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1THE PULMONARY CIRCULATION & PULMONARY 
HYPERTENSION
The function of the pulmonary circulation is to transport deoxygenated blood from 

the right ventricle (RV) through the lungs, where it is oxygenated. Oxygen diffuses 

from the alveoli of the lung into the blood in an extensive network of capillaries, folded 

around the alveoli. Blood, enriched with oxygen, is then distributed to the tissues 

of the body by passing through the left side of the heart, where it is pumped into 

the systemic circulation. In healthy subjects the pulmonary vascular bed is a high flow, 

low pressure system (normal pressure in the pulmonary artery is around 14 mmHg). 

However, in patients with pulmonary hypertension (PH), this highly compliant system 

becomes stiff and pulmonary artery pressures increase. Of note, PH should be regarded 

as a hemodynamic condition rather than a disease; it is defined as a mean pulmonary 

artery pressure (mPAP) >25 mmHg, measured during a right heart catheterization 

(RHC)1. The pathophysiological process behind the development of PH is dependent 

on the underlying aetiology but is associated with changes in the morphology of 

the small and medium sized pulmonary vessels. The cells of the pulmonary vascular wall 

are characterized by a combination of abnormal vasoconstriction, (hyper)proliferation, 

apoptosis resistance, fibrosis and in situ thrombosis, resulting in a decrease in vascular 

cross-sectional area and increase in pulmonary pressure2-4. 

PH can be the result from various disorders and can be categorized in 5 main subtypes 

based on their pathophysiological, clinical and therapeutic characteristics (table 1)5. In 

this thesis, the focus will be on group 1 (i.e. pulmonary arterial hypertension, PAH) and 

group 2 PH (i.e. PH due to left heart disease or post-capillary PH).

PULMONARY ARTERIAL HYPERTENSION
In patients diagnosed with PAH, treatment is targeted at several dysfunctional signalling 

pathways of the pulmonary vasculature. These include the endothelin-1 (ET-1) pathway, 

nitric oxide (NO)-cGMP pathway and prostacyclin (PGI2) pathway. The common 

denominator of drugs acting on one of these pathways is that they effectively dilate 

the pulmonary vasculature, thereby reducing the pressure against which the RV must 

work to generate forward flow (i.e. afterload). Currently, 11 effective drugs have been 

approved for patients with PAH6. 

Although therapy has improved over the last years, patients continue to develop RV 

failure which is the main cause of death in PAH. As such, survival is still unsatisfactory 

with 3-year survival rates varying around 60-65%7-10. This can be explained by the fact 

that although pulmonary vasodilators can successfully reduce RV afterload, afterload 

is rarely normalized11. Consequently, a substantial proportion of patients still show 
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disease progression and for those patients lung transplantation remains the only 

treatment option5. 

THE RIGHT VENTRICLE IN PULMONARY ARTERIAL 
HYPERTENSION
Not until recent years, the RV was considered a “mere bystander” in patients suffering 

from cardiovascular diseases, including P(A)H12. However, it has become clear that 

patients suffering from PAH primarily die from RV failure rather than from pulmonary 

vascular remodelling per se13. This makes the RV an important factor in disease 

management and an attractive treatment target. The importance of the RV can be 

best understood by the realization that the increase in pressure due to distal vascular 

remodelling poses an enormous increase in RV afterload, thereby necessitating 

the initiation of several adaptive mechanisms14. The effects of this increase in afterload 

on RV adaptation is complex and many questions remain unanswered. RV adaptation 

can be considered as a widespread sequence of events including changes in RV 

geometry, metabolism, blood supply (coronary perfusion), neurohormonal activation  

and epigenetics15-19. 

In the normal situation the RV has a thin wall and a crescent shape. When faced 

with an often four-fold increase in pulmonary pressure, the RV will increase its wall 

thickness (hypertrophy, i.e. homeometric adaptation) in order to enhance its contractile 

properties. When considering the Laplace Law (wall stress= (pressure times radius) 

Table 1. Clinical classification of pulmonary hypertension as proposed on the Fifth Wold Symposium 
on Pulmonary Hypertension5

1. Pulmonary arterial hypertension

 1.1. Idiopathic

 1.2. Heritable

 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 
2. Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis
3. Pulmonary hypertension due to left heart disease
4. Pulmonary hypertension due to lung diseases and/or hypoxia
5. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions
6. Pulmonary hypertension with unclear and/or multifactorial mechanisms
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1divided by wall thickness), hypertrophy reduces RV wall stress and thereby decreases 

RV oxygen demand20. When regardless of the homeometric adaptation oxygen supply 

to the body is not sufficient, cardiac output can only be maintained by RV dilatation (i.e. 

heterometric adaptation). The shape of the RV becomes more like a sphere, which will 

increase RV wall stress and marks the starting point for RV failure (figure 1). Parameters 

reflecting these adaptive changes including RV volumes have been extensively studied 

by our group and others and were shown to have great prognostic value in patients 

with PAH13,21-24. Quantitive data on RV volumes and function can be noninvasively 

acquired from cardiac magnetic resonance imaging (CMR, figure 2)25-27. Consequently, 

the serial evaluation of RV volumes and function by CMR has become standard of care 

in the Amsterdam UMC. It is known from previous work by Van de Veerdonk et al. that 

in clinically stable patients changes in RV volumes precede late disease progression28. 

As such, it makes great sense to monitor changes in RV volumes and guide treatment 

decisions accordingly. However, not much is known about the effect of PAH-specific 

drugs on RV function or whether the course of the RV can be changed by adding 

PAH-specific therapy. Furthermore, whether routine monitoring of the RV will lead to 

preserved RV function and improved patient outcome merits further study.

PULMONARY HYPERTENSION PATIENTS WITH LEFT 
HEART DISEASE
Group 2 PH involves diseases of the left heart and is often referred to as post-capillary 

PH. Post-capillary PH includes patients with PH due to valvular heart disease (i.e. mitral 

insufficiency), heart failure with reduced ejection fraction (HFrEF) and heart failure with 

preserved ejection fraction (HFpEF, previously described as “diastolic heart failure”)1. 

General introduction and thesis outline  
 

Furthermore, whether  routine monitoring of  the RV will  lead  to preserved RV  function and 
improved patient outcome merits further study. 
 
Figure 1. Right ventricular morphological changes in pulmonary arterial hypertension 

 
Initially the right ventricle (RV) adapts to an increase in pressure by increasing its wall thickness (hypertrophy, B). When the 
disease  advances,  this  hypertrophic  process  is  halted  and  the RV begins  to  dilate  in  order  to  ensure  an  adequate  cardiac 
output response (C). This marks the beginning of progression to RV failure. Modified with permission from Vonk Noordegraaf 
et al. J Am Coll Cardiol. 2017;69(2):236‐43 

Figure 2. Cardiac magnetic resonance images of the heart in a control subject and patient with PAH 

 

A.  Control  subject  without  PH.  B.  Patient  with  PAH  showing  marked  RV  dilatation  and  hypertrophy  with  bulging  of  the 
interventricular septum into the LV. Upper panels show a 4‐chamber image and lower panels depict a cross‐sectional image. 
LV=left ventricle; RV= right ventricle.  
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Group 2 PH  involves diseases of  the  left heart and  is often  referred  to as post‐capillary PH. 
Post‐capillary  PH  includes  patients  with  PH  due  to  valvular  heart  disease  (i.e.  mitral 

Figure 1. Right ventricular morphological changes in pulmonary arterial hypertension. Initially 
the right ventricle (RV) adapts to an increase in pressure by increasing its wall thickness 
(hypertrophy, B). When the disease advances, this hypertrophic process is halted and the RV begins 
to dilate in order to ensure an adequate cardiac output response (C). This marks the beginning 
of progression to RV failure. Modified with permission from Vonk Noordegraaf et al. J Am Coll 
Cardiol. 2017;69(2):236-43.
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In contrast to PAH where the initial disease process involves the lung vasculature, in 

patients with post-capillary PH a dysfunctional left ventricle or valvular apparatus is 

the initial trigger for PH development. Post-capillary PH is by far the most common 

cause of PH, although exact numbers outside PH expert centres are lacking. Among 

patients with heart failure it has been reported that around 80% will eventually develop 

PH and the development of PH is associated with increased mortality rates29,30. This 

underscores the clinical burden associated with PH development in the setting of left-

sided heart failure. 

Regardless of its underlying cause, left heart disease will result in elevation of left 

sided filling pressures causing pulmonary venous congestion due to pressure injury of 

the capillary wall. This increase in LV filling pressures is then “passively” transmitted 

to the right-sided circulation where it can lead to PH (isolated post-capillary PH (Ipc-

PH)). In a subset of patients, this passive increase in pulmonary pressures triggers 

a superimposed component of vasoconstriction and secondary pulmonary vascular 

remodelling. This remodelling process consists of thickening of the media and intima 

of small pulmonary arteries, resembling changes seen in PAH31. Similar to PAH, this will 

then cause an increase in RV afterload and contribute to RV dysfunction32. This type 

Figure 2. Cardiac magnetic resonance images of the heart in a control subject and patient with PAH. 
A. Control subject without PH. B. Patient with PAH showing marked RV dilatation and hypertrophy 
with bulging of the interventricular septum into the LV. Upper panels show a 4-chamber image 
and lower panels depict a cross-sectional image. LV=left ventricle; RV= right ventricle. 
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1of post-capillary PH with secondary pulmonary vascular remodelling is referred to as 

combined post- and pre-capillary PH (Cpc-PH). 

In contrast to PAH, there is currently no effective treatment available for PH in the setting 

of left heart disease, except for conventional heart failure treatments (e.g. beta-

blockers, angiotensin-converting enzyme blockers or valvular repair). Drugs approved 

for the treatment of PAH have been tested in patients with heart failure with or without 

PH, but failed to demonstrate clinical benefit, except for one study in patients with 

mainly Cpc-PH33. Theoretically, patients with secondary vascular remodelling could 

benefit from PAH-specific drugs as these drugs are known to dilate the pulmonary 

vessels and thereby reduce pulmonary vascular resistance. Additionally, any potential 

reduction in vascular resistance could have an effect on RV afterload as well. However, 

the hemodynamic and cardiac effects of PAH-specific drugs in patients with Cpc-PH 

and HFpEF have not been explored.   

Besides this lack of effective treatment, another challenge in patients with post-

capillary PH is obtaining an accurate diagnosis and differentiating pre- from post-

capillary PH. A definite diagnosis of post-capillary requires the invasive assessment of 

the pulmonary arterial wedge pressure (PAWP) measured during a RHC. In some cases, 

when obvious signs of left heart disease are present on echocardiography, a diagnosis 

of post-capillary PH can be established without invasive measurements. However, in 

a substantial proportion of patients these signs of left-sided heart failure are subtle 

or even absent under resting conditions. This holds especially true for patients with 

PH due to HFpEF, as a normal ejection fraction on echocardiography and no evident 

signs of fluid retention can mimic underlying diastolic abnormalities. As such, in many 

cases uncertainty about the presence of HFpEF remains and thus patients are referred 

for invasive evaluation of left sided filling pressures (PAWP) during a RHC.  Although 

rare, complications related to a RHC procedure can occur and any invasive procedure 

is accompanied by significant patient burden34. That is why optimizing the noninvasive 

diagnosis of these patients has been an important research topic in the PH field. 

Several patient characteristics can help in the noninvasive diagnostic process 

and favour the presence of HFpEF-PH. These include comorbidities, BMI >30, left 

ventricular hypertrophy or left atrial enlargement35-37. Previous work has also focused 

on developing prediction models or risk scores for the noninvasive identification of 

post-capillary PH37-42. Of these, one score was developed at our centre and predictive 

properties were promising37. The score incorporates readily available clinical parameters 

from medical history, echocardiography and ECG. However, before any prediction 

model can be considered for use in daily clinical care, external validation, ideally in 

a population outside of expert PAH centres, is required. 
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1 OUTLINE OF THIS THESIS
The focus of the first part of this thesis is to improve our understanding of the effects 

of PAH-specific drugs on RV adaptation and function. To this end, we studied 

changes in RV volumes and function with CMR in response to PAH-specific drugs, 

both retrospectively and in a prospective study. The second part of this thesis focuses 

on improving diagnostic strategies in patients with HFpEF and post-capillary PH. In 

addition, this part of the thesis will discuss the hemodynamic and cardiac effects of 

PAH-specific drugs in patients with HFpEF and combined post- and pre-capillary PH.   

Part 1. The right ventricle in pulmonary arterial hypertension: 
response to treatment
Since the introduction of parental prostacyclin analogues in the beginning of the 1980s, 

the effects of PAH-specific drugs on patient outcome have been extensively studied 

in the setting of clinical trials. In these trials, the effects of pulmonary vasodilation 

on hemodynamics were assessed (including mPAP, pulmonary vascular resistance and 

cardiac output), conventionally as a secondary outcome11,43. However any beneficial 

effect of PAH-specific drugs on hemodynamics does not necessarily translate into 

ensuing RV functional improvements44. Considering the prognostic value of the response 

of the RV to treatment in PAH, RV parameters can be considered ideal endpoints in 

PAH trials. Since trials including direct RV measures as endpoints are relatively rare, not 

much is known about the effect of PAH specific drugs on RV function and adaptation. 

In general, pulmonary vasodilators have a (modest) positive effect on right ventricular 

ejection fraction (RVEF) and RV volumes23,45-49. 

Recently, the concept of combining two types of drugs at baseline (upfront 

combination therapy) has gained attention and the beneficial effect of this strategy 

on patient morbidity was confirmed in the AMBITION-trial50. To determine whether 

upfront combination also translates into to more pronounced improvements in RV 

volumes and function compared to monotherapy is the main of chapter 2. Guided by 

the prognostic value of parameters reflecting RV function in patients with PAH, a CMR-

guided standardized follow up strategy was developed in our centre. This strategy 

aimed to improve RV function by early escalation of PAH-specific therapy upon 

a decrease in RVEF. In chapter 3 the effectiveness of that strategy was studied. RVEF 

was assessed before- and after PAH medication was added (i.e. treatment escalation) 

and the relation between RVEF and clinical worsening was explored in patients with 

PAH and NYHA functional class II or III. 
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1Part 2. Pulmonary hypertension due to left heart failure: 
optimizing diagnostic- and therapeutic care
In part 2 of this thesis we focus on patients with PH due to left heart disease (post-

capillary PH). Current diagnostic challenges in patients with both HFpEF, with and 

without PH are discussed in chapter 4. One of the main challenges is the noninvasive 

assessment of elevated filling pressures, a hallmark of HFpEF. As it is known that 

the atria can serve as a “barometer” for elevated filling pressures both in the left- and 

right side of the heart, in chapter 5 we aimed to assess how atrial size can help in 

the diagnostic process of patients with suspected PH and heart failure. 

By using a large national registry (Optimizing Pulmonary Hypertension Diagnostic 

Network Study, OPTICS), set up in the beginning of 2015, we aimed to improve 

diagnostic strategies and referral patterns for patients suspected of PH outside an  

P(A)H expert setting. This unique cohort of patients allowed us to validate two 

previously developed risk scores for the identification of pre- or post-capillary PH. 

Results of this analysis are presented in chapter 6. Lastly, in chapter 7 the aim was 

to assess the hemodynamic and cardiac response to PAH-specific therapy in a cohort 

of patients with HFpEF-PH and secondary pulmonary vascular remodelling (Cpc-PH). 
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ABSTRACT
Background
In pulmonary arterial hypertension (PAH), upfront combination therapy is associated 

with better clinical outcomes and a stronger reduction in N-terminal pro-brain natriuretic 

peptide (NT-proBNP) than monotherapy. NT-proBNP levels reflect right ventricular 

(RV) wall stress, which increase when the right ventricle dilates. This study explored 

the impact of upfront combination therapy on RV volumes compared to monotherapy 

in PAH patients. 

Methods
In this retrospective study, 80 incident PAH patients in New York Heart Association class 

II and III were included who were treated with upfront combination therapy (n=35) (i.e. 

endothelin receptor antagonists (ERA) plus phosphodiesterase-5-inhibitors (PDE5I)) 

or monotherapy (n=45) (i.e. ERA or PDE5I). All patients underwent right-sided heart 

catheterization and cardiac MRI at baseline and after 1 year follow-up. 

Results
Combination therapy resulted in more significant reductions in pulmonary vascular 

resistance and pulmonary pressures than monotherapy. NT-proBNP was decreased 

by ~77% in the combination therapy group compared to a ~51% reduction after 

monotherapy (p<0.001). RV volumes and calculated RV wall stress improved after 

combination therapy (both p<0.001) but remained unchanged after monotherapy 

(both p=NS). RV ejection fraction improved more in the combination therapy group 

than monotherapy group (p<0.001).

Conclusions
In PAH patients, upfront combination therapy was associated with improved  

RV volumes. 
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is characterized by abnormal pulmonary vascular 

remodeling resulting in chronic pressure overload of the right ventricle (RV) and 

ultimately the development of right ventricular (RV) failure and death1,2. The general 

treatment goal in patients with PAH is to reduce the load on the RV in order to accomplish 

favourable RV adaptation, stable RV function and low mortality rates3,4. Treatment of 

PAH patients in New York Heart Association (NYHA) functional class II or III comprises 

of either (1) initial single-agent therapy by means of endothelin receptor antagonists 

(ERA) or phosphodiesterase-5-inhibitors (PDE5I), or (2) the application of both agents 

(i.e. upfront combination therapy)3. Recently, it was shown in the Ambrisentan and 

Tadalafil in Patients with Pulmonary Arterial Hypertension (AMBITION) trial that 

upfront oral combination therapy resulted in a longer time to clinical failure and larger 

reduction in N-terminal pro-brain natriuretic peptide (NT-proBNP) compared to upfront 

monotherapy5. Since changes in NT-proBNP reflect changes in RV wall stress6,7, these 

findings may be explained by either a reduction in pulmonary pressures or by more 

favourable RV remodeling. Indeed, it was recently observed that pulmonary pressures 

dropped significantly after upfront combination therapy8. However, changes in RV 

volumes and wall thickness after combination therapy were not yet explored. This 

could be of importance because RV dilatation is among the strongest predictors of 

mortality in PAH9 and is an important determinant of RV wall stress10. Previous studies 

have demonstrated that although monotherapy leads to a decrease in pulmonary 

vascular resistance (PVR), it does not affect RV dilatation, and consequently RV wall 

stress remains high11-15. Based on the observation that NT-proBNP decreases more in 

the combination treatment group5, we hypothesised that upfront combination therapy 

not only results in a larger decrease in PVR but will also lead to improvements in RV 

volumes, thereby reducing RV wall stress. 

Therefore, the aim of the present study was to assess the therapeutic effects of upfront 

oral combination therapy on RV volumes in NYHA class II or III patients with idiopathic 

PAH (IPAH), heritable PAH (HPAH) or drugs and toxins induced PAH (DPAH). PAH 

patients treated with upfront oral monotherapy were used as a control group.

METHODS
Study design and patient selection
This study is a retrospective analysis of data from an ongoing prospective registry 

of newly diagnosed PAH patients admitted to the VU University Medical Centre 

who routinely underwent right-sided heart catheterization (RHC), cardiac magnetic 

resonance imaging (CMR), six-minute walk testing and blood sampling. Because 

the Medical Ethics Review Committee of the VU University Medical Centre did not 
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consider the study to fall within the scope of the Medical Research Involving Human 

Subjects (WMO) (approval number 2012288), an informed consent statement was  

not obtained. 

Inclusion criteria for the present study were: (1) newly diagnosed patients with IPAH, 

HPAH or DPAH, (2) Age ≥18 years, (3) NYHA functional class II or IIII, (4) the use of 

oral PAH specific medication consisting of ERA or PDE5I applied as either upfront 

mono or dual combination therapy (i.e. initiated directly after diagnosis), (5) RHC and 

CMR performed at baseline and after 1 year of follow-up. Patients with a positive 

acute vasodilator challenge and/or patients treated with calcium channel blockers 

were excluded from the analysis. Patients meeting the inclusion criteria were 

enrolled between August 2002 and July 2015, and totalled 114 patients. RHC and 

CMR were performed within a median time interval of two days. Nine patients died 

during the first year of follow-up and were excluded (two of these patients received 

upfront combination therapy and seven were treated with monotherapy). Nine of 

the 105 patients were excluded because of treatment with calcium channel blockers. 

In addition, sixteen patients had no or insufficient CMR assessment at one year 

follow-up and could therefore not be included. In total, 80 patients fulfilled the study 

criteria and were included in the present study (figure 1). Thirty-five patients treated 

Figure 1. Study profile. CCB = calcium channel blockers; CMR = cardiac magnetic resonance 
imaging; DPAH = drugs and toxins induced pulmonary arterial hypertension; IPAH = idiopathic 
pulmonary arterial hypertension; HPAH = hereditary pulmonary arterial hypertension;  
RHC = right-sided heart catheterization.
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with upfront combination therapy were compared with 45 patients who received  

upfront monotherapy. 

Treatment regimens
Application of PAH targeted medical therapies was performed in line with the guidelines 

and according to the availability in the Netherlands. Since August 2002 and 2005, ERA 

(ambrisentan, bosentan, macitentan or sitaxentan) and PDE5I (sildenafil or tadalafil), 

respectively, have been available in the Netherlands. Patients were treated with upfront 

oral monotherapy (ERA or PDE5I) or upfront dual combination therapy (ERA plus PDE5I). 

Upfront monotherapy was defined as the application of one type of drug, directly 

initiated after diagnosis. Upfront combination therapy implies the application of two 

types of drugs (ERA plus PDE5I), both started at the same time point after diagnosis 

and up titrated in the following 4-8 weeks. The treating physician decided which 

specific type of ERA of PDE5I was applied and whether a patient should receive upfront 

monotherapy or combination therapy. Dosing regimens were as follows: bosentan 62.5 

mg twice daily, increasing to 125 mg twice daily after 4 weeks; ambrisentan 5 mg once 

daily, increasing up to 10 mg once daily if necessary, macitentan 10 mg once daily 

without further up-titration, sitaxentan 100 mg daily; sildenafil 20 mg three times daily; 

tadalafil 20 mg once daily, up-titrated up to 40 mg once daily after 1 week. 

All patients received anticoagulants, diuretics and oxygen therapy if needed. During 

follow-up, some patients went through one or multiple treatment regimens.

Assessments
Right-sided heart catheterization
Hemodynamic assessment was performed with a 7F balloon tipped flow directed 

Swan-Ganz catheter (131HF7, Baxter, Healthcare Corp Irvine, California), inserted 

via the jugular or femoral vein during continuous electrocardiographic monitoring. 

The following parameters were measured: mean pulmonary artery pressure (mPAP), 

right atrial pressure, pulmonary arterial wedge pressure (PAWP), heart rate and mixed 

venous oxygen saturation. Cardiac output (CO) was measured using the Fick or 

Thermodilution method. PVR was calculated as 80x(mPAP-PAWP)/CO. CO was indexed 

to body surface area (BSA), shown as cardiac index (CI). 

Cardiac magnetic resonance imaging
CMR was performed on a Siemens 1.5-Tesla Sonata or 1.5-Tesla Avanto scanner 

(Siemens, Medical Solutions, Erlangen, Germany), equipped with a 6-element phased 

array receiver coil. Electrocardiographic-gated cine imaging was performed with 

a balanced steady-state precession pulse sequence during repeated inspiratory breath-
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holds. CMR data acquisition was acquired according to our standard protocol16. After 

getting several localizer images, a stack of short-axis images covering the ventricles 

from base to apex was obtained with a typical slice thickness of 5 mm and an interslice 

gap of 5 mm. 

The short-axis images were post-processed by a blinded observer that analysed 

the ventricular volumes and mass by the MASS-software package (MEDIS, Medical 

Imaging Systems, Leiden, The Netherlands). On end-diastolic images (first cine image 

after the R-wave trigger) and end-systolic images (cine image with visually the smallest 

cavity area), endocardial and epicardial contours of the RV and left ventricle (LV) were 

obtained by manual tracing. Papillary muscles and trabeculae were included as part of 

the ventricular wall mass. Ventricular volumes were calculated using the Simpson rule. 

Stroke volume (SV) was calculated as end-diastolic volume (EDV) minus end-systolic 

volume (ESV). Right ventricular ejection fraction (RVEF) was calculated as SV divided 

by EDV and multiplied by 100%. For mass calculation, the myocardial volume was 

multiplied by the specific density of the heart (1.05 g/cm -3)17. The relative ventricular 

wall thickness was calculated as the ratio of RV mass divided by EDV18. Volume and 

mass measurements were indexed to BSA. RV end-systolic wall stress was calculated 

by the law of Laplace (RV end-systolic wall stress = 0.5 x RV systolic pressure x RV end-

systolic radius / RV end-systolic wall thickness) as explained previously7,19. 

Six-minute walking test
The six-minute walking test (6MWT) was performed according to the American Thoracic 

Society guidelines20. 

Blood sampling
Since November 2002, NT-proBNP measurements have become part of our routine 

clinical assessment. NT-proBNP plasma levels were analysed using the Elecsys 1010 

electrochemiluminescense immunoassay (Roche Diagnostics, the Netherlands) as 

described previously21. 

Statistical analysis
Statistical analyses were carried out using SPSS version 22 (SPSS Inc. Chicago, Illinois, 

USA) or Prism 5 for Windows (GraphPad Software Inc, San Diego, USA). A P-value 

<0.05 was considered statistically significant. Data are presented as mean ± standard 

deviation for continuous variables and absolute for categorical variables, unless 

stated otherwise. Variables were log-transformed in case of a non-normal distribution. 

Differences in baseline variables between patients treated with mono- or combination 

therapy were calculated using independent Student t-tests. Within group differences in 
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baseline and follow-up parameters were tested with paired Student t-tests. The change 

in clinical parameters, hemodynamics and RV structure and function during follow-up 

was compared between the monotherapy and combination therapy group using 

linear regression analysis. This analysis was repeated with co-variate correction for 

differences in baseline values between groups (PVR). Correction for multiple testing 

was not applied because of our predefined study hypothesis and selected number of 

outcome parameters. 

RESULTS
Patient characteristics
Mean age of the total study population was 49 ± 17 years, 75% were female and 

the majority of patients had IPAH (85%) (table 1). There were no differences between 

the monotherapy and combination therapy groups with regard to age, gender, type of 

diagnosis or NYHA class (table 1). 

Patients who received upfront combination therapy had a higher PVR and lower CI at 

baseline compared to patients initiated on monotherapy. No differences were found 

between the two groups with respect to NT-proBNP, exercise capacity or CMR RV 

parameters (table 2). 

Follow-up measurements
The median time between baseline and follow-up measurements was 12 months 

(interquartile range 12-14 months). Both treatment regimens were associated with 

improvements in exercise capacity, NYHA class, hemodynamics and CMR variables 

after 1 year of follow-up (fable 2, figure 2 - figure 4). 

The change in six-minute walking distance was greater in the combination group 

compared to the monotherapy group (p = 0.045). Furthermore, NT-proBNP levels 

decreased more in patients treated with combination therapy than after monotherapy  

(p = 0.001) (figure 2).

Both treatment groups showed a significant decrease in PVR but the magnitude of 

decrease was larger in the upfront combination therapy group (combination versus 

monotherapy: p for change <0.001). MPAP decreased after combination therapy but 

remained unchanged after monotherapy. Both groups showed a similar change in CI 

(p = 0.071) (figure 3). RVEF improved more in the combination therapy group than in 

the monotherapy group (p <0.001). The mean change in RVEDV was -5 ± 16 ml/m2 after 

combination therapy and 3 ± 16 ml/m2 after monotherapy (p for difference between 

groups = 0.038). Patients with combination therapy had a more significant decrease 
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in RVESV than patients with monotherapy (mean change: -13 ± 17 ml/m2 versus -1 ±  

15 ml/m2; p = 0.002) (figure 4). 

RV mass remained unchanged after monotherapy but decreased after combination 

therapy. The RV relative wall thickness was unaltered in both treatment groups  

(table 2). 

Table 1. Baseline characteristics.

Variable
Total cohort
(n=80)

Monotherapy
(n=45)

Combination therapy
(n=35) P-value

Female, n (%) 60 (75) 34 (76) 26 (74) 0.896
Age, years 49 ± 17 49 ± 17 50 ± 19 0.803
Diagnosis, n (%) 0.103
 Idiopathic PAH 68 (85) 40 (89) 28 (80)
 Heritable PAH 10 (13) 3 (7) 7 (20)
 Drugs/ toxins PAH 2 (3) 2 (4) 0
NYHA class, n (%) 0.067
 II 24 (30) 16 (36) 6 (17)
 III 56 (70) 29 (64) 29 (83)
BSA, m2 1.9 ± 0.2 1.9 ± 0.2 1.9 ± 0.7 0.939
Co-morbidities, n (%)

 Diabetes mellitus

 Systemic hypertension

 Coronary artery disease

3 (4)

14 (18)

3 (4)

1 (2)

5 (11)

1 (2)

2 (6)

9 (26)

2 (6)

0.158

Medical therapy, n, %

 ERA

  Ambrisentan

  Bosentan

  Macitentan

  Sitaxentan

 PDE5I

  Sildenafil

  Tadalafil

20 (17)

42 (37)

4 (3)

3 (3)

31 (27)

15 (13)

34 (76)

6 (13)

22 (5)

3 (7)

3 (7)

11 (24)

9 (20)

2 (4)

35 (100)

14

20*

1

0

35 (100)

22

13
Renal function

 Kreatinine, umol/L 84 ± 23 86 ± 27 81 ± 18 0.340

Data are given as mean (SD), median (IQR) or absolute numbers (%).
BSA = body surface area; ERA = endothelin receptor antagonist; NYHA = New York Heart Association;  
PAH = pulmonary arterial hypertension; PDE5I = phosphodiesterase 5 inhibitor. 
*One patient did not tolerate the full dosage of bosentan and therefore received a lower dose of 62.5 mg  
twice daily. 
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Figure 2. (a) The decrease in N-terminal pro-brain natriuretic peptide (NT-proBNP) was larger in 
the upfront combination therapy group (black bars) compared to the monotherapy group (white 
bars). (b) The six-minute walking distance (6MWD) improved in both groups. Data are presented 
as mean ± SEM. B: baseline; FU: follow-up.

Figure 3. Patients treated with upfront combination therapy (black bars) showed larger 
improvements in (a) pulmonary vascular resistance (PVR) and (b) mean pulmonary artery pressure 
(mPAP) in comparison to patients receiving upfront monotherapy (white bars). Both patients 
groups showed normalization of the cardiac index (CI) (c). Right atrial pressure (d) remained 
unchanged after monotherapy and improved after combination therapy. Data are presented as 
mean ± SEM. *P <0.05 for baseline difference in PVR between the two treatment groups. B: 
baseline; FU: follow-up. 
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Table 2. Differences in clinical parameters at baseline and during follow-up. 

Variables

Monotherapy 
(n=45)

Combination therapy 
(n=35)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for 
change 
during 
FU2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 54 ± 11 53 ± 18 -3 ± 10 56 ± 17 43 ± 12 -11 ± 13*** 0.675 -7.5 -12.5 to -2.5 0.004
 RAP, mmHg 8 ± 4 7 ± 4 -1 ± 5 8 ± 5 5 ± 4 -3 ± 5** 0.761 -1.0 -4.2 to 0.3 0.084
 PVR, dyn·s·cm-5 705 (485-998) 574 (347-867) -162 ± 300** 950 (383-1046) 393 (294-514) -426 ± 344*** 0.045 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 4 0 ± 3 0.624 0.3 -1.6 to 2.2 0.739
 CI, L/min/m2 2.6 ± 0.8 3.2 ± 1.2 0.7 ± 1.2** 2.3 ± 0,5 3.4 ± 0.9 1.1 ± 0.9*** 0.032 0.5 -0.0 to 1.0 0.071
 Heart rate, bpm 79 ± 18 79 ± 13 -2 ± 17 80 ± 14 74 ± 10 -7 ± 14*** 0.769 -5.1 -12.1 to 1.8 0.147
 SvO2, % 66 ± 7 66 ± 9 0 ± 8 63 ± 8 70 ± 5 6 ± 7*** 0.102 6.6 3.0 to 10.3 0.001
CMR variables
 RVEDV, ml/m2 79 ± 20 82 ± 22 3 ± 16 81 ± 25 76 ± 25 -5 ± 16 0.703 -7.6 -14.9 to -0.5 0.038
 RVESV, ml/m2 51 ± 19 51 ± 23 -1 ± 15 55 ± 25 43 ± 22 -13 ± 17*** 0.381 -11.9 -19.2 to -4.6 0.002
 RV mass, g/m2 51 ± 13 50 ± 15 0 ± 11 52 ± 15 46 ± 14 -6 ± 15** 0.759 -6.3 -12.1 to -0.6 0.032
 Relative RV wall thickness 0.66 ± 0.18 0.64 ± 0.17 -0.02 ± 0.16 0.69 ± 0.25 0.65 ± 0.28 -0.04 ± 0.26 0.506 0.0 -0.1 – 0.1 0.072
 RVEF, % 36 ± 11 40 ± 14 4 ± 9** 34 ± 12 47 ± 13 13 ± 11*** 0.319 8.9 4.4 to 13.4 <0.001
 LVEDV, ml/m2 46 ± 13 51 ± 14 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.367 4.2 -0.3 to 8.7 0.066
 LVESV, ml/m2 17 ± 8 19 ± 8 1 ± 7 18 ± 7 18 ± 6 0 ± 7 0.691 -1.1 -4.1 to 1.9 0.478
 LV mass, g/m2 55 ± 14 57 ± 11 2 ± 9* 54 ± 9 57 ± 11 4 ± 9* 0.749 1.3 -2.7 to 5.3 0.517
 SV, ml/m2 29 ± 8 33 ± 11 4 ± 6*** 26 ± 6 35 ± 7 9 ± 8*** 0.074 5.0 1.7 to 8.2 0.003
 LVEF, % 63 ± 10 66 ± 10 3 ± 10* 60 ± 10 66 ± 7 6 ± 10** 0.160 3.4 -1.0 to 7.9 0.130
RV wall stress, kPA 12 ± 4 11 ± 4 -1 ± 4 13 ± 5 9 ± 4 -4 ± 5*** 0.273 -2.8 -4.6 to -0.9 0.003
NT-proBNP, ng/L 741 (159-2392) 408 (98-1915) -365 ± 1610* 950 (624-1050) 218 (87-572) -1203 ± 1057*** 0.121 -0.1 -0.2 to -0.04 0.001
6MWD, m 411 ± 106 446 ± 115 27 ± 95* 409 ± 119 475 ± 114 70 ± 75*** 0.948 42.2 1.7 to 82.8 0.045

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in variable change 
between groups without correction for baseline co-variates. 2P-value for the difference in change in variables between 
groups during follow-up without correction for baseline co-variates. 
Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01; ***p < 0.001. 
NT-proBNP was measured in 71 patients and values were log-transformed before testing.
CMR = cardiac magnetic resonance imaging; CI = cardiac index; LVEDV = left ventricular end-diastolic volume; 

LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; LVSV = left ventricular 
stroke volume; mPAP = mean pulmonary artery pressure NT-proBNP = N-terminal pro-brain natriuretic peptide;; 
PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure;  
RVEDV = right ventricular end diastolic volume; RVEF = right ventricular ejection fraction; RVESV = right ventricular 
end-systolic volume, SvO2: mixed venous oxygen saturation.

The relative change in PVR was significantly correlated to the absolute change in RVEF 

after combination therapy (R = -0.60; p <0.001). In contrast, we did not find a significant 

correlation between the change in PVR and RVEF after monotherapy. 

In eight out of 45 patients (18%) in the monotherapy group, RVEF decreased >3% 

despite therapy (figure 5). Strikingly, RVEF declined >3%9 in only two out of 35 patients 

after initiation of combination therapy, and one of these two patients did not show an 

improved PVR either. 
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Table 2. Differences in clinical parameters at baseline and during follow-up. 

Variables

Monotherapy 
(n=45)

Combination therapy 
(n=35)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for 
change 
during 
FU2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 54 ± 11 53 ± 18 -3 ± 10 56 ± 17 43 ± 12 -11 ± 13*** 0.675 -7.5 -12.5 to -2.5 0.004
 RAP, mmHg 8 ± 4 7 ± 4 -1 ± 5 8 ± 5 5 ± 4 -3 ± 5** 0.761 -1.0 -4.2 to 0.3 0.084
 PVR, dyn·s·cm-5 705 (485-998) 574 (347-867) -162 ± 300** 950 (383-1046) 393 (294-514) -426 ± 344*** 0.045 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 4 0 ± 3 0.624 0.3 -1.6 to 2.2 0.739
 CI, L/min/m2 2.6 ± 0.8 3.2 ± 1.2 0.7 ± 1.2** 2.3 ± 0,5 3.4 ± 0.9 1.1 ± 0.9*** 0.032 0.5 -0.0 to 1.0 0.071
 Heart rate, bpm 79 ± 18 79 ± 13 -2 ± 17 80 ± 14 74 ± 10 -7 ± 14*** 0.769 -5.1 -12.1 to 1.8 0.147
 SvO2, % 66 ± 7 66 ± 9 0 ± 8 63 ± 8 70 ± 5 6 ± 7*** 0.102 6.6 3.0 to 10.3 0.001
CMR variables
 RVEDV, ml/m2 79 ± 20 82 ± 22 3 ± 16 81 ± 25 76 ± 25 -5 ± 16 0.703 -7.6 -14.9 to -0.5 0.038
 RVESV, ml/m2 51 ± 19 51 ± 23 -1 ± 15 55 ± 25 43 ± 22 -13 ± 17*** 0.381 -11.9 -19.2 to -4.6 0.002
 RV mass, g/m2 51 ± 13 50 ± 15 0 ± 11 52 ± 15 46 ± 14 -6 ± 15** 0.759 -6.3 -12.1 to -0.6 0.032
 Relative RV wall thickness 0.66 ± 0.18 0.64 ± 0.17 -0.02 ± 0.16 0.69 ± 0.25 0.65 ± 0.28 -0.04 ± 0.26 0.506 0.0 -0.1 – 0.1 0.072
 RVEF, % 36 ± 11 40 ± 14 4 ± 9** 34 ± 12 47 ± 13 13 ± 11*** 0.319 8.9 4.4 to 13.4 <0.001
 LVEDV, ml/m2 46 ± 13 51 ± 14 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.367 4.2 -0.3 to 8.7 0.066
 LVESV, ml/m2 17 ± 8 19 ± 8 1 ± 7 18 ± 7 18 ± 6 0 ± 7 0.691 -1.1 -4.1 to 1.9 0.478
 LV mass, g/m2 55 ± 14 57 ± 11 2 ± 9* 54 ± 9 57 ± 11 4 ± 9* 0.749 1.3 -2.7 to 5.3 0.517
 SV, ml/m2 29 ± 8 33 ± 11 4 ± 6*** 26 ± 6 35 ± 7 9 ± 8*** 0.074 5.0 1.7 to 8.2 0.003
 LVEF, % 63 ± 10 66 ± 10 3 ± 10* 60 ± 10 66 ± 7 6 ± 10** 0.160 3.4 -1.0 to 7.9 0.130
RV wall stress, kPA 12 ± 4 11 ± 4 -1 ± 4 13 ± 5 9 ± 4 -4 ± 5*** 0.273 -2.8 -4.6 to -0.9 0.003
NT-proBNP, ng/L 741 (159-2392) 408 (98-1915) -365 ± 1610* 950 (624-1050) 218 (87-572) -1203 ± 1057*** 0.121 -0.1 -0.2 to -0.04 0.001
6MWD, m 411 ± 106 446 ± 115 27 ± 95* 409 ± 119 475 ± 114 70 ± 75*** 0.948 42.2 1.7 to 82.8 0.045

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in variable change 
between groups without correction for baseline co-variates. 2P-value for the difference in change in variables between 
groups during follow-up without correction for baseline co-variates. 
Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01; ***p < 0.001. 
NT-proBNP was measured in 71 patients and values were log-transformed before testing.
CMR = cardiac magnetic resonance imaging; CI = cardiac index; LVEDV = left ventricular end-diastolic volume; 

LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; LVSV = left ventricular 
stroke volume; mPAP = mean pulmonary artery pressure NT-proBNP = N-terminal pro-brain natriuretic peptide;; 
PAWP = pulmonary arterial wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure;  
RVEDV = right ventricular end diastolic volume; RVEF = right ventricular ejection fraction; RVESV = right ventricular 
end-systolic volume, SvO2: mixed venous oxygen saturation.

In the monotherapy group, we did not find different therapeutic effects between 

the patients treated with monotherapy ERA or patients treated with PDE5I (p >0.05 for  

all parameters). 

However, even after correction for baseline differences in PVR, we found significant 

differences in hemodynamics, CMR parameters and NT-proBNP between 

the combination therapy and monotherapy group, except for RVEDV and RV mass 

(table S1).
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Figure 4. Neither monotherapy (white bars) or combination therapy (black bars) results in an 
improvement in right ventricular end-diastolic volume (RVEDV) (a). Right ventricular end-systolic 
volume (RVESV) (b) and RV wall stress (d) decreased after combination therapy but were unaltered 
after monotherapy. The increase in right ventricular ejection fraction (RVEF) (c) was larger after 
combination therapy than after monotherapy. Data are presented as mean ± SEM. B: baseline; 
FU: follow-up.

Figure 5. The relative changes in pulmonary vascular resistance (PVR) were correlated with 
the changes in right ventricular ejection fraction (RVEF) after upfront combination therapy (black 
circles) but not after upfront monotherapy (open triangles). 
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Treatment strategies
In the group of patients initiated on monotherapy, one patient switched from ERA 

(bosentan) to PDE5I (sildenafil; after 4 months) owing to liver enzyme abnormalities. 

All other patients in the upfront monotherapy group received and tolerated the full 

dosage of ERA or PDE5I. In the combination therapy group, one patient did not 

tolerate the full dosage of the combined treatment of bosentan plus sildenafil owing 

to liver enzyme abnormalities; therefore, the dosage of bosentan was kept at 62.5 mg 

twice daily. All other patients in the combination therapy group were treated with full-

dosage ERA plus PDE5I. 

In the monotherapy group, eight patients (18%) were treated with sequential 

combination therapy (n = 7 initiated on ERA and n = 1 initiated on PDE5I) owing to 

lack of clinical improvement after upfront monotherapy (median time 5 months; IQR 

5-6 months). 

In the group of patients initiated on dual combination therapy, treatment was switched 

to sequential triple therapy (i.e. by adding prostacyclin) in three patients after 3, 8 and 

10 months, respectively, owing to clinical worsening (i.e. deterioration into NYHA class 

IV). In table S2, an analysis is provided of the data after exclusion of the eight patients 

from the monotherapy group and the three patients from the combination therapy who 

had switched therapy during the 12 months of follow-up. 

The remaining 37 patients of the upfront monotherapy group showed differences in 

hemodynamics, NT-proBNP and CMR parameters in comparison to the 32 patients in 

the upfront combination therapy group. The results from table S2 are comparable to 

the demonstrated results in table 1 and table S1. 

DISCUSSION
In the present study, we showed - in NYHA class II and III PAH patients - that treatment 

with upfront combination therapy ERA plus PDE5I is associated with significant 

reductions in PVR and pulmonary pressures and resulted in improved RV volumes and 

function. Compared to combination therapy, upfront monotherapy was associated with 

smaller decreases in RV afterload and RV volumes remained unchanged.  

Effects of combination therapy on RV afterload
In accordance with earlier studies 22, we found statistically significant reductions in 

PVR after single-agent therapy but the PVR change was modest (~19%) and mPAP was 

not significantly reduced. In contrast, we showed that PVR dropped by ~59% after 

upfront oral combination therapy. These results are in agreement with former studies 
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showing a ~45-70% PVR decrease after upfront therapy of ERA plus PDE5I8 or ERA plus  

prostacyclins23,24. Importantly, the decrease in PVR after combination therapy was not 

only accompanied by normalization of the CO but also by a ~23% reduction in mPAP. 

This RV unloading was accompanied by subsequent improvements in RV remodelling 

and function. In fact, a progressive deterioration in RVEF was found in only two patients 

treated with upfront combination therapy.

Effects of upfront combination therapy on RV volumes
The most important finding of the present study was that RVESV decreased 

significantly after upfront combination therapy. Of note, a decrease in RVESV was 

accompanied by a stable RVEDV and consequently stroke volume was improved after  

combination treatment.

In line with previous studies, we showed that RV volumes remain unchanged after 

upfront monotherapy11-15. Moreover, it has been shown that RV volumes do not alter 

after combination therapy when applied sequentially during follow-up12. Our findings 

are of major clinical relevance since RV dilatation is one of the most important 

prognostic predictors in patients with PAH25,26 and is a sensitive parameter to monitor 

patients during follow-up18. In addition, and in line with earlier studies11, we found 

that changes in RV mass are relatively small after medical treatment. Small changes in 

RV mass with concomitant large reductions in RV volumes after combination therapy 

contribute to a more favourable concentric RV remodelling pattern which is associated 

with better survival27,28. 

Possible mechanisms for improved RV adaptation and function 
after upfront combination therapy
In this study, we evaluated the relationship between NT-proBNP, RV afterload and 

RV remodeling in PAH patients receiving combination therapy. In accordance with 

the results from the AMBITION trial5 and other studies8,29, we observed a ~77% reduction 

in NT-proBNP after upfront combination therapy. The magnitude of the decrease in 

NT-proBNP was significantly larger after combination therapy than after monotherapy. 

These findings are not only of prognostic relevance30,31 but also of physiological interest 

since NT-proBNP is considered a surrogate marker of RV wall stress21,32. According 

to LaPlace’s, ventricular wall stress can be reduced by either reducing intraluminal 

pressures, decreasing chamber radius, or increasing wall thickness19. 

In the present study, we showed that combination therapy resulted in significant 

reductions in both PVR and RV pressures, leading to a considerable decrease in 

intraluminal RV volumes and smaller changes in RV wall thickness. As a consequence, 



41

2

UPFRONT COMBINATION THERAPY REDUCES RIGHT VENTRICULAR VOLUMES

Figure 6. Schematic pressure-volume relationships that summarise the effects of upfront 
monotherapy (-----) and combination therapy (- - - - ) in PAH patients. Compared with control 
subjects (Normal RV37,38); PAH patients show increased right ventricular (RV) pressures and right 
ventricular end-systolic volume (RVESV). After monotherapy, RV pressures were modestly reduced 
but right ventricular end-diastolic volume (RVEDV) and RVESV remained unchanged. Importantly, 
upfront combination therapy was associated with significant reductions of both RV pressures and 
RVESV. Because RV pressures and volumes are main contributors to RV wall stress, the calculated 
ventricular systolic wall stress will be lowered after combination therapy but remains high after 
monotherapy. The pressure-volume loop of end-stage RV failure (∙∙-∙∙) is included for comparison. 
In case of RV failure, RV pressures are comparable to other stages of RV dysfunction whereas RV 
volumes are massively increased18,39. Of note, stroke work (i.e. area within one pressure-volume 
loop) is increased in PAH patients compared with controls but depresses with the development of 
RV failure. EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume.

the calculated RV end-systolic wall stress dropped significantly. In contrast, after 

monotherapy pulmonary pressures, RV volumes and mass were unchanged, and 

thereafter in the monotherapy group, RV wall stress remained high. We showed that 

the changes in RV pressures and volumes after medical treatment were the most 

important contributors to changes in RV wall stress, and summarised in figure 6.

Our findings are of clinical importance since a decreased RV wall stress positively 

affects myocardial perfusion and oxygen demand 33,34 and may therefore contribute 

to the reversal of progressive RV dysfunction. This is supported by the large and 

clinical relevant increase in RVEF observed after combination therapy9. Moreover, 

we observed a significant relationship between the changes in PVR and RVEF after 

combination therapy but did not find such a relationship after monotherapy. These 
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results demonstrate that in case of a sufficient decrease in RV afterload, reversal 

of RV dysfunction is guaranteed and ‘right ventricle - arterial coupling’ will be  

preserved35 whereas smaller changes in PVR do not necessarily lead to better RV 

function. In addition to a reduced afterload and potential direct RV therapeutic effects, 

other intrinsic RV factors could also play a role in a more favourable RV adaptation 

response after combination therapy36. 

Clinical implications
We have shown - in patients with PAH - that upfront oral combination therapy, in 

contrast to upfront monotherapy, is associated with a significant reduction of the main 

determinants of wall stress – namely, RV volumes and mPAP. Since progressive RV 

dilation and increased RV wall stress precede ultimate disease progression and are 

major contributing factors that drive the right ventricle into failure6,18; the results of 

this retrospective analysis suggest that the vicious circle leading to the development 

of RV failure may be interrupted by aggressive upfront medical treatment in all 

patients. In addition, the favourable RV therapeutic effects observed in this study also 

raises the question whether prognosis can be improved by a goal-oriented strategy 

specifically directed at improving RV remodelling and function. 

Limitations
The present study has the limitation of a retrospective analysis. The treatment strategy 

was non-controlled and rather reflects the therapeutic choice of the treating physician. 

However, our study reflected the treatment strategy that is generally accepted in 

clinical care and is supported by official guidelines3. Furthermore, the therapeutic 

effects on hemodynamics and NT-proBNP observed after both upfront monotherapy 

and combination therapy correspond to earlier prospective studies indicating that our 

results reflect  ‘real world’ therapeutic responses5,29. In addition, our study may be 

biased by the long inclusion period - from 2002 to 2015 - while only monotherapy 

was available before 2005. Yet, we would like to emphasize that the present study 

was not aimed to measure treatment efficacy. Patients receiving upfront combination 

therapy were slightly more compromised at baseline compared to patients treated with 

monotherapy. However, we limited this potential bias by correcting for differences in 

baseline characteristics. 

Conclusion
We showed -  in NYHA class II and III PAH patients - that treatment with upfront combination 

therapy of an ERA plus a PDE5I is associated with significant reductions in RV volumes. 

This was accompanied by reduced NT-proBNP levels and a relief of the calculated RV  

wall stress.
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SUPPLEMENTS

Table S1. Differences in clinical parameters at baseline and during follow-up corrected for 
differences in PVR at baseline. 

Variables

Monotherapy 
(n=45)

Combination therapy 
(n=35)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for change 
during 
follow-up2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 54 ± 11 53 ± 18 -3 ± 10 56 ± 17 43 ± 12 -11 ± 13** 0.675 -6.7 -11.9 to -1.5 0.012
 RAP, mmHg 8 ± 4 7 ± 4 -1 ± 5 8 ± 5 5 ± 4 -3 ± 5*** 0.761 -1.7 -4.0 to 0.6 0.142
 PVR, dyn·s·cm-5 705 (485-998) 574 (347-867) -162 ± 300** 950 (383-1046) 393 (294-514) -426 ± 344*** 0.045 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 4 0 ± 3 0.624 0.6 -1.3 to 2.6 0.533
 CI, L/min/m2 2.6 ± 0,8 3.2 ± 1.2 0.7 ± 1.2** 2.3 ± 0.5 3.4 ± 0.9 1.1 ± 0.9*** 0.032 0.5 -0.1 to 1.0 0.089
 Heart rate, bpm 79 ± 18 79 ± 13 -2 ± 17 80 ± 14 74 ± 10 -7 ± 14*** 0.769 -4.5 -11.7 to 2.8 0.223
 SvO2, % 66 ± 7 66 ± 9 0 ± 8 63 ± 8 70 ± 5 6 ± 7*** 0.102 6.3 2.5 to 10.1 0.001
CMR variables
 RVEDV, ml/m2 79 ± 20 82 ± 22 3 ± 16 81 ± 25 76 ± 25 -5 ± 16 0.703 -6.2 -13.6 to 1.2 0.101
 RVESV, ml/m2 51 ± 19 51 ± 23 -1 ± 15 55 ± 25 43 ± 22 -13 ± 17*** 0.381 -10.3 -17.7 to -3.0 0.006
 RV mass, g/m2 51 ± 13 50 ± 15 0 ± 11 52 ± 15 46 ± 14 -6 ± 15** 0.759 -5.6 -11.6 to 0.3 0.064
 Relative RV wall thickness 0.66 ± 0.18 0.64 ± 0.17 -0.02 ± 0.16 0.69 ± 0.25 0.65 ± 0.28 -0.04 ± 0.26 0.506 0.0 -.1 to 0.1 0.541
 RVEF, % 36 ± 11 40 ± 14 4 ± 9** 34 ± 12 47 ± 13 13 ± 11*** 0.319 8.1 3.6 to 12.7 0.001
 LVEDV, ml/m2 46 ± 13 51 ± 14 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.367 4.3 -0.4 to 9.0 0.073
 LVESV, ml/m2 17 ± 8 19 ± 8 1 ± 7 18 ± 7 18 ± 6 0 ± 7 0.691 -1.1 -4.2 to 2.0 0.478
 LV mass, g/m2 55 ± 14 57 ± 11 2 ± 9* 54 ± 9 57 ± 11 4 ± 9* 0.749 2.3 -1.8 to 6.3 0.269
 SV, ml/m2 29 ± 8 33 ± 11 4 ± 6*** 26 ± 6 35 ± 7 9 ± 8*** 0.074 5.0 1.6 to 8.4 0.004
 LVEF, % 63 ± 10 66 ± 10 3 ± 10* 60 ± 10 66 ± 7 6 ± 10** 0.160 3.4 -1.2 to 8.1 0.143
RV wall stress,  kPA 12 ± 4 11 ± 4 -1 ± 4 13 ± 5 9 ± 4 -4 ± 5*** 0.273 -2.5 -4.4 to -0.6 0.011
NT-proBNP, ng/L 741 (159-2392) 408 (98-1915) -365 ± 1610* 950 (624-1050) 218 (87-572) -1203 ± 1057*** 0.121 -0.1 -0.2 to -0.0 0.045
6MWD, m 418 ± 108 446 ± 115 27 ± 95 409 ± 119 475 ± 114 70 ± 75 0.948 33.0 -8.8 to 74.8 0.120

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in variable 
change between groups with correction for baseline co-variates. 2P-value for the difference in change in variables 
between groups during follow-up with correction for baseline co-variates. 
Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01; ***p <0.001. 
NT-proBNP was measured in 71 patients and values were log-transformed before testing.
CMR = cardiac magnetic resonance imaging; CI = cardiac index; LVEDV = left ventricular end-diastolic volume; 

LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; LVSV = left ventricular stroke volume;  
mPAP = mean pulmonary artery pressure NT-proBNP = N-terminal pro-brain natriuretic peptide;; PAWP = pulmonary 
arterial wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; RVEDV = right ventricular 
end diastolic volume; RVEF = right ventricular ejection fraction; RVESV = right ventricular end-systolic volume, SvO2: 
mixed venous oxygen saturation.
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Table S1. Differences in clinical parameters at baseline and during follow-up corrected for 
differences in PVR at baseline. 

Variables

Monotherapy 
(n=45)

Combination therapy 
(n=35)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for change 
during 
follow-up2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 54 ± 11 53 ± 18 -3 ± 10 56 ± 17 43 ± 12 -11 ± 13** 0.675 -6.7 -11.9 to -1.5 0.012
 RAP, mmHg 8 ± 4 7 ± 4 -1 ± 5 8 ± 5 5 ± 4 -3 ± 5*** 0.761 -1.7 -4.0 to 0.6 0.142
 PVR, dyn·s·cm-5 705 (485-998) 574 (347-867) -162 ± 300** 950 (383-1046) 393 (294-514) -426 ± 344*** 0.045 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 4 0 ± 3 0.624 0.6 -1.3 to 2.6 0.533
 CI, L/min/m2 2.6 ± 0,8 3.2 ± 1.2 0.7 ± 1.2** 2.3 ± 0.5 3.4 ± 0.9 1.1 ± 0.9*** 0.032 0.5 -0.1 to 1.0 0.089
 Heart rate, bpm 79 ± 18 79 ± 13 -2 ± 17 80 ± 14 74 ± 10 -7 ± 14*** 0.769 -4.5 -11.7 to 2.8 0.223
 SvO2, % 66 ± 7 66 ± 9 0 ± 8 63 ± 8 70 ± 5 6 ± 7*** 0.102 6.3 2.5 to 10.1 0.001
CMR variables
 RVEDV, ml/m2 79 ± 20 82 ± 22 3 ± 16 81 ± 25 76 ± 25 -5 ± 16 0.703 -6.2 -13.6 to 1.2 0.101
 RVESV, ml/m2 51 ± 19 51 ± 23 -1 ± 15 55 ± 25 43 ± 22 -13 ± 17*** 0.381 -10.3 -17.7 to -3.0 0.006
 RV mass, g/m2 51 ± 13 50 ± 15 0 ± 11 52 ± 15 46 ± 14 -6 ± 15** 0.759 -5.6 -11.6 to 0.3 0.064
 Relative RV wall thickness 0.66 ± 0.18 0.64 ± 0.17 -0.02 ± 0.16 0.69 ± 0.25 0.65 ± 0.28 -0.04 ± 0.26 0.506 0.0 -.1 to 0.1 0.541
 RVEF, % 36 ± 11 40 ± 14 4 ± 9** 34 ± 12 47 ± 13 13 ± 11*** 0.319 8.1 3.6 to 12.7 0.001
 LVEDV, ml/m2 46 ± 13 51 ± 14 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.367 4.3 -0.4 to 9.0 0.073
 LVESV, ml/m2 17 ± 8 19 ± 8 1 ± 7 18 ± 7 18 ± 6 0 ± 7 0.691 -1.1 -4.2 to 2.0 0.478
 LV mass, g/m2 55 ± 14 57 ± 11 2 ± 9* 54 ± 9 57 ± 11 4 ± 9* 0.749 2.3 -1.8 to 6.3 0.269
 SV, ml/m2 29 ± 8 33 ± 11 4 ± 6*** 26 ± 6 35 ± 7 9 ± 8*** 0.074 5.0 1.6 to 8.4 0.004
 LVEF, % 63 ± 10 66 ± 10 3 ± 10* 60 ± 10 66 ± 7 6 ± 10** 0.160 3.4 -1.2 to 8.1 0.143
RV wall stress,  kPA 12 ± 4 11 ± 4 -1 ± 4 13 ± 5 9 ± 4 -4 ± 5*** 0.273 -2.5 -4.4 to -0.6 0.011
NT-proBNP, ng/L 741 (159-2392) 408 (98-1915) -365 ± 1610* 950 (624-1050) 218 (87-572) -1203 ± 1057*** 0.121 -0.1 -0.2 to -0.0 0.045
6MWD, m 418 ± 108 446 ± 115 27 ± 95 409 ± 119 475 ± 114 70 ± 75 0.948 33.0 -8.8 to 74.8 0.120

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in variable 
change between groups with correction for baseline co-variates. 2P-value for the difference in change in variables 
between groups during follow-up with correction for baseline co-variates. 
Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01; ***p <0.001. 
NT-proBNP was measured in 71 patients and values were log-transformed before testing.
CMR = cardiac magnetic resonance imaging; CI = cardiac index; LVEDV = left ventricular end-diastolic volume; 

LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; LVSV = left ventricular stroke volume;  
mPAP = mean pulmonary artery pressure NT-proBNP = N-terminal pro-brain natriuretic peptide;; PAWP = pulmonary 
arterial wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; RVEDV = right ventricular 
end diastolic volume; RVEF = right ventricular ejection fraction; RVESV = right ventricular end-systolic volume, SvO2: 
mixed venous oxygen saturation.
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Table S2. Differences in clinical parameters in all patients with unchanged therapy during 1 year follow-up.

Variables

Monotherapy 
(n=37)

Combination therapy 
(n=32)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for 
change 
during 
follow-up2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 55 ± 12 54 ± 18 -4 ± 9 55 ± 17 42 ± 12 -12 ± 13*** 0.942 -8.1 -13.3 to -2.9 0.003
 RAP, mmHg 8 ± 5 7 ± 4 -1 ± 4 8 ± 5 5 ± 3 -3 ± 5** 0.619 -2.3 -4.6 to 0.05 0.055
 PVR, dyn·s·cm-5 705 (485-976) 589 (347-990) -144 ± 263** 940 (631-1048) 407 (299-515) -439 ± 344*** 0.078 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 3 -1 ± 3 0.911 -0.1 -2.0 to 1.8 0.906
 CI, L/min/m2 2.6 ± 0.7 3.1 ± 1.3 0.7 ± 1.2* 2.3 ± 0.5 3.4 ± 0.9 1.1 ± 0.9*** 0.089 0.4 -0.1 to 0.9 0.145
 Heart rate, bpm 79 ± 18 80 ± 13 -1 ± 18 79 ± 13 74 ± 10 -7 ± 14** 0.978 -6.0 -13.7 to 1.8 0.128
 SvO2, % 66 ± 8 67 ± 9 0 ± 8 64 ± 8 70 ± 5 6 ± 7*** 0.349 5.6 1.8 to 9.5 0.005
CMR variables
 RVEDV, ml/m2 78 ± 20 83 ± 22 5 ± 16 81 ± 26 76 ± 24 -5 ± 16 0.597 -10.2 -18.1 to -2.2 0.012
 RVESV, ml/m2 51 ± 20 53 ± 23 2 ± 15 55 ± 26 42 ± 21 -13 ± 17*** 0.440 -15.1 -22.8 to -7.4 <0.001
 RV mass, g/m2 52 ± 13 53 ± 16 1 ± 11 51 ± 15 45 ± 14 -6 ± 15* 0.896 -7.7 -14.0 to -1.4 0.018
 Relative RV wall thickness 0.68 ± 0.15 0.65 ± 0.18 -0.03 ± 0.13 0.68 ± 0.25 0.64 ± 0.27 -0.04 ± 0.27 0.850 0.0 -0.1 – 0.1 0.739
 RVEF, % 36 ± 12 38 ± 15 2 ± 8 35 ± 12 47 ± 13 13 ± 11*** 0.566 11.0 6.4 to 15.5 <0.001
 LVEDV, ml/m2 46 ± 13 51 ± 15 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.601 3.8 -1.2 to 8.7 0.132
 LVESV, ml/m2 17 ± 8 19 ± 8 2 ± 7 18 ± 7 18 ± 6 0 ± 7 0.639 -1.6 -5.0 to 1.7 0.322
 LV mass, g/m2 56 ± 14 58 ± 12 2 ± 9 53 ± 9 57 ± 11 4 ± 9* 0.385 2.1 -2.2 to 6.4 0.334
 SV, ml/m2 28 ± 8 32 ± 11 4 ± 6** 26 ± 6 35 ± 7 9 ± 8*** 0.208 5.1 1.5 to 8.7 0.006
 LVEF, % 63 ± 10 65 ± 11 3 ± 10 60 ± 10 66 ± 8 6 ± 10** 0.160 3.5 -1.4 to 8.5 0.161
RV wall stress, kPA 12 ± 4 11 ± 4 0 ± 3 13 ± 5 9 ± 4 -4 ± 5*** 0.304 -3.3 -5.3 to -1.5 0.001
NT-proBNP, ng/L 606 (131-1898) 478 (102-1988) -261 ± 1669* 1435 (536-2854) 198 (88-561) -1176 ± 1099*** 0.114 -0.2 -0.3 to -0.1 0.002
6MWD, m 411 ± 103 451 ± 97 31 ± 85** 419 ± 110 475 ± 114 69 ± 77*** 0.754 38.4 -3.1 to 80.0 0.069

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in 
variable change between groups without correction for baseline co-variates. 2P-value for the difference in change in  
variables between 

groups during follow-up without correction for baseline co-variates. NT-proBNP values were log-transformed before 
testing. Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01;  
***p <0.001.
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Table S2. Differences in clinical parameters in all patients with unchanged therapy during 1 year follow-up.

Variables

Monotherapy 
(n=37)

Combination therapy 
(n=32)

P-value for 
baseline 
difference 
between 
groups B1 95% CI (B)

P-value 
for 
change 
during 
follow-up2Baseline 1 year FU Mean change Baseline 1 year FU Mean change

RHC
 mPAP, mmHg 55 ± 12 54 ± 18 -4 ± 9 55 ± 17 42 ± 12 -12 ± 13*** 0.942 -8.1 -13.3 to -2.9 0.003
 RAP, mmHg 8 ± 5 7 ± 4 -1 ± 4 8 ± 5 5 ± 3 -3 ± 5** 0.619 -2.3 -4.6 to 0.05 0.055
 PVR, dyn·s·cm-5 705 (485-976) 589 (347-990) -144 ± 263** 940 (631-1048) 407 (299-515) -439 ± 344*** 0.078 -0.001 -0.001 to -0.0001 <0.001
 PAWP, mmHg 9 ± 4 8 ± 4 -1 ± 5 8 ± 3 8 ± 3 -1 ± 3 0.911 -0.1 -2.0 to 1.8 0.906
 CI, L/min/m2 2.6 ± 0.7 3.1 ± 1.3 0.7 ± 1.2* 2.3 ± 0.5 3.4 ± 0.9 1.1 ± 0.9*** 0.089 0.4 -0.1 to 0.9 0.145
 Heart rate, bpm 79 ± 18 80 ± 13 -1 ± 18 79 ± 13 74 ± 10 -7 ± 14** 0.978 -6.0 -13.7 to 1.8 0.128
 SvO2, % 66 ± 8 67 ± 9 0 ± 8 64 ± 8 70 ± 5 6 ± 7*** 0.349 5.6 1.8 to 9.5 0.005
CMR variables
 RVEDV, ml/m2 78 ± 20 83 ± 22 5 ± 16 81 ± 26 76 ± 24 -5 ± 16 0.597 -10.2 -18.1 to -2.2 0.012
 RVESV, ml/m2 51 ± 20 53 ± 23 2 ± 15 55 ± 26 42 ± 21 -13 ± 17*** 0.440 -15.1 -22.8 to -7.4 <0.001
 RV mass, g/m2 52 ± 13 53 ± 16 1 ± 11 51 ± 15 45 ± 14 -6 ± 15* 0.896 -7.7 -14.0 to -1.4 0.018
 Relative RV wall thickness 0.68 ± 0.15 0.65 ± 0.18 -0.03 ± 0.13 0.68 ± 0.25 0.64 ± 0.27 -0.04 ± 0.27 0.850 0.0 -0.1 – 0.1 0.739
 RVEF, % 36 ± 12 38 ± 15 2 ± 8 35 ± 12 47 ± 13 13 ± 11*** 0.566 11.0 6.4 to 15.5 <0.001
 LVEDV, ml/m2 46 ± 13 51 ± 15 5 ± 8*** 44 ± 10 53 ± 12 9 ± 12*** 0.601 3.8 -1.2 to 8.7 0.132
 LVESV, ml/m2 17 ± 8 19 ± 8 2 ± 7 18 ± 7 18 ± 6 0 ± 7 0.639 -1.6 -5.0 to 1.7 0.322
 LV mass, g/m2 56 ± 14 58 ± 12 2 ± 9 53 ± 9 57 ± 11 4 ± 9* 0.385 2.1 -2.2 to 6.4 0.334
 SV, ml/m2 28 ± 8 32 ± 11 4 ± 6** 26 ± 6 35 ± 7 9 ± 8*** 0.208 5.1 1.5 to 8.7 0.006
 LVEF, % 63 ± 10 65 ± 11 3 ± 10 60 ± 10 66 ± 8 6 ± 10** 0.160 3.5 -1.4 to 8.5 0.161
RV wall stress, kPA 12 ± 4 11 ± 4 0 ± 3 13 ± 5 9 ± 4 -4 ± 5*** 0.304 -3.3 -5.3 to -1.5 0.001
NT-proBNP, ng/L 606 (131-1898) 478 (102-1988) -261 ± 1669* 1435 (536-2854) 198 (88-561) -1176 ± 1099*** 0.114 -0.2 -0.3 to -0.1 0.002
6MWD, m 411 ± 103 451 ± 97 31 ± 85** 419 ± 110 475 ± 114 69 ± 77*** 0.754 38.4 -3.1 to 80.0 0.069

Data are given as mean ± (SD) or median (IQR). 1B represents the regression coefficient for the difference in 
variable change between groups without correction for baseline co-variates. 2P-value for the difference in change in  
variables between 

groups during follow-up without correction for baseline co-variates. NT-proBNP values were log-transformed before 
testing. Within group differences between baseline and follow-up variables are indicated by *p <0.05; **p < 0.01;  
***p <0.001.





3
PRESERVING RIGHT 

VENTRICULAR FUNCTION IN 
PATIENTS WITH PULMONARY 

ARTERIAL HYPERTENSION: 
SINGLE CENTRE EXPERIENCE 
WITH A CARDIAC MAGNETIC 

RESONANCE IMAGING-GUIDED 
TREATMENT STRATEGY 

Pulmonary Circulation, 2018

Anna E. Huis in ’t Veld
Mariëlle C. Van de Veerdonk

Onno A. Spruijt
Joanne A. Groeneveldt

J. Tim Marcus 
Nico Westerhof

Harm Jan Bogaard
Anton Vonk Noordegraaf



PRESERVING RIGHT VENTRICULAR FUNCTION IN PATIENTS WITH PULMONARY ARTERIAL HYPERTENSION

52

3

ABSTRACT
Rationale
The feasibility and usefulness of routine cardiac magnetic resonance imaging (CMR) 

in the management of idiopathic pulmonary arterial hypertension (IPAH) is unknown. 

Aims
To study whether 1) a decrease in CMR-derived right ventricular ejection fraction (RVEF) 

coincides with clinical deterioration; 2) to determine whether RVEF is responsive to 

early escalation of PAH-specific therapy. 

Methods
This was a prospective study including 30 incident IPAH patients. Patients underwent 

right heart catheterization (RHC) and CMR at regular follow-up visits (baseline, 4, 8, 

12, 24 months, no RHC at 8 months). NYHA II patients started with monotherapy 

(endothelin receptor antagonist (ERA) or phosphodiesterase-5-inhibitor (PDE5I)) and 

NYHA III patients with combination therapy (ERA plus PDE5I). In case of a deterioration 

in RVEF more than 3% compared to the previous measurement, PAH-specific therapy 

was added (i.e. treatment escalation).

Results
In 11 patients without signs of clinical deterioration, a greater than 3% decrease in 

RVEF occurred. After treatment escalation, RVEF significantly improved (average 

improvement of 7%, p=0.009) whereas RV volumes, NT-proBNP and six-minute walking 

distance remained stable. Clinical worsening (CW) did not occur after escalating 

therapy. Throughout the study, 4 patients presented with CW, despite a stable RVEF. 

Three of these 4 patients had a baseline RVEF <35%. 

Conclusions
In IPAH patients presenting with an early decrease in RVEF but otherwise stable disease, 

progressive RV failure and subsequent CW did not occur when therapy was escalated. 

Nevertheless, CW did occur in patients with a low baseline RVEF.
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INTRODUCTION
Idiopathic pulmonary arterial hypertension (IPAH) is a hemodynamic condition in which 

increased pulmonary artery pressures (PAP) and pulmonary vascular resistance (PVR) 

ultimately lead to right ventricular (RV) failure and death1-3. Multiple drugs are available 

that all successfully reduce PVR but overall survival in IPAH remains poor4-6. Preserving 

RV function is considered as the optimal treatment goal to improve survival7. In fact, 

treatment goals stated in the guidelines are reflective of RV function and include right 

atrial pressure, cardiac index and six minute walking distance1. 

The gold standard for quantifying RV function is RV ejection fraction (RVEF), measured 

by cardiac magnetic resonance imaging (CMR). Previous work has shown that 

CMR-derived RVEF, gradually worsens over time in patients showing late disease 

progression8. As such, it may be hypothesized that routine monitoring of RVEF by 

CMR may allow early therapeutic interventions before clinical deterioration becomes 

manifest. However, the role of CMR in the disease management for patients with IPAH 

is unknown. Therefore, we designed and implemented a prospective standardized 

CMR-based treatment strategy. Here, we present the clinical data of a cohort of IPAH 

patients in whom therapy was rapidly escalated upon a deterioration in RVEF. We 

aimed to explore the feasibility and usefulness of this CMR-based strategy by studying 

whether 1) a decrease in RVEF coincides with clinical deterioration and 2) whether 

adjusting PAH-specific therapy on the basis of early changes in RVEF allows long term 

preservation of RV function. 

METHODS
Patients and study design
In this prospective study 30 treatment-naïve patients referred to the VU University 

Medical Center between January 2012 and September 2015 were included. Inclusion 

criteria were: diagnosis of IPAH or hereditary PAH (HPAH), age 18-80 years and New 

York Heart Association (NYHA) functional class II and III. A diagnosis of IPAH/HPAH 

was established in patients with a mean PAP (mPAP) above or equal to 25 mmHg and 

a pulmonary arterial wedge pressure (PAWP) below 15 mmHg, after the exclusion of 

other conditions associated with pulmonary hypertension (PH)1. Exclusion criteria were 

contra-indications for CMR. 

Throughout the study, therapy was escalated by prescribing additional PAH-specific 

therapy upon a deteriorating RVEF. Clinical stability was defined by the absence of 

clinical worsening (defined as either hospitalization for worsening PAH or NYHA III-IV 

symptoms combined with a decrease in 6MWD>15%9). 
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All patients underwent baseline CMR, right heart catheterization (RHC), blood sampling 

(NT-proBNP), and a 6MWD. These measurements were repeated after 4, 8, 12 and 24 

months of follow-up. At 8 months of follow-up, no RHC was performed. Patients with 

a deterioration in RVEF at 24 months underwent one additional CMR within the first 

year after their last study visit. 

This study conforms to the Declaration of Helsinki ethical guidelines and was approved 

by the local Medical Ethics Committee (approval number 2013/58, CCMO number 

NL4187802913). Written informed consent was obtained for all patients. 

Treatment regimens
Patients with NYHA functional class II started with upfront oral monotherapy (PDE5-

inhibitor (PDE5I) or an endothelin receptor against (ERA)). Patients with NYHA class 

III started with upfront combination therapy (PDE5I plus an ERA). During follow-up, 

changes in treatment regimens were made based on RVEF, measured by CMR. In 

case of a stable/improved RVEF during follow-up (i.e. decrease in RVEF less than 3%), 

treatment remained unchanged. In case of a deterioration in RVEF of more than 3% 

(based on a previous repeatability study10), therapy was escalated leading to either 

combination or triple therapy.

Study procedures
Right heart catheterization
Hemodynamic assessment was performed with a 7F balloon tipped, flow directed 

Swan-Ganz catheter as described previously3. 

Cardiac magnetic resonance imaging
CMR was performed on a Siemens 1.5-Tesla Avanto scanner (Siemens, Medical 

Solutions, Erlangen, Germany). CMR data acquisition and postprocessing were all 

performed according to standard protocols11. In short, during postprocessing, short-axis 

(SA) images were manually delineated to obtain ventricular volumes using the MASS-

software package (MEDIS, Medical Imaging Systems, Leiden, The Netherlands). On 

end-diastolic images (first cine image after the R-wave trigger) and end-systolic images 

(cine image with visually the smallest cavity area), endocardial contours of the RV and 

left ventricle (LV) were manually traced by 3 experienced and independent observers, 

unaware of patients’ clinical status. RVEF was calculated as SV divided by end-diastolic 

volume (EDV) and multiplied by 100%, SV was calculated as EDV minus end-systolic 

volume (ESV). Ventricular volumes were estimated using the Simpson rule, excluding 

papillary muscles and trabeculae. 
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Clinical data
Data on hospitalization, signs of RV failure and potential side effects were monitored 

and treated as in our daily clinical practice. We also performed a post-hoc analysis to 

assess whether patients were at a low or high risk of clinical deterioration at the time 

of a deteriorating RVEF. In order to do this, we retrospectively identified 3 noninvasive 

criteria derived from the risk assessment table from the guidelines (NT-proBNP <300 

ng/ml, NYHA class I-II and 6MWD>440 meters)12. 

Statistical analysis
Data are presented as mean (±SD) for normal distributed data and absolute numbers (%) 

or median (min-max) for non-normal distributed or categorical variables. Comparisons 

of CMR variables and hemodynamics obtained after 4, 12 and 24 months of follow-up 

were made using repeated measures ANOVA for normally distributed variables and 

after log-transformation for non-normally distributed data, with Bonferroni post hoc 

tests. Changes in RVEF, RV volumes, 6MWD and NT-proBNP levels after escalating 

therapy were assessed using paired T-tests. Analyses were performed using SPSS 20.0. 

Throughout the analyses a p-value <0.05 was considered statistically significant.

RESULTS
Baseline parameters and treatment
Baseline characteristics are summarized in table 1. In total the cohort included 5 

patients with hereditable PAH (HPAH) and 25 with IPAH. Two-thirds of patients were 

female, mean age of the study population was 50 years (±18) and 9 patients (30%) were 

in NYHA class II. At baseline, 9 patients started with monotherapy and 21 with upfront 

combination therapy (figure A, supplements).  

Clinical stability and the effect of treatment escalation on RVEF 
During 24 months of follow-up, 19 patients had a stable RVEF and thus treatment 

was not escalated. Eleven patients (37%) had a decrease in RVEF >3% (4 on initial 

monotherapy (44%) and 7 (33%) on initial combination therapy). A decline in RVEF 

was not necessarily observed at the same time point for every patient (figure A, 

supplements); a decline occurred in 5 patients after 8 months of follow-up, in 3 patients 

after 12 months of follow-up and in 2 patients after 24 months of follow-up. One 

patient had a decrease in RVEF at both 8 months and 24 months of follow-up, resulting 

in 12 decreases in RVEF in total. A decline in RVEF was observed in patients with 

otherwise stable disease as no patients with a decline in RVEF presented with signs of  

clinical worsening. 
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Table 1. Baseline characteristics for the total cohort, patients who were stable during follow-up 
and patients with a decrease in RVEF>3% during follow-up (unstable RVEF).

Variable
Total cohort
(n=30)

Stable RVEF
(n=19)

Unstable RVEF
(n=11) P-value

Male/ Female, n 10/20 6/13 4/7 ns
Age, years 50 ± 18 51 ± 18 49 ± 19 ns
NYHA class, n (%)
 II 9 (30) 5 (26) 4 (36) ns
 III 21 (70) 14 (74) 7 (64)
Diagnosis, n (%)
 Idiopathic PAH 25 (83) 16 (84) 9 (82) ns
 Heritable PAH 5 (17) 3 (16) 2 (18)
BMI, kg/m2 27 ± 5 27 ± 6 26 ± 4 ns
6MWD, m 422 ± 128 418 ± 134 427 ± 123 ns
NTproBNP, ng/L 599 (24-3485) 626 (24-3485) 536 (69-2864) ns
RHC
 mPAP, mmHg 53 ± 18 50 ± 12 59 ± 26 ns
 RAP, mmHg 9 ± 5 10 ± 6 6 ± 2 0.048
 PAWP, mmHg 9 ± 3 9 ± 2 7 ± 3 0.029
 PVR, dyne∙s∙cm-5 796 ± 411 761 ± 284 856 ± 581 ns
 CI, L·min-1·m-2 2,7 ± 0,9 2,6 ± 1,0 2,9 ± 0,9 ns
 Heart rate, bpm 77 ± 25 72 ± 29 84 ± 14 ns
CMR
 RVEDV, ml 153 ± 49 155 ± 51 150 ± 48 ns
 RVESV, ml 101 ± 52 103 ± 54 97 ± 49 ns
 RVEF, % 37 ± 14 37 ± 14 38 ± 14 ns
 LVEDV, ml 90 ± 24 90 ± 23 90 ± 26 ns
 LVESV, ml 36 ± 15 36 ± 17 35 ± 13 ns 
 SV, ml 55 ± 15 54 ± 13 56 ± 18 ns
 LVEF, % 62 ± 10 61 ± 10 62 ± 9 ns

Data are given as mean (SD), median (min-max) or absolute numbers (%). BMI = body mass index; CMR = 
cardiac magnetic resonance imaging; CI = cardiac index; LVEDV = left ventricular end-diastolic volume; LVEF = 
left ventricular ejection fraction; LVESV = left ventricular end-systolic volume; mPAP = mean pulmonary artery 
pressure; NTproBNP = N-terminal pro-brain natriuretic peptide; PVR = pulmonary vascular resistance; RAP = 
right atrial pressure; RVEDV = right ventricular end diastolic volume; RVEF = right ventricular ejection fraction; 
RVESV = right ventricular end-systolic volume; SV = stroke volume; 6MWD= 6 minute walking distance.

After escalating therapy, all patients had a stable or improved RVEF at the subsequent 

follow-up measurement (average RVEF improvement of 7%, p=0.009; figure 1). In 

addition, no clinical worsening occurred after escalation of treatment.  

Average improvement in RVEF in the monotherapy group after treatment escalation 

was 6% versus 10% in the combination therapy group after adding intravenous therapy. 

After escalating therapy, no significant changes in RV volumes were observed but there 
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was a significant increase in stroke volume (p=0.018, figure 2). Both NT-proBNP levels 

(median value 526 ng/L versus 184 ng/L after treatment escalation) and 6MWD (467 

(±102) m versus  514 (±69) m after escalation of therapy) did not significantly change. 

In addition, 83% of patients were in NYHA functional class I or II after treatment 

escalation compared to 67% at the time of deteriorating RVEF. 

Clinical worsening in patients with a stable RVEF
In total 4 patients presented with clinical worsening; 3 showed clinical worsening within 

the first 4 months and 1 patient at 24 months of follow-up. All 4 patients presented 

with clinical worsening despite a stable RVEF but 3 out of 4 patients had a low baseline 

RVEF (<35%). The clinical worsening events consisted of worsening NYHA functional 

class and a decrease in 6MWD of >15% in 2 patients (baseline RVEF 15% and 27%). 

The other 2 patients were admitted for signs and symptoms of RV failure. Of these, 1 

patient showed a stable RVEF (decrease of 2%, baseline RVEF 61%) 1 month before 

hospitalization and eventually died, after refusing all PAH related therapy. The other 

patient failed to improve after the initiation of combination therapy at baseline and was 

admitted for RV failure before 4 months of follow-up and subsequently triple therapy 

was started (baseline and 4 months RVEF 28%). 

Low-risk criteria during unstable RVEF
At the time of an unstable RVEF the majority of patients fulfilled criteria consistent 

with a low risk of clinical failure (table 2), except for NT-proBNP levels. In addition, 

Figure 1. Changes in right ventricular ejection fraction in patients with an unstable RVEF. Graph 
representing RVEF at baseline, at the study visit before a deterioration in RVEF >3% was observed, 
at the study visit of a deterioration in RVEF and after therapy was escalated. Not each study visit 
represents the same time point for every patient: 5 patients showed a decrease in RVEF >3%  at 8 
months, 3 at 12 months and 2 at 24 months. One patient showed a decrease in RVEF after 8 and 
24 months of follow-up, thus 12 events are plotted. 
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at the time of a deterioration in RVEF, 7 patients (64%) had 2 or 3 parameters in 

the low-risk category.   

Protocol violations
Two patients who had no decrease in RVEF received add-on therapy due to an 

unsatisfactory clinical response. One patient had a low RVEF both at baseline and first 

Figure 2. Changes in right ventricular volumes and stroke volume in patients with an unstable 
RVEF. No change in RV volumes (end diastolic; RVEDV, end systolic; RVESV) but improvements in 
left ventricular stroke volume (SV) were observed. 

Table 2. Number of patients presenting with low-risk criteria at the time of an unstable RVEF 
(decrease >3%).

Variable Number of patients 

NYHA class I-II 8 (67%)
6MWD >440m (n=10) 8 (80%)
NTproBNP <300 ng/ml 5 (42%)

Data are given as absolute numbers (%). NTproBNP = N-terminal pro-brain natriuretic peptide; 6MWD= 6 
minute walking distance.
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follow-up (RVEF=28%) and therapy was escalated due to signs and symptoms of RV 

failure at 4 months follow-up (previously described patient with clinical worsening). 

The other patient had no improvement in PH-related symptoms after 4 months of 

follow-up (RVEF=42%). In addition, 1 patient refused triple therapy despite a decline in 

RVEF (protocol violations) and 1 patient discontinued triple therapy due to significant 

side effects (treatment failure). 

DISCUSSION
In this study we showed that 1) a decrease in RVEF can occur in seemingly clinically 

stable patients and 2) treatment escalation upon early decreases in RVEF can result in 

RV functional improvement and subsequent clinical stability. However, when RVEF is 

low at baseline but remains subsequently stable, clinical stability is not guaranteed. 

To our knowledge, this is the first study exploring the effect of CMR-based treatment 

decisions on RV function and its impact on clinical worsening. RV function determines 

clinical outcome and survival in patients with IPAH3, 13-15. In an attempt to improve 

patient outcomes by preserving RV function, it therefore makes great sense to escalate 

therapy upon the detection of a decrease in RVEF, even if other clinical signs suggest 

disease stability. In order to explore the feasibility of using RVEF as a tool to guide 

treatment decisions we first had to assess whether changes in RVEF indeed occur in 

patients with otherwise stable disease and whether the course of RV failure can be 

altered by escalating therapy. Here we have shown that early decreases in RVEF indeed 

can occur at a time of apparent clinical stability. We have also shown that by adding 

PAH-specific drugs in these patients, RV function can be improved. In fact, escalating 

therapy guided by a deterioration in RVEF was associated with a favorable outcome, 

as no clinical worsening occurred in patients receiving additional therapy throughout 

the study.

Whilst a decrease in RVEF was found in several patients without other signs of clinical 

failure, we observed clinical worsening in 4 patients with a stable RVEF, 3 of whom 

initially presented with a RVEF <35%. This implies that a treatment strategy based on 

preventing a decrease in RVEF alone is insufficient to prevent clinical worsening when 

RV function is severely reduced at baseline. We argue that in order to prevent clinical 

worsening in those patients, treatment should not only be escalated upon a decrease 

in RVEF, but also when baseline RVEF is below a certain threshold. For this, RVEF 

thresholds that best predict clinical stability during follow up should be explored in 

future studies. 
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Clinical implications and future directions
The findings in the present study can be regarded as a first step towards the use of 

imaging techniques in monitoring and optimizing treatment for patients with PAH. 

However, before serial assessments of CMR-derived RVEF can be propagated to 

guide therapeutic decisions, the effectiveness of our treatment strategy should 

be prospectively compared to clinical judgment/ available risk-assessment tables 

in an experimental setting16, 17. In addition, optimal timing of CMR performance in 

the follow-up of patients with PAH needs to be addressed in future studies.

The comparison between our CMR-based treatment strategy and existing risk-

assessment strategies is especially relevant given the availability of several recent cohort 

studies demonstrating the clinical- and prognostic relevance of guideline-derived risk 

assessment12, 18, 19. These studies have consistently shown that achieving a “low-risk” 

status confers survival benefits. Studies from the French registry and the COMPERA 

registry have used 3 noninvasive parameters (NYHA functional class, NT-proBNP and 

6MWD) and showed that these parameters could accurately identify patients at low risk 

of clinical failure both at baseline and at follow-up20. Of interest, 64% of our patients 

presented with ≥2 of these low-risk criteria at the time of a deterioration in RVEF. 

From previous work we know that patients with a deteriorating RVEF are at risk for late 

disease progression, despite apparent clinical stability8, 13. However, whether patients 

with a deterioration in RVEF in this study would have eventually deteriorated clinically 

and thus whether our treatment strategy truly prevented CW cannot be ascertained 

form the present data and merits further exploration.     

Study limitations
Although the majority of patients adhered to the study protocol, 2 patients received 

additional therapy without the presence of a deterioration in RVEF (protocol violations). 

However, these patients failed to achieve a clinically satisfactory response at 4 months of 

follow-up (clinical signs of RV failure or lack of improvement of PAH related symptoms) 

and therefore withholding additional PAH-specific therapy was not deemed ethical. 

Furthermore, in 2 patients therapy was not escalated despite a deterioration in RVEF 

due to either side effects or refusal of additional therapy. We did however consider 

those patients as having undergone escalation of therapy (intention to treat).

Also, although CMR-derived RVEF is currently considered the gold standard method 

for assessing RV function, we acknowledge that performing serial CMR evaluations in 

routine clinical practice may not be feasible for every PH centre. 
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Conclusion
In conclusion, the present study showed that a deterioration of RVEF can occur in 

patients who appear clinically stable by conventional standards. Moreover, early 

escalation of therapy on the basis of CMR criteria results in a stabilization of RVEF. 

However, our treatment strategy was not sufficient to prevent clinical worsening in 

patients with a low baseline RVEF. Thus, an imaging derived treatment strategy seems 

feasible but should include specific thresholds below which treatment escalation  

is required. 
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SUPPLEMENTS

Table A. Changes during follow-up for patients with a stable RVEF during follow-up (n=19). 

Baseline First FU 1 year FU 2 year FU p-value*

6MWD, m 418 ± 134 486 ± 152† 496 ± 134 502 ± 133 0.004
NTproBNP, ng/L 626 (24-3485) 503 (36-1157)† 160 (30-922) 257 (27-1593) 0.009
Hemodynamics
 mPAP, mmHg 50 ± 12 42 ± 7† 39 ± 9 40 ± 6 0.005
 RAP, mmHg 10 ± 6 7 ± 4 6 ± 4 7 ± 7 0.030
 PAWP, mmHg 9 ± 2 10 ± 2 10 ± 3 9 ± 3 ns
 PVR, dyn·s·cm-5 761 ± 284 363 ± 83† 333 ± 117 365 ± 116 <0.001
 CI, L·min-1·m-2 2,6 ± 1,0 3,7 ± 0,9† 3,9 ± 0,8 3,7 ± 0,8 <0.001
 Heart rate, bpm 72 ± 29 74 ± 9 77 ± 10 76 ± 11 ns
CMR
 RVEDV, mL 155 ± 51 152 ± 52 145 ± 54 149 ± 58 ns
 RVESV, ml 103 ± 54 84 ± 42† 75 ± 45 72 ± 44 0.037
 RVEF, % 37 ± 14 47 ± 10† 52 ± 11 54 ± 10 <0.001
 LVEDV, ml 90 ± 23 108 ± 23† 108 ± 24 107 ± 23 0.009
 LVESV, ml 36 ± 17 37 ± 11 38 ± 15 36 ± 13 ns
 LV SV, ml 54 ± 13 71 ± 15† 70 ± 14 71 ± 14 0.001
 LVEF, % 61 ± 10 66 ± 5 66 ± 8 67 ± 7 ns
QoL
 PCS 37 ± 8 43 ± 9† 44 ± 13 46 ± 12 ns
 MCS 49 ± 11 48 ± 12 48 ± 9 47 ± 12 ns

*Derived from repeated measures analyses. †p <0.05 for  baseline versus first FU. No significant differences 
between first versus 1 year FU and 1 and 2 year FU. CMR = cardiac magnetic resonance imaging; CI = cardiac 
index; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left 
ventricular end-systolic volume; LV SV = left ventricular stroke volume; MCS = mental component scale; mPAP =  
mean pulmonary artery pressure; NTproBNP = N-terminal pro-brain natriuretic peptide; PAWP = pulmonary 
arterial wedge pressure; PCS= physical component scale; PVR = pulmonary vascular resistance; RAP = right 
atrial pressure; RVEDV = right ventricular end diastolic volume; RVEF = right ventricular ejection fraction; 
RVESV = right ventricular end-systolic volume; QoL= Quality of Life; 6MWD = 6 minute walking distance.



PRESERVING RIGHT VENTRICULAR FUNCTION IN PATIENTS WITH PULMONARY ARTERIAL HYPERTENSION

65

3

Table B. Changes during follow-up for patients with an unstable RVEF during follow-up (n=11). 

Baseline First FU 1 year FU 2 year FU p-value*

6MWD, m 427 ± 123 500 ± 56 509 ±77 514 ±52 0.040
NTproBNP, ng/L 536 (69-2864) 503 (36-1157) 636 (51-6180) 160 (3-1593) 0.015
Hemodynamics
 mPAP, mmHg 59 ± 26 50 ± 17† 50 ± 19 53 ± 27 ns
 RAP, mmHg 6 ± 2 7 ± 3 7 ± 3 7 ± 3 ns
 PAWP, mmHg 7 ± 3 9 ± 3 10 ± 4 11 ± 5 ns
 PVR, dyn·s·cm-5 856 ± 581 553 ± 398† 538 ± 431 648 ± 497 0.003
 CI, L·min-1·m-2 2,9 ± 0,9 3,4 ± 0,9 3,3 ± 0,8 3,0 ± 0,7 ns
 Heart rate, bpm 84 ± 14 78 ± 12 77 ± 9 78 ± 12 0.007
CMR
 RVEDV, mL 150 ± 48 155 ± 43 155 ± 48 154 ± 43 ns
 RVESV, ml 97 ± 49 91 ± 40† 86 ± 42 87 ± 50 0.024
 RVEF, % 38 ± 14 43 ± 12† 46 ± 10 45 ± 14 0.012
 LVEDV, ml 90 ± 26 106 ± 21 110 ± 24 106 ± 24 0.009
 LVESV, ml 35 ± 13 37 ± 10 37 ± 9 39 ± 11 ns
 LV SV, ml 56 ± 18 69 ± 16† 72 ± 17 66 ± 17 0.007
 LVEF, % 62 ± 9 65 ± 7 66 ± 4 63 ± 7 ns
QoL
 PCS 37 ± 13 41 ± 12 44 ± 9 46 ± 11 ns
 MCS 51 ±13 53 ± 6 53 ± 7 47 ± 11 ns

*Derived from repeated measures analyses.† p <0.05 for  baseline versus first FU. No significant differences 
between first versus 1 year FU and 1 and 2 year FU. CMR = cardiac magnetic resonance imaging; CI = 
cardiac index; LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = 
left ventricular end-systolic volume; LV SV = left ventricular stroke volume; MCS = mental component scale; 
mPAP = mean pulmonary artery pressure; NTproBNP = N-terminal pro-brain natriuretic peptide; PAWP = 
pulmonary arterial wedge pressure; PCS= physical component scale; PVR = pulmonary vascular resistance; 
RAP = right atrial pressure; RVEDV = right ventricular end diastolic volume; RVEF = right ventricular 
ejection fraction; RVESV = right ventricular end-systolic volume; QoL= Quality of Life; 6MWD = 6 minute  
walking distance.
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Figure A. Study scheme. Flow scheme representing escalation of therapy at each time point 
during 24 months of follow-up. *Two patients received add-on therapy without a decrease in 
RVEF. **One patient stopped triple therapy due to side effects. One patient refused triple therapy 
despite a decline in RVEF> 3%.
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ABSTRACT
Heart failure with preserved ejection fraction (HFpEF) is a growing health care burden 

worldwide and its prevalence is increasing. Diagnosing HFpEF is challenging and relies 

upon the presence of symptoms and/or signs of heart failure, preserved left ventricular 

systolic function and evidence of diastolic dysfunction. Current diagnostic algorithms 

mainly rely on echocardiography (E/e’) and biomarkers (NT-proBNP). However, only 

a minority of patients with HFpEF are identified, and especially HFpEF-patients at 

an early stage of the disease are easily missed. We propose to incorporate invasive 

stress testing, by means of right heart catheterization at rest and during exercise, 

and accurate assessment of RV function, by means of cardiac MRI. These additions to 

the current diagnostic work-up will improve diagnostic sensitivity and accurate staging 

of HFpEF patients.
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HEART FAILURE WITH PRESERVED EJECTION FRACTION
Heart failure with preserved ejection fraction (HFpEF, previously described as “diastolic 

heart failure”) is a clinical syndrome, characterized by evidence of symptoms and/

or signs of heart failure, left ventricular (LV) diastolic dysfunction, and -by definition- 

a preserved LV systolic function1. Although symptoms and signs of HFpEF are non-

specific, individuals almost always present with dyspnoea on exertion and impaired 

exercise tolerance. While most clinical signs and symptoms in heart failure with 

preserved and reduced LV function are quite similar, individuals with HFpEF are more 

often older, predominantly female and are more likely to present with comorbidities, 

such as hypertension, obesity, diabetes, atrial fibrillation and renal disease2,3. The exact 

pathophysiological mechanisms behind HFpEF are not fully understood, but likely to 

be multifactorial. LV diastolic dysfunction is the cornerstone process, but other factors 

may contribute to heart failure in these patients, including altered ventricular-arterial 

coupling, chronotropic incompetence, coronary artery disease, coronary microvascular 

rarefaction, fibrosis and even (subtle) systolic dysfunction4-7. In addition, non-cardiac 

comorbidities such as pulmonary disease, anaemia, renal dysfunction or obesity may, 

at least in part, be responsible for heart failure symptoms.

HFpEF currently accounts for approximately 50% of new heart failure cases and 

its prevalence relative to heart failure with reduced ejection fraction (HFrEF) is 

increasing8,9. Furthermore, unlike previously thought, morbidity and survival rates 

among patients with HFpEF are as ominous as for their counterparts with reduced 

ejection fraction2. Despite these worrisome trends, no significant improvements in 

therapeutic strategies for HFpEF have been established9. Part of the explanation as to 

why results of therapeutic trials focusing on HFpEF have been disappointing thus far, 

might be related to large differences in the underlying pathophysiological profile in 

these patients, which may have led to the inclusion of a heterogenic group of patients, 

at different stages of the disease. Careful inclusion of HFpEF patients according to their 

stage of the disease, rather than considering HFpEF patients as one homogeneous 

group, might help to overcome this problem.

HFpEF: A DIAGNOSTIC CHALLENGE
Although HFpEF poses a significant burden on healthcare systems worldwide, many 

questions regarding the best diagnostic approach remain unanswered. Diagnosing 

HFpEF often is a clinical challenge and this holds especially true for outpatients at 

an early stage of the disease without overt sings of heart failure10,11. At that point 

the diagnosis is easily missed, as a normal ejection fraction and no evident signs of 

fluid retention may shift attention towards other causes of dyspnoea, such as pulmonary 

disease, obesity or even deconditioning. Additionally, the fact that specific treatment 
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for this disease is lacking, that symptoms are often nonspecific, and that current 

noninvasive markers of diastolic dysfunction especially lack sufficient sensitivity, may 

enhance the tendency to under-diagnose this disease even more11-13. In this review, we 

will discuss current diagnostic algorithms, and argue for a wider use of invasive stress 

testing.  

CURRENT DIAGNOSTIC ALGORITHMS 
Up to now, four guidelines reporting on diagnosing HFpEF have been published1,13-15. 

We will mainly discuss the guideline by Paulus et al, as it is the most recent and most 

often cited. 

Following this guideline, patients have to fulfil three criteria: signs and/or symptoms of 

heart failure, no impaired systolic LV function (LV ejection fraction >50% and indexed LV 

end-diastolic volume <97mL/m²) and evidence of LV diastolic dysfunction. Regarding 

evidence of diastolic dysfunction, the guideline by Paulus et al. states that either 

invasive hemodynamic measurements (pulmonary capillary wedge pressure (PCWP) 

and/or LV end-diastolic pressure >15mmHg) or Tissue Doppler measurements (E/e’ 

>15) provide sufficient stand-alone evidence of diastolic dysfunction. E/e’ in the range 

of 8-15 or high NT-proBNP levels (>220 pg/mL, or BNP >200 pg/mL) need to be 

accompanied by at least one additional sign of diastolic dysfunction, including a low 

E/A ratio combined with a high deceleration time, pulmonary venous flow patterns 

suggestive of diastolic dysfunction, high indexed left atrial volume (LAVI), the presence 

of atrial fibrillation, and/or LV hypertrophy (figure 1). 

None of the above-mentioned guidelines were validated in large population studies 

nor were they evaluated in patients in an early stage of HFpEF, where resting filling 

pressures are still normal. Next, we will discuss the usefulness and the most important 

drawbacks of the proposed noninvasive measurements for diastolic dysfunction. 

ECHOCARDIOGRAPHY: ITS ROLE IN DIAGNOSING HFpEF
Echocardiography has a pivotal role in the diagnostic process of HFpEF and is 

generally considered one of the most useful tests in this setting. It is readily available, 

provides information on general cardiac anatomy and it allows the estimation of filling 

pressures combined with good spatial and temporal resolution. Provided that diastolic 

dysfunction is the hallmark pathophysiological process in HFpEF, it is not surprising 

that echocardiography in HFpEF mainly focuses on markers of diastolic dysfunction. 

However, as echocardiographic parameters of diastolic dysfunction are influenced by 

heart rate and loading conditions, the main question is whether echocardiography, 

and Doppler parameters in particular, are suitable for assessing diastolic dysfunction.
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Besides E/e’, which will be discussed below, echocardiographic indices of diastolic 

dysfunction include E/A ratio, deceleration time of E, pulmonary venous flow 

assessment, left atrial (LA) volumes and LV mass1. Their usefulness in the diagnostic 

approach of patients suspected of HFpEF is narrowed to patients with an inconclusive 

E/e’ (between 8-15), as described previously1. E/A ratio as assessed by pulsed wave 

Doppler represents mitral valve filling velocities and it is directly dependent on 

the pressure gradient between the left atrium and left ventricle (e.g. atrioventricular 

pressure gradient). As a consequence, it is sensitive to both LA pressure and ventricular 

filling properties. However, due to the presence of pseudo normalization and its preload 

dependence, it is no longer advised to use it as stand-alone evidence for diastolic 

dysfunction. The validity and predictive value of the remaining blood flow Doppler 

derived markers of diastolic dysfunction have been debated on by past authors and 

therefore the physiological principles and measuring techniques fall beyond the scope 

of this review16,17.

Figure 1. We propose ‘elevated PCWP during exercise’ as a new criterion for (early) HFpEF.  
LVEF = left ventricular ejection fraction; LVEDVi = indexed left ventricular end-diastolic volume; 
PWCP = pulmonary capillary wedge pressure; dec.time = deceleration time; LAVi = indexed left 
atrial volume; LVMi = indexed left ventricular mass; LVEDP = left ventricular end-diastolic pressure.
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The key echocardiographic measurement in assessing diastolic dysfunction is E/e’. E 

represents peak velocity of transmitral flow in early diastole, as assessed by pulsed 

wave Doppler, whereas e’ represents either the early diastolic septal or lateral 

lengthening peak velocity of the mitral annulus, measured with Tissue Doppler. As 

such, E is considered a reflection of the maximum pressure differences between the left 

atrium and left ventricle, and thus mainly dependent on both ventricular relaxation 

and left atrial pressures. E’ is a reflection of the amount of blood entering the ventricle 

and mainly related to ventricular relaxation/LV filling pressures. E/e’ is thought to be 

a reflection of left atrial pressures and thus of LVEDP. E/e’ is generally assumed to be 

less sensitive to preload than other echocardiographic indices of diastolic dysfunction 

and therefore yields more accurate estimations of filling pressures. 

To date, an elevated E/e’ (reflecting filling pressures >15 mmHg) is incorporated in 

guidelines as sufficient evidence of diastolic dysfunction1. Evidence supporting this 

approach comes from a study conducted by Ommen et al18. Although in that study 

the correlation coefficient of E/e’ and mean LV filling pressures was only 0.47, all 

patients with a E/e’ >15 had high invasively assessed filling pressures, suggesting an 

excellent specificity of E/e’. Furthermore, other authors stated good correlations of 

E/e’ and invasively assessed LV filling pressures19-21. In contrast, it has been found that 

the correlation between E/e’ and PCWP may be worse than previously reported, albeit 

in either acutely decompensated patients with systolic dysfunction (LVEF<30%)22, or 

symptomatic patients with hypertrophic cardiomyopathy23. Also, it has been shown 

that changes in filling pressures over time in individual patients do not correlate with 

changes in E/e’, hampering the use of E/e’ as a tool to monitor individual patients 

during their disease course or monitor their response to therapy17.

Although signs of diastolic dysfunction in terms of an elevated E/e’ >15 seem sufficient 

to detect elevated LV pressures in the initial assessment of patients suspected of HFpEF, 

filling pressures are variable over time, depending on volume status. Moreover, filling 

pressures might not be elevated in an early stage of the disease, as demonstrated by 

a study by Penicka et al11. They found that in 30% of stable outpatients with unexplained 

dyspnoea, invasively proven to have HFpEF, E/e’ indices were normal. Furthermore, 

only 25% of HFpEF patients fulfilled the current definition of HFpEF and 20-40% of 

controls had borderline E/E’ values, suggesting both low specificity and sensitivity for 

E/E’, even in combination with additional echo-markers of diastolic dysfunction. Santos 

et al. recently reported that E/e’ could not accurately estimate PCWP as demonstrated 

by Bland-Altman analysis. Additionally, they showed that E/e’ did not accurately reflect 

changes in PCWP during alterations in loading conditions24.
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Taken the latter studies into account that have called the utility of E/e’ into question11,24, 

it seems that E/e’ is not sensitive enough to detect HFpEF in outpatients with 

unexplained dyspnoea in an early stage of the disease, when impairments in diastole 

are less prominent. The absence of an elevated E/e’ therefore does not rule out 

the presence of diastolic dysfunction.

BIOMARKERS: VALUE OF (NT-PRO)BNP IN DIAGNOSTIC 
PROCESS
Brain Natriuretic Peptide (BNP) is predominately produced by ventricular myocardium 

and its release is stimulated by ventricular wall stress. Consequently, elevated plasma 

levels of BNP (or its biologically inactive form, NT-proBNP) directly reflect myocardial 

stretch and thus represent an indirect measure of elevated filling pressures. High (NT-pro)

BNP levels are proven to be correlated with high filling pressures and severity of diastolic 

dysfunction25, and are a strong predictor of outcome26. Despite levels being lower in 

patients with HFpEF than in HFrEF, (NT-pro)BNP is generally considered to be of value 

in routine diagnostic work-up in patients with preserved ejection fractions1. However, 

BNP levels are also influenced by tachycardia, atrial fibrillation, myocardial ischemia, 

obesity or renal dysfunction, yielding low specificity for this marker27. In addition, it is 

known that patients with near-normal or mildly elevated filling pressures can present 

with normal BNP levels26,28, and BNP also fails to reflect elevated filling pressures in 

patients who merely present with elevated filling pressures during exercise11. As such, 

although in contrast with a previous guideline1, we do not recommend using low BNP 

measures to exclude HFpEF, nor do we propagate elevated BNP levels as isolated 

evidence for diastolic dysfunction. The preferred approach is always to combine levels 

of BNP with additional (exercise) measures of diastolic dysfunction.  

DIAGNOSING HFpEF: THE VALUE OF INVASIVE STRESS 
TESTING
In a significant proportion of patients with high clinical suspicion of HFpEF, previously 

described noninvasive measures are not sufficient to account for the presence of 

significant LV diastolic dysfunction. Importantly, the absence of elevated filling 

pressures at rest does not preclude patients from having profound hemodynamic 

impairments during exercise. Furthermore, LV filling pressures may be variable over 

time, depending on volume status and physical activity. As such, the assessment of 

elevated filling pressures noninvasively is far from an easy task. 
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DIASTOLIC STRESS TESTING: WHY AND HOW
Exercise testing has been shown to enhance diagnosis of HFpEF in patients with no 

overt signs of volume overload and normal filling pressures at rest and it holds the most 

promise for novel diagnostic strategies29.

In healthy subjects, exercise causes an increase in stroke volume, established by an 

increase in end-diastolic volume combined with a reduction in end-systolic volumes. As 

heart rate increases as well, the left ventricle has less time to fill, whereas at the same 

time an elevated venous return causes an increase in volume loading. In healthy 

patients, a high diastolic reserve (the ability to increase myocardial relaxation under 

stress) prevents LV filling pressures from rising. In HFpEF, this normal diastolic reserve 

capacity is exhausted during exercise and LV filling pressures will increase (figure 2)29,30. 

Additionally, a blunted increase in contractility during exercise has also been shown to 

play a role31.

Up to now, various studies have reported on the use of exercise echocardiography 

(stress echocardiography) as a potential diagnostic tool32-35. Burgess et al. 

demonstrated that in unselected patients undergoing left heart catheterization, E/e’ 

during exercise correlates with invasively measured LV filling pressures and that an 

elevated E/e’ at exercise can help to identify patients with high filling pressures 

during exercise33. In contrast, Maeder et al reported that peak exercise E/e’ did not 

significantly differ between HFpEF patients and controls, and that it did not correlate 

with right heart catheterization derived PCWP during exercise12. On the other hand, 

exercise echocardiography may help to identify patients at highest risk for cardiac 

hospitalization or death, since Donal et al recently demonstrated that estimated 

pulmonary artery pressures by tricuspid regurgitation (TR) maximal velocity during 

exercise yield prognostic information in HFpEF patients32.

One of the first studies addressing markedly elevated filling pressures during (moderate) 

exercise in patients with normal resting hemodynamics was by Borlaug et al.29. In that 

study, it became apparent that more than 50% of patients with dyspnoea on exertion 

showed increased LV filling pressures merely during exercise. Results from this study 

suggest that measuring PCWP during a right heart catheterization can help unmask 

the presence of diastolic dysfunction in patients with unexplained dyspnoea at an early 

stage of the disease. Corroborating these findings, Andersen et al identified a significant 

increase in PCWP with exercise in 26 patients with either high filling pressures at rest, or 

merely with exercise36. Interestingly, they directly compared hemodynamic responses 

to exercise with acute volume loading and found that the former was the more sensitive 

manoeuvre to identify patients with exercised-induced HFpEF. The utility of invasive 
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exercise testing is even more enhanced by the recent finding that an excessive rise in 

PCWP with exercise (“early” HFpEF) is associated with increased mortality rates37.

Despite these studies providing adequate evidence of the utility of exercise 

measurements, it is currently not included in the guidelines as a standard approach1. 

As the utility of echocardiographic parameters during exercise measures has been 

challenged and clear standardization is lacking, the use of invasively measured 

LV filling pressures during exercise is preferred and yields more robust information 

on hemodynamic derangements. Assessing fillings pressures during right heart 

catheterization is the favoured approach as it allows the simultaneous invasive 

assessment of pulmonary artery pressures, which can be used to further (risk) stratify 

patients. Furthermore, despite its invasive nature, right heart catheterization is 

considered safe when performed at expert centres (morbidity and mortality rates are 

1.1% and 0.055% respectively)38.

Taken together, we therefore propose to use invasive exercise testing to identify 

patients with HFpEF, when noninvasive markers are inconclusive, no overt sign of fluid 

overload is present and clinical suspicion persists. 

ADDITIONAL ROLE FOR CARDIAC MRI
Over the last decade, attention has been given to the potential utility of cardiac 

magnetic resonance imaging (CMR) and it is among the most promising noninvasive 

modalities. It provides excellent spatial resolution, and allows the assessment of 

global and regional cardiac anatomy. It is considered as the clinical gold standard for 

measuring LV volumes and  function, including LV hypertrophy. Furthermore, left atrial 

volume and function, blood flow velocities, as well as information on myocardial tissue 

Figure 2. Invasive measurements during exercise can be helpful in unmasking diastolic impairments 
(early HFpEF). LV = left ventricle; LVEDP = LV end-diastolic pressure. 



HOW TO DIAGNOSE HEART FAILURE WITH PRESERVED EJECTION FRACTION

80

4

characteristics, like T1-mapping to quantify the degree of diffuse myocardial fibrosis 

can be obtained39-42.

In addition, CMR is also considered the gold standard for the assessment of 

the right ventricle43. Patients with HFpEF are at risk for the development of pulmonary 

hypertension and thus right heart failure, as the right ventricle seems especially 

sensitive to alterations in afterload44. Therefore, CMR might help to risk-stratify HFpEF-

patients, especially when echocardiography yields inconclusive results.

STAGING OF HFPEF AND THE POTENTIAL THERAPEUTIC 
CONSEQUENCES
Up to now, almost all HFpEF-trials yielded either negative or inconclusive results. 

Advanced phenomapping techniques were able to demonstrate that HFpEF truly 

is a heterogeneous disorder, in which a one-size-fits-all approach is probably not 

the solution45. This knowledge should be implemented in future diagnostic strategies 

for HFpEF. Evidence supporting this approach is limited, but can be derived from recent 

HFpEF-trials. For instance, targeting HFpEF with the phosphodiesterase-5 inhibitor 

sildenafil had no effect on outcome in a large multicentre trial46, whereas a small study 

conducted in a specific HFpEF-population with advanced pulmonary vascular disease 

and right heart failure yielded beneficial results47.

CONCLUSION/ RECOMMENDATIONS
The current diagnostic approach for HFpEF only identifies a minority of patients with 

HFpEF. We propose to incorporate invasive stress testing in the diagnostic work-up, 

by means of right heart catheterization at rest and during exercise, and to include 

accurate assessment of RV function, by means of cardiac MRI. These additional 

measurements will not only help to identify patients with early HFpEF, but will also 

stage patients with advanced HFpEF accordingly, namely advanced HFpEF with and 

without pulmonary hypertension, and with or without right ventricular dysfunction. In 

early 2016, the VU University Medical Centre will start with a specific diagnostic care 

pathway for HFpEF (“zorgpad diastolisch hartfalen”), in which the proposals from this 

review will be incorporated (figure 3). Future studies are necessary to evaluate whether 

diagnostic refinements in HFpEF ultimately result in therapeutic benefit for the patient.
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Figure 3. VUmc diagnostic work-up for HFpEF (‘Zorgpad: Diastolisch Hartfalen’). Referred patients 
with a clinical suspicion of HFpEF will undergo right heart catheterization at rest and during 
exercise, as well as CMR. Either an alternative diagnosis is found, or HFpEF is confirmed and 
staged according to findings as: early HFpEF, advanced HFpEF, with or without post- or combined 
post- and pre-capillary pulmonary hypertension (PH), and with or without right ventricular (RV) 
dysfunction. OSAS = obstructive sleep apnoea syndrome; PAH = pulmonary arterial hypertension. 
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ABSTRACT
Background
Assessing atrial sizes by routine non-gated CT-angiography (CTA) could be of value 

in discriminating between pulmonary hypertension (PH) due to heart failure with 

preserved ejection fraction (HFpEF) and idiopathic pulmonary arterial hypertension 

(IPAH). We aimed to determine how left (LA) and right atrial (RA) sizes on non-gated 

CTA can help discriminate between these patients.

Methods and results
In an initial study, CMR was used in 15 IPAH and 15 HFpEF-PH patients to determine 

LA- and RA size throughout the cardiac cycle. While significant variations were noted 

in LA size over the cardiac cycle, the calculated ratio of left over right atrial size (LA/

RA  ratio) remained stable in both groups and discriminated between HFpEF-PH and 

IPAH. In a second study, routine non-gated CTA was used to validate the diagnostic 

use of a LA/RA ratio in 95 consecutive treatment-naive patients with a final diagnosis 

of either IPAH (n=64) or HFpEF-PH (n=31). ROC analyses were conducted to determine 

the discriminative properties of atrial size parameters. On a transversal view, LA size was 

19 cm² (± 5) in the IPAH group versus 27 cm² (± 6) in the HFpEF-PH group (p<0.001). 

CTA derived LA/RA ratio was significantly higher in HFpEF-PH patients compared to 

IPAH patients and had good discriminative abilities (AUC=0.833). 

Conclusions
Assessing LA/RA size ratio by non-gated CTA allows for accurate discrimination 

between HFpEF-PH and IPAH patients. Because CTA is often available in the early 

diagnostic work-up, a LA/RA size ratio may guide clinical and diagnostic decision-

making, even before invasive hemodynamic measurements. 



CT-DERIVED LEFT- TO RIGHT ATRIAL SIZE RATIO

89

5

INTRODUCTION
Heart failure with preserved ejection fraction (HFpEF) is a common cause of 

pulmonary hypertension (PH) and the presence of PH in HFpEF patients (HFpEF-PH) 

is associated with high morbidity and mortality1-3. In contrast, idiopathic pulmonary 

arterial hypertension (IPAH) is a rare disease, characterized by progressive pulmonary 

vascular remodeling. IPAH can be treated with specific vasodilating therapy4, while 

such treatment is contraindicated in HFpEF-PH5. Differentiating IPAH from HFpEF-PH 

continues to be a clinical challenge but is a prerequisite before the start of IPAH-specific 

therapy.  In case of doubt, it is recommended to perform invasive measurements to 

assess the pulmonary arterial wedge pressure (PAWP) or left ventricular end-diastolic 

pressure6. Because the results of invasive measurements depend on the patient’s 

volume status, the position of the heart in the thorax and quality of the signal, it is 

more useful to phenotypically distinguish HFpEF-PH and IPAH using a combination of 

noninvasive and invasive characteristics, rather than relying on a single measurement. 

The presence of left atrial (LA) enlargement is known to predict elevated left ventricular 

filling pressures7,8 and has been incorporated in clinical risk-scores for the identification 

of patients with PH due to left heart disease9-11. IPAH patients usually present with 

a normal or reduced LA size and pronounced right atrial (RA) enlargement, whereas in 

HFpEF the LA is enlarged. Previously, a cardiac magnetic resonance (CMR) study showed 

that LA volume accurately discriminated between HFpEF-PH and IPAH12. However, 

CMR is not widely available and the technique is expensive. As such, the assessment 

of atrial dimensions by CT angiography (CTA) might be an attractive alternative13-15. 

In addition, CTA is very often incorporated in the early diagnostic work-up of patients 

with PH to exclude either thromboembolic disease or parenchymal lung disease as 

an underlying cause6. A potential problem that could be encountered when using 

non-gated chest CT to determine atrial dimensions is that these dimensions may 

change during the course of the cardiac cycle. A potential way to account for these 

changes is to calculate the ratio of LA over RA size (LA/RA size ratio). Because changes 

in LA and RA size over the cardiac cycle are likely to be of a similar direction and 

magnitude, the LA/RA size ratio is expected to be relatively constant. 

Therefore, the aim of the present study was to determine how non-gated CTA mediated 

assessment of left and right atrial sizes can help discriminating between patients with 

HFpEF-PH and IPAH. We first analyzed variations in atrial dimensions over the course 

of the cardiac cycle in a group of HFpEF-PH and IPAH patients by means of CMR 

and showed that LA and RA size varied over the cardiac cycle, while the ratio of LA 

over RA size was stable over the entire cardiac cycle. The LA/RA size ratio determined 

by CMR discriminated between HFpEF-PH and IPAH. The use of non-gated CTA to 
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derive the LA/RA size ratio was subsequently determined in a validation cohort of 95 

retrospectively selected patients with suspected PAH. 

METHODS
Subjects
For the CMR study, we used data from a cohort of 30 treatment-naive patients referred 

to our center from 2009 through 2015 with a final diagnosis of either IPAH or HFpEF-PH. 

This CMR cohort consisted of 15 IPAH and 15 HFpEF-PH patients most recently 

diagnosed at the VU University Medical Center. Mean time between diagnostic RHC 

and CMR was 1 day (±7 days). In our center, a tertiary referral center for PH patients in 

the Netherlands, CMR is routinely performed in all patients suspected of PAH. 

For the CT validation study, all patients diagnosed with either IPAH or HFpEF-PH 

between 2010-2015 and with a CTA scan available within 1 year from diagnostic RHC 

were included.  Patients in whom only a non-contrast-enhanced CT was available were 

excluded, as we believed the contrast opacification enhanced the quality of atrial size 

assessments. In total, 114 patients were diagnosed with either IPAH or HFpEF-PH with 

an available CTA. Of those, 18 patients were excluded because the CTA was conducted 

>1 year before the baseline RHC.  One patient was excluded due to insufficient 

quality of the scan. Thus, our final cohort consisted of 64 IPAH patients and 31 

HFpEF-PH patients.  The mean time between CTA and diagnostic RHC was 1.5 months  

(±4 months).

For both the CMR and CT studies, patients with HFpEF-PH were eligible for inclusion if 

they fulfilled the following criteria: mean pulmonary artery pressure (mPAP) ≥25 mmHg, 

a  PAWP> 15 mmHg during RHC, signs and/or symptoms of heart failure combined with 

a LVEF ≥50% and no valvular heart disease more than mild on routine echocardiography, 

according to current guidelines6,16. A diagnosis of IPAH was established in the presence 

of an elevated mPAP (≥25 mmHg) and a normal PAWP (≤15 mmHg), after the exclusion 

of other known causes of PH as stated in current guidelines6. 

As this study was based on an analysis of CTA’s performed as part of routine diagnostic 

work up of patients referred to our center, this study fell beyond the scope of 

the Medical Research Involving Human Subjects Act (WMO) and thus no informed 

consent was required. 

CMR image acquisition and analysis
CMR was performed on a Siemens 1.5 T Sonato or Avanto scanner (Siemens 

Medical Solutions, Erlangen, Germany). Electrocardiographic gated cine imaging 
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was performed during multiple repeated breath-holds.  During post-processing, two 

dimensional LA and RA sizes were assessed by manually tracing atrial inner borders 

on reconstructed 4CH images during the entire cardiac cycle17. Subsequently, LA/

RA size ratios were calculated. For comparison between patients, time points were 

expressed as a percentage of the cardiac cycle with incremental steps of 10%. The time 

point 0% and 100% represented the end-diastolic phase of the cardiac cycle. Analyses 

were performed using Centricity Radiology RA600v6.1-Diagnostic software package  

(GE Medical). 

CTA image acquisition and analysis
Images of the entire chest were acquired on either 4- or 64-slice multi detector CT 

scanners using standard contrast-enhanced pulmonary embolism (PE) protocols, 

with acquisition of sections ranging between 0.7 and 1.6 mm. Contrast agents were 

injected according to standardized protocols. All CTA images were analyzed off-line 

using Centricity Radiology RA600v6.1-Diagnostic software package (GE Medical). 

On a transversal view, atrial borders were manually traced in the image where they 

appeared largest, not necessarily at the same slice position for left and right atrium  

(Fig. 1). For the left atrium, the confluence of the pulmonary veins was excluded. 

Secondly, multiplanar reconstruction (MPR) was used in order to reconstruct a 4 

chamber (4CH) view from the original transversal images, as described previously18,19. 

In short, MPR is an in-program tool of Centricity software that allows altering the axes 

of the transversal views in order to obtain an optimal 4CH view.  In the reconstructed 

4CH views, atrial borders were subsequently traced using the same method as in 

the transversal view. LA/RA size ratios were calculated using atrial sizes derived from 

both the transversal and 4CH reconstructed views.

An investigator from the department of pulmonary medicine performed all 

the measurements and was supervised by a physicist specialized in thoracic imaging 

(JTM). This observer was blinded to patients’ diagnosis and hemodynamic/clinical 

data. To test inter-observer variability, measurements were repeated by a second 

investigator from the same department in 15 subjects. 

In an additional exploratory analysis, we  investigated whether patients with a high 

LA/RA size ratio and a normal PAWP are phenotypically similar to  HFpEF-PH patients. 

Therefore, we dichotomized the IPAH group based on the upper quartile of the LA/RA 

size ratio. Subsequently, clinical characteristics between patients with a high LA/RA size 

ratio and a low LA/RA size ratio were compared.
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Statistical analysis
All parameters were visually checked for normal distribution and presented as mean (± 

standard deviation), median (IQR) or absolute numbers (percentages), unless otherwise 

stated. Student t-test, Mann Whitney U test and chi-square test were used in order to 

compare patient demographics and baseline hemodynamics between the two groups, 

as appropriate. To test whether a CMR-derived LA/RA size ratio would yield different 

results depending on the time of the cardiac cycle repeated measures ANOVA for all 

separate time points was conducted.

For the CT-study, differences in left atrial size and a LA/RA size ratio between groups 

were tested using independent T-tests. Furthermore, intra-observer variability and 

inter-observer variability for CT-derived LA size and LA/RA size ratio both with- and 

without 4CH reconstructions were assessed in 15 patients using Bland Altman analysis 

and intra-class correlation coefficients.

In order to test the discriminative power of LA size and LA/RA size ratio ROC analysis 

was performed. Areas under the curves (AUCs) of both variables derived from the ROC 

analysis were compared using the De Long method. Pearson correlation coefficients 

were calculated to assess the relationship between PAWP and both LA size and LA/RA 

size ratios.

Lastly, CT-derived LA/RA size ratio in patients with a normal PAWP (≤15mmHg) were 

dichotomized and clinical characteristics between patients with a high LA/RA size 

ratio and a low LA/RA size ratio were compared using independent Student t test,  

chi-square test or MannWhitney U test, where appropriate. Statistical analyses were 

Figure 1. Manual tracing of left atrial (LA) borders at the level were the area seemed largest to 
the investigator. Left: transversal view, right: after multiplanar 4-chamber reconstruction. 
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performed using SPSS 20, STATA 12.1 and Graphpad Prism 6. Throughout the analyses 

a p-value <0.05 was considered statistically significant.

RESULTS
CMR analysis
While variations were observed in left atrial dimension during the cardiac cycle (p-value 

0.021 for IPAH and p-value of 0.007 for HFpEF-PH), no variation was present in LA/RA 

size ratios in the 15 IPAH and 15 HFpEF-PH patients (p-values for both groups >0.05; 

fig. 2). 

CTA analysis
Baseline characteristics
Patients with HFpEF-PH were more often female, older, more often obese, more likely 

to present with hypertension and had lower pulmonary artery pressures (table 1).

Intra- and inter-observer variability
Intra-observer variability and inter-observer variability of both LA size and LA/RA size 

ratio are presented in table 2. Intra- and inter-observer variability was excellent for 

LA/RA size ratios (ICC=0.96 for transversal views and ICC=0.92 after MPR). Results of 

Bland-Altman analyses are depicted in figures 1A and 1B (Supplementary data). 

The AUC for both LA size and LA/RA size ratios obtained from the transversal view 

and 4CH view are presented in figure 4 and both variables show good discriminative 

properties. The AUCs of the LA/RA size ratio were higher than the AUCs of LA size alone 

Figure 2. CMR derived left atrial to right atrial (LA/RA) size ratios (A) and left atrial (LA) size (B) of 
IPAH and HFpEF-PH patients (mean ±SEM), demonstrating that the  LA/RA size ratio is constant 
throughout the cardiac cycle (p-value >0.05).
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(AUC 0.833 vs. 0.818 for transversal views and 0.840 vs. 0.823 after MPR), although 

differences were not statistically significant. MPR slightly improved the predictive value 

of both LA size (AUC 0.823 vs. 0.818,) and LA/RA size ratios (AUC 0.840 vs. 0.833), but 

again these differences were not statistically significant.

Table 1. Patient characteristics and hemodynamics of the CT-cohort.

IPAH HFpEF-PH p-value

Patients n 64 31
Number male (%) 26 (41) 4 (13) 0.007
Age (years) 55±18 68±9 <0.001
BMI (weight/height2) 26±5 34±6 <0.001
Comorbidities 
 Hypertension 20 (31%) 18 (58%) 0.011
 Diabetes 8 (13%) 7 (23%) 0.195
Right heart catheterization
  Right atrial pressure (mmHg) 7 (4-10) 10 (9-15) 0.001
  Mean PAP (mmHg) 51±16 37±9 <0.001
  Wedge pressure (mmHg) 9±3 20±3 <0.001
  PVR (dyn·s·cm-5) 754 (504-999) 203 (117-278) <0.001
  Cardiac Index (L/min/m2) 2.5±0.9 3.5±1.5 <0.001
 Heart rate 82±16 82±17 0.960
Hemoglobin (mmol/L) 9.5±1.1 8.3±1.2 <0.001
NT-proBNP (ng/L) 885 (285-2208) 435 (163-1582) 0.136
Creatinine (μmol/L) 83 (72-109) 83 (53-335) 0.543

Data are given as mean(SD), median (IQR) or percentages (%). Bold values are statistically significant. BMI: 
body mass index, PAP: pulmonary artery pressure, PVR: pulmonary vascular resistance.

Table 2. Intra- and inter-observer variability.

Intra-observer Inter-observer

ICC Bias SD of Bias ICC Bias SD of Bias

LA size (trans) 0.98 0.19 1.39 0.96 0.15 1.86
LA size (MPR) 0.98 -0.39 1.48 0.96 0.01 2.06
LA/RA (trans) 0.96 0.03 0.06 0.93 0.01 0.08
LA/RA (MPR) 0.92 0.03 0.09 0.89 0.02 0.12

Trans: transversal view, MPR: multi-planar reconstruction, ICC: intra-class correlation coefficient, SD: Standard 
deviation, LA: left atrial, LA/RA: left to right atrial ratio. 
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Correlation between LA size and LA/RA size ratio versus PAWP
LA size and a LA/RA size ratio in a transversal view were both significantly correlated 

to PAWP (p<0.001) yielding and R-value of .530 and .501, respectively. A scatter plot 

is presented in figure 5.

LA/RA size ratio in patients with a normal wedge
Differences in patient characteristics between IPAH patients with a low (LA/RA<0.7) 

and a high ratio (LA/RA>0.7) are presented in table 3. Patients with a high LA/RA size 

ratio within the IPAH group were older, more likely to present with hypertension and 

had less severe hemodynamic derangements. 

Figure 3. Boxplots of CTA-derived left atrial (LA) area, right atrial (RA) area and left atrial to right 
atrial (LA/RA) size ratios for transversal views (red) and after multi-planar reconstructions (blue). 
WHO group 1 indicates IPAH patients; WHO group 2 indicates HFpEF-PH patients. **p<0.001.

Figure 4. ROC analyses  with Area Under the Curve (AUC) for CT-derived left atrial (LA) size 
and left atrial to right atrial (LA/RA) size ratios using both standard transversal views (axial) and 
multiplanar reconstruction (MPR). 
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Figure 5. Pearson correlation coefficient (R) of LA size and LA/RA size ratio with pulmonary arterial 
wedge pressure (PAWP), in transversal views.

DISCUSSION
In this study we assessed the diagnostic use of a novel, simple, noninvasive CTA-derived 

parameter to help discriminate HFpEF-PH from IPAH. Adding information on atrial 

Table 3. Characteristics of IPAH patients based on LA/RA size ratio.

Ratio <0.7 Ratio >0.7 p-value

Patients n 48 16
Gender (male) 19 (38%) 7 (47%) 0.777
Age (years) 52±18 67±14 0.003
BMI (weight/height2) 26±5 26±3 0.820
Smoking > 1 PY (%) 26 (54%) 8 (53%) 0.922
Comorbidities
 Hypertension (y/n) 12 (23%) 9 (53%) 0.021
 Diabetes (y/n) 5 (8%) 3 (24%) 0.383
 Coronary disease (y/n) 5 (10%) 4 (24%) 0.146
Hemodynamics
 mPAP (mmHg) 54±17 43±9 0.017
 PVR (dyn·c/cm5) 841 (554-1047) 478 (359-602) 0.002
 PAWP (mmHg) 9±3 9±3 0.547
 RAP (mmHg) 8 (5-11) 5 (9-16) 0.003
 Cardiac output (L/min) 4.6±1.6 5.4±1.8 0.114
Creatinine (umol/L) 91 (72-99) 108 (58-142) 0.381
NT-proBNP (ng/L) 1681 (338-2389) 451 (196-1770) 0.056

Data are given as mean (SD), median (IQR) or percentages (%). Bold values are statistically significant. BMI: 
body mass index, PY: pack years, PAP: pulmonary artery pressure, PVR: pulmonary vascular resistance, PAWP: 
pulmonary arterial wedge pressure, RAP: right atrial pressure.
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characteristics obtained through a routine non-gated CTA to additional (hemodynamic) 

parameters can help to adequately diagnose patients suspected of IPAH and HFpEF-

PH.  Correctly identifying these patients will remain important as the prevalence of 

HFpEF in general is believed to be increasing and up to now no PAH-specific therapies 

have proven to be beneficial in the HFpEF-PH population1.

LA enlargement occurs in patients with HFpEF (with or without PH) as a result from 

either direct exposure to elevated left ventricular filling pressures during diastole or 

the association between HFpEF and atrial fibrillation. Consequently, the thin walled 

LA dilates and it has been shown that LA remodeling correlates with disease severity8. 

Also, it has been shown that LA enlargement will develop  in around 66% of patients 

with HFpEF20. This makes LA size an interesting diagnostic, prognostic and even 

therapeutic target in the field of heart failure. In most IPAH patients without diastolic 

dysfunction, RA enlargement will be present without a concomitant significant increase 

in LA size. As such, using a ratio combines the diagnostic value of both RA and LA 

size. Indeed, in this study we found excellent diagnostic accuracy of a LA/RA size ratio, 

although it  was not superior to LA size in this selected population. The use of a LA/RA 

size ratio provides the advantage of intrinsically correcting for patient size and in this 

study we have shown that the ratio is unaffected by the time of the cardiac cycle. As 

such, we propose the use of a LA/RA size ratio over LA size alone.

In the diagnostic work-up of patients with pulmonary hypertension,  echocardiography 

is usually the first investigation to  give an estimate of atrial dimensions and as such, gives 

a reasonable first impression of the expected underlying cause of PH. Previously, two 

echocardiography based studies developed a clinical risk score aiming to discriminate 

between pre- and post-capillary PH and one of them also included  the presence of 

LA enlargement10,21. D’Alto et al developed an echocardiographic score in order to 

determine the pretest probability of having post-capillary PH using several parameters 

including ventricular dimensions and an E/e’ ratio and this risk score had a good 

negative predicted value for pre-capillary PH21. However, echocardiography tends to 

underestimate actual LA volumes and  can be inaccurate in that regard due to geometric 

assumptions and foreshortening of the LA cavity22,23. Alternative methods to estimate 

LA enlargement include CT angiography and CMR11,12,14.  A recent study specifically 

aimed to assess the discriminative properties of CMR derived LA volumes in patients 

with IPAH and HFpEF-PH12. It was demonstrated that LA volumes can distinguish 

HFpEF-PH from IPAH with an AUC of 0.990 and when using a threshold value of <43 

ml/m2, patients with IPAH could be identified with 100% specificity. However, assessing 

LA volumes is much more time consuming than assessing two dimensional LA size and 

CMR has the disadvantage of not being widely available and expensive. Therefore, 
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CTA seems a useful alternative modality to assess atrial characteristics. Our study is 

the first study specifically assessing the discriminative properties of a LA/RA size ratio. 

Of interest, by using a single parameter, we found an AUC comparable to both of 

the previously reported echocardiography based prediction rules (AUC 0.833 versus 

0.881 and 0.756). Considering this, and the fact that echocardiographic windows can 

be poor, particularly in obese patients,  we feel that CTA derived atrial characteristics 

are of additional diagnostic value. The proposed LA/RA sized ratio should nonetheless 

be integrated in the clinical context, also including echocardiographic findings. 

Another study reported on CT derived LA size as a potential diagnostic method to 

identify patients with diastolic dysfunction and they also found good predictive values of 

this parameter, albeit in a smaller group of patients14. We complemented these findings 

by reporting on the diagnostic use of CT-derived LA/RA size ratio when discriminating 

HFpEF-PH from IPAH, without the need for 4CH reconstructions. Furthermore, our 

initial CMR data demonstrated that non-gated CTA images are sufficient, as the LA/RA 

size ratio is not dependent on the time of the cardiac cycle.

In our study, manually reconstructed 4CH views did not lead to a significantly higher AUC 

as compared to standard transversal views. This is in line with previous imaging studies 

showing no additional value of 4CH reconstructed images when determining right 

ventricular enlargement in the setting of either PH19 or acute pulmonary embolism24 . 

As such, atrial assessments in a standard transversal view seem sufficient and our study 

suggests that the use of reconstructed 4CH images is not necessary.   

Remarkably, in this study patients with a high LA/RA size ratio within the group of 

patients with a normal PAWP were significantly older, were more likely to present with 

hypertension and had lower PVR and pulmonary pressures, suggesting that these 

patients, although classified as IPAH patients, may have a clinical profile similar to 

the HFpEF population. Although results from this exploratory sub-group analysis 

must be interpreted with caution, these findings seem to underscore the notion that 

adding LA/RA size ratio to hemodynamic parameters can lead to a better phenotypic 

description. Indeed the subgroup of patients with a high LA/RA size ratio in our study 

show remarkable similarities with a population of atypical IPAH patients (defined as 

IPAH with 3 or more risk factors for left heart disease) and HFpEF-PH patients as 

recently described by Opitz et al25.  In that study similarities and differences between 

(atypical) IPAH and HFpEF-PH were studied alongside treatment responses.  Although 

less pronounced than in typical IPAH,  patients with both atypical PH and HFpEF-PH 

showed improved functional capacity after PAH-specific therapy. Nevertheless, whether 
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patients with a “mixed phenotype” require a distinct treatment strategy remains to be 

established in properly designed (randomized) trials. 

Study limitations
One limitation of the current study is that a HFpEF population extracted from a single 

PH expert center is not necessarily representative of the population of patients seen in 

referral hospitals. Therefore our findings cannot be automatically extrapolated to other 

(non-expert) centers and the use of the LA/RA size ratio may be externally validated. 

We would like to stress that as invasive measurements will still be needed to establish 

a definitive diagnosis of PH, a LA/RA size ratio does not obviate the need for a RHC. 

Despite this, we have demonstrated that a LA to RA ratio can be of help in identifying 

patients with HFpEF-PH when PAH is initially suspected. 

Clinical implications
Adding simple, diagnostic (imaging) parameters such as atrial characteristics to 

the standard diagnostic work up of PH enables a better phenotypic distinction 

of these patients. Ultimately, this will result in a more refined distinction between 

IPAH and HFpEF-PH and a better targeted therapeutic approach. In this study, we 

provide a simple, noninvasive CTA-based measure, which does not require diagnostic 

expertise and is often available in the early diagnostic work-up. Therefore, even 

before the performance of a RHC, it can help clinicians to identify patients at risk 

of HFpEF-PH. Also, during the hemodynamic assessment, an elevated LA/RA size 

ratio could serve as a trigger for the performance of a fluid challenge to demonstrate 

the presence of (occult) diastolic dysfunction, especially in borderline hemodynamic 

cases.  Additionally, an elevated LA/RA size ratio could be of value in future studies by 

using it as a cut-off for subgroup analyses of treatment effects. 

Conclusion
The present study demonstrated that a non-gated CTA-derived LA/RA size ratio can 

accurately discriminate between HFpEF-PH and IPAH. This simple, widely available, 

unambiguous parameter allows for a better phenotypic description of patients 

suspected of PAH and can guide early clinical and diagnostic decision-making.
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CT‐derived left‐ to right atrial size ratio  
 
SUPPLEMENTARY MATERIAL 

 
Figure 1A. Intra‐observer variability. Dotted lines represent the mean difference (95%CI). LA: left atrial, MPR: multiplanar 
reconstruction, RA: right atrial.  

 

 
Figure 1B.  Inter‐observer  variability. Dotted  lines  represent  the mean difference  ( 95%CI).  LA:  left  atrial, MPR: multiplanar 
reconstruction, RA: right atrial.  

SUPPLEMENTS

Figure 1A. Intra-observer variability. Dotted lines represent the mean difference (95%CI). LA: left 
atrial, MPR: multiplanar reconstruction, RA: right atrial. 



CT-DERIVED LEFT- TO RIGHT ATRIAL SIZE RATIO

103

5

CT‐derived left‐ to right atrial size ratio  
 
SUPPLEMENTARY MATERIAL 

 
Figure 1A. Intra‐observer variability. Dotted lines represent the mean difference (95%CI). LA: left atrial, MPR: multiplanar 
reconstruction, RA: right atrial.  

 

 
Figure 1B.  Inter‐observer  variability. Dotted  lines  represent  the mean difference  ( 95%CI).  LA:  left  atrial, MPR: multiplanar 
reconstruction, RA: right atrial.  

Figure 1B. Inter-observer variability. Dotted lines represent the mean difference ( 95%CI). LA: left 
atrial, MPR: multiplanar reconstruction, RA: right atrial. 
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ABSTRACT
Background
Absence of external validation has prohibited the use of risk scores aimed at predicting 

the presence of pre- or post-capillary pulmonary hypertension (PH) outside tertiary  

PH centers. 

Objectives
To validate the use of two existing PH prediction models (OPTICS score and Bonderman 

algorithm) as part of the routine diagnostic work-up in community hospitals in 

the Netherlands. 

Methods
A total of 12 Dutch non-referral hospitals participated in the present study. Upon 

the suspicion of pre-capillary PH after multidisciplinary consultation, diagnostic right 

heart catheterization (RHC) was performed. External performance was determined of 

two previously developed risk scores in all patients who underwent a RHC: the OPTICS 

score, which aims to identify post-capillary PH and the Bonderman algorithm, aimed 

to exclude pre-capillary PH. External performance of the scores was expressed as 

sensitivity and specificity. 

Results
Out of a total of 403 registered patients, 147 patients underwent a RHC. 83 patients had 

a final diagnosis of post-capillary PH, the other 64 patients had pre-capillary PH. Using 

a predefined cut-off ≥ 56, the OPTICS score had a specificity of 100% and accurately 

identified post-capillary PH in 21% of patients. When applying the Bonderman 

algorithm, 11% of patients with pre-capillary PH were missed (sensitivity 89%). 

Conclusions
In a non-referral setting, adequate external performance of the OPTICS score was 

confirmed while sensitivity of the Bonderman algorithm was insufficient to rule out pre-

capillary PH. Using the OPTICS score can help to tailor the decision to perform invasive 

diagnostic testing or refer a patient to a PH expert center.
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INTRODUCTION
Pulmonary hypertension (PH) is a condition characterized by elevated pulmonary 

artery pressures and can result from several underlying conditions including lung 

diseases, pulmonary embolism or left sided heart failure1. The incidence of PH 

differs among the subtypes and while incidence rates of PH due to left sided heart 

disease (i.e. post-capillary PH) are high, pre-capillary PH is less common and includes 

treatable conditions such as pulmonary arterial hypertension (PAH) and chronic 

thromboembolic PH (CTEPH)2,3. Identification of left heart disease as a cause of PH is 

a first step in the diagnostic work-up of patients with PH. Although echocardiography 

is the diagnostic test of choice to identify those patients, frequently echocardiography 

is inconclusive and further (invasive) diagnostic steps are required to distinguish pre- 

from post-capillary PH. The identification of post-capillary PH is particularly challenging 

in patients with PH due to heart failure with preserved ejection fraction (HFpEF). In 

these patients, the absence of systolic dysfunction or valvular heart disease raises 

the suspicion of non-cardiac causes for PH. This can be a reason to refer these patients 

for right heart catheterization (RHC), usually performed in a tertiary PAH center4. 

The gold standard for the identification of post-capillary PH is an elevated pulmonary 

arterial wedge pressure (PAWP), measured invasively during RHC2. 

Previous studies indicate that around 12-19% of patients referred to a tertiary PH center 

are found to have post-capillary PH, typically despite initial suspicion of pre-capillary 

PH5-7. To facilitate the noninvasive identification of post-capillary PH, several scoring 

models were developed. These models are typically based on echocardiography or on 

a combination of echocardiography with clinical parameters8-12. Two of these scores, 

the OPTICS score and the Bonderman algorithm, appear particularly suited for routine 

clinical use because they provide an integrated assessment of easy to obtain imaging- 

and clinical parameters. The OPTICS score identifies patients with post-capillary PH 

on the basis of medical history, ECG and echocardiography12. The Bonderman score 

was designed to rule out pre-capillary PH on the basis of just two variables, namely 

right ventricular strain (RVS) on ECG and NT-proBNP levels10. Both scoring systems 

were developed on the basis of clinical data derived from patients referred to tertiary 

PH centers. External validation of these scores outside of this setting was never 

performed, and face-to-face comparisons of these scores were never made. These 

steps are necessary for further introduction of the scores in routine clinical care of 

patients with suspected PH. 

In the beginning of 2015 we set up a network of 12 non-PAH expert centers spread 

throughout the Netherlands. This network aims to optimize diagnostic and clinical care 

for PH patients, with a special focus on the noninvasive identification of post-capillary 
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PH. The network collects clinical, hemodynamic and echocardiography data on all 

incident PH patients, allowing for multi-center risk score validation in a non-referral, 

real world setting.  

Here we aimed to externally validate 2 risk scores developed for the noninvasive 

prediction of pre- or post-capillary PH in an independent cohort of patients with 

possible pre-capillary PH.  

METHODS
Study design and patient setting
In this pre-planned validation study, data directly derived from a network of 12 Dutch 

non-referral community hospitals was used. The network was launched in January 2015 

and continues to collect data on incident PH patients in participating centers. In order 

to improve diagnostic and clinical care for PH patients, all participating center adhere 

to the following (diagnostic) workflow: 1. A team consisting of at least one cardiologist 

and one pulmonologist identifies all patients with signs, symptoms or risk factors for 

PH and undertakes further diagnostic steps through multi-disciplinary consultation. 

2. After multidisciplinary consultation, the local PH team determines whether a RHC 

is required because pre-capillary PH is suspected. In patients with PH due to overt 

left heart disease or PH due to pulmonary disease, RHC is not routinely performed. 

All patients discussed by the local PH team are anonymously entered in an online 

database (part of PAHtool, Inovoltus, Portugal). Detailed entry criteria for inclusion in 

the registry are 1. suspected PH on echocardiography (tricuspid regurgitation velocity 

>2,8 m/s and/ or other echocardiographic signs for PH, including right ventricular (RV) 

hypertrophy or dilatation, leftward septal bowing or decreased TAPSE), 2. uncertainty 

about the cause of PH (defined as possible pre-capillary PH, warranting multi-

disciplinary consultation). Patients with systolic heart failure (LVEF<50%) or significant 

valvular heart disease (more than mild) are considered to have post-capillary PH and 

are therefore excluded from the registry13. 

The current validation cohort consists of all patients diagnosed between January 

2015 and October 2018 in whom diagnostic doubt persisted after multi-disciplinary 

consultation and thus hemodynamics were performed (figure 1). 

A final diagnosis of PH was made in the presence of a mean pulmonary artery pressure 

(mPAP) ≥ 25 mmHg. The presence of a PAWP >15 mmHg at rest combined with clinical 

signs or symptoms of heart failure resulted in a diagnosis of post-capillary PH. PAWP 

tracings were assessed during end expiration and either reviewed by PH clinicians from 

this center or by experienced PH physicians specifically trained in RHC performance and 
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evaluating PAWP tracings. In pre-capillary PH, significant lung disease was ruled out by 

lung function testing (including spirometry and diffusion capacity) and high-resolution 

CT, according to current guidelines1. CTEPH was diagnosed based on a combination 

of findings from computed tomography (CT) angiography, perfusion scintigraphy and 

pulmonary angiography. 

The registry was approved by the local ethics committee in the Netherlands and was 

not considered to fall within the scope of the Medical Research Involving Human 

Subjects (WMO) (approval number 2014326). All requirements of the hospital research 

and ethical review board were met and no informed consent statement was required. 

Data collection and variables of interest

OPTICS score
The original risk score consisted of the following components: a medical history of 

left heart disease (LHD; defined as either previous coronary artery disease (myocardial 

infarction or significant coronary artery stenosis) or previous valvular heart disease more 

Figure 1. Workflow of participating non-referral PH centers, risk score application and patient 
numbers. Upon the presence of echocardiography-based PH, patients were discussed by the local 
PH team and either no further diagnostic steps were required (i.e. definite diagnosis of post-
capillary PH or PH due to pulmonary disease) or RHC was performed because of diagnostic 
uncertainty. In the latter case the Bonderman algorithm or the OPTICS risk score was applied for 
validation purposes. PH: pulmonary hypertension, RHC: right heart catheterization.
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than mild, yes or no), sum of S wave in V1 and R wave in V6 on ECG (in mm), presence 

of left atrial dilatation (LAD) on echocardiography (yes or no) and the presence of 

left valvular heart disease worse than mild on echocardiography (yes or no) (figure 2). 

A detailed description of the risk score development including model building and 

performance can be found elsewhere12. All predefined risk factors for post-capillary 

PH incorporated in the original model were extracted from the OPTICS database. 

Echocardiographic LAD was scored by the local investigators by determining left 

atrial volumes indexed for body surface area, adhering to recommendations from 

international guidelines14. We modified the original score by excluding the component 

for valvular heart disease. This was done because when designing the registry it 

was anticipated that patients with significant valvular heart disease do not represent 

a population in whom pre-capillary PH is initially suspected. 

Bonderman algorithm
The Bonderman algorithm is based on a classification and regression tree (CART) 

algorithm and is specifically aimed at excluding pre-capillary PH. Two variables are 

included: RVS on ECG (defined as ST-segment deviation and T-wave inversions in leads 

V5 and V6) and NT-proBNP levels at a cut-off of 80 ng/mL (figure 2). The original 

algorithm states that when RVS is absent and NT-proBNP levels are below 80 ng/mL, 

pre-capillary PH can be excluded.

Statistics
Sensitivity and specificity of the OPTICS score were calculated at different predefined 

risk-score cut-off values. Predictive properties of the OPTICS score were anticipated 

A. B.

Figure 2. Optics risk score and Bonderman algorithm. A. Scoring system of the OPTICS risk score. 
B. Pulmonary hypertension (PH) diagnosis tree based on the Classification and Regression Tree 
algorithm. BNP: brain natriuretic peptide, Ppa,syst: systolic pulmonary artery pressure, RVS: right 
ventricular strain on ECG.
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to be different when tested in a non-referral setting and therefore optimal cut-off 

values were explored in the current cohort12. As the OPTICS risk score specifically aims 

to identify patients with post-capillary PH, a cut-off value with a specificity of 100%, 

combined with highest sensitivity was considered optimal. 

Sensitivity and specificity for the Bonderman algorithm were likewise assessed. 

However, because the Bonderman algorithm was specifically designed to exclude pre-

capillary PH we aimed for a sensitivity of 100%. A 100% sensitivity indicates that no 

patients with pre-capillary PH are falsely classified as non-pre-capillary PH.

Patient characteristics were described as either mean (±SD) for continuous variables 

and as absolute numbers (%) for categorical variables. Student T-tests and chi-square 

tests were performed to compare patient characteristics between patients with pre- 

and post-capillary PH. Throughout the analyses, a p-value of <0.05 was considered 

statistically significant. As there are no generally accepted approaches to estimate 

the sample size for a validation study we used all data available for this study15. 

RESULTS
Patient selection and clinical characteristics 
Between January 2015 and October 2018, 403 patients with signs of PH on echo 

were included in the OPTICS registry. Figure 1 shows patient selection for the current 

analysis. In 256 patients a final diagnosis of post-capillary PH or PH due to lung disease 

was established after multidisciplinary consultation and thus no RHC was performed. 

The presence of treatable pre-capillary PH could not be excluded in 147 patients and 

therefore the local team deemed a RHC necessary. Clinical characteristics of these 

patients are presented in table 1. 

Mean age of patients with a final diagnosis of PAH or CTEPH was 67 years and 71 

years in post-capillary PH patients. Patients with post-capillary PH had significantly 

higher body mass index, presented more often with LAD, had more comorbidities and 

a lower mPAP and pulmonary vascular resistance (PVR) (all p-values <0.05). Differences 

in  characteristics between the current cohort and both development studies are 

presented in the supplements. 

External performance of the prediction models 
OPTICS score
Sensitivity and specificity for the identification of post-capillary PH are presented in 

table 2. At a cut-off ≥56, 1 out of 5 patients initially suspected of pre-capillary PH, 
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Table 1. Patient characteristics and hemodynamics. 

All Patients Pre-capillary PH Post-capillary PH p-value*

Patients, n 147 64 (44%) 83 (56%)
Number male (%) 70 (48%) 35 (55%) 35 (42%) ns
Mean risk score 30 ± 17 20 ± 11 38 ±17 <0.001
CTEPH, n na 33 (52%) na
Age (years) 69 ± 12 67 ± 12 71 ± 11 0.048
BMI 29 ± 7 26 ± 4 31 ± 8 <0.001
Comorbidities, n 
 Hypertension 103 (70%) 36 (56%) 67 (81%) 0.012
 Diabetes 38 (26%) 9 (14%) 29 (35%) 0.010
 Coronary artery disease 41 (28%) 10 (16%) 31 (37%) 0.010
 AF 27 (18%) 7 (11%) 20 (24%) 0.012
Echocardiography
  LA dilatation 73 (50%) 13 (20%) 60 (72%) <0.001
RHC
  RAP (mmHg) 11 ± 6 9 ± 4 13 ± 6 0.029
  Mean PAP (mmHg) 40 ± 10 45 ± 10 36 ± 9 <0.001
  PAWP (mmHg) 17 ± 7 11 ± 3 21 ± 6 <0.001
  PVR (WU) 5.4 ± 4.1 8.1 ± 4.6 3.3 ± 2.5 <0.001
  CI (L/min/m2) 2.6 ± 0.8 2.5 ± 0.9 2.7 ±  0.7 ns
NT-proBNP (ng/L) 1187 (321-2784) 1241 (168-2964) 1187 (405-2547) ns

Data are given as mean (+/- SD), median (IQR) or percentages (%). Bold values are statistically significant. 
BMI: body mass index, CI: cardiac index, LA: left atrial, PAP: pulmonary artery pressure, PAWP: pulmonary 
arterial wedge pressure, PVR: pulmonary vascular resistance, RAP: right atrial pressure, RHC: right heart 
catheterization. *p-value for pre- vs post-capillary PH. Pre-capillary PH includes PAH and CTEPH.

Table 2. External validation of the OPTICS score. 

Risk score Sensitivity (%) Specificity (%)

≥40 44% 97%
≥48 29% 98%
≥56 21% 100%
≥64 7% 100%
≥72 0% 100%

Presented are sensitivity and specificity of the predefined cut-off values as proposed in the original paper. Bold 
values represent proposed risk score cut-off. 



NONINVASIVE PREDICTION OF PRE- OR POST-CAPILLARY PULMONARY HYPERTENSION

113

6

could be noninvasively identified as post-capillary PH (sensitivity 21%) without missing 

any pre-capillary cases (specificity 100%). 

Bonderman algorithm
The Bonderman algorithm could be applied in 130 patients (NT-proBNP was missing 

in 17 patients). External validation of the Bonderman algorithm yielded a sensitivity 

of 89% (table 3), indicating that in 11% of patients with actual pre-capillary PH, pre-

capillary PH was incorrectly excluded. Specificity of the Bonderman score was 9%. 

In 7 patients pre-capillary PH was missed when applying the Bonderman algorithm.  In 

those patients RVS was absent and NT-proBNP levels were below 80 pg/mL (3 patients 

with CTEPH, 2 idiopathic PAH and 2 with PAH due to congenital heart disease). Average 

age of these patients was 61 years and average mPAP, PVR and cardiac index in these 

patients were 38 mmHg, 4.4 WU and 3.3 L/min/m2, respectively. 

DISCUSSION
Adequate identification of either pre- or post-capillary PH is frequently not possible by 

echocardiography alone and requires the performance of an invasive RHC, a procedure 

that is often only done at PH expert centers. Here we show that the number of patient 

referrals and RHCs can be reduced by means of a diagnostic tool that is based on 

noninvasive variables. The OPTICS score, originally developed in a tertiary PAH center, 

showed good performance in the setting of non-referral community hospitals in 

the Netherlands. The score accurately identified post-capillary PH in 21% of patients 

initially suspected of pre-capillary PH, with a specificity of 100%. On the contrary, 

the Bonderman algorithm could not sufficiently rule out pre-capillary PH when applied 

to an external population. 

Table 3. External validation of the Bonderman algorithm. 

Pre-capillary PH diagnosed by RHC RVS
NO RVS and NT-
proBNP>80 pg/mL

NO RVS and NT- 
proBNP ≤80 pg/mL Total

Yes 7 47 7 61
No 1 62 6 69
Total 8 109 13 130

Data presented as numbers. A total of 8 patients presented with right ventricular strain (RVS) on ECG. In 
the absence of RVS (n=122) patients were stratified according to NT-proBNP levels. In total 13 patients 
presented with no RVS and NT-proBNP levels <80 pg/ml, 7 of whom had a final diagnosis of pre-capillary 
pulmonary hypertension (PH) after right heart catheterization (RHC). NT-proBNP levels were missing in  
17 patients. 
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The OPTICS score and Bonderman algorithm similarly integrate clinical and imaging 

data that are easy to obtain. However, each model adopts a different strategy to 

facilitate noninvasive diagnostic decision making: either by excluding the presence 

of pre-capillary PH or by noninvasive identification of post-capillary PH. At the stage 

of development in the referral center, both strategies seemed capable of reducing 

the number of RHC performed, pending external validation. In the present external 

validation study, however, we show that in the setting of community hospitals in 

the Netherlands, only application of the OPTICS score ensures that no diagnoses of 

treatable pre-capillary PH are missed. The algorithm developed by Bonderman et al., 

which combines the absence of RVS patterns on ECG with low NT-proBNP levels in 

order to effectively exclude pre-capillary PH, led to a considerable number of missed 

pre-capillary PH cases (11%). Application of this score can therefore result in the denial 

of effective therapies to patients with PAH or CTEPH. 

The low sensitivity of the Bonderman algorithm for the exclusion of pre-capillary PH 

was based on the fact that 7 patients with pre-capillary PH had low NT-proBNP levels. 

This finding was somewhat surprising considering the known strong negative predictive 

value of low NT-proBNP levels for the presence of a non-cardiac cause of dyspnea16. 

As high NT-proBNP levels reflect RV dysfunction and dilatation17, we hypothesize that 

these patients had relatively mild disease, possibly with adaptive RV remodeling. 

Indeed an average cardiac index of 3,3 L/min/m2 in these patients strongly suggests 

the presence of relatively preserved RV function.

In spite of the potential reduction in unnecessary patient referrals when applying 

the OPTICS risk score, about 80% of patients with post-capillary PH in our study still 

presented with a low risk score. These patients typically have no previous history 

of coronary artery disease, a preserved ejection fraction, no signs of left ventricular 

hypertrophy or valvular dysfunction. The clinical significance of a low OPTICS risk 

score therefore seems to be limited and a low risk score does not appear to be 

particularly useful in predicting pre-capillary PH. Possibly, a score that incorporates 

more sophisticated measures of diastolic dysfunction could improve the noninvasive 

diagnosis for this specific group of patients with post-capillary PH. For instance, 

a recent study demonstrated the independent predictive value of left atrial strain and 

isovolumetric relaxation time derived from echocardiography as indicators of elevated 

filling pressures in HFpEF18. However, the potential incremental value in predicting 

post-capillary PH needs to be addressed in future studies.

Limitations
In 17 patients NT-proBNP levels were missing, of which 14 patients had post-capillary 

PH. This could have influenced the specificity of the Bonderman algorithm. In addition, 
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the diagnosis of pre- versus post-capillary PH relied on PAWP tracings, which can be 

considered an oversimplification of the “real-world” setting.   

Clinical implications
Based on the current data, the Bonderman score cannot be propagated as a stand-

alone tool for the exclusion of pre-capillary PH in the non-referral setting. However, 

use of the OPTICS risk score in daily clinical practice will enable the identification of 

post-capillary PH among a subset of patients in whom a RHC is initially considered. 

A high OPTICS score can tailor diagnostic work up and should prompt further 

investigation into the possible presence of heart failure, even when echocardiography 

does not provide obvious evidence of the presence of left sided heart disease. Of 

note, the referral of patients with high suspicion of post-capillary PH can still be 

considered in case of persisting diagnostic doubt or when severe PH or RV dysfunction 

is present and improved prognostication is desirable. Also when post-capillary PH with 

a pre-capillary component is suspected (i.e. combined post- and pre-capillary PH), 

patients may still benefit from referral to expert centers for trial participation or disease 

management. Potential applications of the  OPTICS score outside daily clinical practice 

include improving or comparing patient phenotypes and redefining inclusion criteria 

for clinical trial participation. 

Conclusion
The present study shows that in the real-world community hospital setting, the OPTICS 

score but not the Bonderman algorithm can be used to predict the presence of post 

-capillary PH. In patients in whom pre-capillary PH is initially suspected, the OPTICS 

score can aid in guiding the decision to refer a patient to a PH expert center and can 

help to avoid unnecessary RHC in 1 out of 5 patients. 
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SUPPLEMENTS

Table A. Patients characteristics from the OPTICS development- and external validation cohort. 

Variable

Development cohort
N=380

External validation cohort
N=147

PAH Post-capillary PH
Pre-capillary 
PH

Post-capillary 
PH

Patients, n 300 (79%) 80 (21%) 64 (44%) 83 (56%)
Number male (%) 27% 36% 35 (55%) 35 (42%)
Mean risk score 19 ± 14 58 ± 22 20 ± 11 38 ± 17
Age (years) 51 ± 17 64 ± 14 67 ± 12 71 ± 11
BMI (weight/height2) 26 ± 6 28 ± 6 26 ± 4 31 ± 8
Comorbidities (%)
 Hypertension 19% 41% 36 (56%) 67 (81%)
 Diabetes 10% 33% 9 (14%) 29 (35%)
 CAD 7% 31% 10 (16%) 31 (37%)
 Left valvular heart disease 2% 43% na na
Echocardiography
  Left atrial dilatation (%) 24% 86% 13 (20%) 60 (72%)
RHC
  RAP (mmHg) 9 ± 9 12 ± 7 9 ± 4 13 ± 6
  Mean PAP (mmHg) 48 ± 15 42 ± 12 45 ± 10 36 ± 9
  PAWP (mmHg) 9 ± 5 21 ± 6 11 ± 3 21 ± 6
  PVR (WU) 9.9 ± 6.8 5.4 ± 4.0 8.1 ± 4.6 3.3 ± 2.5
  CO(L/min) 5.1 ± 2.1 5.4 ± 2.2 4.8 ± 1.5 5.4 ± 1.5

Data are given as mean(+/- SD), median (IQR) or percentages (%).BMI: body mass index, CAD: coronary artery 
disease, CO: cardiac output, PAP: pulmonary artery pressure, PVR: pulmonary vascular resistance, RAP: right 
atrial pressure, RHC: right heart catheterization.

Table B. Patients characteristics from the Bonderman study- and external validation cohort. 

Variable

Development cohort
N=251

External validation cohort
N=147

Pre-capillary 
PH

No pre-capillary 
PH

Pre-capillary 
PH

Post-capillary 
PH

Patients, n 187 (75%) 64 (25%) 64 (44%) 83 (56%)
Number male (%) 38% 41% 35 (55%) 35 (42%)
Age (years) 56 ± 16 61 ± 16 67 ± 12 71 ± 11
RHC
 Mean PAP (mmHg) 49 ± 14 24 ± 8 45 ± 10 36 ± 9
 PAWP (mmHg) 10 ± 6 13 ± 5 11 ± 3 21 ± 6
 PVR (WU) 9.4 ± 4.6 2.0 ± 1.1 8.1 ± 4.6 3.3 ± 2.5
 CO(L/min) 4.5 ± 1.3 6.0 ± 1.8 4.8 ± 1.5 5.4 ± 1.5

Data are given as mean(+/- SD) or percentages (%). CO: cardiac output, PAP: pulmonary artery pressure, PVR: 
pulmonary vascular resistance, RHC: right heart catheterization.
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ABSTRACT
Background
Drugs approved for pulmonary arterial hypertension (PAH) have been considered for 

patients with heart failure with preserved ejection fraction (HFpEF) and combined post- 

and pre-capillary PH (Cpc-PH). We aimed to study changes in cardiac volumes, cardiac 

load and left ventricular (LV) filling pressures in patients with HFpEF and Cpc-PH in 

response to PAH-specific treatment. 

Methods and results
In this prospective study 23 patients with HFpEF and Cpc-PH underwent right heart 

catheterization (RHC), including acute provocation testing (fluid loading and inhaled 

nitric oxide (iNO)) and cardiac MRI at baseline. RHC and cardiac MRI were repeated 

after 4 months of treatment. At baseline, acutely increasing preload by fluid loading 

resulted in a significant increase in pulmonary arterial wedge pressure (PAWP), 

whereas reducing right ventricular (RV) afterload and increasing LV distensability by 

acute administration of iNO had no effect on PAWP. After 4 months of treatment, we 

observed a significant reduction in RV and LV afterload (Ea) and increased RV and LV 

stroke volume but PAWP significantly increased.

Conclusions
In patients with HFpEF and Cpc-PH, 4 months of PAH-specific treatment increased RV 

and LV stroke volume at the expense of increased PAWP. This increase in PAWP was 

similarly observed acutely after fluid loading.
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INTRODUCTION
Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous clinical 

syndrome characterized by diastolic dysfunction and often complicated by pulmonary 

hypertension (PH)1-3. Despite their relatively preserved systolic function, patients with 

HFpEF present with elevations in left ventricular (LV) filling pressures which can be 

approximated by the pulmonary arterial wedge pressure (PAWP) during right heart 

catheterization (RHC)4. Although pulmonary vasodilators have unequivocal beneficial 

effects in patients with pulmonary arterial hypertension (PAH), these drugs are currently 

not recommended for patients with HFpEF(-PH). Most studies on the effects of PAH-

specific drugs in patients with HFpEF have been disappointing5-9. However, study 

populations were heterogeneous and did not always encompass patients with PH 

in general or patients with severe PH in particular. As such, it has been proposed 

that PAH-specific drugs may still prove beneficial in specific subgroups of patients  

with HFpEF10. 

Patients with PH due to heart failure are separated into those with isolated post-

capillary PH (Ipc-PH) and those with combined post- and pre-capillary PH (Cpc-PH) 

based on hemodynamic profiles1. Ipc-PH is caused by the passive backward 

transmission of elevated pressures from the left side of the heart10. In patients with 

Cpc-PH, pulmonary vascular resistance (PVR) increases in tandem with PAWP due 

to vasoconstriction and remodelling of the pulmonary vasculature11. Based on this 

resemblance to the hemodynamic derangements in patients with PAH, the use of 

PAH-specific drugs has been considered in patients with HFpEF and Cpc-PH. Indeed, 

the only trial demonstrating positive effects of PAH-specific drugs in HFpEF included 

predominantly patients with PH and elevated PVR5. Theoretically, if PAH-specific drugs 

in these patients successfully reduce PVR, this will unload the right ventricle (RV) and 

increase stroke volume. However, data concerning the hemodynamic- and cardiac 

effects of PAH-specific medication, including components of RV- and LV afterload in 

patients with HFpEF and Cpc-PH, are scarce. 

To provide additional mechanistic insight, the acute effects of stressing the cardiovascular 

system can be evaluated by 2 forms of provocation: increasing preload by rapid 

administration of saline (fluid loading) and acute alteration of LV distensability (in 

combination with reduction in RV afterload) by  inhaled nitric oxide (iNO)12, 13. 

The aim of the present study was to determine acute and chronic changes in cardiac 

load and volumes in response to provocation testing or PAH-specific treatment in 

patients with Cpc-PH and HFpEF.
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METHODS
Study population and design
In this prospective study, 23 consecutive patients were studied between June 2015 

and March 2018. All patients were referred to the Vrije Universiteit Medical Centre 

(a tertiary referral centre for PH) because of suspected pre-capillary PH, but were 

ultimately diagnosed with Cpc-PH associated with HFpEF. Inclusion criteria were: left 

ventricular ejection fraction (LVEF) >50% on echocardiography or cardiac magnetic 

resonance imaging (CMR); signs and/or symptoms of heart failure; mean pulmonary 

artery pressure (mPAP) >25 mmHg; PAWP >15 mmHg; PVR above 3 Woods units (WU); 

or PVR between 2.5 and 3 WU combined with a transpulmonary gradient (TPG) >12 

mmHg14, 15. Patients with a PAWP between 12 and 15 mmHg (n=7) were also included 

when ≥3 of the following criteria were present: obesity (BMI ≥30); hypertension; 

diabetes mellitus; or history of significant coronary artery disease16 because they were 

interpreted as being clinically highly suspicious for occult PH-HFpEF. Exclusion criteria 

for the study were: age >80 years, contraindication to CMR (i.e. cardiac devices, 

mechanical heart valves, medicine pump) or other factors possibly contributing to PH 

(i.e. severe lung diseases, chronic thromboembolic disease, scleroderma, congenital 

heart disease). 

At baseline all patients underwent RHC and CMR imaging. Also 6-minute walk distance 

(6MWD) and NT-proBNP levels were assessed. These measurements were repeated 

after 4 months of follow-up. After informed consent, patients were treated with PDE5 

inhibitors (PDE5I) unless contraindications for PDE5I were present (e.g. concomitant 

nitrate use). In that case endothelin receptor antagonists (ERA) were initiated. In NYHA 

class III patients with a PAWP ≤15 mmHg combination of PDE5I plus ERA could be 

initiated1.  All patients provided written informed consent and the study was approved 

by the local Ethics Committee (approval number: 2014.517). This study confirms with 

the principles outlined in the Declaration of Helsinki. 

Study Measurements
Right heart catheterization 
Hemodynamic assessment was performed with a 7F balloon tipped flow directed 

Swan-Ganz catheter (131HF7, Baxter, Healthcare Corp Irvine, California), inserted 

via the jugular vein during continuous electrocardiographic monitoring. During 

the procedure the following parameters were measured: mPAP, right atrial 

pressure (RAP), PAWP and heart rate. Cardiac output (CO) was measured using  

the Thermodilution method and divided by HR to obtain stroke volume. All pressure 

recordings were saved and interpreted after the procedure by a single experienced 

operator (FPTO). For every patient the zero level was set at mid-thoracic position 
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reflecting the level of the left atrium. In order to obtain a reliable PAWP, tracings were 

obtained at end-expiration without breath holding. Thermodilution measurements of 

cardiac output were minimally performed trice if a patient was in sinus rhythm (5 times 

if in atrial fibrillation) with an acceptable variance of 10%.  

We quantified RV- and LV afterload by calculating effective arterial elastance (Ea), 

compliance and vascular resistance. Ea was calculated as mPAP/stroke volume and 

as 0.9 times systolic blood pressure (RR)/stroke volume for the systemic vasculature17. 

As an alternative, as it has been suggested that RV end-systolic pressure more closely 

resembles systolic PAP than mPAP with increasing PAP, Ea was calculated as systolic PAP/ 

stroke volume18. Pulmonary arterial compliance (PCa) was obtained by dividing stroke 

volume with pulse pressure (i.e. systolic PAP- diastolic PAP)19. Systemic compliance 

(i.e. total arterial compliance, TAC) was calculated as stroke volume/systemic pulse 

pressure. Pulmonary and systemic vascular resistance were determined by calculating 

PVR ((mPAP-PAWP)/CO), total PVR (TPVR = mPAP/CO) and systemic vascular resistance 

was determined by (SVR = mean arterial RR-mean right atrial pressure (RAP)/CO). 

TPG was defined as mPAP minus PAWP, and diastolic pulmonary gradient as diastolic 

PAP-PAWP. With RAP as a surrogate for external pericardial pressures, mPAP-PAWP 

was calculated as an estimate of filling pressures regardless of pericardial restraint20. 

Acute provocation testing
After baseline hemodynamic data were acquired, vasoreactivity testing was performed 

by inhalation through a nose mask of 20 parts per million NO for 10 minutes. 

Hemodynamic assessment was performed during and directly after the vasodilator 

challenge. Subsequently, fluid loading was performed by slow administration of 100 

ml of 0.9% saline solution in 5 minutes. After 5 minutes, another 500 ml 0.9% saline 

solution was administrated in 15 minutes. During the infusion of a total amount of 600 

ml, heart rate, systemic blood pressure, saturation, pulmonary pressures and PAWP 

were measured after each 100 ml. For safety reasons, because of potential risk for 

pulmonary oedema, fluid loading or iNO testing was not performed in patients with 

a RAP >15 mmHg or PAWP >25 mmHg. 

Cardiac magnetic resonance imaging
CMR was performed on a 1.5-Tesla Avanto scanner (Siemens, Medical Solutions, 

Erlangen, Germany), equipped with a 6-element phased array receiver coil. 

Electrocardiographic-gated cine imaging was performed with a balanced steady-state 

free precession pulse sequence during repeated expiratory breath-holds. After getting 

several localizer images, a stack of short-axis images covering the ventricles from base 

to apex was obtained with a typical slice thickness of 5mm and an interslice gap of 
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5mm. The short-axis images were post-processed by a blinded observer that analysed 

the ventricular volumes and mass by the MASS-software package (MEDIS, Medical 

Imaging Systems, Leiden, The Netherlands). On end-diastolic images (first cine image 

after the R-wave trigger) and end-systolic images (cine image with visually the smallest 

cavity area), endocardial contours of the RV and LV were obtained by manual tracing. 

Papillary muscles and trabeculae were considered as part of the ventricular wall. 

Ventricular volumes were calculated using the Simpson rule. LV and RV ejection 

fraction were calculated as stroke volume (end-diastolic volume (EDV) minus end-

systolic volume (ESV)) divided by EDV and multiplied by 100%. The left atrial area was 

assessed on the image when the atria were maximally filled by manually delineating 

left atrial contours on a standard 4-channel view and indexed for body surface area. 

Statistics
Statistical analyses were performed using SPSS version 22 (SPSS Inc. Chicago, Illinois, 

USA). Throughout the analyses, a p-value <0.05 was considered statistically significant. 

Data are presented as mean ± standard deviation for continuous variables and 

absolute numbers with percentages for categorical variables. Student’s t-test, paired 

student’s t-test, chi-square test and Wilcoxon signed rank tests were used in patients 

with before- and after measurements available, where appropriate. Normality was 

assessed by visually inspecting the distribution, including QQ-plots. Variables were 

log-transformed in case of a non-normal distribution and subsequently presented as 

median and interquartile range (IQR). For missing data, pairwise deletion was used in 

order to maximize power required for the calculation. 

RESULTS
Baseline characteristics
Baseline characteristics are presented in table 1 and a flowchart of patient inclusion 

is presented in figure 1. Mean age of the study cohort was 69± 10 years, the majority 

of patients was female (87%) and 74% of patients started with a PDE5I at baseline. 

In 4 patients diuretics were either initiated or increased in dosage (1 patient started 

with furosemide and spironolactone, 2 patients started with furosemide and in one 

patient furosemide dose was increased). Most patients used beta-blockers (83%) or 

renin-angiotensin-aldosterone system inhibitors (65%). 

Provocation testing
Fluid loading and vasoreactivity testing was performed in 17 patients. Provocation 

testing was not performed in 3 patients with a RAP>15mmHg for safety reasons, in 

2 patients who were initially referred for suspected CTEPH and therefore provided 



HEMODYNAMIC EFFECTS OF PAH-SPECIFIC THERAPY IN HFPEF PATIENTS 

127

7

Table 1. Baseline characteristics

Total cohort

Patients, n 23
Male, n 3 (13%)
Age, years 69 ± 10
NYHA class

 II

 III

5 (22%)

18 (78%)
Medication, n
 PDE5I 17 (74%)
 ERA 3 (13%)
 Dual therapy 3 (13%)
Initiation/ dosage increase diuretics at baseline, n 4 (17%)
Heart failure related treatment,
 Beta-blockers 19 (83%)
 RAAS inhibitors 15 (65%)
Comorbidities, n
 Diabetes 6 (26%)
 Obesity 13 (57%)
 Hypertension 18 (78%)
 Coronary artery disease 5 (22%)
 Dyslipidemia 4 (17%)
 Atrial fibrillation 12 (52%)

BMI=body mass index; ERA=endothelin receptor antagonist; PDE5I=phosphodiesterase-5 inhibitor;  
RAAS= Renin-angiotensin-aldosterone system. 

Figure 1. Study flowchart. PVR= pulmonary vascular resistance.
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Figure 2. Pulmonary arterial wedge pressure (PAWP) response after fluid loading and iNO versus 
after treatment. iNO= inhaled nitric oxide. 

no informed consent for the provocation tests before baseline RHC and 1 patient 

who refused. In addition, 1 patient received no iNO because of technical reasons. 

Fluid loading induced a significant increase in PAWP (mean change in PAWP 3 mmHg, 

p<0.001), whereas iNO had no effect on PAWP (baseline 17 mmHg versus 16 mmHg 

after iNO, figure 2). There was a non-significant increase in CO (average increase of 

0.4L/min, n=12) with iNO. mPAP did not significantly change after iNO administration 

(40 versus 38 mmHg after iNO, n=15). The average increase in RAP after fluid loading 

was smaller than the increase in PAWP (2 mmHg increase in RAP versus 3 mmHg change 

in PAWP) and PAWP–RAP gradients did not statistically change after fluid loading.  

Effect of PAH-specific therapy on hemodynamics
In table 2 and figure 3 the effects of PAH-specific drugs on hemodynamics are 

presented. After 4 months of treatment, there was no significant change in mPAP, 

CO or RAP but LV stroke volume increased significantly (79 ml versus 68 at baseline, 

p=0.010). RV afterload was significantly reduced as characterized by a decrease in PVR 

(3.4 versus 4.0 WU at baseline, p=0.001), decrease in Ea and increase in PCa. Patients 

treated with PAH-specific therapy displayed a significant increase in PAWP (baseline 

17 ±3 versus 19 ±4 mmHg after treatment, p=0.002). In patient with RV dysfunction 

(defined as RAP>11 mmHg and CI < 2,5 L/min/m2, n=7) PAWP did not change after 

4 months of treatment  (median PAWP before treatment 17 mmHg [IQR 14-19 mmHg] 

and after treatment 17 mmHg [IQR 15-25 mmHg]). 

Regarding systemic measurements, SVR and systemic Ea were significantly reduced 

but TAC did not significantly change.
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Figure 3. Effects of PAH-specific therapy on hemodynamics. PAP=pulmonary artery pressure, 
PVR= pulmonary vascular resistance, PAWP = pulmonary arterial wedge pressure. Plotted are 
patients with follow-up available (n=20).

Effect of PAH-specific therapy on cardiac volumes and function
There was a trend for an increase in RVEDV, whereas RVESV was unchanged after 

PAH-specific treatment; RV stroke volume and RVEF significantly increased. LVEDV 

significantly increased, LVESV remained unchanged and LV stroke volume increased 

(table 2, figure 4). When analyzing the results restricted to patients prescribed PDE5, 

results remained unchanged. 

Effect of PAH-specific therapy on 6MWD, NYHA functional class 
and NT-proBNP
After 4 months of treatment, we did not observe a significant change in 6MWD or 

NT-proBNP levels. At baseline 80% of patients were in NYHA class III-IV versus 65% of 

patients after 4 months of follow-up (p=0.618).  

Patient drop-out and treatment changes 
Follow-up data was available for 20 patients; 1 patient withdrew from the study 

because of its logistical burden and 2 patients did not tolerate the study drug. Of 
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Table 2. Hemodynamic and cardiac parameters at baseline and follow up 

Baseline 4 months P-value

Number of patients, n 23 20 na
Noninvasive systemic pressure
 Systolic 139 ± 23 137 ± 14 ns
 Diastolic 79 ± 8 74 ± 10 0.021
 Mean arterial pressure 99 ± 12 95 ± 9 0.050
NT-proBNP, ng/L 1096 (420-2172) 1054 (504-1687) ns
6MWD, m 268 ± 146 288 ± 140 ns
Body weight (kg) 91 ± 20 92 ± 20 ns
RHC
 mPAP, mmHg 42 ± 9 39 ± 10 ns
 sPAP, mmHg 66 ± 14 61 ± 16 0.044
 dPAP, mmHg 27 ± 7 25 ± 9 ns
 mRAP, mmHg 10 ± 4 9 ± 3 ns
 sRVP, mmHg 66 ± 14 61 ± 15 0.044
 dRVP, mmHg 7 ± 4 6 ± 5 ns
 TPVR, WU 6.9 (6.0-13.4) 6.7 (5.1-9.5) 0.008
 PVR, WU 4.0 (3.3-10.0)  3.4 (2.3-6.0) 0.001
 PAWP, mmHg 17 ± 3 19 ± 4 0.002
 PAWP-RAP, mmHg 7 ± 3 10 ± 4 <0.001
 CO, L/min 5.0 ± 1.5 5.7 ± 2.0 ns
 Stroke volume, ml 68 ± 23 79 ± 25 0.010
 Ea, mmHg/ml 0.74 ± 0.33 0.55 ± 0.23 0.007
 PCa, ml/mmHg 1.8 ± 0.6 2.3 ± 0.9 0.004
 Heart rate, bpm 76 ± 13 73 ± 13 ns
Systemic measurements
 SVR, WU 17.5 (13.7-23.6) 15.6 (14.6-17.7) 0.022
 TAC, ml/mmHg 1.1 ± 0.3 1.3 ± 0.6 ns
 Ea, mmHg/ml 2.1 ± 0.76 1.7 ± 0.53 0.002
CMR 
 RVEDV, ml 128 ± 27 141 ± 39 ns
 RVESV, ml 66 ± 29 67 ± 23 ns
 RV stroke volume, ml 62 ± 17 74 ± 25 0.005
 RVEF, % 50 ± 14 53 ± 11 0.012
 LVEDV, ml 98 ± 28 117 ± 36 0.002
 LVESV, ml 34 ± 14 40 ± 18 ns
 LA area indexed, cm2/m2 12 ± 5 13 ± 5 0.010
 LVEF, % 66 ± 8 67 ± 9 ns

CO = cardiac output; CMR = cardiac magnetic resonance imaging; Ea = arterial elastance; LA = left atrial; 
LVEDV = left ventricular end-diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular 
end-systolic volume; mPAP = mean pulmonary artery pressure; mRAP= mean right atrial pressure; NT-proBNP 
= N-terminal pro-brain natriuretic peptide; PAWP = pulmonary arterial wedge pressure; PCa = pulmonary 
arterial compliance; (T)PVR = (total) pulmonary vascular resistance; RVEDV = right ventricular end-diastolic 
volume; RVEF = right ventricular ejection fraction; RVESV = right ventricular end-systolic volume; SVR = 
systemic vascular resistance; TAC = total systemic arterial compliance.
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these, 1 patient developed severe hypotension and 1 patient developed oedema and 

progressive heart failure related symptoms (both on PDE5I). One patient switched from 

tadalafil to ambrisentan after 2 weeks due to side effects (headache and hypotension). 

The remaining patients tolerated full drug dosage.

DISCUSSION
In this study, which included carefully phenotyped patients with HFpEF and Cpc-PH, 

we were able to demonstrate that PAH-specific drugs resulted in RV and LV afterload 

reduction and this coincided with increases in RV and LV stroke volume. However, that 

was at the expense of increased LV filling pressures (PAWP), implying that underlying 

LV diastolic impairments in these patients were exaggerated. In addition, fluid loading 

acutely increased PAWP, whereas no acute effect on PAWP was seen after iNO.

PAH-specific medication in Cpc-PH HFpEF reduced RV afterload 
and increased RV stroke volume
In HFpEF, there is passive backward transmission of (increased) LV filling pressures, 

resulting in an isolated “passive” increase in pulmonary pressures (Ipc-PH). In a subset 

of patients, a chronic increase in LV filling pressures can serve as a trigger for pulmonary 

Figure 4. Effects of PAH-specific therapy on cardiac remodelling. LVEDV = left ventricular end-
diastolic volume; LVEF = left ventricular ejection fraction; LVESV = left ventricular end-systolic 
volume; RVEDV = right ventricular end-diastolic volume; RVEF = right ventricular ejection fraction; 
RVESV = right ventricular end-systolic volume. Plotted are patients with follow-up available (n=20).
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vasculature remodeling11. In this case, Ipc-PH progresses into Cpc-PH and load on 

the RV is increased. These secondary abnormalities of the lung vasculature form 

the main rationale for PAH-targeted therapies in Cpc-PH. Indeed, in the present study 

we observed an elevation in both steady- and pulsatile components of RV afterload, as 

characterized by PVR and PCa. Both components of RV afterload were responsive to 

PAH-specific therapy: PVR decreased and PCa increased. Alternatively, the quantifying 

of RV afterload by RV Ea led to similar results. While this decrease in RV afterload in 

response to PAH-specific medication is of similar direction as  the response observed in 

patients with PAH, this decrease is less pronounced21. In the recently finished Melody-1 

trial (macitentan in patients with a mixed population of heart failure with preserved or 

reduced ejection fraction and Cpc-PH), a reduction in PVR was also observed, although 

the change was not statistically different from that of placebo9. 

In tandem with the reduction in RV afterload observed, RV stroke volume significantly 

increased in the present study. Alternative hemodynamic explanations for change in RV 

stroke volume are increase in preload and contractility. However, there were no definite 

indications that RV preload changed (no significant change in RAP was observed). 

Load independent contractility cannot be ascertained from the present data but in 

a previous meta-analysis, it was demonstrated that it is unlikely that there is a direct 

effect of PAH-specific medication on RV contractility22. Regarding cardiac volumes, we 

observed a small non-significant increase in RVEDV, without any significant change in 

RVESV. This is in contrast to what is often observed in PAH, in which cardiac volumes 

are often decreased after initiation of therapy (i.e. reverse remodeling). We speculate 

that the absence of reverse RV remodeling in the present study is due to the relatively 

preserved RV function in our patients as compared to patients with PAH. 

Increase in LV stroke volume at the expense of LV filling 
pressures: considering the LV pressure-volume relation
As expected, the increase in RV stroke volume was paralleled by a significant increase 

in LV stroke volume, measured by CMR. Of interest, we observed an increase in PAWP 

(surrogate of LV filling pressure) after 4 months of treatment. We hypothesize that this 

PAWP increase resulted from increased LV volume load (increase in RV stroke volume) 

due to a stiff left ventricle (as summarized in figure 5). In healthy subjects, an increase 

in LV volume (or preload) will not result in increases in LV filling pressures due to intact 

diastolic reserve and a flat end-diastolic pressure volume relation (EDPVR). In patients 

with HFpEF, due to loss of LV compliance, this LV EDPVR is steeper and shifted to 

the left. Thus, for any given (change in) LV volume, LV end-diastolic pressures (LVEDP) 

will be higher than in controls, and already small increases in pulmonary venous return 

will have considerable effects on LV filling pressures. An alternative explanation for 

the increase in PAWP may be an increase in pericardial restraint due to increased RV 
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volumes23. However, we consistently found that PAWP-RAP increased after PAH-specific 

treatment, arguing against an effect of RV parameters on LV filling pressures. 

Response to acute provocation testing: PAWP after change in 
preload and LV distensability
We hypothesize that the observed increase in LV filling pressure after chronic PAH-

specific treatment is due to the combination of increase of LV preload and loss of 

LV compliance. Additional support for this hypothesis comes from PAWP response to 

acute provocation testing. By directly increasing preload by fluid loading, we observed 

an increase in PAWP similar to that observed after after PAH-specific treatment. 

Figure 5. Pressure-volume loops. Schematic pressure-volume relationships (PV loops) summarizing 
the effects of PAH-specific drugs in Cpc-PH patients (HFpEF). Average values derived from this 
study before and after treatment are plotted. A. Right ventricular (RV) PV loops; stroke volume 
(SV) increased and effective arterial elastance (Ea) significantly decreased. B. Left ventricular 
(LV) PV loops; LV end-diastolic volume (LVEDV) and LV SV significantly increased. This resulted 
in a theoretical upward movement of the PV loop along the end-diastolic pressure volume 
relation (EDPVR). ESP was estimated by multiplying systolic arterial brachialis pressure by 0.933.  
ESV= end-systolic volume.
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To increase LV distensability acutely, in combination with RV afterload reduction, iNO 

was administered. Indeed, NO is a known mediator of cardiac relaxation and preclinical 

data in isolated cardiomyocytes revealed improved LV diastolic distensability during 

infusion of the NO donor sodium nitroprusside24, 25. Theoretically, any iNO-induced 

acute reduction in RV afterload would lead to an increase in LV preload and LV filling 

pressures, similar to what is seen after fluid loading. However, in the present study, 

in most patients iNO did not result in an increase in PAWP. This is potentially related 

to the concomitant effects of iNO on LV distensability. Indeed, studies reporting 

on the effect of iNO on LV filling pressures in HFpEF and PH report no or minimal 

increases in LV filling pressures13, 26, 27. Despite the potential beneficial effects of iNO on 

LV filling pressures in an acute setting, this may not hold true in a chronic setting; there 

are multiple examples of positive acute studies in HFpEF on LV filling pressure with 

NO-related compounds which did not translate to a positive clinical outcome when  

treated chronically6, 7, 28, 29. 

Clinical implications
Although this study was not designed to draw conclusions on the efficacy of PAH-

specific therapy, there are some lessons to be learnt from the present data. First, an 

increase in PAWP occurred in the vast majority of patients, and this has been shown 

to correlate closely with exercise capacity in HFpEF, so careful monitoring of LV filling 

pressures should be considered when testing therapies aimed at reducing RV afterload 

in patients with HFpEF and Cpc-PH30. Additionally, in the current study, 4 patients 

had a stable PAWP after treatment and in 3 of these patients, diuretics were either 

initiated or increased in dose, underscoring the importance of adequate venous 

decongestion in patients with HFpEF. We did not observe an increase in PAWP in 

patients with RV dysfunction (“right ventricular failure” phenotype31). As such, this 

may be a subgroup of HFpEF-patients who benefit from PAH-treatment. However, this 

should be prospectively tested before any recommendation can be made.

Our data also suggest that RV afterload reduction in itself may not be sufficient to 

improve outcome in HFpEF and Cpc-PH unless used in tandem with drugs acting on 

LV relaxation and distensability. 

Strengths and limitations
Strengths of the current study include the meticulous hemodynamic selection of 

patients with Cpc-PH and the wide range of tests performed, combining hemodynamics 

and CMR. The lack of a control group and randomization procedures prohibits 

any conclusion about the efficacy of PAH-specific therapies in Cpc-PH and HFpEF. 

However, this mechanistic study was not designed for testing efficacy but rather to gain 
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insight in the hemodynamic and cardiac effects of PAH-specific medication in order to 

better understand its effect on the heart and vasculature. Additional limitations include 

the small sample size, high drop-out rate (almost 20%) and mix of therapies prescribed 

in the study. However, we would like to stress that the majority of patients with heart 

failure and PH will not develop secondary vascular remodelling, even in our centre 

(national referral centre for PH and HFpEF). This is reflected by the fact that of the 73 

patients screened for study participation, only 32% had an elevated PVR and could 

thus be included in the present analysis32. 

Conclusion
In conclusion, although the use of PAH-specific medication in HFpEF and Cpc-PH 

lowered RV afterload and increased stroke volume, those results occurred at the expense 

of increased LV filling pressures. As such, careful monitoring of LV filling pressures is 

warranted when testing therapies aimed at reducing RV afterload in the setting of 

Cpc-PH and HFpEF.
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SUMMARY
In patients with pulmonary arterial hypertension (PAH) the lumen of the small pulmonary 

arteries is narrowed due to abnormal proliferation, hypertrophy and vasoconstriction. 

This remodelling process leads to an increase in pulmonary artery pressures and 

pulmonary vascular resistance. At first, the right ventricle (RV) will be able to adapt to 

this increase in pressures by increasing its wall thickness (hypertrophy) and the RV can 

thereby maintain its cardiac output. However, as the disease process continues and 

pulmonary pressures increase even more, this hypertrophic process is not sufficient to 

ensure sufficient cardiac output. RV dilatation will occur and in the final stage the RV 

will begin to fail. As the status of the RV dictates prognosis, evaluating and monitoring 

RV function is of great value in PAH.  

Pulmonary hypertension (PH) due to left heart disease (post-capillary PH) cannot be 

effectively treated with pulmonary vasodilators. In those patients, no hemodynamic 

evaluation by means of a right heart catheterization (RHC) is required when 

echocardiography points towards the presence of left heart disease. However, in many 

cases echocardiography results are inconclusive and patients are referred to tertiary 

PAH centres for a RHC. As such, optimizing the noninvasive identification of post-

capillary PH will lead to a reduction of the number of RHC performed and reduce 

patient burden. 

In this thesis we focused on the right- and left side of the heart in PH and investigated 

several hypotheses concerning RV monitoring by CMR in response to PAH-specific 

drugs and aimed for diagnostic optimization. 

Part 1. The right ventricle in pulmonary arterial hypertension: 
response to treatment
Over the years, the RV has earned its place in the PH field as major determinant of 

patient mortality. Unfortunately, no treatment is currently known to specifically target 

the RV and the positive effects of PAH-specific medication on RV function are most 

likely linked to a reduction in RV afterload1. The difficulty with addressing RV specific 

effects of currently available drugs is that all widely used noninvasive markers of RV 

function are load dependent. Nevertheless, markers of RV dysfunction are highly 

relevant because irrespective of their load dependency, they offer valuable information 

on patient response to PAH-specific drugs and subsequent clinical outcome2-4. One 

of the first papers reporting on the prognostic value of a change in RV volumes in 

the follow-up of PAH patients was the study by Van Wolferen et al. demonstrating 

the relation between increased RV end-diastolic volumes and survival5. Based on 

this study and others reporting on the prognostic value of RV function, monitoring 
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RV volumes and function by CMR has become standard of care in the VU medical 

centre. In the first part of this thesis we conducted two studies aiming to shed light 

on the response of the RV to current approved PAH therapies as assessed with CMR. 

In chapter 2 we tested the hypothesis that upfront dual combination therapy would 

lead to a stronger decrease in RV volumes and improvement in RV function when 

compared to monotherapy. This hypothesis was based on results of the landmark 

AMBITION study in which the superiority of an upfront dual combination strategy over 

monotherapy was proven6. In that event-driven study, upfront combination therapy 

with ambrisentan and tadalafil significantly reduced the risk of the occurrence of 

a clinical failure event by 50% when compared to monotherapy alone. In addition, 

a decrease in NT-proBNP levels was observed with dual combination therapy. This is of 

particular interest as NT-proBNP can be considered a surrogate for RV wall stress and 

could therefore by associated with improved RV functional outcome as well7. However, 

RV function was not addressed in the AMBITION study and that is why we studied RV 

functional changes after both mono- and dual combination therapy. Indeed, upfront 

combination therapy was associated with a greater improvement in RV volumes and 

function, as measured by CMR. This was paralleled by a significant decrease in RV wall 

stress, only in the combination therapy group. 

Previously, it has been shown that any deterioration in RV volumes and function can 

precede clinical worsening even in seemingly clinical stable PAH patients3. As such, 

we developed a standardized, goal-orientated treatment strategy aimed at stabilizing 

RVEF. In chapter 3 first experiences with this treatment strategy are reported. We 

found that escalating PAH-specific therapy at a time of a deterioration in RVEF led to 

subsequent improvements in RVEF and clinical stability. However, in patients with a low 

RVEF at  baseline (RVEF <35%) clinical worsening did occur, despite a stable RVEF. This 

led to the hypothesis that in order to prevent ultimate disease progression we cannot 

be satisfied with a stable RVEF but should strive for a RVEF above a certain threshold. 

Additionally, in patients with a RVEF at baseline <35% aggressive treatment strategies 

including upfront triple therapy can be considered8. 

Part 2. Pulmonary hypertension due to left heart failure: 
optimizing diagnostic- and therapeutic care 
As set out in chapter 4, a diagnosis of HFpEF can be an important clinical challenge, 

also in the setting of PH. As patients with HFpEF mainly present with symptoms of 

dyspnoea on exertion, diagnostic tools incorporating exercise measures may enhance 

an accurate diagnosis of HFpEF. Nowadays, resting echocardiography measures 

including E/e’ especially lack sensitivity for the identification of diastolic dysfunction 
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in HFpEF. Exercise echocardiography (E/e’) or RHC (PAWP) may enhance sensitivity for 

unmasking diastolic abnormalities in patients with normal resting values and thereby 

contribute to improved diagnostic care9. 

Computed tomography angiography (CTA) is often performed in the early diagnostic 

work-up for PH to rule out interstitial lung disease or pulmonary embolisms as a cause 

for PH. As it is known that in PAH patient right atrial (RA) size is often increased, whereas 

in HFpEF-PH the left atrium (LA) is enlarged we investigated how atrial dimensions can 

help in the discrimination between these two conditions. First, we demonstrated in 

chapter 5 that the CMR-derived ratio of LA size over RA size is relatively constant 

during the cardiac cycle while LA dimensions varied over time. We subsequently tested 

the diagnostic value of the LA/RA ratio in patients with PAH and PH due to HFpEF by 

using non-gated CTA images in a cohort of 95 patients. The LA/RA ratio accurately 

discriminated between PAH and HFpEF-PH and could therefore be of value in guiding 

early clinical- and diagnostic decision making in patients with suspected PH.   

A major step towards optimizing diagnostic care for patients with PH consists of 

the noninvasive identification of post-capillary PH. Previously, several attempts have 

been made to improve the diagnosis of post-capillary by developing multiparametric 

risk scores. However, none of these scores were externally validated, prohibiting their 

use in daily clinical care. In chapter 6 we were first to externally validate two risk 

scores aimed at facilitating a noninvasive diagnosis of either pre-or post-capillary PH. 

A score developed by Bonderman et al used the absence of a right ventricular strain 

pattern on ECG with low NT-proBNP levels to exclude pre-capillary PH10. However, 

when this score was tested in an external cohort of patients derived from non-PAH 

expert centers, sensitivity of the score was only 89% and pre-capillary PH could not 

be sufficiently ruled out. In contrast, the score developed by Jacobs et al (OPTICS 

score) had a specificity of 100% for the identification of post-capillary PH and 1 out 

of 5 patients in whom a RHC was performed could be identified as post-capillary PH 

by using the score11. The OPTICS score can therefore reduce the number of patient 

referrals and RHCs performed at tertiary PH centers.  

As up to 80% of patients with HFpEF will develop PH and the development of PH 

confers a worse outcome, targeting the pulmonary vasculature may hold promise. 

While PAH-specific drugs do not seem to be beneficial in patients with HFpEF without 

PH or in patients with isolated post- and pre-capillary PH, these drugs might be of 

use in the setting of combined post- and pre-capillary PH (Cpc-PH)12,13. However, data 

on the hemodynamic and cardiac specific effects of PAH-specific drugs in patients 

with HFpEF and Cpc-PH is not widely available. A clear understanding of the effect of 
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pulmonary vasodilators in Cpc-PH could pave the way for novel randomized trials and 

optimal patients selection. That is why studied the effect of these drugs on both RV- and 

LV afterload and cardiac function in chapter 7. We found that although PAH-specific 

drugs in HFpEF patients with Cpc-PH successfully lowered RV- and LV afterload, this 

occurred at the cost of an increase in LV filling pressures. This is of particular interest 

as it has been recently demonstrated that higher LV filling pressures with exercise 

correlate closely with severity of dyspnea and reduced exercise capacity14. Taken 

together results from this study indicate that when aiming to reduce RV afterload by 

PAH-specific drugs, care should be taken in monitoring LV filling pressures.

FUTURE PERSPECTIVES
Part 1. The right ventricle in pulmonary arterial hypertension: 
response to treatment
From upfront dual combination to triple therapy
In chapter 2 we investigated the effect of upfront dual combination therapy on RV 

volumes and function. We found that in tandem with reduced NT-proBNP levels and 

calculated RV wall stress, combination therapy led to stronger improvements in RV 

function and volumes. The results of this retrospective analysis suggest that aggressive 

treatment strategies may delay or even interrupt the development of progressive RV 

failure in PAH patients. Although the concept of upfront dual combination therapy 

to improve outcome was already tested in the BREATHE-2 trial in 2004, it took until 

recently to bring new evidence favouring this strategy forward6.  Now, since the results of 

the AMBITION are available, the use of upfront combination therapy has found its place 

in clinical care for PAH patients. Recently, several post-hoc analyses also suggested that 

upfront dual combination therapy may have a beneficial effect on survival and appears 

to be beneficial even in patients at low risk for adverse outcomes15-17. Nevertheless, even 

in patients on dual combination therapy, disease progression can occur and therefore 

upfront triple therapy has been considered15. Currently no trial has tested the efficacy 

of upfront triple therapy versus dual combination therapy, including the effect on RV 

parameters. Data from a pilot study by Sitbon et al showed the potential of an upfront 

triple treatment strategy including parenteral epoprostenol8. In that study PVR was 

reduced by 67% with significant improvements in exercise capacity and function class 

after 4 months of follow up. In the TRITON study, the efficacy and safety of initial oral 

triple therapy versus initial dual combination therapy will be tested, with PVR as an 

endpoint (NCT02558231). 

Can and should we use RV parameters to guide treatment decisions?
Overall it has been shown that  the initiation of PAH treatment has a positive effect 

on RV function2,18-21 . As changes in RV volumes and function are considered relevant 
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indicators for the prediction of clinical deterioration monitoring these changes may be 

of great value3. 

Based on the premise that improvements in RV function after PAH-specific therapy 

are coupled with improved survival we designed a standardized treatment strategy 

with RVEF measured by CMR as treatment goal. Upon early deteriorations in RVEF, 

additional PAH-specific therapy was added (i.e. treatment escalation) and RVEF could 

be improved and clinical stability was guaranteed. These data lend further support 

to using CMR in routine clinical care for PAH patients. However, several steps are 

warranted towards the routine use of CMR to guide treatment decisions. First, we 

observed that in patients with a low baseline RVEF (<35%) clinical worsening occurred 

despite a stable RVEF at follow-up. As such, future studies should focus on the optimal 

RVEF cut-off value above which clinical stability is guaranteed. For this, RVEF cut-off 

values both at baseline and at follow-up should be explored in PAH patients with both 

baseline and follow-up CMR available using ROC and Cox regression analyses. 

 As a second step towards the implementation of CMR monitoring guiding therapeutic 

care in PAH, the use of CMR should be compared with available risk-assessment tools. 

Recently, various validation steps have paved the way for a risk assessment table to 

guide treatment decisions in patients with PAH, as an alternative for RVEF-guided 

treatment decisions21-23. This risk assessment table consists of 13 variables, all known to 

be relevant for patient prognosis. Based on these variables and their proposed cut-off 

values, patients can be labelled as at low risk for clinical deterioration, intermediate 

risk or high risk and treatment can be adjusted accordingly24. An abbreviated version of 

the risk assessment strategy has been proposed incorporating just 3 variables; NYHA 

functional class, 6MWD and NT-proBNP levels. Results from chapter 3 show that even 

in patients considered at low-risk for clinical failure according to these 3 variables, 

RVEF can decrease. This finding supports the notion that RV dysfunction is an early 

marker of disease progression. However, it remains to be established whether guiding 

treatment decisions based on RVEF has additive value over the guidelines derived 

strategy. In order to address this, a randomized approach in an adequate powered trial 

is warranted.  An important study would be to compare patient outcome between two 

groups; 1. clinical management according to the guideline risk assessment table; 2. risk 

assessment table combined with a CMR-based treatment strategy. 

Part 2. Pulmonary hypertension due to left heart failure: 
optimizing diagnostic- and therapeutic care 
Despite a 100% specificity of the OPTICS risk score for the identification of post-

capillary PH, a significant proportion of patients with post-capillary PH could still 
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not be identified when using the score. An important next step will be to enhance 

the identification of post-capillary cases by exploring additional metrics/parameters to 

be used alongside the OPTICS score. The sequence of events in the work-up of PH would 

then be to first use the OPTICS score and continue with a second tool in which patients 

with a OPTICS score <56 can be further stratified. One option would be to include 

additional sophisticated echo parameters. Although current heart failure guidelines 

rely strongly on E/E’ ratio in the diagnostic work-up of HFpEF, many studies showed 

the only moderate or even poor ability of E/E’ to predict elevated filling pressures25-27.  

As such including E/e’ may not be particularly useful in predicting post-capillary 

PH among patients with a low OPTICS core. In a recent study, 2 echocardiography 

variables were independently able to predict invasively measured PAWP; LA reservoir 

strain and isovolumetric relaxation time (IVRT)26. The former is a relatively novel method 

for the assessment of LA function and appears to be a better predictor for PAWP than 

the more commonly used LA volume index26. These measurements should be explored 

in future studies in order to find the most optimal algorithm for the prediction of post-

capillary PH. 

Platelet diagnostics: New kid on the block
Another attractive option to improve the sensitivity of the OPTICS score is to enrich 

the score by incorporating a blood-based platelet diagnostic algorithm28. Initially 

developed for diagnostic purposes in the cancer field, platelet-mRNA expression profiles 

appear to be a sensitive biomarker for the prediction of several forms of cancer, including 

lung cancer. As platelets are anucleated cell fragments circulating through the blood 

stream, their RNA transcripts either stem from megakaryocytes or sequestered RNA 

transcripts from other circulating cells. In addition to this sequestration of circulating 

mRNA, platelets have the unique ability to respond to several external disease-

specific stimuli with alternative (disease-specific) splicing of pre-mRNA’s. This makes 

the mRNA profile of platelets highly dynamic and an interesting target for diagnostic 

exploitation in several diseases. Recently, we have extended the work of Best et al. by 

exploring the use of platelet diagnostics (i.e. liquid biopsies) as a minimally invasive 

biomarker for pulmonary vascular disease. When applying a machine learning based 

algorithm, patients with PH could be accurately separated from healthy controls with 

87% accuracy. By calculating the OPTICS score in a subset of patients in whom platelet 

RNA profiles are available, we found that potentially the sensitivity of the OPTICS 

score can be improved from 23% to 56% when combined with platelet diagnostics. 

As such, platelet diagnostics could encompass a highly effective noninvasive tool to 

identify post-capillary PH. Our proposed diagnostic flow-chart incorporating blood-

based liquid biopsies can be found in figure 1. The ability to predict post-capillary PH 

when used in tandem with the OPTICS risk score is work in progress. 
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Towards an effective treatment strategy in HFpEF and pulmonary 
hypertension; the importance of targeting diastolic dysfunction and 
venous congestion
The findings presented in chapter 7 indicate that although in carefully characterized 

patients we can be successful in lowering RV afterload but this may not be beneficial 

for every patient. Although the study presented in chapter 7 was not meant to 

demonstrate definite proof of clinical benefit, we believe the data has implications 

for future prospective research. Our data suggest that Cpc-PH patients appear at 

risk for elevations in LV filling pressures when RV afterload is reduced. Targeting LV 

relaxation in tandem with RV afterload reduction might thus hold promise. Second, an 

increase in filling pressures was most likely to occur in patients without or unaltered 

doses of diuretics. As such, we would like to underscore the importance of adequate 

venous congestion. Third, proper phenotyping may pave the way for positive trials in 

the HFpEF(-PH) field. When considering RV afterload reduction in Cpc-PH, selecting 

patients with severe RV dysfunction could improve outcomes. Although subgroup 

analyses were not feasible due to the low number of patients included, we did observe 

improvements in 6MWD, cardiac index and pulmonary vascular resistance in 4 patients 

with a baseline RVEF<35%.  Of interest, the only positive trial with PAH-specific drugs 

published to date included patients with severe RV dysfunction as reflected by average 

right atrial pressures of 20 mmHg and decreased TAPSE29.   

Summary and future perspectives  
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Figure 1. Proposed diagnostic flow chart incorporating the OPTICS score with platelet 
diagnostics. Upon pulmonary hypertension suspicion (PH) and diagnostic uncertainty the OPTICS 
score will be applied. In the presence of a risk score ≥56 no further diagnostic steps are required. 
In the future, when a low risk score is present, a blood-based liquid biopsy will be performed, 
yielding a diagnosis of pre- or post-capillary PH. 
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In figure 2 an overview is given of future therapeutic strategies focusing on 1. alleviating 

diastolic dysfunction/ abnormal relaxation; 2. optimizing fluid status and 3; RV  

afterload reduction.  

Regarding the treatment of diastolic dysfunction in HFpEF, the landmark paper by Zile 

et al. showed that diastolic abnormalities in HFpEF consist of alterations in both active 

relaxation and passive stiffness30. The cardiomyocytes in HFpEF display increases 

in passive stiffness, which is mainly (around 80%) regulated by the giant sarcomeric 

protein titin. This protein prevents overstretching of the cardiomyocytes by serving is 

a bidirectional spring. Protein kinase G (PKG) mediated phosphorylation is involved 

in the posttranslational modification of the titin molecule and can thereby regulate 

titin-dependent stiffness and serve as potential treatment target. Stimulation of PKG 

also has profound antifibrotic and antihypertrophic effects, making it an even more 

attractive therapeutic option. PKG activity can be enhanced by PDE5 inhibition, which 

prevents breakdown of cyclic GMP or by enhancing cGMP levels by the direct oral sGC 

activator riociguat. 

Experimentally, PDE5I have been shown to improve diastolic stiffness in both animal 

models and human cardiomyocytes31,32. However, when translating these findings to 

the clinic, results were disappointing, with trials testing PDE5I yielding mostly negative 

results in the setting of HFpEF with and without PH. However, none of these trials 
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the titin molecule and can thereby regulate titin‐dependent stiffness and serve as potential 
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effects, making it an even more attractive therapeutic option. PKG activity can be enhanced 
by PDE5 inhibition, which prevents breakdown of cyclic GMP or by enhancing cGMP levels by 

the direct oral sGC activator riociguat. 

Figure 2. Pathophysiology of pulmonary hypertension due to heart  failure with preserved ejection fraction and proposed 
treatment targets.  

 

Cpc‐PH; combined post‐ and pre‐capillary PH, LV; left ventricle, RV; right ventricle.  

Figure 2. Pathophysiology of pulmonary hypertension due to heart failure with preserved ejection 
fraction and proposed treatment targets. Cpc-PH; combined post- and pre-capillary PH, LV; left 
ventricle, RV; right ventricle. 
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tested PDE5I in the setting of Cpc-PH, which may represent a subgroup of patients 

responsive to PDE5I in a randomized trial. More recently, evidence emerged that PDE9 

inhibition may be more effective in enhancing cGMP activity and thereby improving 

diastolic dysfunction in HFpEF33.

Targeting the extracellular matrix (ECM) is another option when aiming to alleviate 

diastolic dysfunction in HFpEF as the ECM is known to contribute to passive myocardial 

stiffness34. As mineralocorticoid receptor activation can contribute to cardiomyocyte 

fibrosis, the effect of the mineralocorticoid receptor antagonist spironolactone was 

tested in HFpEF35,36. The large TOPCAT trial testing spironolactone failed to demonstrate 

an overall effect on the primary endpoint of cardiovascular death or hospitalization 

but was shown to have benefit in patients with elevated BNP levels35,37. Additionally, 

regional variation in patient inclusion have complicated interpretation of the trial and it 

has been argued that the trial would have been positive when only conserving patients 

from North America37. In addition, a trial testing the effect of the antifibrotic drugs 

Pirfenidone is currently being conducted. 

The only effective treatment nowadays available for HFpEF(-PH) patients consists of 

venous decongestion by diuretics38. Administration of diuretics can be guided by an 

implantable monitor continuously monitoring pulmonary pressures. In the CHAMPION 

trial, a large reduction in HF-related hospitalizations was observed with the implantation 

of a wireless device (CardioMEMS) able to continuously monitor hemodynamics in 550 

heart failure patients39. In that study, when elevations of pulmonary pressures were 

monitored, even in clinically compensated patients, heart failure therapies including 

diuretics, were intensified.  Of interest, in an ancillary study from the CHAMPION trial 

in HFpEF patients, the reduction in hospitalizations was driven by greater diuretics 

use in patients in whom pulmonary artery pressures guided treatment decisions40. In 

addition, another subgroup analysis of the CHAMPION trial focused on patients with 

heart failure and PH in particular and also found a reduction in HF hospitalizations with 

ongoing knowledge of pulmonary pressures41. Taken together, these findings support 

the premise that adjusting diuretic therapy based on early increases in filling pressure 

could lead to the prevention of decompensation and subsequent hospitalizations.  
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Pulmonale arteriële hypertensie (PAH) wordt gekenmerkt door progressieve 

vernauwing van de kleine pulmonale vaten. Deze vernauwing wordt veroorzaakt 

door een combinatie van abnormale proliferatie, hypertrofie en vasoconstrictie van 

de endotheel- en gladde spiercellen. Door remodelering van de vaten treedt er een 

verhoging op van de pulmonaal drukken en de pulmonale vaatweerstand. De rechter 

ventrikel zal zich in eerste instantie aanpassen aan deze verhoogde druk door 

wandverdikking (hypertrofie). De contractiekracht van het hart neemt hiermee toe 

en dit zorgt ervoor dat er nog voldoende cardiac output gegenereerd kan worden. 

Na verloop van tijd schiet dit adaptatiemechanisme tekort en zal de rechter ventrikel 

gaan dilateren. Dit dilatatieproces is een slecht prognostisch teken en uiteindelijk 

zal er rechter ventrikel falen optreden. Omdat de toestand van de rechter ventrikel 

de prognose van de patiënt bepaalt, is het zeer nuttig om rechter ventrikel functie op 

baseline, maar ook tijdens follow up te monitoren. 

Een andere vorm van pulmonale hypertensie (PH) is PH door linkszijdig hartfalen. 

Dit wordt ook wel post-capillaire PH genoemd. Voor deze groep patiënten is er 

op dit moment geen specifieke behandeling, behalve het onderliggend hartfalen 

te behandelen. Bij een deel van de patiënten kan de diagnose post-capillaire PH 

gesteld worden met behulp van echocardiografie omdat er bijvoorbeeld sprake is 

van verhoogde rechtsdrukken in combinatie met een slechte linker ventrikelfunctie. 

In het overige deel kan de diagnose niet gesteld worden met echocardiografie en dat 

deel wordt naar PH-expert centra verwezen voor een invasieve drukmeting (rechter 

hart katheterisatie (RHC)). Het optimaliseren van de non-invasieve diagnostiek van 

patiënten met post-capillaire PH kan er dus voor zorgen dat er minder patiënten 

verwezen hoeven te worden voor een RHC. 

In dit proefschrift lag de focus op zowel de linker- als de rechterkant van het hart. We 

hebben het effect van PAH-specifieke medicatie op de rechter ventrikel onderzocht 

met behulp van MRI en hebben geprobeerd de non-invasieve diagnostiek rondom 

patiënten met PH en linker ventrikel falen te optimaliseren. 

Deel 1. De rechter ventrikel in pulmonale arteriële hypertensie: 
het effect van behandeling 
Bij patiënten met PAH wordt de prognose bepaald door het adaptief vermogen van 

de rechter ventrikel. Er is tot op heden geen medicijn beschikbaar die direct effect 

heeft op de rechter ventrikel. De positieve effecten van pulmonale vaatverwijders 

op de rechter ventrikel kunnen worden verklaard door het feit dat ze de druk 

waartegen de rechter ventrikel moet pompen (afterload) verlagen. De verbetering 
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in rechter ventrikelfunctie (uitgedrukt als ejectiefractie) die we zien na het starten 

van PAH-specifieke behandeling moet dan ook in dit licht geïnterpreteerd worden. 

Desalniettemin is het monitoren van de rechter ventrikel ejectiefractie belangrijk voor 

het evalueren van therapierespons. In het eerste deel van dit proefschrift hebben we 

twee studies verricht die als doel hadden de respons van de rechter ventrikel te bepalen 

na het starten of aanpassen van PAH-specifieke medicijnen. 

In hoofdstuk 2 hebben we onderzocht of het combineren van twee verschillende 

PAH-medicijnen op baseline (“upfront combinatietherapie”) leidt tot een sterkere 

verbetering in rechter ventrikel ejectiefractie ten opzichte van monotherapie. Deze 

studie is verricht naar aanleiding van de AMBITION studie, waarin werd onderzocht 

of de combinatie ambrisentan en tadalafil  het risico op het optreden van overlijden 

of klinische verslechtering vermindert, in patiënten nieuw gediagnosticeerd met PAH, 

ten opzichte van monotherapie. Patiënten met combinatie therapie hadden 50% 

minder kans op overlijden of klinische verslechtering vergeleken met de monotherapie 

patiënten. Er werd ook een sterkere daling in NT-proBNP waarden gezien na 

combinatietherapie. Wij hadden de hypothese dat deze sterkere daling in NT-proBNP 

levels mogelijk geassocieerd zouden kunnen zijn met een sterkere verbetering in 

rechter ventrikelfunctie. NT-proBNP is namelijk een marker voor rechter ventrikel 

wandspanning en een hoge wandspanning leidt tot een verminderde ventrikel 

functie. In hoofdstuk 2 vonden we inderdaad dat combinatietherapie leidde tot een 

grotere verbetering in rechter ventrikel volumes en ejectiefractie. Ook vonden we een 

significante afname in rechter ventrikel wandspanning na combinatietherapie, maar 

niet in de groep patiënten behandeld met monotherapie. 

Het is bekend dat patiënten met klinische verslechtering hieraan voorafgaand al 

veranderingen in rechter ventrikel volumes en functie laten zien, zelfs als de patiënt 

op dat moment als klinisch stabiel kan worden beschouwd. Met dit in ons achterhoofd 

hebben we een gestandaardiseerde “goal-oriented” behandelstrategie ontworpen 

voor PAH patiënten in het VUmc, met als doel de rechter kamerfunctie te stabiliseren. 

Ten tijde van een verslechtering in rechter ventrikel ejectiefractie werd er een nieuw 

medicijn gestart, naast de initiële therapie (behandelescalatie). In hoofdstuk 3 worden 

de eerste ervaringen met deze behandelstrategie beschreven. We waren in staat om 

de rechter ventrikel ejectiefractie te verbeteren door tijdig therapie te escaleren. Echter, 

bij patiënten met een slechte rechter ventrikelfunctie op baseline, maar geen verdere 

achteruitgang in ejectiefractie, trad desondanks klinische achteruitgang op. Bij deze 

groep patiënten moeten we dus waarschijnlijk op baseline al agressiever behandelen 

en kunnen we niet alleen tevreden zijn met een stabiele rechter ventrikel ejectiefractie. 
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Deel 2. Pulmonale hypertensie door linker ventrikel falen: 
optimalisatie van diagnostische- en therapeutische zorg 
In hoofdstuk 4 hebben we uiteengezet dat het vaak lastig is om de diagnose hartfalen 

met behouden ejectiefractie (HFpEF) te stellen. De symptomen zijn vaak aspecifiek en 

de non-invasieve methoden om linker ventrikel vullingsdrukken te schatten vaak niet 

sensitief. Het is dan ook vaak nodig om de vullingsdrukken invasief te meten tijdens 

een RHC middels de zogenaamde pulmonale arteriële wiggedruk (PAWP). 

Computed tomografie angiografie (CTA) wordt vaak verricht in patiënten verdacht van 

PH om parenchymatische longziekten of longembolieën uit te sluiten. Patiënten met 

PAH hebben vaak een vergroot rechter atrium en patiënten met PH door linker ventrikel 

falen presenteren zich vaak met een vergoot linker atrium. In hoofdstuk 5 hebben 

we onderzocht hoe de grootte van het atrium kan helpen het onderscheid te maken 

tussen PAH of post-capillaire PH. We vonden dat de ratio van linker atrium grootte over 

rechter atrium grootte (LA/RA ratio) discrimineerde tussen PAH en post-capillaire PH. 

De LA/RA ratio kan dus vroeg in de diagnostische work-up richting geven aan verdere 

klinische- en diagnostische besluitvorming rondom patiënten verdacht van PH. 

In het verleden zijn er verschillende risicoscores ontwikkeld om de non-invasieve 

diagnose van post-capillaire PH te verbeteren.  Geen van deze scores is echter 

extern gevalideerd en kunnen dus nog niet in de dagelijkse klinische praktijk worden 

toegepast. In hoofdstuk 6 hebben we twee risicoscores extern gevalideerd met als 

doel de non-invasive diagnostiek rondom PH te optimaliseren. De score ontwikkeld 

door Bonderman et al. gebruikt een combinatie van rechter ventrikel strain op een 

ECG met NT-proBNP levels om PAH uit te sluiten. Echter, getest in een externe, grote 

populatie PH patiënten was de sensitiviteit maar 89%. De score ontwikkeld door 

Jacobs et al. (OPTICS score) had als doel post-capillaire PH aan te tonen. De gevonden 

specificiteit van 100% laat zien dat de score hiervoor inderdaad geschikt lijkt. We 

vonden ook dat 1 op de 5 patiënten met een uiteindelijke diagnose van post-capillaire 

PH geïdentificeerd konden worden middels de score. De OPTICS score kan daarom 

helpen het aantal verwijzingen en RHC’s te verminderen. 

Tot op heden is er geen effectieve behandeling beschikbaar voor patiënten met 

post-capillaire PH en HFpEF. In theorie zouden patiënten met post-capillaire PH en 

remodellering van de longvaten zoals in PAH baat kunnen hebben bij PAH-specifieke 

therapie. In hoofdstuk 7 hebben we onderzocht wat de cardiale en hemodynamische 

effecten zijn van PAH-specifieke therapie in deze groep patiënten. We vonden ondanks 

dat pulmonale vaatverwijdende therapie de vaatweerstand en de druk waartegen 

de rechter kamer moet pompen afterload laat dalen, de druk in de linker kamer juist 
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gaat stijgen. We concluderen dan ook in hoofdstuk 7 dat vaatverwijdende therapie in 

de toekomst van nut kan zijn in patiënten met post-capillaire PH en HFpEF, maar alleen 

als de linker kamer vullingsdruk tegelijkertijd ook verlaagd wordt. 
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DANKWOORD
Het voelt een beetje vreemd dat het moment daar is om een dankwoord te schrijven. 

Dit betekent dat er dan toch een einde is gekomen aan bijna vier jaren onderzoek. 

Er zijn nogal wat mensen die ik dankbaar ben voor deze jaren en de totstandkoming 

van dit proefschrift. Niet in de laatste plaats omdat mijn wetenschappelijke scholing 

van de afgelopen jaren me heeft geleerd dat zonder goede begeleiding, fijne 

collega’s en samenwerking, wetenschap bedrijven niet mogelijk is. En een stuk minder  

leuk bovendien!  

Beste promotoren, prof. dr. Vonk Noordegraaf en prof. dr. Bogaard, ik ben heel blij 

dat ik tot jullie promovendi behoor. Jullie ervaring, toegankelijkheid, enthousiasme en 

kritische houding hebben dit promotietraject tot een geweldige leerschool gemaakt!  

Beste Anton, het was een hele fijne ervaring om bijna vier jaar met je samen te werken. 

Een bespreking met jou was altijd intens en uitdagend: je bent ontzettend snel, scherp 

en kritisch en dat motiveert enorm. Het gemak waarmee jij nieuwe ideeën, schijnbaar 

zonder moeite, bedenkt is uitzonderlijk en heeft mij meerdere keren verrast. Je zei 

ooit: “het menselijk brein is van nature chaotisch” en leerde me daarmee onder andere 

de noodzaak tot helder formuleren. Ik waardeer het enorm dat ik de kans heb gekregen 

om onderzoek te doen onder jouw supervisie. Vele malen dank voor je betrokkenheid, 

zowel op het persoonlijke als het wetenschappelijke vlak. 

Beste HJ, ik zal mijn eerste ontmoeting met jou, en daarmee de VU, niet snel vergeten. 

Na een kennismakingsgesprek was er bij mij geen twijfel: ik moet bij jou promoveren! 

En dat is ook direct je kracht: mensen enthousiasmeren voor onderzoek, en dan het 

liefst natuurlijk onderzoek naar het pulmonale vaatbed. Je bent integer, benaderbaar, 

enthousiast en zit vol goede ideeën: het is een feest om met je samen te werken. Ik heb 

in het bijzonder ook genoten van de vele HJ-Anton momenten waar onder het mom 

van “er is meer in de wereld dan wetenschap” een meeting in het teken kon staan 

van verontrustende actualiteiten (met name het klimaat en Amerika waren favoriet), 

kinderen of ge-/ te lezen boeken. Ik ben je zeer dankbaar voor het vertrouwen dat ik 

heb gekregen om onder andere de OPTIEK studie uit te voeren en de mogelijkheden 

die je me hebt gegeven binnen de PH-wereld!

Beste copromotor dr. Handoko, beste Louis, eigenlijk mag ik jou het meest dankbaar 

zijn voor deze promotie. Tijdens de nachtdiensten in Alkmaar toonde ik volgens jou 

toch wel verdacht veel interesse in de echo’s van je patiënten en raakten we aan 

de praat over mijn promotie-ambities. De rest is geschiedenis! Ik heb veel van je 

geleerd over efficiënt werken, onderzoek opzetten, data interpretatie en omgaan met 
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tegenslagen. Ik heb enorm veel respect voor je doorzettingsvermogen en het “HFpEF 

imperium” dat jij in korte tijd hebt weten op te zetten. Ik hoop in de toekomst op 

nieuwe onderzoeksprojecten en samenwerking!

Dr. Handoko - de Man, beste Frances, mijn ietwat feministen-hart gaat sneller kloppen 

van jou! Epidemioloog, briljant wetenschapper en dan nog moeder van twee wolkjes 

van kids! De rubriek “Waar haalt ze de tijd vandaan” lijkt wel voor jou bedacht. En dan 

nog dat geld wat je allemaal binnenhaalde afgelopen tijd. Dank voor alle keren dat je 

bereid was mijn statistiek vraagstukken te doorgronden en met een kritische blik naar 

mijn data/presentaties/artikelen wilde kijken. Ik kijk uit naar je toekomstige werk! 

Dr. Boonstra, beste Anco, bedankt voor je inzet voor de vele inclusies in de GOSPEL en 

OPTIEK studies. Alle onderwijsmomenten op de vijfde over met name longfysiologie 

heb ik met plezier bijgewoond! Als opleider ben ik jou dankbaar dat ik de kans krijg 

mijn opleiding tot longarts onder jouw vleugels te mogen volgen. Ik zie er naar uit!

Dr. Van de Veerdonk, beste Mariëlle, het rechter ventrikel gedeelte van dit proefschrift 

was niet tot stand gekomen zonder al jouw hulp en inzet, vele malen dank hiervoor. 

Het boekje “met het roze hart” is inmiddels door en door versleten, dat zegt genoeg.  

Frank, Iris, Marta, wat moest de PH-wereld (en menig PhD-er) zonder jullie! Frank, we 

hebben ontzettend veel samengewerkt afgelopen jaren en jouw input in bijna alle 

hoofdstukken was onmisbaar. Je bent geduldig, vriendelijk, geïnteresseerd, zorgvuldig 

en gewoon een hele fijne collega, bedankt voor de mooie tijd!  Martha en Iris, bedankt 

voor alle hulp afgelopen jaren. De PH-patiënt kan echt ál-tijd bij jullie terecht. Dat 

gevoel gaven jullie mij ook, waarvoor dank. Gwen, het OPTIEK project ging eigenlijk 

pas echt lopen toen jij het team kwam versterken. Wat heb ik veel aan jou gehad. 

Je bent afgelopen jaren enorm gegroeid, mooi om te zien! Veel plezier met je  

nieuwe functie.  

Beste Jan en Fred, bedankt voor alle gezelligheid, grappen, bakkies en de prachtige 

curves die we samen gemaakt hebben. Hopelijk zijn we over een paar jaar weer met 

z’n allen present op 5A. 

Dr. Marcus, beste Tim, bedankt voor alle MRI hulp, onderwijs en inclusies van afgelopen 

jaren. De dikte van de boekjes van ongeveer elke klinische promovendus was toch 

wel gehalveerd zonder al jouw werk. Dr. Meiboom, Lilian, ook jouw MRI expertise is 

eigenlijk onmisbaar. En verder heb ik het eigenlijk gewoon altijd heel erg leuk met je 

gehad. Bedankt voor de leuke etentjes, borrels en project brainstorms: ik hoop veel 

met je te kunnen samenwerken straks in de kliniek!
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En we blijven nog even op 4F! Prof. dr. Westerhof, beste Nico, hartelijk dank voor 

de nuttige discussies over PV-loops en de systemische circulatie. Een simpel antwoord 

was er vaak niet, tijd om uitgebreid de literatuur in te duiken samen met u wel! En 

dan dr. Westerhof de tweede, beste Berend, ook bij jou stond de deur voor een 

fysiologische vraag altijd wijd open! En eigenlijk ook voor een praatje over Chopin, 

Beethoven, het ideale speculaasrecept of het meten van je vetpercentage. Het liefst in 

die volgorde. Dank voor de leuke tijd. 

Aan de andere kant van de gang was ik ook met enige regelmaat te vinden: Esther 

en Dieuwertje, bedankt voor de peptalks, interventies en goede gespreken. Esther, 

de rubriek “Waar haalt ze de tijd vandaan” is ook zeker op jou van toepassing. Arts, 

wetenschapper, voorzitter van ongeveer elke commissie in longziekten Nederland, en 

ook nog een meer dan gezellige borrelaar. Ik wil je heel hartelijk danken voor alle 

onderwijsmomenten, fijne gesprekken, congresborrels (en daarbuiten), carrière advies 

en alle wijze (levens-) lessen. Ik kijk er naar uit tijdens de opleiding alle PH en ILD 

ins- en outs van je te leren. Dieuwertje, ik kan toch wel zeggen dat als wij samen zijn 

er nog al eens wat dingen mis gaan. Verloren koffers, gemiste/gecancelde vluchten, 

zenuwen die niet in bedwang te houden zijn: we’ve faced it all! Desalniettemin heb 

ik fijne herinneringen aan onze tripjes, dankjewel voor je gezelligheid en steun. 

Alhoewel ik ook wel zin heb in een congresje zonder troubles, zullen we dat bij deze  

gewoon afspreken? 

En last bot not least op 4F; Anny, Ellen, Noortje en Ella, wat een moet een PhD’er 

zonder jullie! Het is ongetwijfeld af en toe vermoeiend om de tien vrouwen op 3F 

te woord te staan en te helpen met eigenlijk alles. Mijn dank is groot! 

En dan nu een verdieping lager, waar ik de afgelopen 4 jaar heb doorgebracht. Er zijn 

heel wat mensen gekomen en weer vertrokken, maar wat een fijne tijd heb ik op 3F 

gehad. Jullie maakten dat ik eigenlijk iedere dag zin had om naar de VU te fietsen. 

Allereerst Onno en Cath, mijn eerste jaar op 3F mocht ik me aansluiten op 3F11. 

Toch kreeg ik ergens het gevoel een soort precair ecosysteem te verstoren met 

mijn aanwezigheid: na al die tijd met z’n tweetjes kwam daar ineens een nieuweling 

de boel verstoren met gestrekt been, sorry nog daarvoor. Heel veel dank voor jullie 

hulp/geduld/aandacht en gezelligheid in die eerste periode. Onno: dank voor de fijne 

congressen, reisjes, borrels en GOSPEL begeleiding. Je was toch wel echt mijn orakel 

die eerste paar maanden (of misschien zelfs jaren): ik wilde alles doen zoals jij het 

deed! Ik zie uit naar onze samenwerking in de kliniek, en droom vaak over een tweede 

cabrio ritje (shotgun!!). Cath, wat heb ik veel met jou gelachen! Je was er altijd voor 
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een peptalk, chocolademoment of om me een roze bril op te zetten. Ik hoop op nog 

veel (Frits- of promotie) borrels, boekenclubjes en fijne momenten samen!

Kim en Lex, het grote toppers-studenten team. Ik wens jullie het allerbeste 

in de toekomst. Dank voor alle hulp met de mooie projecten die we samen  

hebben opgezet. Tijmen, ook jij behoort tot de toppers wat mij betreft, zet hem op 

met je (wetenschappelijke) carrière en blijf vooral lekker buurten bij de jeugd op 3F!

En toen waren daar ineens nieuwe roomies, en werden we Joannalarissa! Lieve Joanne 

en Anna-Larissa, mijn paranimfen. Zonder jullie had mijn promotie er echt heel anders 

uit gezien. Het was een zegen om op 3F13 altijd de deur dicht te kunnen trekken en 

te weten dat jullie er waren, of er nu gezellig gekletst, gewerkt, geborreld of gezeurd 

moest worden: alles kon! Jo’tje, met jou heb ik eigenlijk altijd alles kunnen delen, 

PH/promotie perikelen, inhoudelijke PH discussies, METc aanvragen, presentaties, 

wielrentips, Disney World, burgers, cocktails etc. etc. Het was zo fijn om jou als 

klankbord te hebben. Als een paper/powerpoint of zelfs alleen een zin goedgekeurd 

werd door jou wist ik dat het goed genoeg was! Duizend maal dank voor alle energie 

die je in mij hebt gestopt en alle uren dat je naar me wilde luisteren. We gaan het 

heel goed hebben samen in de kliniek, dat weet ik zeker! Lieve AL, ook jij bent heel 

belangrijk voor mij geweest afgelopen jaren. Ik waardeer je eerlijkheid, oprechte 

interesse in anderen, humor en ambitie enorm. Ook je soms ietwat cynische maar 

realistische kijk op de wereld zette mij vaak met beide benen op de grond. Ook wij 

gaan nog hele mooie jaren tegemoet samen, ik kijk er naar uit. XX voor jullie!

Lieve 3F11, slechts een gipsplaatje verwijderd en dus zo dichtbij! Adinda, vrolijk, 

enthousiast, energiek en ambitieus, wat een fijne collega heb ik aan jou gehad. Je 

liefde voor Frits heeft mij op menig moment uit de brand geholpen en je was eigenlijk 

altijd in voor een feestje, hapje eten of bereikbaar voor goed advies. Wanneer gaan 

we weer de Ebeling onveilig maken? Josien, lieve Smitsie, ik heb je even een jaartje 

moeten missen maar afgelopen jaar was je er ineens weer. Ik ben blij dat ik jou heb leren 

kennen: je bent een fijn, authentiek persoon! Dank voor de plaatjes samenwerking (dat 

wordt leuk!) en vele niet professionele momenten op festivals, in de Mahler of gewoon 

lekker bij ons thuis. Lieve Liza, ook jou heb ik de laatste maanden van mijn PhD moeten 

missen: maar wat hebben we een leuke tijd gehad! Je bent eerlijk, ongecompliceerd, 

slim en gewoon een ras-onderzoeker. Met jou heb ik met name ook buiten werk veel 

mooie momenten gehad (we noemen het de “borrel-klik”), in San Diego of gewoon 

op locatie in Amsterdam: zet ons twee op een willekeurige plek met muziek en een 

drankje en plezier is gegarandeerd! Ik weet zeker dat jij een prachtig boekje gaat 

produceren en laten we die klik vooral onderhouden. Jelco, Jellyfish, wat heb ik een 
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bewondering voor hoe jij met al je 3F vrouwen bent omgegaan in je jaartje onderzoek. 

En wat heb ik met jou gelachen, jouw oneliners zijn inmiddels legendarisch. Naast 

de onderzoek struggles samen waren we goed in bakkies doen, Youtube en de boel 

op stelten zetten. Ik heb zelfs mijn (minimaal aanwezige hoeveelheid) spaargeld aan je 

toevertrouwd, jammer dat die ene rode munt het nooit gemaakt heeft. Bedankt voor 

alles en de fijne persoon die je bent; we gaan een top tijd tegemoet in de kliniek! 

Chermaine, de laatste aanwinst op 3F11, de vrouw die 3F fit en gezond houdt! Ik 

heb erg genoten van de kookavonden, PH-proof producten en je onuitputtelijke 

enthousiasme voor eigenlijk alles wat met PH en/of eten te maken heeft. Dank voor 

de leuke tijd en zet hem op met je studie!  

3F13 wordt afgegrensd door nog een gipsplaat, die soms wat dunner leek te zijn 

dan de andere kant. Lieve collega’s op “3F-noise-cancellation-19”: bedankt voor 

de mooie, gezellige en soms toch wat luidruchtige momenten. Natalia (of Natte-alia 

voor de Inner circle), er is niemand zoals jij! Altijd een stukje vrolijker ging ik bij je 

weg, Joep Bidon trouwens ook. Je bent uniek in je vermogen anderen te bewegen 

en motiveren voor eigenlijk alles en een enorm organisatorisch en sociaal talent, met 

een vleugje “Maxima”. Ik hoop je mijn hele carrière te kunnen bellen voor echo’s en 

pijn op de borst! Eveline, stiekem kenden we elkaar al een beetje maar afgelopen jaar 

hebben we veel tijd door gebracht. Je hebt veel humor, bent slim, attent, eerlijk en 

zit vol wijze lessen, maar alles gaat wel met 200km/uur. Alhoewel ik je niet altijd bij 

kan houden, heb ik veel aan je gehad en ben ik je dankbaar voor alle energie die je in 

me hebt gestopt, liefs voor jou! En dan mijn OPTIEK redder in nood, Samara, ik kan 

me geen betere opvolger bedenken. Je bent een harde werker, punctueel en nooit 

ergens te beroerd voor. De OPTIEK is in meer dan goede handen bij jou (de DOLPHIN 

trouwens ook). Veel dank voor al je hulp met de studies maar ook de fijne momenten 

naast werk!

En dan nog de nieuwste aanwinsten op 3F, Jessie en Jeroen, zet hem op komende 

jaren en dank voor de korte, maar leuke tijd.

Beste dokters van het OPTIEK team, veel dank voor alle hulp en fijne samenwerking 

de afgelopen jaren door het hele land. Tussen de drukke spreekuren door, naast alle 

vele vergaderingen, opleidingsactiviteiten en andere symposia maakten jullie altijd 

tijd voor een bezoekje en/of nieuwe inclusies. Ook de aanwezigheid/input tijdens 

de OPTIEK meetings is zeer gewaardeerd.

Aan de overkant van de Boelelaan, Chrissie, Deni, Nina, Jurjan bedankt voor de mooie 

momenten: wanneer ik in aanraking kom met roze-selfiesticks, tandemfietsen, walvissen 

en cabrio’s denk ik aan jullie. Wat een top tijd hebben we in San Fran gehad. Veel 
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succes met de wetenschap! PH-werkgroep Sun, Xue, Pan, Mo, Baboe, Marie-José, 

Aida, Agostino, Pepe, Eva, Rowan en Robert, bedankt voor de leuke vrijdagochtenden, 

en als afsluiter van mijn PhD het inspirerende “ballen-event”, toch wonderlijk wat jullie 

met een beetje glitter en roze pluche kunnen creëren, petje af! Jullie input afgelopen 

jaren is zeer van waarde geweest. Succes allen!

Inmidels verhuisd naar de overkant van de Amstel: OLVG-oosters, dank voor de nu al 

vele mooie (Buko) momenten samen, alles smaakt beter met een beetje slap zout en 

een losse plas. Lieve Lot & Lot, a.k.a. het grote januari kneuzenteam, we’ve come a 

long way. Zelfs nachtdiensten met jullie worden aangenaam(er). Laten we vooral alles 

blijven vieren samen!

Echter heb ik ook wat mensen uit “het echte leven” te bedanken voor deze jaren. 

Zonder de nodige afleiding en gesprekken buiten het PH-wereldje was dit traject een 

stuk minder aangenaam geweest. 

Allereerst lieve Char, Corinius, Maaik, Jan, El, Lin, Ka en Fiek, na die unieke opvoering 

van Nick en Simon kon ik jullie natuurlijk nooit meer laten gaan (ik wacht wel nog 

steeds op een winterjas). Alhoewel het door de afstand (en baby’s!) steeds lastiger 

wordt elkaar genoeg te blijven zien hebben jullie mij zo veel plezier en liefde bezorgd 

afgelopen jaren. Parijs, Zuid-Afrika, Berlijn, Kreta, Ibiza, Texel of de Veluwe: eigenlijk 

overal is het feest. Veeeeel liefde voor jullie (#nieuwlevenin2020)! Cony; liefde voor 

de onvoorwaardelijke steun die ik (in het bijzonder afgelopen jaar) van jullie kreeg, 

jullie zijn altijd dichtbij. 

Lieve “aanhangers”, de mannen in mijn leven, dank voor alle fijne momenten samen! 

Als cadeau wil ik graag in de groepsapp.

Lieve Roos, Annie, Esther, Alieke en Iteke, elke zondag oesteren en naar de Gember; 

een zondagblues is niet bestaand dankzij jullie!

Lieve Urs, ik word altijd blij van jou! Au soleil, sous la pluie …

Lieve Em, na bijna 20 jaar still going strong!

Lieve Berends fam, bedankt voor jullie steun de afgelopen jaren. Lieve Bregtebol, een 

extra knap klein zusje in Amsterdam, rijkdom! 

Liefste Eef en Rik, mijn knappe rotsjes, ik kan wel 100 kantjes schrijven over hoe 

belangrijk jullie voor mij zijn. Om drukkosten te besparen houd ik het hierbij: love you 
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much! Laten we het grote escaleren nooit verleren. Voortaan wel gewoon de telefoon 

opnemen a.u.b. Lieve Niek, het is niet altijd makkelijk om 3 Huis in ’t Veldjes in toom 

te houden, ga zo door!

M en P, wat heb ik niet aan jullie te danken! Onvoorwaardelijke liefde mag ik ervaren 

door jullie, maar ook de kwetsbaarheid die daarmee gepaard gaat. Lieve pap; “I’m not 

sorry for nothin’ I’ve done, I’m glad I fought—I only wish we’d won”. Lieve mam, jij 

zorgt ervoor dat ik nooit stil sta, liefde! 
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the department of Pulmonary Medicine of the Amsterdam University Medical Center 
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