH  patients  exhibit  greater 

proliferation capacity  in vitro  [9]. Here, we examined  the expression of  the  thymidine metabolism 

enzymes TK1 and TP, as well as  the thymidine transporter ENT1,  in pulmonary  fibroblasts  isolated 
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from  5  IPAH  patients  and  5  donor  lungs  in  culture.  IPAH  pulmonary  fibroblasts  demonstrated 

increased expression of ENT1, TP and TK1 in comparison to control donor cells (Figure 2). 

 

 
Figure 2. Pulmonary artery adventitial fibroblasts isolated from lungs of patients with idiopathic pulmonary arterial hypertension 

(IPAH) exhibited increased expressions of ENT1, TK1 and TP in transcription level compared with cells from donor lungs. Data are 

expressed as mean±SEM; n≥6 in each group. **P<0.01 , *P<0.05. 

 

Increased Lung 18FLT Uptake in a MCT PAH Model 

To  interpret  the  relationship  between  lung  18FLT  uptake  and  the  underlying  pulmonary  vascular 

pathology, further studies were conducted in the MCT PAH rat. Static images obtained from 60 min 

dynamic PET  acquisitions demonstrated  significantly higher  accumulation of  18FLT  in  the MCT  rat 

lung  (Figure 3A);  18FLT SUV  in  the 4 week MCT group was >50% greater  than  in  the control group 

(Supplement Figure II). Dynamic 60 min PET data acquisition was used for kinetic modeling using a 

2T4K compartmental model. There was a progressive increase in 18FLT phosphorylation (k3) (Figure 

3B) as well as overall  18FLT  influx  rate  (Ki)  (Supplement Figure  II)  in MCT  rat  lungs,  supported by 

direct tissue 18FLT measurements (Figure 3C).  

Histological  examination  of  the MCT  lung  showed  progressive  vascular  remodeling  over  1  and  4 

weeks post MCT injection as previously demonstrated [9].The remodeled vessels in the MCT rat lung 

demonstrated Ki67 expression  (Figure 3D), as well as prominent ENT1 and TK1 expression  (Figure 

3F). The increased phosphorylation rate (k3) in MCT rats was in proportion to the vascular pathology 

and closely correlated (r2=0.78, P> .0001) with the Ki‐67 score (Figure 3E).  

 

Attenuated Lung 18FLT Uptake with Imatinib and DCA Treatment in the MCT Model  

We  investigated  the  response  of  18FLT  PET  measurements  to  treatments  with  proven  anti‐

proliferative efficacy in the MCT rat model. Treatment with DCA or imatinib during weeks 2 to 4 post 

MCT attenuated pulmonary vascular remodelling, as demonstrated by significant reductions  in the 
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Figure  1.  A.  Lung  18FLT  uptake  (rate  of  18FLT  phosphorylation  k3)  was  significantly  increased  in  IPAH  patient  group  (n=8, 

0.086±0.012)  compared  with  controls  (n=6,  0.054±0.004;  p<0.05).  B.  Upper  panel:  Parametric  map  of  Lung  18FLT  uptake 

calculated from Logan analysis from two different IPAH patients having lowest (Patient A) and highest (Patient B) mPAP among 

the  patient  group  (Table  1).  Lower  panel:  3D  parametric map  generated  from  computed  per‐voxel  18FLT  uptake  from  IPAH 

Patients A and B, showing an uneven regional 18FLT uptake which is considerably higher in Patient B. C. There was no significant 

correlation between lung 18FLT uptake (k3) with mean pulmonary artery pressure (mPAP) or pulmonary vascular resistance (PVR). 

But  lung  18FLT  uptake  (k3) was  closely  correlated  to  right  ventricular  dimensions  (RVEDVI  and  RVESVI)  and  right  ventricular 

function (RVEF) as well as to the load on the right ventricle (Ea). (RVEDVI = right ventricular end‐diastolic volume; RVESVI = right 

ventricular end‐systolic volume; RVEF = right ventricular ejection fraction; Ea = arterial elastance). 

 

Increased TK1, TP and ENT1 Expression in IPAH Fibroblast 

The vascular remodeling in PAH involves all cellular elements of the vessel wall, including fibroblasts. 

We  have  shown  previously  that  pulmonary  fibroblasts  from  IPAH  patients  exhibit  greater 

proliferation capacity  in vitro  [9]. Here, we examined  the expression of  the  thymidine metabolism 

enzymes TK1 and TP, as well as  the thymidine transporter ENT1,  in pulmonary  fibroblasts  isolated 
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from  5  IPAH  patients  and  5  donor  lungs  in  culture.  IPAH  pulmonary  fibroblasts  demonstrated 

increased expression of ENT1, TP and TK1 in comparison to control donor cells (Figure 2). 

 

 
Figure 2. Pulmonary artery adventitial fibroblasts isolated from lungs of patients with idiopathic pulmonary arterial hypertension 

(IPAH) exhibited increased expressions of ENT1, TK1 and TP in transcription level compared with cells from donor lungs. Data are 

expressed as mean±SEM; n≥6 in each group. **P<0.01 , *P<0.05. 

 

Increased Lung 18FLT Uptake in a MCT PAH Model 

To  interpret  the  relationship  between  lung  18FLT  uptake  and  the  underlying  pulmonary  vascular 

pathology, further studies were conducted in the MCT PAH rat. Static images obtained from 60 min 

dynamic PET  acquisitions demonstrated  significantly higher  accumulation of  18FLT  in  the MCT  rat 

lung  (Figure 3A);  18FLT SUV  in  the 4 week MCT group was >50% greater  than  in  the control group 

(Supplement Figure II). Dynamic 60 min PET data acquisition was used for kinetic modeling using a 

2T4K compartmental model. There was a progressive increase in 18FLT phosphorylation (k3) (Figure 

3B) as well as overall  18FLT  influx  rate  (Ki)  (Supplement  Figure  II)  in MCT  rat  lungs,  supported by 

direct tissue 18FLT measurements (Figure 3C).  

Histological  examination  of  the MCT  lung  showed  progressive  vascular  remodeling  over  1  and  4 

weeks post MCT injection as previously demonstrated [9].The remodeled vessels in the MCT rat lung 

demonstrated Ki67 expression  (Figure 3D), as well as prominent ENT1 and TK1 expression  (Figure 

3F). The increased phosphorylation rate (k3) in MCT rats was in proportion to the vascular pathology 

and closely correlated (r2=0.78, P> .0001) with the Ki‐67 score (Figure 3E).  

 

Attenuated Lung 18FLT Uptake with Imatinib and DCA Treatment in the MCT Model  

We  investigated  the  response  of  18FLT  PET  measurements  to  treatments  with  proven  anti‐

proliferative efficacy in the MCT rat model. Treatment with DCA or imatinib during weeks 2 to 4 post 

MCT attenuated pulmonary vascular remodelling, as demonstrated by significant reductions  in the 
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proportion of remodelled vessels with double elastic lamina (Figure 4A), Ki67 score (Figure 4B), and 

right  ventricular  hypertrophy  (RV/LV+sep  ratio,  DCA:  0.48±.03  imatinib:  0.32±.02;  P<0.001  in 

comparison  to  placebo  group:  0.61±.02,  Figure  4C),  consistent  with  previous  data.  This  was 

accompanied by a marked reduction in the phosphorylation of 18FLT k3 (Figure 4D). This was further 

supported by the direct measurement of lung tissue 18FLT (Figure 4E).  

 

 
Figure 3. A. Representative static images from dynamically acquired positron emission tomography images over 60 minutes after 
18FLT injection. B. Compartmental analysis demonstrating a significantly increased lung 18FLT uptake (phosphorylation rate k3) in 

rats after 1 week (1W) and 4 weeks (4W) of monocrotaline (MCT) injection. C. Measurement of 18FLT uptake by gamma counter 

confirms significantly increased 18FLT uptake in MCT rats. %ID/gm indicates percentage of injected dose per gram of tissue. Data 

are expressed as mean±SEM; n≥5  in each group. **P<0.01 , *P<0.05 vs control (C) group. D. Immunostaining with Ki67  in MCT 

lung  sections demonstrated  increased expression of Ki‐67 positive nuclei around  remodelled vessels. E. Relationship between 
18FLT phosphorylation rate and proliferation  index Ki‐67 score (r2=0.77, P<0.0001)  in MCT rat  lung. F. Prominent TK1 and ENT1 

expression was observed around the remodelled peripheral pulmonary vessels. 

 

Western blot analysis of  lung homogenates demonstrated a  significant  increase  in ENT1 and TK1 

expression  in  the  4 week MCT  rat  lung, which was  attenuated  by  imatinib  and DCA  treatments 

(Figure 4F). 
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Figure 4. A. Treatment with dichloroacetate (DCA) and imatinib (IMA) attenuated pulmonary vascular muscularization. B. Effect 

of  treatments  on  Ki‐67–positive  nuclei  surrounding  remodelled  peripheral  pulmonary  vessels.  C.  Effect  of  treatments  on 

attenuation  of  right  ventricular  hypertrophy  in  the  monocrotaline  (MCT)  rat.  D  and  E.  Treatment  with  DCA  and  imatinib 

attenuated  lung 18FLT uptake  in MCT rats. %ID/gm  indicates percentage of  injected dose per gram of tissue. F. Summary data 

and  representative western  blot  for  TK1  and  ENT1  expression  in whole  lung  homogenate.  Both  TK1  and  ENT1  expression, 

normalized  to GAPDH, were  increased  in  the MCT  rat and attenuated by DCA and  imatinib  treatment. Data are expressed as 

mean±SEM; n≥5 in each group. ***P<0.001, **P<0.01, *P<0.05. 
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This  is  the  first  study  to  explore  dynamic  18FLT  PET  imaging  in  PAH  patients  to  track  pulmonary 

vascular pathology. We found that lung 18FLT uptake was increased in IPAH patients compared with 

control  subjects,  and  that  there  is  heterogeneity  in  the  lung  18FLT  signal  in  IPAH,  both  between 

patients  and within  the  lungs of  each patient.  The MCT  rat model  allowed us  to  investigate  this 

signal  in more depth.  Increased  lung  18FLT uptake  in  this model  responded  to drugs  that  reduce 

pulmonary  vascular  remodeling  in animal models.  Further  in depth  kinetic 2T4k modelling of  the 

lung  18FLT  signal  showed  an  increased  rate  of  18FLT  phosphorylation  k3.  Together  with  gene 

expression  studies  in pulmonary arterial  fibroblasts  isolated  from  IPAH patients, our data  support 
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proportion of remodelled vessels with double elastic lamina (Figure 4A), Ki67 score (Figure 4B), and 

right  ventricular  hypertrophy  (RV/LV+sep  ratio,  DCA:  0.48±.03  imatinib:  0.32±.02;  P<0.001  in 

comparison  to  placebo  group:  0.61±.02,  Figure  4C),  consistent  with  previous  data.  This  was 

accompanied by a marked reduction in the phosphorylation of 18FLT k3 (Figure 4D). This was further 

supported by the direct measurement of lung tissue 18FLT (Figure 4E).  

 

 
Figure 3. A. Representative static images from dynamically acquired positron emission tomography images over 60 minutes after 
18FLT injection. B. Compartmental analysis demonstrating a significantly increased lung 18FLT uptake (phosphorylation rate k3) in 

rats after 1 week (1W) and 4 weeks (4W) of monocrotaline (MCT) injection. C. Measurement of 18FLT uptake by gamma counter 

confirms significantly increased 18FLT uptake in MCT rats. %ID/gm indicates percentage of injected dose per gram of tissue. Data 

are expressed as mean±SEM; n≥5  in each group. **P<0.01 , *P<0.05 vs control (C) group. D. Immunostaining with Ki67  in MCT 

lung  sections demonstrated  increased expression of Ki‐67 positive nuclei around  remodelled vessels. E. Relationship between 
18FLT phosphorylation rate and proliferation  index Ki‐67 score (r2=0.77, P<0.0001)  in MCT rat  lung. F. Prominent TK1 and ENT1 

expression was observed around the remodelled peripheral pulmonary vessels. 

 

Western blot analysis of  lung homogenates demonstrated a  significant  increase  in ENT1 and TK1 

expression  in  the  4 week MCT  rat  lung, which was  attenuated  by  imatinib  and DCA  treatments 

(Figure 4F). 
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Figure 4. A. Treatment with dichloroacetate (DCA) and imatinib (IMA) attenuated pulmonary vascular muscularization. B. Effect 

of  treatments  on  Ki‐67–positive  nuclei  surrounding  remodelled  peripheral  pulmonary  vessels.  C.  Effect  of  treatments  on 

attenuation  of  right  ventricular  hypertrophy  in  the  monocrotaline  (MCT)  rat.  D  and  E.  Treatment  with  DCA  and  imatinib 

attenuated  lung 18FLT uptake  in MCT rats. %ID/gm  indicates percentage of  injected dose per gram of tissue. F. Summary data 

and  representative western  blot  for  TK1  and  ENT1  expression  in whole  lung  homogenate.  Both  TK1  and  ENT1  expression, 

normalized  to GAPDH, were  increased  in  the MCT  rat and attenuated by DCA and  imatinib  treatment. Data are expressed as 

mean±SEM; n≥5 in each group. ***P<0.001, **P<0.01, *P<0.05. 
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the contention that the lung 18FLT PET signal reflects pulmonary vasculature cellular proliferation in 

PAH.  

 

We  have  previously  shown  that  18FDG  uptake  is  increased  in  the  lungs  of  IPAH  patients  [9].  A 

limitation of this approach is the challenge of distinguishing inflammation from proliferation. In the 

field of oncology, the 18FLT ligand has been used for imaging tumor cell proliferation [22], especially 

for improving the accuracy of anti‐proliferative target delineation. 18FLT has been shown to correlate 

better  than  18FDG with  cell  proliferation markers  in  excised  tumors  and  has  potential  to  better 

differentiate growing tumors from inflammation [32,33]. In addition, background activity of 18FLT is 

low  in  the  thorax  as  shown  in  studies of  lung  cancer  [34‐36].  In  the  current  study, dynamic PET 

scanning data from IPAH patients allowed us to perform the in‐depth kinetic analysis of the rates of 
18FLT transportation in the lung by 2T4k modeling [29]. We found a significantly higher rate of 18FLT 

phosphorylation k3 in a proportion of IPAH patient lungs.  

 

The 18FLT phosphorylation reaction, denoted by k3, is the TK1 rate‐limiting step during the cell cycle 

S‐phase,  determining  the  uptake  and  retention  of  18FLT  in  tissue.  TK1  overexpression  has  been 

described  in various  tumour  tissues  including brain, breast and  lung  tumors and TK1 expression  is 

correlated  closely  with  Ki67  expression  as  well  as  18FLT  uptake  [18‐21].  The  measurement  of 

intracellular  levels of phosphorylated thymidine (as a surrogate of TK1 activation  level)  is regarded 

as an accurate method  for estimating cellular growth  [37]. Direct correlation of  18FLT uptake with 

vascular  remodeling  in  humans  is  not  possible. We  employed  pulmonary  fibroblasts,  an  active 

contributor  to  vascular  remodeling  in  IPAH,  that we  isolated  from  IPAH  patients  to  explore  the 

biology in vitro. Consistent with increased lung uptake of 18FLT PET and phosphorylation of 18FLT in 

IPAH patients, we observed a significantly  increased expression of thymidine metabolism enzymes 

TK1 and TP, as well as thymidine transporter ENT1,in these hyper‐proliferative cells. These data are 

consistent  with  a  lung  18FLT  signal  that  depicts  the  hyper‐proliferative  vascular  pathology 

documented in the pulmonary hypertensive lung.  

 

There was  considerable  variation  in  the  distribution  of  lung  18FLT  uptake within  the  IPAH  study 

group. Some patients exhibited a more than 2‐fold increase in 18FLT phosphorylation, k3, above the 

control  group,  whereas  others were  in  the  range  of  controls.  This  is  not  surprising  as  vascular 

proliferation  is unlikely to be constant throughout the course of the disease. Little  is known about 
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the natural history of the vascular pathology of IPAH; for example, it could be episodic with periods 

of  vascular  proliferation  interspersed  and  with  periods  of  relative  quiescence,  or  vascular 

remodeling could be an early event with little cellular activity during the later stages of the disease. 

A cross sectional study of IPAH patients would be expected to reflect this variation. Furthermore, we 

analysed data by 3‐dimensional parametric mapping of computed per‐voxel 18FLT uptake. There was 

an uneven pattern of 18FLT signal distribution within the lungs of severe disease, which may report 

the  patchy  distribution  of  the  vascular  pathology  within  the  lung,  as  seen  on  histological 

examination [4,6]. This variability  is  likely to explain the absence of an association between overall 

lung  18FLT  phosphorylation,  k3,  and  mean  pulmonary  artery  pressure  or  pulmonary  vascular 

resistance in this small cohort of IPAH patients.  

 

Results  from pre‐clinical animal studies and clinical oncology  investigations  indicate  that 18FLT PET 

could be a useful biomarker  for measuring the difference  in tumour growth rates  in the course of 

therapy. Our data from the MCT rat model of PAH showed an association between  increased  lung 
18FLT uptake and the progression of pulmonary vascular remodelling. The remodelled vessels in the 

MCT rat  lung demonstrated  increased Ki‐67 expression as well as prominent thymidine kinase TK1 

and transporter ENT1 expression. 18FLT phosphorylation, k3, levels were also increased in proportion 

to peripheral pulmonary vascular muscularization and the proliferation Ki‐67 score. Treatment with 

DCA and imatinib in the MCT model attenuated pulmonary hypertension and vascular remodelling, 

reduced the disease‐driven increase in lung TK1 and ENT1 expression, and the 18FLT PET lung signal 

was reduced in line with decreased peripheral vascular muscularization. Our data suggests that 18FLT 

PET may be a useful tool to assess response to treatment in patients with PAH.  

 

Conclusions 

The  present  study  demonstrates  the  potential  of  dynamic  18FLT  PET  imaging  to  report  on  the 

vascular pathology  in  IPAH. We  suggest  that,  given  the  variability  in uptake between patients,  it 

might  be  a  useful  tool  for  identifying  patients  who  might  benefit  most  from  anti‐proliferative 

therapy and so support precision medicine. The value of 18FLT PET as a tool in evaluating therapeutic 

strategies targeted at resolving pulmonary vascular remodelling in the clinic merits further study.  

 

Sources of Funding 
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Supplement Figures 

 
Figure I. There was no significant correlation between lung 18FLT uptake (k3) and cardiac index (CI). 

 

 
Figure  II. A. Standard uptake value of Lung 18FLT uptake  in monocrotaline  (MCT)  rat was  increased after 4 weeks  (4W_MCT) 

compare to controls. B. Two tissue 4K (2T4K) compartmental analysis demonstrated a significantly increased lung 18FLT influx Ki 

in rats after 1 week (1W_MCT) and 4 weeks (4W_MCT) of monocrotaline (MCT) injection. 
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Abstract 

 

Introduction: Cardiac magnetic resonance imaging of the pressure overloaded right ventricle (RV) of 

precapillary pulmonary hypertension (PH) patients, exhibits Late Gadolinium Enhancement at the 

interventricular insertion regions, a phenomenon which has been linked to focal fibrosis. Native T1-

mapping is an alternative technique to characterize myocardium and has the advantage of not 

requiring the use of contrast agents. The aim of this study was to characterize the myocardium of 

idiopathic pulmonary arterial hypertension (IPAH), systemic scleroderma related PH (PAH-Ssc) and 

chronic thromboembolic PH (CTEPH) patients using native T1-mapping and to see whether native 

T1-values were related to disease severity. Furthermore, we compared native T1-values between 

the different precapillary PH categories. 

Methods: Native T1-mapping was performed in 46 IPAH, 14 PAH-SSc and 10 CTEPH patients and 10 

control subjects. Native T1-values were assessed using regions of interest at the RV and LV free wall, 

interventricular septum and interventricular insertion regions. 

Results: In PH patients, native T1-values of the interventricular insertion regions were significantly 

higher than the native T1-values of the RV free wall, LV free wall and interventricular septum. Native 

T1-values at the insertion regions were significantly related to disease severity. Native T1-values 

were not different between IPAH, PAH-Ssc and CTEPH patients.  

Conclusions: Native T1-values of the interventricular insertion regions are significantly increased in 

precapillary PH and are related to disease severity. Native T1-mapping can be developed as an 

alternative technique for the characterization of the interventricular insertion regions and has the 

advantage of not requiring the use of contrast agents. 
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Introduction 

Precapillary pulmonary hypertension (PH) is characterized by an increase in pulmonary vascular 

resistance (PVR) and right ventricular (RV) adaption to the increased load is one of the main 

determinants of patient outcome [1]. A well-established method to non-invasively characterize the 

myocardium is the assessment of late gadolinium enhancement (LGE) by cardiac magnetic 

resonance imaging (CMRI). Previous studies in PH patients showed delayed enhancement of the 

interventricular insertion regions [2-5] and linked this phenomenon to focal fibrosis [4, 6]. In 

addition, LGE was shown to correlate with disease severity [2, 4, 5]. A major drawback of the 

assessment of LGE is the need for the administration of the contrast agent gadolinium. Its toxicity 

due to depositions in other parts of the body, for example in the brain [7], is not completely 

understood, but gadolinium administration is contra-indicated in patients with renal insufficiency. 

Moreover, the LGE technique is not suitable to detect more diffuse myocardial pathologies since the 

calculation of the threshold of abnormal enhancement depends on a reference area of myocardium 

[8]. An alternative technique to characterize the myocardium is native T1-mapping. T1-mapping 

quantifies the T1 relaxation time per pixel tissue and different tissues show a characteristic range of 

T1-values [9-11]. Native T1-values increase when the heart is affected by edema and diffuse or focal 

fibrosis [12-20]. To quantify native T1-values, there is no need for a reference area of myocardium, 

making it possible to directly quantify the total myocardium. Moreover, native T1-values can be 

determined without the use of contrast agents [10]. Therefore, the aim of this study was to 

characterize the myocardium of idiopathic pulmonary arterial hypertension (IPAH), systemic 

scleroderma related PH (PAH-Ssc) and chronic thromboembolic PH (CTEPH) patients using native T1-

mapping and to see whether native T1-values were related to disease severity. Furthermore, since 

the difference in presence of histologically confirmed myocardial fibrosis between these forms of 

precapillary PH vary between studies [21-23], we compared native T1-values between the different 

precapillary PH categories. 

 

Methods 

Subjects 

We retrospectively analyzed all available native T1-mapping data of IPAH patients (n=46), PAH-SSc 

patients (n=14) and CTEPH patients (n=10) scanned between June 2011 and March 2014 in the VU 

University Medical Center. Data was acquired in the context of an ongoing prospective research 
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alternative technique for the characterization of the interventricular insertion regions and has the 
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program to investigate the role of CMRI in the evaluation of PH patients. The study was approved by 

The Medical Ethics Review Committee of the VU University Medical Center. Since this study did not 

fall within the scope of the Medical Research Involving Human Subjects Act (WMO), the study was 

approved without requirement of an informed consent statement. IPAH, PAH-SSc and CTEPH were 

diagnosed according to ATS/ERS guidelines [24]. Both treatment naïve patients and patients under 

optimal PAH-therapies were included in the study. Patients with left sided heart failure and 

congenital heart disease were excluded from this study. Furthermore, native T1-mapping was 

performed in 10 healthy volunteers, who gave written informed consent for usage of the data for 

this study. 

 

CMRI protocol 

Native T1-mapping was acquired on a Siemens 1.5 T Avanto scanner. A single breath-hold Modified 

Look-Locker Inversion-recovery (MOLLI) pulse sequence was used on a mid-ventricular short axis 

imaging plane. Three, three, and five non-segmented images were acquired at end-diastole within 

17 heart beats to sample the recovery of longitudinal magnetization after the inversion pulse. 

Minimal inversion time was 100 ms [25]. Inplane motion correction was applied. Motion correction 

was applied by exploiting the known exponential form of inversion recovery and treating the motion 

and inversion recovery as a joint estimation problem. This was performed with the generation of a 

series of motion free synthetic inversion recovery images which were used at each inversion time for 

registration with the measured MOLLI images [26]. 

 

CMRI analyses 

Native T1-values were assessed using regions of interest (ROIs) at the interventricular insertion 

regions, the RV free wall, LV free wall, interventricular septum and interventricular insertion regions 

on mid-ventricular short axis T1-maps. ROIs were manually drawn as illustrated in figure 1. ROIs 

were carefully assessed and the borders of the myocardium were avoided to prevent partial volume 

effects due to surrounding tissue or the blood pool. ROIs in the RV free wall could be accurately 

positioned in all patients in the inferior part of the RV free wall (figure 1). We attempted to draw 

ROIs of the total RV free wall, but this was not feasible in the majority of patients because the RV 

free wall was too thin. Native T1-values of the RV wall could not be assessed in the control subjects 

because in all control subjects the RV wall was too thin. T1-values of the interventricular insertion 
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regions were averaged over the inferior and superior insertion regions. Ventricular volumes were 

assessed as described before [1]. 

 

 
Figure 1: Schematic illustration of ROIs. Schematic illustration of a mid-ventricular short-axis image. ROIs of the different regions 

are marked. ROIs of the LV free wall covered the total LV free wall. ROIs of the RV free wall, were only analyzed in the inferior 

part of the RV free wall. Attempts to cover the total RV free wall failed because in a majority of the patients the free wall was too 

thin, resulting in unreliable native T1-values due to partial volume effects.  

 

Statistical methods 

Data are presented as mean ± standard deviation, unless stated differently. In PH patients, native 

T1-values between the RV free wall, LV free wall, interventricular septum and interventricular 

insertion regions were compared using repeated measures one-way ANOVA with Bonferroni post-

hoc correction. In control subjects, native T1-values between the LV free wall, interventricular 

septum and interventricular insertion regions were compared using repeated measures one-way 

ANOVA with Bonferroni post-hoc correction. Native T1-values of the different regions of the 

myocardium between IPAH, PAH-SSc and CTEPH patients and healthy controls were compared using 

one-way ANOVA with Bonferroni post-hoc correction. In PH patients, pearson correlation analysis 
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were applied to assess the relation between native T1-values and hemodynamic and cardiac 

parameters of disease severity: right atrial pressure (RAP), mean pulmonary artery pressure (mPAP), 

pulmonary vascular resistance (PVR), cardiac index (CI), RV stroke volume index (SVI), RV end-

diastolic volume index (RVEDVI), RV end-systolic volume index (RVESVI), RV ejection fraction (RVEF) 

and NT Pro-BNP. All analyses were performed using SPSS for Windows version 20.0 and Graphpad 

Prism for Windows version 5.0. P-values <0.05 were considered statistically significant. 

 

Results 

Patient characteristics, hemodynamics and standard CMRI measurements are summarized in table 

1.  

 

 N=70 (IPAH n=46; PAH-SSc n=14; CTEPH n=10) Control subjects (n=10) P-value 

Female (%) 73 40 0.04 

Age (years) 54 ± 16 20 ± 1 <0.001 

Heart rate (bpm) 79 ± 14 74 ± 11 0.280 

Hemodynamics:    

      mPAP (mmHg) 47 ± 13 -  

      PAWP (mmHg) 8 ± 3 -  

      PVR (dyn*s/cm5) 634 ± 342 -  

      RAP (mmHg) 7 ± 4 -  

      CI (L/min/m2) 3 ± 1 -  

CMRI:    

      RVEDVI (ml/m2) 82 ± 38 -  

      RVESVI (ml/m2) 51 ± 37 -  

      RVSVI (ml/m2) 30 ± 12 -  

      RVEF (%) 42 ± 16 -  

      LVEF (%) 65 ± 11 -  

NT ProBNP (ng/L) 1393 ± 2283 -  

Table 1: Patient characteristics. mPAP = mean pulmonary artery pressure; PAWP = pulmonary arterial wedge pressure; PVR = 

pulmonary vascular resistance, RAP = right atrial pressure; CI = cardiac index; CMRI = cardiac magnetic resonance imaging; 

RVEDVI = indexed right ventricular end-diastolic volume; RVESVI = indexed right ventricular end-systolic volume; RVSVI = right 

ventricular stroke volume index; RVEF = right ventricular ejection fraction; LVEF = left ventricular ejection fraction. 
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Control subjects were significantly younger than PH patients (20 ± 1 and 54 ± 16 p<0.001). 40% of 

the control subjects were female. Heart rate (HR) was not significantly different between control 

subjects (74 ± 11bpm) and PH patients (79 ± 14bpm). 

 

Native T1-values in PH patients and control subjects 

In PH patients, native T1-values of the interventricular insertion regions (1060 ± 70ms) were 

significantly higher than the native T1-values of the RV free wall, LV free wall and interventricular 

septum (figure 2 and 3).  

 

 
Figure 2: Native T1-values(ms) of the RV free wall, LV free wall, interventricular septum and the interventricular insertion regions. 

Data is presented as mean and standard error of the mean. A: Regional differences in the myocardium of control subjects. No 

regional differences were found in control subjects. B: Regional differences in the myocardium of PH patients. T1-values of the 

RV free wall of PH patients were not different from T1-values of the LV free wall and interventricular septum. * = T1-values of the 

interventricular septum of PH patients were significantly higher compared to native T1-values of the LV free wall. # = Native T1-

values of the interventricular insertion regions of PH patients were significantly higher compared to native T1-values of the RV 

free wall, LV free wall and interventricular septum. 

 

Native T1-values of the RV free wall (996 ± 69ms) were not significantly different from the native T1-

values of the LV free wall (977 ± 60ms) and interventricular septum (1009 ± 48ms). Native T1-values 

of the LV free wall were significantly lower than the native T1-values of the interventricular septum.  

In control subjects, no differences were found between native T1-values of the LV free wall (961 ± 

26ms), interventricular septum (958 ± 23ms) and interventricular insertion regions (957 ± 27ms) 

(figure 2). 
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Figure 3: Native T1-maps showing increased native T1-values at the interventricular insertion regions. Two examples of native T1-

maps of a control subject (A) and an IPAH (B) patient. The white arrows indicate the increased native T1-values at the 

interventricular insertion regions. 

 

Relation between native T1-values of the interventricular insertion regions and disease severity in 

PH patients 

In PH patients, native T1-values of the interventricular insertion regions were significantly related to 

RAP (pearson r=0.310; p=0.01), RVEDVI (pearson r=0.376; p=0.001), RVESVI (pearson r = 0.358 

p=0.002), RVEF (pearson r=-0.282; p=0.018) and NT pro-BNP (pearson r=0.392; p=0.001), but not to 

CI, PVR, RVSVI and mPAP (figure 4). 

 

Comparison of native T1-values between IPAH, CTEPH and PAH-Ssc patients and control subjects 

Native T1-values of the RV free wall, LV free wall, interventricular septum and the interventricular 

insertion regions were not significantly different between IPAH, CTEPH and PAH-SSc patients.  

Native T1-values of the LV free wall were not significantly different between control subjects and PH 

patients. Native T1-values of the interventricular septum was significantly higher in IPAH and CTEPH 

patients compared to control subjects.  

Native T1-values of the interventricular insertion regions were significantly higher in all PH 

categories compared to control subjects (figure 5). 
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Figure 4: Correlations between native T1-values of the interventricular insertion regions and RVEDVI, RVESVI, RVEF and RAP in PH 

patients. Native T1-values of the interventricular insertion regions of PH patients were significantly related to RVEDVI, RVESVI, 

RVEF and RAP. RVEDVI = right ventricular end-diastolic volume index; RVESVI = right ventricular end-systolic volume index; RVEF 

= right ventricular ejection fraction; RAP = right atrial pressure. 

 

Discussion 

This is the first study using the native T1-mapping technique to characterize the myocardium in 

precapillary PH patients. In PH patients, native T1-values of the interventricular insertion regions 

were significantly increased compared to the native T1-values of the RV free wall, LV free wall and 

interventricular septum. Furthermore, native T1-values of the interventricular insertion regions were 

related to disease severity. 

 

Increased Native T1-values of the interventricular insertion regions 

LGE studies in PH showed the late enhancement of the interventricular insertion regions and it has 

been suggested that this phenomenon most likely reflect locally increased focal fibrosis [2-5].  
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Figure 5: Comparison of native T1-values between IPAH, PAH-SSc and CTEPH patients and control subjects. Data is presented as 

mean and standard error of the mean. The Y-axis Native T1-values of the RV free wall (blue), LV free wall (red), interventricular 

septum (yellow) and interventricular insertion regions (green) were not significantly different between IPAH, PAH-SSc and CTEPH 

patients. Native T1-values of the LV free wall was not significantly different between control subjects and PH patients. Native T1-

values of the interventricular septum was significantly higher in IPAH and CTEPH patients compared to control subjects. Native 

T1-values of the interventricular insertion regions were significantly increased in all PH categories compared to control subjects. 

 

This suggestion was strengthened by McCann et al. by finding increased focal fibrosis at the 

interventricular insertion regions in the histology of the myocardium of two PH patients [4]. Bull et 

al. linked the native T1-values to histological findings in patients with severe aortic stenosis and 

found a good correlation between native T1-values and the collagen volume fraction [12]. 

Furthermore, a recent study investigating native T1-values in a chronic PH animal model also found 

increased native T1-values at the interventricular insertion regions. In this study, the PH group 

showed increased interstitial collagen at the interventricular insertion regions compared to the 

sham group [27]. Therefore, the increased native T1-values of the interventricular insertion regions 
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most likely reflect locally increased focal fibrosis. However, McCann et al. [4] also described edema 

at the interventricular insertion regions, which also can contribute to an increase in native T1-values 

[17]. It is suggested that predilection for fibrosis to develop at the interventricular insertion regions 

is caused by mechanical stress due to the bowing of the interventricular septum into the LV [2] 

which is often seen in precapillary PH patients. However, late enhancement at the interventricular 

insertion regions is also described in patients with hypertrophic cardiomyopathy [3, 28] indicating 

that this phenomenon is not specific for a pressure overloaded RV.  

Increased native T1-values of the interventricular insertion regions were moderately, but 

significantly related to disease severity. This is in line with previous LGE studies showing comparable 

correlations between the late enhancement of the interventricular insertion regions and RVEF, RV 

volumes and mPAP [2, 4, 5]. Furthermore, similar correlations were found between native T1-values 

of the interventricular insertion regions and measures of disease severity [27]. The correlations 

between native T1-values of the interventricular insertion regions and RV functional measures and 

NT-proBNP is probably related to the associated increase in RV wall tension. It has been shown that 

RV wall tension is associated with the delay in time to peak shortening of the RV, causing the 

leftward shift of the interventricular septum during late RV systole [29]. The right-to-leftward 

shifting of the interventricular septum probably increases the mechanical shear stress on the 

interventricular insertion regions. 

In a recent study, native T1-values were assessed in the RV of healthy subjects and the authors 

found increased native T1-values in the RV free wall compared to the LV free wall and suggested 

that this finding could be due to a higher collagen content of the RV free wall [30]. In the PH patients 

in our study, native T1-values of the RV free wall were not significantly higher than those of the LV 

free wall and were in the same range as the native T1-values of the RV free wall in healthy subjects 

[30]. We could not assess the native T1-values of the RV wall in our control subjects because the wall 

was too thin. Kawel-Boehm et al. [30] could assess native T1-values of the RV free wall of healthy 

subjects because they performed native T1-mapping at the end-systolic phase. 

Native T1-values of the LV free wall were not significantly different between PH patients and control 

subjects and were in the same range as native T1-values of the LV free wall conducted in a large 

cohort of healthy subjects of the same age [11]. This is in line with LGE studies showing no late 

enhancement in the myocardium of precapillary PH patients apart from the interventricular 

insertion regions [2-5]. 
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Figure 5: Comparison of native T1-values between IPAH, PAH-SSc and CTEPH patients and control subjects. Data is presented as 

mean and standard error of the mean. The Y-axis Native T1-values of the RV free wall (blue), LV free wall (red), interventricular 
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most likely reflect locally increased focal fibrosis. However, McCann et al. [4] also described edema 
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shifting of the interventricular septum probably increases the mechanical shear stress on the 
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In a recent study, native T1-values were assessed in the RV of healthy subjects and the authors 

found increased native T1-values in the RV free wall compared to the LV free wall and suggested 

that this finding could be due to a higher collagen content of the RV free wall [30]. In the PH patients 

in our study, native T1-values of the RV free wall were not significantly higher than those of the LV 

free wall and were in the same range as the native T1-values of the RV free wall in healthy subjects 

[30]. We could not assess the native T1-values of the RV wall in our control subjects because the wall 

was too thin. Kawel-Boehm et al. [30] could assess native T1-values of the RV free wall of healthy 

subjects because they performed native T1-mapping at the end-systolic phase. 

Native T1-values of the LV free wall were not significantly different between PH patients and control 

subjects and were in the same range as native T1-values of the LV free wall conducted in a large 

cohort of healthy subjects of the same age [11]. This is in line with LGE studies showing no late 

enhancement in the myocardium of precapillary PH patients apart from the interventricular 

insertion regions [2-5]. 
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Native T1-values between IPAH, PAH-SSc and CTEPH patients 

A recent study of Ntusi et al [18] found increased native T1-values of the total myocardium in no-PH 

systemic sclerosis patients compared to controls. We found no differences in native T1-values 

between IPAH, PAH-SSc and CTEPH patients. The presence of myocardial fibrosis found in these 

different forms of precapillary PH differ between studies. No differences in myocardial fibrosis of RV 

free wall tissue were found between controls, IPAH and PAH-SSc patients [21], while others found 

an increased amount of myocardial fibrosis in PAH patients compared to no-PH controls [22]. Ntusi 

et al. [18] included both limited cutaneous (lcSSc) and diffuse cutaneous systemic sclerosis (dcSSc) 

patients, while in our study we only included patients with lcSSc. It is known that cardiac 

involvement of systemic sclerosis is much higher in dcSSc patients compared to lcSSc patients [31], 

which can explain the differences in results.  

 

Limitations 

We could not assess native T1-values of the total RV free wall, since in most patients the RV free 

wall was too thin to avoid partial volume effects. Only the inferior part of the RV free wall could be 

accurately assessed in all patients. Although we did not assess the total RV free wall, large variances 

in native T1-values between different regions of the RV free wall are not expected in a pressure 

overloaded RV. 

Our study is a retrospective analysis and we included both treatment naïve and treated PH patients. 

From our data we cannot rule out any treatment effects on the measured native T1-values. 

The control subjects were significantly younger compared to PH patients. It is known that age can 

influence native T1-values of the myocardium, with higher native T1-values found at a younger age 

[11]. Since native T1-values of the interventricular insertion regions were significantly increased in 

PH patients compared to control subjects, this only strengthens our findings. 

The MOLLI technique as we applied is known to slightly underestimate native T1 values at higher 

heart rates [32]. The main conclusions in this study rely on regional differences, and are therefore 

not affected. Moreover, heart rates were not different between patients and controls. Another 

potential confounder is the effect of the T2 relaxation time: the absolute T1 values obtained with 

the MOLLI technique defer from their actual values in tissues with short T2 [33]. Whether or not T2-

changes play a role in our study, is still to be explored. A technique such as SASHA [34] is more 

accurate, however, the values obtained with this SACHA technique show a larger variability and the 

MOLLI method performs more precisely [35]. 
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Conclusions 

Native T1-values of the interventricular insertion regions are increased compared to native T1-

values of the LV free wall, RV free wall and interventricular septum in patients with precapillary PH 

and are related to disease severity. Native-T1 values are not different between IPAH, PAH-SSc and 

CTEPH patients. Native T1-mapping can be an alternative for the characterization of the 

interventricular insertion regions without the use of contrast agents. 
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Abstract 

 

Introduction: Exercise tolerance is decreased in patients with pulmonary hypertension (PH). It is 

unknown whether exercise intolerance in PH coincides with an impaired rest-to-exercise response in 

right ventricular (RV) contractility. Therefore, the aim of this study was to investigate in PH patients 

the RV exertional contractile reserve, defined as the rest-to-exercise response in end-systolic 

elastance (ΔEes), and the effects of exercise on the matching of Ees and RV afterload (Ea), i.e. RV-

arterial coupling (Ees/Ea). In addition, we compared ΔEes with a recently proposed surrogate, the 

rest-to-exercise change in pulmonary artery pressure (ΔPAP). 

Methods: We prospectively included 17 patients with precapillary PH and 7 no-PH control subjects 

who performed an submaximal invasive cardiopulmonary exercise test between January 2013 and 

July 2014. Ees and Ees/Ea were assessed using single beat pressure-volume loop analysis. 

Results: Exercise data in 16 PH patients and 5 no-PH control subjects were of sufficient quality for 

analysis. Ees significantly increased from rest-to-exercise in control subjects, but not in PH patients. 

Ea significantly increased in both groups. As a result, exercise led to a decrease in Ees/Ea in PH 

patients while Ees/Ea was unaffected in control subjects (p-interaction=0.009). In PH patients, ΔPAP 

was not related to ΔEes, but significantly correlated to the rest-to-exercise change in heart rate 

(ΔHR).  

Conclusions: In contrast to controls, PH patients were unable to increase Ees during submaximal 

exercise. Failure to compensate for the further increase in Ea during exercise led to a deterioration 

in Ees/Ea. Furthermore, ΔPAP did not reflect ΔEes, but rather ΔHR. 
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Introduction 

Precapillary pulmonary hypertension (PH) is characterized by an increase in pulmonary vascular 

resistance (PVR), increasing the load on the right ventricle (RV). The RV’s ability to cope with the 

increased load is the most important determinant of survival in PH patients [1]. RV dysfunction 

tends to be more visible during exercise [2-5] and most PH patients experience exercise intolerance 

due to an inadequate increase in pulmonary blood flow during physical activity [2, 4]. In healthy 

individuals, increased demand of oxygen is met by a proportional increase in cardiac output (CO) 

caused by an increase in stroke volume (SV) and heart rate. In PH patients CO response is truncated 

during exercise due to a blunted maximal heart rate response together with an inability to increase 

stroke volume (SV) [3, 5-10]. It is unclear whether exercise intolerance and the impaired CO 

response to exercise in PH, coincide with a failure to increase RV contractility during exercise, i.e. an 

impaired exertional contractile reserve. 

The only way to assess the exertional contractile reserve is by determining end-systolic elastance 

(Ees): a load-independent measure of contractility which can be derived either from a family of 

pressure volume loops or from the so called single beat method [11, 12]. As such, the exertional 

contractile reserve can be described as the rest-to-exercise response in Ees (ΔEes). Pressure-volume 

loop analysis also provides the opportunity to determine arterial elastance (Ea), a measure of RV 

afterload. The matching of Ees to Ea is known as RV-arterial coupling and its preservation is 

important in terms of ventricular efficiency [13, 14]. Since in PH, Ees is already considerably 

increased at rest [15], we hypothesized that PH patients are unable to further increase Ees during 

exercise. Therefore, the increase in Ea will lead to a deterioration of RV-arterial coupling during 

exercise. 

The aim of this study was to investigate in PH patients and no PH controls, the effects of exercise on 

RV contractility (Ees), arterial elastance (Ea) and RV-A coupling (Ees/Ea). Additionally, the exertional 

contractile reserve was compared with a recently proposed surrogate measure, the rest-to-exercise 

change in pulmonary artery pressure (ΔPAP) [16]. The findings of this paper contribute to a better 

understanding of exercise intolerance and right heart failure in PH. Some of the results of this study 

has been previously reported in the form of an abstract [17]. 
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Methods 

Subjects 

We prospectively included precapillary PH patients (idiopathic pulmonary arterial hypertension 

(IPAH), hereditary pulmonary arterial hypertension (HPAH) and chronic thromboembolic pulmonary 

hypertension (CTEPH)) and no-PH controls who performed an invasive cardiopulmonary exercise 

test (iCPET) in the VU University Medical Center from January 2013 until July 2014. Subjects with a 

history of left sided heart failure, valvular heart disease, arrhythmias or neuromuscular disease 

preventing the subject to exercise, were excluded.  

In total, 24 subjects performed an iCPET test, including 17 PH patients (13 IPAH, 1 HPAH and 3 

CTEPH patients) and 7 no-PH control subjects. The control group consisted of subjects in whom the 

iCPET did not confirm a previous suspicion of PH. In 9 IPAH patients, the iCPET was part of an 

ongoing clinical trial that was approved by the Medical Ethical Review Committee of the VU 

University Medical Center (Registration number: NL41878.029.13). In the remaining 15 subjects, the 

iCPET was part of their clinical evaluation. All subjects gave written informed consent for usage of 

the data for research purposes. 

 

Maximal cardiopulmonary exercise test (CPET) 

The day prior to the invasive exercise test, a maximal CPET was performed in the upright position 

using an electromagnetically braked cycle-ergometer (Ergoline GmbH, Bitz, Germany) according to 

the ATS guidelines [18]. Breath-by-breath measurements were made of oxygen consumption (VO2), 

carbon dioxide output (VCO2) and ventilation (VE) (Vmax229, Sensormedica, Yorba Linda, CA, USA). 

 

Invasive cardiopulmonary exercise test (iCPET) 

A balloon-tipped, flow directed 7,5 Fr, triple-lumen Swan-Ganz catheter (Edwards Lifesciences LLC, 

Irvine, CA) was inserted in the pulmonary artery via the jugular vein under local anesthesia and 

constant ECG monitoring. The ports of the catheter were placed in the right atrium, right ventricle 

and pulmonary artery. The zero reference level for the pressure transducer was placed at mid-

thoracic level in supine position. Subsequently, a second catheter was placed in the radial artery 

under local anesthesia. After placement of the pulmonary artery and radial artery catheters, 

patients were positioned on a recumbent bicycle (Lode, Groningen, The Netherlands) in supine 

position. After calibration of the equipment, resting hemodynamics (right atrial pressure, right 

ventricular pressure, pulmonary artery pressure and systemic blood pressure) were continuously 

Chapter 10 

169 
 

recorded using a Powerlab data acquisition system (Chart 5 for Windows, AD Instruments, Sydney, 

Australia), resting mixed venous oxygen and arterial oxygen blood samples were drawn from the 

pulmonary artery and radial artery catheters and breath-by-breath measurements were made of 

VO2, VCO2 and VE (Vmax229, Sensormedica, Yorba Linda, CA, USA).  

The exercise protocol consisted of one minute of unloaded cycling followed by two minutes of 

submaximal exercise (40% of maximal workload (Wmax) during maximal CPET) with continuous 

recording of hemodynamics. Near the end of exercise, mixed venous and arterial blood samples 

were again drawn from the pulmonary artery and radial artery catheters. 

For subjects whose Wmax was <150W, submaximal workloads were immediately increased to 40% 

of Wmax after one minute of unloaded exercise. For subjects with a Wmax >150W, a direct increase 

to 40% of Wmax was too large and therefore these subjects were exercised at one additional 

intermediate step of one minute of exercise at 35W in PH patients and 45W in control subjects. This 

intermediate step allowed data comparison at approximately similar absolute work rates in all 

subjects. 

 

Measurements 

CO at rest and during exercise were measured using the direct Fick method. SV was calculated as CO 

divided by heart rate (HR). Cardiac output and SV were indexed for body surface area (BSA).  

Pulmonary artery pressures (PAP) were averaged over a period of 15 seconds to be sure that the 

PAP was measured over multiple respiratory cycles.  

The end-systolic elastance (Ees), a load-independent measure of RV contractility, was calculated at 

rest and during submaximal exercise as: 

 

                                                                
                     

 

The maximal isovolumic pressure (Pmax) was determined using the single beat method [11, 12]. 

Pressure data were averaged over several beats to reduce respiratory variations. The load on the RV 

was calculated as arterial elastance (Ea): 
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Subsequently, RV–arterial coupling was calculated as [11, 13-15, 19-21]: 

 

                        
   

 

Statistical methods 

Data are presented as mean ± standard deviation, unless stated differently. Comparisons of 

characteristics, CPET parameters and resting hemodynamics between PH patients and control 

subjects were performed using independent t tests for normally distributed data and Mann-Whitney 

U tests for not normally distributed data. Chi square tests were used to analyze dichotomous 

variables. Comparison of rest-to-exercise responses between PH patients and control subjects were 

performed using 2- way- repeated measures ANOVA with Bonferroni post-hoc correction. The p-

interaction represents the p-value for the effect of exercise in PAH-patients in comparison to control 

subjects. Since PH patients were significantly older than control subjects, the differences between 

PH patients and control subjects in rest-to-exercise responses of heart rate, Ees, Ea and RV-arterial 

coupling were adjusted for age using MANCOVA. Simple linear regression was performed to 

describe the relationship between rest-to-exercise responses of different parameters in the PH 

group. Statistical analyses were performed using Graphpad Prism for Windows version 5 and SPSS 

for Windows version 20. A p-value < 0.05 was considered statistically significant. 

 

Results 

Of the 24 subjects that performed an iCPET, in 16 PH patients and 5 control subjects, hemodynamic 

data at 40% of Wmax was of sufficient quality to analyze. In 1 IPAH patient and in 2 control subjects 

the pressure signal was lost during exercise due to displacement of the pulmonary artery catheter. 

10 of the 16 PH patients used PH specific treatment at the moment of the iCPET.  

PH patients were significantly older than the control subjects (table 1). As expected, PH patients 

showed, during maximal CPET, significantly lower maximal oxygen consumption, workload and HR 

compared to control subjects (table 1). Resting hemodynamics showed significantly higher mPAP, 

pulmonary vascular resistance (PVR) and right atrial pressure (RAP) and significantly lower cardiac 

index (CI), arterial and mixed venous oxygen levels in PH patients compared to the control subjects 

(table 1). Between groups there was no difference in heart rate (HR) at rest. RV contractility (Ees) 

and RV afterload (Ea) at rest were significantly increased in PH patients compared to control 
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subjects, while no difference was seen in RV-A coupling (table 1). Final diagnosis and medication of 

control subjects are summarized in table 2. 

 

 Control subjects (n=5) PH (n=16) P-value 

Characteristics    

    Age (years) 38 (12) 57 (14) 0.015 

    Sex (n female) 3 11 0.717 

    BSA (m2) 1.853 (0.327) 1.883 (0.181) 0.850 

    Diagnosis  12 IPAH; 1 HPAH 

3 CTEPH 

 

    NYHA (II/III, n)  9 / 7  

Treatment (n)    

    None  5  

    ERA  2  

    PDE5I  1  

    Prostanoids  0  

    ERA + PDE5I  8  

    Ca antagonists  1  

    B-blockers  2  

CPET max    

    VO2/kg (ml/kg/min) 31 (8) 16 (5) <0.001 

    Work (Watt) 187 (87) 90 (44) 0.005 

    HR (BPM) 174 (5) 139 (15) <0.001 

RHC rest    

    HR (BPM) 75 (14) 77 (15) 0.785 

    CI (L/min) 4.7 (0.8) 3.1 (0.6) <0.001 

    mPAP (mmHg) 18 (2) 53 (8) <0.001 

    PAWP (mmHg) 11 (2) 12 (2) 0.475 

    PVR (dyne/s/cm5) 69 (14) 582 (168) <0.001 

    mRAP (mmHg) 4 (1) 7 (4) 0.015 

    SaO2 (%) 99 (0.5) 95 (2) <0.001 

    SvO2 (%) 82 (2) 70 (4) <0.001 

CMRI    

    RVEDV (ml) - 151 (52)  

    RVESV (ml) - 88 (53)  
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    RVEF (%) - 47 (13)  

    LVEF (%) - 61 (15)  

Load independent RV function rest    

    Ees (mmHg/ml/m2) 0.47 (0.20) 2.00 (0.50) <0.001 

    Ea (mmHg/ml/m2) 0.29 (0.05) 1.36 (0.45) <0.001 

    Ees/Ea 1.63 (0.74) 1.61 (0.54) 0.963 

Table 1: Characteristics, maximal CPET and resting hemodynamics. Data is presented as mean ± standard deviation. BSA = body 

surface area. ERA = endothelin receptor antagonist. PDE5I = phosphodiesterase inhibitors. VO2/kg = oxygen consumption per 

kilogram. HR = heart rate. CI = cardiac index. mPAP = mean pulmonary artery pressure. PAWP = pulmonary artery wedge 

pressure. PVR = pulmonary vascular resistance. mRAP = mean right atrial pressure. SaO2 = arterial oxygen saturation. SvO2 = 

mixed venous oxygen saturation. RVEDV = right ventricular end-diastolic volume. RVESV = right ventricular end-systolic volume. 

RVEF = right ventricular ejection fraction. LVEF = left ventricular ejection fraction. Ees = end-systolic elastance (RV contractility). 

Ea = aterial elastance (RV afterload). Ees/Ea = right ventricular-arterial coupling. 

 

Control subject Final diagnosis Medication 

1 High frequency ventilation and scoliosis Long-acting beta agonist; 

Inhalation glucocorticoid 

2 Physical deconditioning after PE Vitamin K antagonist 

3 No cause found None 

4 No cause found None 

5 Physical deconditioning after PE Vitamin K antagonist 

Table 2: Final diagnosis and medication of control subjects. PE = pulmonary embolism. 

 

Exercise hemodynamics 

In control subjects 40% of Wmax was 70±34W and in PH patients this was 39±14W (p=0.009). From 

rest-to-exercise, both groups showed a significant increase in CI (figure 1A), with a larger increase in 

CI in control subjects (p-interaction=0.003). During exercise, both groups showed a significant 

increase in HR, but no change in SVI (figure 1B). The increase in HR was larger in control subjects in 

comparison to PH patients (p-interaction=0.039), but not after correction for age (p=0.300) (figure 

1C). The mPAP and RV systolic pressures (RV Psys) increased significantly during exercise in control 

subjects and PH patients (figure 1D+E), with larger increases seen in the PH group (mPAP p-

interaction=0.005; RV Psys p-interaction=0.019). Maximum isovolumic pressure (Pmax), derived 

from the single beat method, was significantly higher than resting values in both groups (figure 1F). 

Total pulmonary vascular resistance (TPVR) significantly decreased in PH patients from rest to 

exercise (figure 1G).  
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Figure 1: Rest-to-exercise responses at 40% of Wmax. Data is presented as mean and standard error. Blue bars represents the 

data at rest, red bars represents the data during exercise at 40% of Wmax. A: CI = cardiac index. CI significantly increased in both 

groups during exercise, with a larger increase in CI in the control subjects (p-interaction: 0.003). B: SVI = stroke volume index. SVI 

did not increase in both groups. C: HR = heart rate. * = p-interaction adjusted for age. HR significantly increased during exercise in 

both groups during exercise, with a larger increase in HR in the control subjects (p-interaction: 0.039). After correction for age, 

the rest-to-exercise response in HR between groups was not different (p=0.300*). D: mPAP = mean pulmonary artery pressure. 

mPAP significantly increased in both groups during exercise, with a larger increase in mPAP in PH patients (p-interaction: 0.005). 

E: RVPsys = right ventricular systolic pressure. RVPsys significantly increased in both groups during exercise, with a larger increase 

in RVPsys in PH patients (p-interaction: 0.019). F: Pmax = maximal isovolumic pressure. Pmax significantly increased in both 

groups during exercise. G: TPVR = total pulmonary vascular resistance. TPVR significantly decreased in PH patients during 

exercise. H: VO2 = oxygen consumption. VO2 significantly increased in both groups during exercise, with a larger increase in VO2 

in control subjects (p-interaction: 0.006). I: SvO2 = mixed venous oxygen saturation. SvO2 significantly decreased in both groups 

during exercise. 

 

The exertional contractile reserve (ΔEes) 

From rest-to-exercise, RV contractility (Ees) increased significantly in control subjects, but not in PH 

patients (p-interaction=<0.001), implying an impaired exertional contractile reserve (figure 2). 
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Load independent RV function rest    

    Ees (mmHg/ml/m2) 0.47 (0.20) 2.00 (0.50) <0.001 

    Ea (mmHg/ml/m2) 0.29 (0.05) 1.36 (0.45) <0.001 

    Ees/Ea 1.63 (0.74) 1.61 (0.54) 0.963 

Table 1: Characteristics, maximal CPET and resting hemodynamics. Data is presented as mean ± standard deviation. BSA = body 

surface area. ERA = endothelin receptor antagonist. PDE5I = phosphodiesterase inhibitors. VO2/kg = oxygen consumption per 

kilogram. HR = heart rate. CI = cardiac index. mPAP = mean pulmonary artery pressure. PAWP = pulmonary artery wedge 

pressure. PVR = pulmonary vascular resistance. mRAP = mean right atrial pressure. SaO2 = arterial oxygen saturation. SvO2 = 

mixed venous oxygen saturation. RVEDV = right ventricular end-diastolic volume. RVESV = right ventricular end-systolic volume. 

RVEF = right ventricular ejection fraction. LVEF = left ventricular ejection fraction. Ees = end-systolic elastance (RV contractility). 

Ea = aterial elastance (RV afterload). Ees/Ea = right ventricular-arterial coupling. 

 

Control subject Final diagnosis Medication 

1 High frequency ventilation and scoliosis Long-acting beta agonist; 

Inhalation glucocorticoid 

2 Physical deconditioning after PE Vitamin K antagonist 

3 No cause found None 

4 No cause found None 

5 Physical deconditioning after PE Vitamin K antagonist 

Table 2: Final diagnosis and medication of control subjects. PE = pulmonary embolism. 

 

Exercise hemodynamics 

In control subjects 40% of Wmax was 70±34W and in PH patients this was 39±14W (p=0.009). From 

rest-to-exercise, both groups showed a significant increase in CI (figure 1A), with a larger increase in 

CI in control subjects (p-interaction=0.003). During exercise, both groups showed a significant 

increase in HR, but no change in SVI (figure 1B). The increase in HR was larger in control subjects in 

comparison to PH patients (p-interaction=0.039), but not after correction for age (p=0.300) (figure 

1C). The mPAP and RV systolic pressures (RV Psys) increased significantly during exercise in control 

subjects and PH patients (figure 1D+E), with larger increases seen in the PH group (mPAP p-

interaction=0.005; RV Psys p-interaction=0.019). Maximum isovolumic pressure (Pmax), derived 

from the single beat method, was significantly higher than resting values in both groups (figure 1F). 

Total pulmonary vascular resistance (TPVR) significantly decreased in PH patients from rest to 

exercise (figure 1G).  
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Figure 1: Rest-to-exercise responses at 40% of Wmax. Data is presented as mean and standard error. Blue bars represents the 

data at rest, red bars represents the data during exercise at 40% of Wmax. A: CI = cardiac index. CI significantly increased in both 

groups during exercise, with a larger increase in CI in the control subjects (p-interaction: 0.003). B: SVI = stroke volume index. SVI 

did not increase in both groups. C: HR = heart rate. * = p-interaction adjusted for age. HR significantly increased during exercise in 

both groups during exercise, with a larger increase in HR in the control subjects (p-interaction: 0.039). After correction for age, 

the rest-to-exercise response in HR between groups was not different (p=0.300*). D: mPAP = mean pulmonary artery pressure. 

mPAP significantly increased in both groups during exercise, with a larger increase in mPAP in PH patients (p-interaction: 0.005). 

E: RVPsys = right ventricular systolic pressure. RVPsys significantly increased in both groups during exercise, with a larger increase 

in RVPsys in PH patients (p-interaction: 0.019). F: Pmax = maximal isovolumic pressure. Pmax significantly increased in both 

groups during exercise. G: TPVR = total pulmonary vascular resistance. TPVR significantly decreased in PH patients during 

exercise. H: VO2 = oxygen consumption. VO2 significantly increased in both groups during exercise, with a larger increase in VO2 

in control subjects (p-interaction: 0.006). I: SvO2 = mixed venous oxygen saturation. SvO2 significantly decreased in both groups 

during exercise. 

 

The exertional contractile reserve (ΔEes) 

From rest-to-exercise, RV contractility (Ees) increased significantly in control subjects, but not in PH 

patients (p-interaction=<0.001), implying an impaired exertional contractile reserve (figure 2). 
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Effects of exercise on RV-arterial coupling 

RV afterload (Ea) increased significantly during exercise in both groups (figure 2). As a result, RV-

arterial coupling during exercise decreased in PH patients, but remained stable in control subjects 

(p-interaction=0.013) (figure 2). 

 

 
Figure 2: Rest-to-exercise responses of Ees, Ea, Ees/Ea at 40% of Wmax. Data is presented as mean and standard error. The blue 

bars represents the data at rest, the red bars represents the data during exercise at 40% of Wmax. * = p-interaction adjusted for 

age. A: Ees = end-systolic elastance (RV contractility). Ees significantly increased during exercise in control subjects during 

exercise, but not in PH patients (p-interaction: p<0.001). B: Ea = arterial elastance (RV afterload). Ea significantly increased in 

both groups during exercise. C: Ees/Ea = right ventricular-arterial coupling. Ees/Ea significantly decreased in PH patients during 

exercise, but not in control subjects (p-interaction: 0.013). 

 

Comparison between ΔEes and ΔPAP 

There was no relation between the rest-to-exercise response in Ees (ΔEes) and pulmonary artery 

pressures (ΔEes and ΔsPAP r=0.350 R2=0.123 p=0.184; ΔEes and ΔmPAP r=0.182 R2=0.033; 

p=0.500), neither was ΔEes related to ΔHR (r=0.055 R2=0.003; p=0.838) or ΔSVI (r=0.373 R2=-0.139; 

p=0.155).  

ΔsPAP and ΔmPAP were both related to ΔHR (ΔsPAP and ΔHR r=0.579 R2=0.335 p=0.019; ΔmPAP 

and ΔHR r=0.788 R2=0.621 p<0.001) (figure 3), but not to SVI. 

 

Discussion 

This is the first study to describe the RV exertional contractile reserve in PH patients and the effects 

of exercise on RV-arterial coupling. We showed that PH patients have an impaired exertional 

contractile reserve and that the failure to increase contractility during exercise in response to the 

increased RV afterload, led to a deterioration of RV-arterial coupling. 
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Figure 3: Relation between the change in pulmonary artery pressure and the change in heart rate (Δ HR) from rest-to-exercise. 

There was a significant relation between the change in pulmonary artery pressure and the change in heart rate from rest-to-

exercise (ΔsPAP and ΔHR r=0.579 R2=0.335 p=0.019; ΔmPAP and ΔHR r=0.788 R2=0.621 p<0.001). 

 

The RV exertional contractile reserve (ΔEes) 

In line with previous studies, RV contractility (Ees) measured at rest was larger in PH patients than in 

control subjects [15, 22]. Here we show that PH patients are unable to increase RV contractility 

during exercise and this suggests that RV contractility is already maximally increased at rest.  

As far as we know, the rest-to-exercise response in a load-independent measure of RV contractility 

has never been studied in healthy subjects. In the left ventricle of healthy humans, the  increase in 

load-independent measures of contractility during exercise [23-25] is largely due to an increase in 

beta-adrenergic stimulation [26]. The impaired rest-to-exercise response in RV contractility in PH 

patients could relate to the downregulation and desensitization of beta-adrenergic receptors which 

has been shown in PH rat models [27] and PH patients [28]. It has been suggested that the increased 

catecholamine levels at rest in PAH [29], may lead to an inability to increase catecholamine levels 

during exercise [30]. Interestingly, an impaired inotropic RV response was also observed in a recent 

study using different PH rat models treated with several inotropic agents [27]. The impaired 

exertional contractile reserve found in our study, add to the debate whether it is useful to treat PH 

patients with RV failure with inotropic agents [30]. While a degree of caution has to be taken into 

account regarding the extrapolation of our findings during submaximal exercise to a situation of RV 

failure, the usefulness of inotropic agents in PH patients with RV failure should be studied in a 

randomized controlled trial. Absence of a contractile reserve suggests that it may be more useful to 

treat RV failure with agents that reverse maladaptive RV remodeling. 
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Effects of exercise on RV-arterial coupling 

RV afterload (Ea) increased significantly during exercise in both groups (figure 2). As a result, RV-

arterial coupling during exercise decreased in PH patients, but remained stable in control subjects 

(p-interaction=0.013) (figure 2). 
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exertional contractile reserve found in our study, add to the debate whether it is useful to treat PH 

patients with RV failure with inotropic agents [30]. While a degree of caution has to be taken into 
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failure, the usefulness of inotropic agents in PH patients with RV failure should be studied in a 

randomized controlled trial. Absence of a contractile reserve suggests that it may be more useful to 
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The rest-to-exercise response in RV-arterial coupling 

We found a significant increase in load (Ea) on the RV in PH patients and control subjects during 

exercise, while TPVR (= Ea ∙ HR), significantly decreased in PH patients and remained stable in 

control subjects. Most hemodynamic exercise studies measured load as PVR and showed a decrease 

or stable PVR during exercise in both PH patients and healthy controls [2, 31-34]. The difference 

between both measures of load is explained by the way in which they are calculated: PVR as 

pressure divided by CO, and Ea as pressure divided by SV. Despite the larger RV afterload in PH 

patients at rest, no differences in RV-arterial coupling between PH patients and control subjects 

were found, implying that RV-arterial coupling at rest was well maintained. It was shown in a large 

cohort of IPAH patients, that RV-arterial coupling at rest was maintained in stable PH patients and 

decreased in PH patients with a more progressive disease [15]. Another study showed a decrease in 

RV-arterial coupling at rest in PH patients compared to control subjects [35]. In this study, the 

calculation of Ees was simplified as end-systolic pressure divided by end-systolic volume (measured 

by MRI), assuming the volume at zero pressure (V0) is zero. However, it has been shown that V0 

depends on RV dilatation and therefore that the assumption of V0=0 leads to an underestimation of 

Ees and RV-arterial coupling [21]. 

The insufficient response in RV contractility to the increase in load, resulted in a deterioration in RV-

arterial coupling during exercise in PH patients, while in control subjects the exertional contractile 

reserve was sufficient to maintain RV-arterial coupling. Studies of the LV showed that at an Ees/Ea 

ratio of 1, ventricular stroke work is optimal [14], although maximal ventricular efficiency, defined as 

ventricular stroke work divided by myocardial oxygen consumption, is reached at an Ees/Ea ratio of 

2 [13]. Theoretically, the decrease in RV-arterial coupling in PH patients suggests that the coupling is 

shifted to an optimal ventricular stroke work at the cost of ventricular efficiency, although this 

cannot be determined from the current data.  

 

Comparison of ΔEes with the rest-to-exercise change in pulmonary artery pressures 

A recent study in PH patients defined the contractile reserve as the increase in systolic pulmonary 

artery pressure (PAP) during exercise [16]. In this study, a larger increase in sPAP was associated 

with a better survival. The rationale for using ΔsPAP as a measure of contractile reserve was derived 

from the pressure-flow relation. The authors stated that a greater increase in pressure allows the 

ejection of a higher SV and that therefore, the contractile reserve can be described by the increase 
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in pressures. In our study ΔPAP did not correlate with ΔEes or with ΔSVI. Since it is known that the 

increase in SV in PH patients during exercise is only minor [3, 5-9], the increase in CI during exercise 

is highly HR dependent. Our data showed significant relations between the increases in pulmonary 

artery pressures and ΔHR. This is in line with a recent study showing a strong relation between 

ΔmPAP and ΔHR during exercise in PAH patients *7+. Therefore, a large increase in pulmonary artery 

pressures during exercise seems not to indicate an intact contractile reserve, but rather a more 

preserved HR response. The ability to increase HR is a well-known predictor of survival [36, 37] and 

the better survival found by Grunig et al [16] in PH patients with a larger increase in pulmonary 

artery pressures during exercise could reflect a relatively intact HR response.  

 

Clinical implications 

Although a direct link between exercise capacity and RV contractile reserve was not investigated in 

this study, our findings suggest that a decreased exercise capacity in PH is not only the direct result 

of an increased pressure in the lung circulation, but also caused by intrinsic changes in RV 

contractility. Moreover, our study results imply that inotropic drugs may have little value in 

improving RV dysfunction in PH. Studies are warranted to identify interventions which could restore 

RV contractile reserve by reversing maladaptive remodeling.  

Because the rest-to-exercise response in pulmonary artery pressures was not related to the rest-to-

exercise response in Ees, but rather reflected an intact HR response, the rest-to-exercise response in 

pulmonary artery pressures should not be used as a surrogate measure of the exertional contractile 

reserve. 

 

Limitations 

For safety reasons, we exercised subjects only at submaximal workloads (40% of Wmax). In a sub-

analysis hemodynamic data were compared at comparable submaximal workloads of 37W±12 in PH 

patients and 46W±5 in control subjects (p=0.096). Differences between PH patients and control 

subjects in rest-to-exercise responses of hemodynamics and load-independent measures of RV 

function were similar in direction and magnitude as in the data at 40% of Wmax (results not shown). 

From our results, we cannot determine whether the observed differences at submaximal exercise 

can be extrapolated to maximal exercise testing. 

In the calculation of Ees, we used mPAP as a surrogate for RV end-systolic pressure (RVESP) based 

on a study of Chemla et al [38] who found that in normal subjects mPAP was closely related to 
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on a study of Chemla et al [38] who found that in normal subjects mPAP was closely related to 
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RVESP. It is possible that in a pressure overloaded RV, RVESP is more closely related to the systolic 

RV pressure (RVSP) [39] which would have led to an overestimation of Ees. However, mPAP and 

RVSP were strongly related both at rest and during exercise, implying that the choice of pressure will 

not influence the direction of the rest-to-exercise response.  

Although the single beat method has been developed and validated for the left ventricle [12], 

validation of the method in PH has been restricted to animals [11]. The results of that study showed, 

in a wide range of Pmax values, that an excellent relation exist between Pmax determined by the 

single beat method and the Pmax values determined after clamping of the pulmonary artery. 

We used relatively deconditioned control subjects, as the primary indication to perform iCPET in 

these subjects was unexplained dyspnea. Based on the literature [3, 40-42], including a previous 

study from our institute [3], we did not expect to find an unchanged SV in healthy subjects during 

submaximal exercise. The difference in SV response in control subjects between the current study 

and our previous study [3] can probably be explained by the fact that the control subjects in our 

previous study were healthy volunteers in good condition. Several previous studies showed 

physiological explanations for an unchanged SV from rest-to-exercise. A reduced filling time due to 

an increase in HR can result in an inability to increase SV in healthy subjects. Furthermore, in the 

upright position, the venous return is increased from rest-to-exercise via the muscle pump. When 

exercise is performed in the supine position, the venous return is already increased at rest due to 

the return of pooled blood due to gravity,  resulting in an inability to increase SV during exercise [6, 

43-49]. Since we already found large differences in the hemodynamic rest-to-exercise responses 

between PH patients and relatively deconditioned control subject, the inclusion of relatively 

deconditioned control subjects only strengthens our findings. 

 

Conclusions 

PH patients had no RV exertional contractile reserve, which resulted in RV-arterial uncoupling during 

submaximal exercise. Rest-to-exercise responses in pulmonary artery pressures rather reflected the 

rest-to-exercise response in heart rate, than an exertional contractile reserve and should therefore 

not be used as a surrogate measure of exertional contractile reserve. 
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RVESP. It is possible that in a pressure overloaded RV, RVESP is more closely related to the systolic 

RV pressure (RVSP) [39] which would have led to an overestimation of Ees. However, mPAP and 

RVSP were strongly related both at rest and during exercise, implying that the choice of pressure will 

not influence the direction of the rest-to-exercise response.  

Although the single beat method has been developed and validated for the left ventricle [12], 

validation of the method in PH has been restricted to animals [11]. The results of that study showed, 

in a wide range of Pmax values, that an excellent relation exist between Pmax determined by the 

single beat method and the Pmax values determined after clamping of the pulmonary artery. 

We used relatively deconditioned control subjects, as the primary indication to perform iCPET in 

these subjects was unexplained dyspnea. Based on the literature [3, 40-42], including a previous 

study from our institute [3], we did not expect to find an unchanged SV in healthy subjects during 

submaximal exercise. The difference in SV response in control subjects between the current study 

and our previous study [3] can probably be explained by the fact that the control subjects in our 

previous study were healthy volunteers in good condition. Several previous studies showed 

physiological explanations for an unchanged SV from rest-to-exercise. A reduced filling time due to 

an increase in HR can result in an inability to increase SV in healthy subjects. Furthermore, in the 

upright position, the venous return is increased from rest-to-exercise via the muscle pump. When 

exercise is performed in the supine position, the venous return is already increased at rest due to 

the return of pooled blood due to gravity,  resulting in an inability to increase SV during exercise [6, 

43-49]. Since we already found large differences in the hemodynamic rest-to-exercise responses 

between PH patients and relatively deconditioned control subject, the inclusion of relatively 

deconditioned control subjects only strengthens our findings. 

 

Conclusions 

PH patients had no RV exertional contractile reserve, which resulted in RV-arterial uncoupling during 

submaximal exercise. Rest-to-exercise responses in pulmonary artery pressures rather reflected the 

rest-to-exercise response in heart rate, than an exertional contractile reserve and should therefore 

not be used as a surrogate measure of exertional contractile reserve. 
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Summary 

 

Pulmonary arterial hypertension is characterized by remodeling of the small pulmonary arteries 

leading to an increase in resistance of the pulmonary vascular bed and an increase in pulmonary 

artery pressures. The vascular remodeling comprises several features. The lumen of the vessels is 

narrowed because of vasoconstriction, hyperproliferation of smooth muscle cells and endothelial 

cells, inflammation and several other aspects. The increase in resistance increases the load on the 

right ventricle.  

Initially, the right ventricle will try to adapt to the increase in pressures and subsequent rise in wall 

stress through a complex interplay of ventricular remodeling, neuro-hormonal activation and 

changes in myocardial metabolism. Simplified, the first step in the process of remodeling is right 

ventricular hypertrophy and an increase in contractility. If, despite these adaptive changes, cardiac 

output cannot be maintained, the right ventricle will dilate further increasing wall stress. Finally, 

right ventricular failure will occur, which is the main cause of death in pulmonary arterial 

hypertension. In this thesis, a number of techniques and methods were evaluated that may 

contribute to earlier recognition of PAH and improved monitoring and prognostication. 

 

Early recognition and prognostication in pulmonary hypertension 

Due to the non-specific nature of symptoms at presentation, most patients with pulmonary arterial 

hypertension are diagnosed by the time their disease is in an advanced stage. It has been shown 

that early detection of PH and a timely initiation of treatment can significantly improve the clinical 

outcome. Computed tomography pulmonary angiography (CTPA) is a diagnostic tool often used in 

the diagnostic process of patients that present with unexplained dyspnea, for example to exclude 

pulmonary emboli. Such scans can already reveal clues for the presence of pulmonary hypertension. 

A well-known clue for the presence of pulmonary hypertension is an increased ratio between the 

diameter of the pulmonary artery and the diameter of the ascending aorta. In chapter 2, we 

investigated whether the predictive value of CTPA for the presence of pulmonary hypertension 

could be improved by combining this measurement with the diameter ratio of the right ventricle and 

left ventricle. We found that the predictive value of CTPA for precapillary pulmonary hypertension 

improved when ventricular and pulmonary artery measurements were combined.  

The prognostic value of right ventricular parameters in pulmonary hypertension is well-established. 

Whether a combination of parameters of the right heart merged into a risk score predict outcome in 
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precapillary pulmonary hypertension was investigated in chapter 3. We found a good prognostic 

value of a simple right heart score and this score showed a good correlation with more established 

complex risk scores (REVEAL score and NIH score). 

 

Treatment response in pulmonary hypertension 

Since the prognosis of patients with pulmonary hypertension is determined by right ventricular 

function, monitoring of right ventricular function is of utmost importance. In chapter 4 we 

summarized available methods for measuring the right ventricular response to therapy. Cardiac 

magnetic resonance imaging (CMRI) is the gold standard for monitoring right ventricular function. 

Since CMRI scans are expensive, not widely available and analyses are time-consuming, monitoring 

right ventricular function using simple echocardiographic measurements would be ideal in daily 

practice. Therefore, in chapter 5, we investigated the usage of simple echocardiographic parameters 

for the serial assessment of right ventricular function by comparing four different echo-derived 

parameters with CMRI-derived right ventricular ejection fraction. The strongest relationship was 

found between CMRI-derived right ventricular ejection fraction and echo-derived right ventricular 

fractional area change.  However, the sensitivity of echocardiography to predict a deterioration in 

CMRI-derived right ventricular ejection fraction was poor for all four echo-derived parameters 

(ranging from 33-56%). Echo-derived parameters of right ventricular systolic function, in particular 

right ventricular area change, can reasonably distinguish between a decreased or preserved CMRI-

derived right ventricular ejection fraction. However, echo-derived parameters are not suitable for 

the serial assessment of right ventricular systolic function. 

Patients with idiopathic pulmonary arterial hypertension and a reduced diffusion capacity of the 

lung for carbon monoxide (DLCO) have a worse survival compared to idiopathic pulmonary arterial 

hypertension patients with a preserved DLCO. Whether this poor survival can be explained by 

unresponsiveness to pulmonary hypertension specific vasodilatory therapy is unknown. Therefore, 

in chapter 6 we investigated the hemodynamic and cardiac response to PH specific vasodilatory 

therapy in patients with IPAH and a reduced DLCO. Baseline hemodynamics and cardiac function 

were not different in the two groups and hemodynamics and cardiac function improved in both 

groups after PH specific vasodilatory therapy without a worsening of oxygenation at rest or during 

exercise. Therefore, we concluded that patients with idiopathic pulmonary arterial hypertension and 

a severely reduced DLCO show a similar response to pulmonary hypertension - specific vasodilatory 
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therapy in terms of hemodynamics, cardiac function and exercise capacity as patients with 

idiopathic pulmonary arterial hypertension and a preserved DLCO. 

 

Emerging modalities in pulmonary hypertension 

Chapter 7 summarizes emerging imaging techniques in the setting of pulmonary hypertension. A 

well-known technique to characterize the myocardium with CMRI is the assessment of late 

gadolinium enhancement.  

Currently, there is no possibility to clinically assess the primary disease process in the pulmonary 

arteries of patients with pulmonary arterial hypertension. Therefore, in chapter 8, we investigated 

whether 3’-[18F]fluoro-3’-deoxythymidine ([18F]-FLT) positron emission tomography (PET/CT) could 

be used to quantitatively assess proliferation in the pulmonary vasculature of patients with 

idiopathic pulmonary arterial hypertension. Subsequently, we assessed whether [18F]-FLT could 

track the pulmonary vascular remodeling in a monocrotaline ratmodel (animal model of pulmonary 

hypertension) and the reverse remodeling after treating the animals with targeted therapies. We 

found that the uptake of [18F]-FLT in the lungs of patients with idiopathic pulmonary arterial 

hypertension was significantly increased compared to control subjects and was related to markers of 

disease severity. The uptake of [18F]-FLT was heterogeneous among IPAH patients. Furthermore, 

[18F]-FLT was able to track the pulmonary vascular remodeling in the monocrotaline ratmodel and 

the reverse remodeling after treating the animals with dichloroacetate and imatinib. Our results 

suggest that [18F]-FLT PET/CT can be developed as a tool to select IPAH patients with a 

hyperproliferative stat that may benefit from anti-proliferative therapy. In addition, [18F]-FLT 

PET/CT might be used to assess treatment response. 

An emerging technique to characterize the myocardium by CMRI is native T1-mapping. To quantify 

native T1-values, there is no need for a reference area of myocardium, making it possible to directly 

quantify the total myocardium. Furthermore, native T1-mapping has the advantage of not requiring 

the usage of contrast agents. In chapter 9 we investigated this technique in precapillary pulmonary 

hypertension patients. Native T1-values were increased at the interventricular insertion regions 

compared to the RV free wall, LV free wall and interventricular septum. Native T1-values at the 

interventricular insertion regions were significantly related to markers of disease severity. No 

differences in native T1-values were found between patients with idiopathic pulmonary arterial 

hypertension, systemic scleroderma related pulmonary arterial hypertension and chronic 

thromboembolic pulmonary hypertension. Our results suggests that native T1-mapping can be 
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exercise. Therefore, we concluded that patients with idiopathic pulmonary arterial hypertension and 

a severely reduced DLCO show a similar response to pulmonary hypertension - specific vasodilatory 
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therapy in terms of hemodynamics, cardiac function and exercise capacity as patients with 

idiopathic pulmonary arterial hypertension and a preserved DLCO. 

 

Emerging modalities in pulmonary hypertension 

Chapter 7 summarizes emerging imaging techniques in the setting of pulmonary hypertension. A 

well-known technique to characterize the myocardium with CMRI is the assessment of late 
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whether 3’-[18F]fluoro-3’-deoxythymidine ([18F]-FLT) positron emission tomography (PET/CT) could 
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track the pulmonary vascular remodeling in a monocrotaline ratmodel (animal model of pulmonary 

hypertension) and the reverse remodeling after treating the animals with targeted therapies. We 

found that the uptake of [18F]-FLT in the lungs of patients with idiopathic pulmonary arterial 

hypertension was significantly increased compared to control subjects and was related to markers of 

disease severity. The uptake of [18F]-FLT was heterogeneous among IPAH patients. Furthermore, 

[18F]-FLT was able to track the pulmonary vascular remodeling in the monocrotaline ratmodel and 
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suggest that [18F]-FLT PET/CT can be developed as a tool to select IPAH patients with a 

hyperproliferative stat that may benefit from anti-proliferative therapy. In addition, [18F]-FLT 

PET/CT might be used to assess treatment response. 
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native T1-values, there is no need for a reference area of myocardium, making it possible to directly 
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developed as an alternative technique for the characterization of the interventricular insertion 

regions with the advantage of not requiring the use of contrast agents. 

Patients with pulmonary hypertension have a decreased exercise tolerance. This exercise 

intolerance in mainly determined by circulatory limitations. Whether this exercise intolerance 

coincided with an inability to increase right ventricular contractility was investigated in chapter 10 

using an invasive cardiopulmonary exercise test. We prospectively included patients with 

precapillary PH and control subjects. The rest-to-exercise change in load-independent measures of 

right ventricular contractility, the contractile reserve, as well as the rest-to-exercise change in the 

coupling between the right ventricle and its load (right ventricular arterial coupling) were assessed 

using single beat pressure-volume loop analysis. We found that, in contrast to controls, pulmonary 

hypertension patients have no contractile reserve. Failure to compensate for the rest-to-exercise 

increase in load on the right ventricle led to a deterioration in right ventricular arterial coupling 

during exercise. Furthermore, we found that the contractile reserve was not related to a recently 

proposed surrogate, the rest-to-exercise change in pulmonary artery pressure. 
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Future perspectives 

 

Non-invasive quantification of pulmonary vascular remodeling 

In chapter 2 we investigated the usage of 3’-[18F]fluoro-3’-deoxythymidine ([18F]-FLT) positron 

emission tomography (PET/CT) for quantitative assessment of proliferation in the pulmonary 

vasculature of patients with idiopathic pulmonary arterial hypertension (IPAH). In this study we 

found an increased uptake of [18]-FLT in the lungs of patients with IPAH compared to control 

subjects. Furthermore, [18F]-FLT was able to track the pulmonary vascular remodeling in a 

monocrotaline ratmodel and the reverse remodeling after treating the animals with targeted 

therapies. 

An important next study would be a test-retest study to assess repeatability of the uptake of [18F]-

FLT in IPAH patients. Good repeatability is essential to be able to use [18F]-FLT PET/CT in the future 

to select patients with a hyperproliferative state that may benefit from anti-proliferative agents and 

to assess treatment responses. Current pulmonary hypertension therapies mainly have vasodilatory 

effects and thus may not influence proliferation rate. Therefore, application of [18F]-FLT should be 

assessed with future anti-proliferative compounds that directly target the pulmonary vascular 

remodeling. 

In addition to the further development of [18F]-FLT, alternative tracers to quantify pulmonary 

vascular remodeling should be investigated. The increased expression of growth factor receptors 

may be reflected by enhanced uptake of radio-labeled tyrosine kinase inhibitors. It has been shown 

that there is an increased expression of the epidermal growth factor receptor (EGF-R) in the intima 

and media of pulmonary arteries of patients with pulmonary arterial hypertension [1]. In a pilot 

study we tested the tracer [11C]-Erlotinib (unpublished data), which binds to the EGF-R. We found 

that the uptake of [11C]-Erlotinib was not increased in patients with idiopathic pulmonary arterial 

hypertension compared to control subjects.  

Other growth factors are upregulated as well in pulmonary arterial hypertension (platelet derived 

growth factor receptor (PDGF-R), vascular endothelial growth factor receptor (VEGF-R) and 

fibroblast growth factor receptor (FGF-R)) [2] and can potentially be used to quantify the pulmonary 

vascular remodeling using PET/CT. Nintedanib is a tyrosine kinase inhibitor targeting the PDGF-R, 

VEGF-R and FGF-R. Moreover, in preclinical studies Nintedanib showed potential to reverse 

pulmonary vascular remodeling [3]. Therefore, development of a Nintedanib tracer would be of 

interest to quantify pulmonary vascular remodeling in patients with pulmonary hypertension. 
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Characterization of myocardium using native T1-mapping 

As described in chapter 7, native-T1 values of the right ventricular free wall could only be accurately 

assessed in small parts of the myocardium [4]. Presence of pericardial fat at the border of the 

frequently irregularly shaped right ventricular free wall can make it difficult to quantify native T1-

values of the total right ventricular free wall. A voxel at the border of the right ventricular free wall 

can contain a partial volume of pericardial fat. Due to the fact that fat has a high signal intensity and 

very short T1-value, such a partial volume effect can already dominate the T1-value of the total 

voxel. This phenomenon can bias the quantification of native T1-values of the right ventricular free 

wall. By inserting a fat saturation pulse in the T1 mapping pulse sequence the effects of fat can be 

eliminated [5]. Future studies should test whether insertion of the fat saturation pulse can improve 

the quantification of the right ventricular free wall using T1-mapping. 

 

Effect of exercise training on the right ventricle in patients with pulmonary hypertension 

Several studies showed that exercise training progams can improve exercise capacity and quality of 

life in patients with pulmonary hypertension [6-11]. The mechanisms for the improvement in 

exercise capacity are yet incompletely understood. It has been shown that exercise training 

programs can increase capillarization of muscles [9] and can improve hemodynamics at rest and 

during exercise [6]. 

Handoko et al. evaluated the effects of exercise training on right ventricular function in a pulmonary 

hypertension rat model and showed that TAPSE decreased in rats with progressive pulmonary 

hypertension while an increased TAPSE was seen in rats with stable pulmonary hypertension [12]. In 

the same study exercise training did not affect right ventricular contractility at rest.  

Currently, studies on the effects of exercise training on the right ventricle in patients with pulmonary 

hypertension are lacking. Randomized controlled trails are needed that investigate the effects of 

exercise training on the function of the right ventricle, not only at rest but also on the right 

ventricular contractile reserve. Ideally, assessment of right ventricular contractile reserve in such 

studies should combine pressure-volume loop analysis to assess the effects of exercise training on 

the load-independent contractile reserve (Chapter 10) and cardiac magnetic resonance imaging to 

assess the effects on the load-dependent contractile reserve [13-18], both measured during maximal 

incremental exercise protocols. 
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Contractile reserve of patients with scleroderma related pulmonary hypertension and patients 

with scleroderma and borderline pulmonary hypertension 

In chapter 10 we compared the contractile reserve between control subjects and precapillary 

pulmonary hypertension patients. Whether differences exist between different precapillary 

pulmonary hypertension subtypes is unknown. In systemic scleroderma related pulmonary 

hypertension right ventricular contractility  and right ventricular – arterial coupling at rest are more 

severely compromised compared to idiopathic pulmonary hypertension patients [19, 20]. Whether 

or not differences are even more pronounced during exercise is unknown. As such, it would be 

interesting to study the contractile reserve in systemic scleroderma patients with borderline 

pulmonary hypertension. 

 

Effectiveness of inotropic drugs in patients with pulmonary hypertension 

Contractility can increase due to ẞ-adrenergic stimulation. Inotropic drugs increase catecholamine 

release which binds to ẞ-adrenergic receptors subsequently activating sarcomeres, the contractile 

elements of cardiomyocytes.  

The European pulmonary hypertension guideline recommends to treat patients with pulmonary 

arterial hypertension admitted to the hospital because of right ventricular failure with inotropes, 

with a preference for dobutamine [21]. However, this recommendation is mostly based on expert 

opinions rather than clear scientific evidence [22-24]. 

In the right ventricle of patients with pulmonary hypertension there is a downregulation and 

desensitization of ẞ-adrenergic receptors [25, 26] and patients with pulmonary hypertension have 

an impaired exertional contractile reserve [13, 14, 16, 18]. Therefore, it can be questioned whether 

patients with pulmonary hypertension benefit from inotropic drugs. Decreased contractile reserve 

measured by TAPSE upon dobutamine infusion has been shown in patients with pulmonary 

hypertension compared to control subjects [27] as well as in a pulmonary hypertension piglet model 

[28].  

Acosta et al. studied the effects of dobutamine in patients with liver cirrhosis and pulmonary 

hypertension and showed that load-independent right ventricular contractility could increase upon 

administration of dobutamine [29]. However, pulmonary hypertension in these patients was 

relatively mild and therefore we do not know whether these results can be extrapolated to 

pulmonary hypertension patients with more severely compromised hemodynamics. 
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Whether or not patients with pulmonary arterial hypertension admitted to the hospital because of 

right ventricular failure benefit from inotropic drugs is still unclear. Therefore, there is an urgent 

need for studies to unravel the effects of inotropics in patients with pulmonary arterial hypertension 

and right ventricular failure. 
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Nederlandse samenvatting: 

 

Bij de ziekte pulmonale arteriële hypertensie vindt er remodulering plaats in de kleine pulmonaal 

arteriën hetgeen leidt tot een vernauwing van het lumen. De remodulering van het arteriële 

longvaatbed is een complex proces en wordt onder andere gekenmerkt door vasoconstrictie, 

hyperproliferatie van endotheelcellen en gladde spiercellen alsmede inflammatie. Door de 

vernauwing van het lumen neemt de weerstand van het longvaatbed toe hetgeen resulteert in een 

verhoogde druk in de pulmonaal arteriën. De toegenomen weerstand leidt tot een toename van de 

load op de rechter ventrikel en een toename van de wandspanning. Via een complex 

adaptatieproces zal de rechter ventrikel zoveel mogelijk zijn functie proberen te behouden. Globaal 

gesteld zal er in eerste instantie hypertrofie optreden en de contractiliteit van de rechter ventrikel 

toenemen om het hartminuutvolume zoveel mogelijk te behouden. Wanneer dit onvoldoende 

gelukt zal er dilatatie optreden ter compensatie hetgeen echter tevens leidt tot een toename van de 

wandspanning. Uiteindelijk treedt er rechter hartfalen op hetgeen de belangrijkste doodsoorzaak is 

van patiënten met pulmonale arteriële hypertensie. 

 

Vroege herkenning en prognose bij patiënten met pulmonale hypertensie 

De diagnose pulmonale arteriële hypertensie wordt vaak gesteld in een laat stadium van de ziekte. 

Dit komt omdat de klachten waarmee patiënten zich in eerste instantie presenteren niet specifiek 

zijn. In de diagnostische fase van patiënten die zich presenteren met onbegrepen dyspneu wordt 

vaak een CT met contrast vervaardigd van het longvaatbed, bijvoorbeeld ten behoeve van het 

uitsluiten van longembolieën als mogelijke oorzaak. Het was reeds bekend dat op een dergelijke CT 

scan ook aanwijzingen kunnen worden gevonden voor de aanwezigheid van pulmonale hypertensie, 

waarbij de meest onderzochte aanwijzing die is van een vergrootte diameter van de pulmonaal 

arterie ten opzichte van de diameter van de aorta ascendens. In hoofdstuk 2 hebben we onderzocht 

of de voorspellende waarde van een CT met contrast van het longvaatbed kan worden vergroot 

door de diameter ratio tussen de pulmonaal arterie en de aorta ascendens te combineren met de 

diameter ratio tussen de rechter ventrikel en linker ventrikel. Het predictiemodel, waarbij de 

diameter ratio tussen de pulmonaal arterie en de aorta ascendens werd gecombineerd met de 

diameter ratio tussen de linker en rechter ventrikel had een betere voorspellende waarde voor de 

aanwezigheid van pulmonale hypertensie dan het predictiemodel met alleen de diameter ratio 

tussen de pulmonaal arterie en de aorta ascendens.  



12

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 12 

199 
 

Nederlandse samenvatting: 

 

Bij de ziekte pulmonale arteriële hypertensie vindt er remodulering plaats in de kleine pulmonaal 

arteriën hetgeen leidt tot een vernauwing van het lumen. De remodulering van het arteriële 

longvaatbed is een complex proces en wordt onder andere gekenmerkt door vasoconstrictie, 

hyperproliferatie van endotheelcellen en gladde spiercellen alsmede inflammatie. Door de 

vernauwing van het lumen neemt de weerstand van het longvaatbed toe hetgeen resulteert in een 

verhoogde druk in de pulmonaal arteriën. De toegenomen weerstand leidt tot een toename van de 

load op de rechter ventrikel en een toename van de wandspanning. Via een complex 

adaptatieproces zal de rechter ventrikel zoveel mogelijk zijn functie proberen te behouden. Globaal 

gesteld zal er in eerste instantie hypertrofie optreden en de contractiliteit van de rechter ventrikel 

toenemen om het hartminuutvolume zoveel mogelijk te behouden. Wanneer dit onvoldoende 

gelukt zal er dilatatie optreden ter compensatie hetgeen echter tevens leidt tot een toename van de 

wandspanning. Uiteindelijk treedt er rechter hartfalen op hetgeen de belangrijkste doodsoorzaak is 

van patiënten met pulmonale arteriële hypertensie. 

 

Vroege herkenning en prognose bij patiënten met pulmonale hypertensie 

De diagnose pulmonale arteriële hypertensie wordt vaak gesteld in een laat stadium van de ziekte. 

Dit komt omdat de klachten waarmee patiënten zich in eerste instantie presenteren niet specifiek 

zijn. In de diagnostische fase van patiënten die zich presenteren met onbegrepen dyspneu wordt 

vaak een CT met contrast vervaardigd van het longvaatbed, bijvoorbeeld ten behoeve van het 

uitsluiten van longembolieën als mogelijke oorzaak. Het was reeds bekend dat op een dergelijke CT 

scan ook aanwijzingen kunnen worden gevonden voor de aanwezigheid van pulmonale hypertensie, 

waarbij de meest onderzochte aanwijzing die is van een vergrootte diameter van de pulmonaal 

arterie ten opzichte van de diameter van de aorta ascendens. In hoofdstuk 2 hebben we onderzocht 

of de voorspellende waarde van een CT met contrast van het longvaatbed kan worden vergroot 

door de diameter ratio tussen de pulmonaal arterie en de aorta ascendens te combineren met de 

diameter ratio tussen de rechter ventrikel en linker ventrikel. Het predictiemodel, waarbij de 

diameter ratio tussen de pulmonaal arterie en de aorta ascendens werd gecombineerd met de 

diameter ratio tussen de linker en rechter ventrikel had een betere voorspellende waarde voor de 

aanwezigheid van pulmonale hypertensie dan het predictiemodel met alleen de diameter ratio 

tussen de pulmonaal arterie en de aorta ascendens.  



12

Uit veel studies is gebleken dat bij de ziekte pulmonale arteriële hypertensie verschillende rechter 

ventrikel parameters een belangrijke prognostische waarde hebben. In hoofdstuk 3 hebben we een 

eenvoudige toepasbare risico score ontwikkeld gebaseerd op een combinatie van metingen van het 

rechter hart en deze vergeleken met reeds bestaande risico scores. De rechter hart score toonde 

een goede prognostische waarde en correleerde met algemeen bekende, complexere risicoscores 

(REVEAL en NIH score). 

 

Het meten van de behandel respons bij patiënten met pulmonale hypertensie 

De remodulering van het vaatbed in patiënten met pulmonale arteriële hypertensie leidt tot een 

toename van de load op de rechter ventrikel. Zoals reeds eerder vermeld is rechter hartfalen de 

belangrijkste doodsoorzaak van patiënten met pulmonale arteriële hypertensie hetgeen het belang 

onderstreept van monitoring van de functie van de rechter ventrikel tijdens de follow-up van 

patiënten. In hoofdstuk 4 gaven wij een overzicht van de beschikbare methoden en parameters 

waarmee de respons van de functie van de rechter ventrikel op therapie het best kan worden 

gemeten.  

Tegenwoordig wordt MRI gezien als de beste beeldvormende techniek voor het meten van de 

functie van de rechter ventrikel. Deze techniek relatief duur, niet in alle ziekenhuizen beschikbaar en 

het analyseren van de volumina en de functie van de rechter ventrikel kost relatief veel tijd. 

Echocardiografie is een goedkopere techniek en is in vrijwel alle ziekenhuizen voor handen. De 

tweedimensionale functiematen van de rechter ventrikel die met echocardiografie verkregen 

kunnen worden, kunnen ook relatief sneller worden geanalyseerd. Daarom onderzochten wij in 

hoofdstuk 5 of eenvoudige tweedimensionale functiematen van de rechter ventrikel kunnen 

worden gebruikt voor de monitoring van patiënten met pulmonale hypertensie. Hiertoe vergeleken 

wij de verandering van tweedimensionale functie maten in de tijd verkregen met echocardiografie 

met de verandering van de rechter ventrikel ejectie fractie berekend met MRI. Wij vonden een 

goede relatie tussen tweedimensionale functiematen verkregen met echo en de rechter ventrikel 

ejectie fractie berekend met MRI. Echter, de verandering van de rechter ventrikel ejectie fractie in 

de tijd gemeten met MRI kon niet goed worden gevolgd door de tweedimensionale functie maten 

verkregen met echocardiografie. Onze resultaten suggereren dat echocardiografie onvoldoende 

sensitief is voor het monitoren van de rechter ventrikelfunctie. 

Patiënten met idiopathische pulmonale arteriële hypertensie en een lage diffusie capaciteit van de 

longen voor koolstofmonoxide (DLCO) hebben een slechtere overleving dan patiënten met 

Chapter 12 

201 
 

idiopathische pulmonale arteriële hypertensie en een behouden DLCO. Of dit deels wordt verklaart 

door een slechtere response op pulmonale hypertensie specifieke vasodilatoire therapie was niet 

bekend. Daarom onderzochten wij in hoofdstuk 6 de cardiale en hemodynamische response op 

therapie bij patiënten met idiopathische pulmonale arteriële hypertensie en een verlaagde DLCO. De 

hemodynamica en functie van het hart van patiënten met idiopathische pulmonale arteriële 

hypertensie en een lage DLCO was op moment van diagnose niet verschillend van patiënten met 

idiopathische pulmonale arteriële hypertensie en een behouden DLCO. Beide groepen toonden een 

verbetering in hemodynamica en functie van het hart met pulmonale hypertensie specifieke 

vasodilatoire therapie zonder een verslechtering van de oxygenatie in rust en tijdens inspanning. 

Kortom, patiënten met idiopathische pulmonale arteriële hypertensie en een lage DLCO reageren 

hetzelfde op pulmonale hypertensie specifieke vasodilatoire therapie in termen van hemodynamica 

en cardiale functie als patiënten met idiopathische pulmonale arteriële hypertensie en een 

behouden DLCO. 

 

De toepassing van nieuwe technieken binnen pulmonale hypertensie 

Hoofdstuk 7 geeft een overzicht van nieuwe beeldvormende technieken en nieuwe toepassingen 

van bestaande technieken binnen de ziekte pulmonale hypertensie.  

Bij patiënten met pulmonale arteriële hypertensie wordt de druk in het longvaatbed gemeten 

tijdens een rechter hartkatheterisatie. De gevolgen van de toegenomen load op de rechter ventrikel 

kunnen in beeld worden gebracht met een MRI of een echo van het hart. Echter is het op dit 

moment niet mogelijk het primaire ziekteproces, de remodulering van het longvaatbed, in beeld te 

brengen. In hoofdstuk 8 onderzochten wij of middels 3’-[18F]fluoro-3’-deoxythymidine ([18F]-FLT) 

positron emissie tomografie (PET/CT) het proces van hyperproliferatie als onderdeel van de 

remodulering van het longvaatbed kon worden gekwantificeerd in patiënten met idiopathische 

pulmonale arteriële hypertensie. Vervolgens onderzochten wij met behulp van het monocrotaline 

ratmodel of [18F]-FLT PET/CT in staat was de remodulering van het vaatbed in de long te volgen, 

alsmede de effecten van gerichte therapie. De opname van [18F]-FLT in de longen van patiënten 

met idiopathische pulmonale arteriële hypertensie was significant hoger dan de opname in de 

longen van controle patiënten en was gerelateerd aan bekende parameters van ziekte-ernst. De 

opname van [18F]-FLT in de long toonde heterogeniteit tussen patiënten met idiopathische 

pulmonale arteriële hypertensie. In het monocrotaline ratmodel van pulmonale hypertensie vonden 
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wij tevens dat een afname van proliferatie geïnduceerd door specifieke therapie (dichloroacetaat en 

imatinib) leidde tot een proportionele afname in de opname van [18F]-FLT in de long.  

Een bekende techniek waarmee het myocard kan worden gekwantificeerd met MRI is Late 

Gadolinium Enhancement. Een nieuwe techniek om het myocard te kwantificeren in native T1-

mapping. Native T1-mapping heeft een aantal voordelen ten opzichte van Late Gadolinium 

Enhancement. Een van de voordelen is dat voor het maken van de native T1-maps geen contrast 

hoeft te worden toegediend aan de patiënt tijdens de MRI scan. In hoofdstuk 9 hebben wij deze 

techniek toegepast bij  patiënten met pre-capillaire pulmonale hypertensie ter karakterisering van 

het myocard. Native T1-waarden waren verhoogd ter plaatse van de interventriculaire 

insertiepunten ten opzichte van het septum, de rechter ventrikel vrije wand en linker ventrikel vrije 

wand. Er werd geen verschil gevonden in native T1-waarden tussen patiënten met idiopathische 

pulmonale arteriële hypertensie, patiënten met pulmonale arteriële hypertensie geassocieerd met 

systemische sclerose en patiënten met chronische tromboembolische pulmonale hypertensie. De 

native T1-waarden ter plaatse van de insertiepunten waren significant gerelateerd aan bekende 

parameters van ziekte-ernst.  

Patiënten met pulmonale arteriële hypertensie kunnen zich vaak minder goed inspannen. Uit 

onderzoek is gebleken dat de inspanningsintolerantie voornamelijk het gevolg is van circulatoire 

limitaties. In hoofdstuk 10 hebben we tijdens een invasieve inspanningstest met behulp van het 

meten van druk-volume relaties met de zogeheten ‘Single Beat methode’ onderzocht of er 

verschillen zijn tussen patiënten met pulmonale hypertensie en controles in de contractiele reserve, 

oftewel de reserve in contractiliteit van rust naar inspanning. Tevens hebben we de effecten van 

inspanning op de koppeling tussen de rechter ventrikel en de load tussen beide groepen vergeleken. 

In tegenstelling tot controles, bleken de patiënten met pulmonale hypertensie geen contractiele 

reserve te hebben hetgeen leidde tot een verslechtering van de koppeling tussen de rechter 

ventrikel en de load tijdens inspanning. De contractiele reserve bleek niet te correleren met een 

recent voorgestelde surrogaat meting van de contractiele reserve, de verandering van de pulmonaal 

druk tijdens inspanning.  
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Een bekende techniek waarmee het myocard kan worden gekwantificeerd met MRI is Late 

Gadolinium Enhancement. Een nieuwe techniek om het myocard te kwantificeren in native T1-

mapping. Native T1-mapping heeft een aantal voordelen ten opzichte van Late Gadolinium 

Enhancement. Een van de voordelen is dat voor het maken van de native T1-maps geen contrast 

hoeft te worden toegediend aan de patiënt tijdens de MRI scan. In hoofdstuk 9 hebben wij deze 

techniek toegepast bij  patiënten met pre-capillaire pulmonale hypertensie ter karakterisering van 

het myocard. Native T1-waarden waren verhoogd ter plaatse van de interventriculaire 

insertiepunten ten opzichte van het septum, de rechter ventrikel vrije wand en linker ventrikel vrije 

wand. Er werd geen verschil gevonden in native T1-waarden tussen patiënten met idiopathische 

pulmonale arteriële hypertensie, patiënten met pulmonale arteriële hypertensie geassocieerd met 

systemische sclerose en patiënten met chronische tromboembolische pulmonale hypertensie. De 

native T1-waarden ter plaatse van de insertiepunten waren significant gerelateerd aan bekende 

parameters van ziekte-ernst.  

Patiënten met pulmonale arteriële hypertensie kunnen zich vaak minder goed inspannen. Uit 

onderzoek is gebleken dat de inspanningsintolerantie voornamelijk het gevolg is van circulatoire 

limitaties. In hoofdstuk 10 hebben we tijdens een invasieve inspanningstest met behulp van het 

meten van druk-volume relaties met de zogeheten ‘Single Beat methode’ onderzocht of er 

verschillen zijn tussen patiënten met pulmonale hypertensie en controles in de contractiele reserve, 

oftewel de reserve in contractiliteit van rust naar inspanning. Tevens hebben we de effecten van 

inspanning op de koppeling tussen de rechter ventrikel en de load tussen beide groepen vergeleken. 

In tegenstelling tot controles, bleken de patiënten met pulmonale hypertensie geen contractiele 

reserve te hebben hetgeen leidde tot een verslechtering van de koppeling tussen de rechter 

ventrikel en de load tijdens inspanning. De contractiele reserve bleek niet te correleren met een 

recent voorgestelde surrogaat meting van de contractiele reserve, de verandering van de pulmonaal 

druk tijdens inspanning.  
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Al speelde mijn promotie zich af binnen de muren van een ziekenhuis, mijn werkomgeving had soms 

meer weg van dat van een kantoor. 

 

The Office – Aflevering 1 – Een dubbele rij knopen 

Als geïndoctrineerde AMC geneeskunde student voelde het toch als vreemdgaan toen ik voor het 

eerst een witte jas omsloeg met daarop het logo van het VU Medisch Centrum. Dit was direct tijdens 

mijn sollicitatie. Prof. dr. Vonk Noordegraaf (promotor) gaf aan eerst nog even een paar patiënten te 

moeten spreken op zaal alvorens het over onderzoek te hebben, of ik gelijk even meeliep. Beste 

Anton, de ideeënbus van de PH wereld, dank dat jij mij de mogelijkheid hebt gegeven om onderzoek 

te doen onder jouw vleugels. Jouw gedrevenheid en liefde voor het onderzoek is zeer aanstekelijk. 

Een onderzoek bespreking met jou was altijd behoorlijk intensief, maar meestal resulteerde dit in 

een A4tje vol nieuwe ideeën en inzichten. Regelmatig ook onnavolgbaar als ik met het A4tje vol 

aantekeningen terugkwam op mijn kamer en de tekst overdacht. Dank voor alle hulp. Ik kijk ernaar 

uit ook in de kliniek veel van je te leren. 

 

Na het gesprek werd ik doorgestuurd naar een uithoek van de kelder van het polikliniekgebouw om 

kennis te maken met dr. Marcus (co-promotor). Hij sloeg direct het boekje van een van de 

voorgaande onderzoekers (Taco Kind) open met twee pagina’s vol onmogelijke formules, waarna hij 

kalm zei: ‘hier zal je dus verder op moeten bouwen’. Enigszins terneergeslagen verliet ik het pand. 

Beste Tim, heel wat dinsdag- en woensdagavonden heb ik met jou gespendeerd in jouw natuurlijke 

habitat, bij jouw grote liefde, de Avanto magneet. Dankzij de liefde voor het MRI onderzoek en 

daarmee de schat aan data die beschikbaar is op de afdeling, hebben meerdere hoofdstukken uit dit 

boekje tot stand kunnen komen. Dank voor alle hulp met een engelen geduld. 

 

The Office – Aflevering 2 – Team PH 

Dr. Bogaard (co-promotor). Harm-Jan alias HJ. De man met de eeuwig jeugdige looks (door mijn 

beperkte haardos ziet hij er misschien wel jonger uit dan ik). Gezien jouw vrolijkheid, enthousiasme 

in het algemeen en voor het onderzoek en goede ideeën is samenwerken met jou een feest. De deur 

stond altijd open voor een snelle vraag tussendoor of een wat langere discussie bij een 

ingewikkelder probleem. Dank voor alle hulp en vele wijze lessen. Mooi dat jij mijn co-promotor 

bent. Hopelijk zit er in de toekomst nog meer onderzoeksamenwerking in.   
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Dr. de Man - Handoko. Frances, moeke der PH onderzoekers, statistisch wonderkind, streng als 

nodig maar vooral heel lief, dank voor alle hulp in eerste instantie als collega en daarna als 

supervisor. Ook bij jou kon ik altijd terecht voor hulp of een (statistische) vraag. Veel dank voor alle 

wijze lessen en de gezelligheid. Ps. Wanneer ga jij je eens opgeven voor ‘Heel Holland bakt’? 

Prof. dr. Westerhof. Beste Nico, dank voor alle hulp met het onderzoek. Ik heb genoten van uw 

gedrevenheid en de mooie fysiologie presentaties tijdens de PH-werkgroep. Het is een voorrecht 

met u te hebben mogen samenwerken. Ik hoop dat nog vele onderzoekers na mij dit mogen 

meemaken.  

 

Dr. Boonstra. Beste Anco, vader der PH in het VUmc, dank voor het enthousiasmeren van patiënten 
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momenten tijdens het ochtendonderwijs. Daarnaast veel dank dat jij mij de mogelijkheid hebt 

gegeven de opleiding tot longarts te kunnen volgen. 

 

Frank Oosterveer, een goedzak pur sang. Een middag doorbrengen bij Frank tijdens de rechter 

hartcatheterisaties is eigenlijk een feest. Dank voor alle hulp en het geduld tijdens het uitvoeren van 

de inspanningscatheterisaties. Dank voor de vaste Eredivisie-discussies op de maandag samen met 

die PSV-er van de afdeling en dank voor de hulp met die eeuwige MRI-planning. Jouw vrolijkheid, 

positiviteit en betrokkenheid bij de patiënten vind ik zeer bewonderenswaardig.  

Martha, Iris en Gwen, dank voor alle hulp, jullie zijn onmisbaar voor het team PH.  

 

The Office – Aflevering 3 – The Office 

Zoals waarschijnlijk bij elke grote organisatie het geval is, begint een nieuwe medewerker met een 

algemene introductie, een soort propaganda tour van de instelling. Aldaar leerde ik mijn eerste 

collega kennen. Chris alias Happe, de rattenvanger van de VU. De man met yellow fever tijdens het 

Edelweiss festival. Happe, in menig hotelkamer in de wereld tijdens congressen heb jij mijn gesnurk 

moeten aanhoren. Dank voor de vele mooie momenten binnen en buiten de VU. Succes met het 

afronden van het boekje en de opleiding geneeskunde. Ben benieuwd wat het gaat worden! 

Wanneer pakken we weer een kippetje bij van t Spit? 
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Mijn kamer bevond zich op afdeling 6D, een stuk niemandsland dat men vergeten was bij het OK-

complex te trekken met een panorama view over het Nieuwe Meer. 6D-118, schaar, perforator en 

nietmachine deelde ik met Mariëlle, Romane en Wouter.  

Mariëlle, koningin van de magneet. Dank voor de vele (domme) vragen die ik heb mogen afvuren 

aan het begin van mijn promotie aangaande het MRI-onderzoek, het intekenen van de MRI’s en de 

statistiek. Ik heb echt super veel van je geleerd. Succes met de cardiologie. 

Romane en Wouter, het oncologische gedeelte van de kamer. Wouter had naast zijn onderzoek 

misschien wel de belangrijkste taak van het kantoor, het bijhouden en bestellen van de cupjes 

voorraad bij Nespresso. Wouter, dank voor de mooie tijd, succes met de opleiding tot longarts. 

Romane, dank voor de gezelligheid en succes met de opleiding tot huisarts. 

 

The Office – aflevering 4 – De buren 

Een deur verder, iets verder van de lift, maar dichterbij de pantry, dus kantoor technisch een prima 

locatie, was een kantoor volledig ingenomen door PH volk. De raamkant werd bezet door Frances en 

Bart met in de vensterbank een soort lego dorp (emoticon-icon: vreemd). Bart, mede liefhebber van 

het Amsterdamse amateurvoetbal in de kelderklasse, expert in het uitputten van COPD patiënten op 

een fietsje. Dank voor de hulp met het opzetten van de inspanningsstudie. Mooi dat je nu als 

opponent aanwezig bent bij mijn verdediging. Waarschijnlijk hebben we nog wat overlap op de 

afdeling en leer ik van jou nog graag de wondere wereld van de Wasserman plotjes.  

Strategisch achter de deur zat Pia alias de Tripmeister alias Pmax. De vrouw die het een dag vol hield 

in een huwelijk met Johannesma op het Edelweiss-festival en vooral de vrouw bekend van de 

karaoke hit: ‘Teenage dirtbag’. Trip, dank voor alle single beat hulp, de introductie in de load-

onafhankelijke wereld en alle gemütlichkeit. Ik kijk ernaar uit weer samen te werken op de VU 

tijdens de opleiding. 

In de deuropening, toch niet de beste plek op een kantoor, wel het dichts bij de pantry, Gerrina, 

groot afnemer van tonijn pizza en zoals bleek in Gent, de kipcorn. Dank voor de mooie momenten 

vooral out-of-office en tijdens congressen. Succes met de opleiding tot longarts, mooi dat wij straks 

ook weer samenwerken. 

 

The Office – Aflevering 5 – Het geluid 

Halverwege mijn eerste jaar waren er enkele transfers op kantoor 6D-120. Another-day-at-the-office 

werd abrupt verstoord. Het Nespresso apparaat op 6D-118 resoneerde een nog niet eerder gehoord 
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geluid. Het bleek het geluid van een lach. Een meisje, ik schatte haar 16, had de plaats ingenomen 

van Bart aan het raam. Al snel verplaatste de lach zich via een rolstoel na een knie incident tijdens 

een potje zaalvoetbal. Gelukkig werd een longembolie uitgesloten middels een CT scan. Cathelijne 

alias panda, dank voor alle vrolijkheid, jouw eeuwige optimisme en jouw relativerend vermogen als 

het onderzoek weer eens tegen zat. Dank voor de mooie tijd. Succes met de laatste loodjes van jouw 

proefschrift. Dat PSV maar nooit meer kampioen mag worden.  

Bij de buren op 6D-120 kon je niet ongestraft terugkomen van vakantie. Meestal betekende dit na 

terugkomst dat je eerst je gehele werkplek grondig moest schoonmaken. Bij de buren had men 

bedacht het bureau vol te zetten met bekertjes water (emoticon-icon: flauw). Terwijl Justine op haar 

knieën onder het bureau van Pia bekertjes aan het vullen was, liep daar net prof. Postmus de kamer 

binnen. Een hoogtepunt (was dit het moment dat je besloot radiotherapeut te worden in plaats van 

longarts?). Justine alias Jus, dank voor alle gezelligheid en de mooie racefietstocht langs het 

Markermeer. Met wind tegen denk ik vaak terug aan de Houtribdijk. Succes met de opleiding 

radiotherapie. Moeten snel maar weer eens een nieuw tochtje gaan maken. 

 

The Office – Aflevering 6 – Middagje vrij 

Paul alias Johannesma, een jaar na je start maakte je je debuut op 6D. Dat is niet onopgemerkt 

gebleven. Dit debuut zal hebben plaatsgevonden rond de klok van 11, eerder was Paul niet te vinden 

in het VUmc. Mensen die het kantoor om 17h verlieten kregen voortaan steevast te horen of zij een 

‘middagje vrij?’ waren. Dit was eigenlijk wel fijn daar een kantoortijger meestal een middagdip kent 

rond 16h en na 17h de motor weer een beetje op gang kwam. Daar heb ik dus regelmatig nog een 

aantal productieve uurtjes kunnen pakken. Een maand later zaten we met een full-gear racefiets 

(Paul zelfs met zijn initialen op helm en fiets) en al na een week verloren we de Dam-tot-Dam-

fietsclassic-‘die-fietsen-we-zeker-30km/u-gemiddeld’-weddenschap die we op 6D afsloten (die twee 

lekke banden hielpen natuurlijk ook niet). Sindsdien volgden er nog vele ritjes en vooral ook vele 

biertjes buiten kantoortijd. Paul, een zeer harde werker, een man met het hart op de tong, de man 

met de bulderstem. Jouw vrolijkheid, energie en humor kan ik zeer waarderen en hoop ik nog lang 

mee te maken. Dank voor de mooie tijd in-and-out-of-office. 

 

The Office – Aflevering 7 – 3F  

Halverwege mijn promotie werd uiteindelijk opgemerkt dat ze bij de bouw van het OK-complex een 

stukje waren vergeten, 6D was niet meer. 6D118 werd 3F-11. Een nette vleugel die werd gedeeld 
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met de orthopedie. De pantry alhier was verboden terrein en werd bewaakt door de secretaresse 

van de orthopedie. Mijn bureau keek voortaan uit op een roze muur van ordners, met daar achter 

posters van mannen aan de muur. Het leek een zware tijd te worden daar ik werd geplaatst 

tegenover het meisje met de lach.  

Nadat er langzaam een leegloop was ontstaan op 3F (Wouter, Justine en Paul gone) was daar 

plotseling een nieuw gezicht. Anna, een pittige doch lieve tante, kwam met gestrekt been in. Een 

zeer harde werkster en nog eens geordend ook. De GOSPEL-studie was bij jou dan ook in perfecte 

handen. Dank voor de samenwerking en alle gezelligheid. Succes met het afronden van je 

proefschrift. De volgende keer als we een cabrio huren richting Yosemite park moet je ook maar 

eens voorin gaan zitten. 

 

The Office – Aflevering 8 – Het tooltje 

Door menig onderzoeker was ik gewaarschuwd mij niet te wagen aan PET-onderzoek, maar tijdens 

een onderzoeksmeeting in mijn 2e jaar werd mij een PET-onderdeel van het PHEADRA project in de 

schoenen geschoven. Anton benoemde dit project tijdens deze meeting met de geruststellende 

woorden: ‘jouw Waterloo’. Gelukkig was daar plotseling Hans alias professor Harms. De uitvinder 

van ‘het tooltje’. Een wetenschapper avant la lettre. Hans, zonder jou was er nooit een PET-

hoofdstuk verschenen in dit boekje. Dank voor de samenwerking, al je geduld met het 

beantwoorden van de vele (domme) vragen en de stink-kaas marathon op het Bachus wijnfestival.  

 

The Office – Aflevering 9 – Komkommer water 

Het laatste jaar van mijn promotie was daar. Verdere uitbreiding van 3F liet niet lang op zich 

wachten. Joanne, een semi-professionele wielrenster, en Anna-Larissa, een niet-professioneel 

tennisster, kwamen het team versterken. Joanne, dank voor alle hulp met het invullen van de 

tourpoultjes. Je weet dat ik voortaan in juli weer even pols wie ik wel en niet in mijn team moet 

opnemen. Dank voor de gezelligheid op 3F en succes met het PET onderzoek. Anna-Larissa, 

aandeelhoudster van Nivolumab, de vrouw met de droge humor. Altijd te porren voor een vrijmibo. 

Dank voor de gezellige tijd en veel succes met het afmaken van je promotie. Niet veel later werd 

Adinda ‘ik kan wel janken’ Mieras van Marktplaats geplukt inclusief een kan komkommer water en 

een pak rijstwafels. Dank voor de gezellige tijd, de flauwe grappen en succes met het afmaken van je 

onderzoek! 
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The Office – Aflevering 10 – Einde 

Tsja en dan zijn er opeens 4 jaar om. Achteraf toch wel omgevlogen. Inmiddels heb ik het kantoor 

verlaten voor de kliniek. Ook heel leuk, maar af en toe kijk ik toch met weemoed terug naar mijn 

kantoorplek. Het was een mooie tijd. Dank allen! 

 

The Office – Losse fragmenten 

Beste Ella, Ellen en Anny, dank voor alle administratieve hulp tijdens mijn promotie. Ella, ik zal de 

Flamenco voorstelling op het bureau niet snel vergeten. Anny, veel dank voor alle hulp met de 

rompslomp die komt kijken bij het afronden van een promotie. 

 

Nina,  tijdens de PH meeting had jij voor mij toch vaak de meest lastige materie. Dank voor alle 

gezelligheid en succes met het afronden van je proefschrift en de co-schappen!  

 

Beste Jurjan, de man die ik in Denver heb leren kennen als iemand die wél het juiste biertje wist te 

bestellen. Dank voor de gemütlichkeit tijdens de congressen.  

 

Beste Louis, dank voor de hulp en samenwerking met ons echo stuk. Succes met de cardiologie. 

 

Robert, Michiel, Sun, Pepe, Deni, Josien, Jasmijn en Esther dank voor alle samenwerking en de 

gezelligheid.  

 

Said, Luuk, Tijmen en Judith, dank voor alle hulp met de vaak taaie MRI uitwerkingen en succes met 

jullie verdere carrière! 

 

Alle stafleden en arts-assistenten van de afdeling Longziekten, veel dank voor de vele 

onderwijsmomenten en de input tijdens onderzoekpresentaties. Tot snel in de kliniek. 

 

Het PHAEDRA-consortium, dank voor het onderzoek dat ik onder jullie vleugels heb kunnen doen. 

Dank voor alle wijze lessen en mooie symposia. Hopelijk leidt deze samenwerking nog tot veel moois 

in de toekomst. 
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Tot slot wil ik alle patiënten bedanken die hebben meegewerkt met het onderzoek. De 

betrokkenheid van veel PH patiënten bij het onderzoek naar pulmonale hypertensie vind ik heel 

bijzonder. Het kabaal van de MRI scanner, het eeuwig stil liggen in de PET scanner of horizontaal 

moeten fietsen, geen gemakkelijke opgave. Veel dank! 

 

Out of office 

Lieve vrienden en familie, ik ga jullie hier niet allemaal apart bedanken maar veel dank voor jullie 

aanwezigheid en steun! Geel-zwarte leeuwen van het 14e, collegae van het OLVG-westside dank 

voor alle mooie momenten. 

 

Paranimfen, Jacob Bosma en Bas Nijmeijer. Cobus, bekend als schrijver van de hit ‘lijn 170: geen 

dienst’ en de Jambers aflevering ‘nooit voelt men zich eenzamer dan in een groot gezelschap’. Een 

man met een zwak voor kersen tatoeages. Een hechte vriendschap ontstaan tijdens het 1e jaar van 

Demeter. Dank voor de vele mooie momenten, mooi dat je nu mijn paranimf bent. Nijmeijer, een 

paaldanser pur sang, een man met een voorliefde voor auto’s met een hoge instap, aanhanger van 

hetzelfde gladde kapsel. De man die de gendarmerie van Nice in het Spaans door een wijk 

commandeert. We go way back. Mooi dat ook jij mijn paranimf bent. 

 

Lieve padre y madre, Matthijs en Joeri: het fundament. Dank voor alle steun, liefde en kansen die 

jullie mij altijd hebben gegeven. Zonder jullie was dit natuurlijk allemaal niet gelukt. Liefde. 

 

Maurien Arkema alias Arkemeister. Lieve Mau, al 9 jaar mijn grootste avontuur. Jouw energie, 

positiviteit en ondernemendheid zijn prachtig. Jouw liefde onvoorwaardelijk. Met Mau aan de zij is 

zo’n promotie zo gepiept. Ik kijk uit naar onze nieuwe avonturen. Love you long time. 

 

 

 

 

 

 

 

 



The Office – Aflevering 10 – Einde 

Tsja en dan zijn er opeens 4 jaar om. Achteraf toch wel omgevlogen. Inmiddels heb ik het kantoor 

verlaten voor de kliniek. Ook heel leuk, maar af en toe kijk ik toch met weemoed terug naar mijn 

kantoorplek. Het was een mooie tijd. Dank allen! 

 

The Office – Losse fragmenten 

Beste Ella, Ellen en Anny, dank voor alle administratieve hulp tijdens mijn promotie. Ella, ik zal de 

Flamenco voorstelling op het bureau niet snel vergeten. Anny, veel dank voor alle hulp met de 

rompslomp die komt kijken bij het afronden van een promotie. 

 

Nina,  tijdens de PH meeting had jij voor mij toch vaak de meest lastige materie. Dank voor alle 

gezelligheid en succes met het afronden van je proefschrift en de co-schappen!  

 

Beste Jurjan, de man die ik in Denver heb leren kennen als iemand die wél het juiste biertje wist te 

bestellen. Dank voor de gemütlichkeit tijdens de congressen.  

 

Beste Louis, dank voor de hulp en samenwerking met ons echo stuk. Succes met de cardiologie. 

 

Robert, Michiel, Sun, Pepe, Deni, Josien, Jasmijn en Esther dank voor alle samenwerking en de 

gezelligheid.  

 

Said, Luuk, Tijmen en Judith, dank voor alle hulp met de vaak taaie MRI uitwerkingen en succes met 

jullie verdere carrière! 

 

Alle stafleden en arts-assistenten van de afdeling Longziekten, veel dank voor de vele 

onderwijsmomenten en de input tijdens onderzoekpresentaties. Tot snel in de kliniek. 

 

Het PHAEDRA-consortium, dank voor het onderzoek dat ik onder jullie vleugels heb kunnen doen. 

Dank voor alle wijze lessen en mooie symposia. Hopelijk leidt deze samenwerking nog tot veel moois 

in de toekomst. 
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Tot slot wil ik alle patiënten bedanken die hebben meegewerkt met het onderzoek. De 

betrokkenheid van veel PH patiënten bij het onderzoek naar pulmonale hypertensie vind ik heel 

bijzonder. Het kabaal van de MRI scanner, het eeuwig stil liggen in de PET scanner of horizontaal 

moeten fietsen, geen gemakkelijke opgave. Veel dank! 

 

Out of office 

Lieve vrienden en familie, ik ga jullie hier niet allemaal apart bedanken maar veel dank voor jullie 

aanwezigheid en steun! Geel-zwarte leeuwen van het 14e, collegae van het OLVG-westside dank 

voor alle mooie momenten. 

 

Paranimfen, Jacob Bosma en Bas Nijmeijer. Cobus, bekend als schrijver van de hit ‘lijn 170: geen 

dienst’ en de Jambers aflevering ‘nooit voelt men zich eenzamer dan in een groot gezelschap’. Een 

man met een zwak voor kersen tatoeages. Een hechte vriendschap ontstaan tijdens het 1e jaar van 

Demeter. Dank voor de vele mooie momenten, mooi dat je nu mijn paranimf bent. Nijmeijer, een 

paaldanser pur sang, een man met een voorliefde voor auto’s met een hoge instap, aanhanger van 

hetzelfde gladde kapsel. De man die de gendarmerie van Nice in het Spaans door een wijk 

commandeert. We go way back. Mooi dat ook jij mijn paranimf bent. 

 

Lieve padre y madre, Matthijs en Joeri: het fundament. Dank voor alle steun, liefde en kansen die 

jullie mij altijd hebben gegeven. Zonder jullie was dit natuurlijk allemaal niet gelukt. Liefde. 

 

Maurien Arkema alias Arkemeister. Lieve Mau, al 9 jaar mijn grootste avontuur. Jouw energie, 

positiviteit en ondernemendheid zijn prachtig. Jouw liefde onvoorwaardelijk. Met Mau aan de zij is 

zo’n promotie zo gepiept. Ik kijk uit naar onze nieuwe avonturen. Love you long time. 

 

 

 

 

 

 

 

 




