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1.1 Introduction

IN 1957, Oscar Brenner, a pathologist from Birmingham, England, wrote a review for this 
journal titled, The Lungs in Heart Disease.1 He started the introduction of his review with 
the following statement:

The relationship of the lungs to the heart is very close, and it is not surprising that 
diseases of the lung may affect the heart and diseases of the heart may affect the lungs. 
It is, of course, by way of the pulmonary blood vessels that this interrelationship is af-
fected.

Although this statement seems obvious to us, it took a long time to recognise this relationship. 
From the late 19th century until the first half of the 20th century, several clinical-pathological 
case reports were published about patients with a distinctive syndrome involving obstructive 

Departments of aPulmonary Diseases, bPathology Institute for Cardiovascular Research
VU University Medical Center, Amsterdam

S.A. van Wolferen,a K. Grünberg,b A. Vonk Noordegraafa

Diagnosis and management of 
pulmonary hypertension 
over the past 100 years

Adapted from Respiratory Medicine 2007; 101:389-398

ABSTRACT Pulmonary hypertension is a rare disease with a poor prognosis. It was 
first described in the late 19th century as a clinical-pathological syndrome 
characterised by obstruction of the small pulmonary arteries and right 
ventricular hypertrophy in patients presenting with severe dyspnoea and 
cyanosis. After the development of right heart catheterisation in the sec-
ond half of the 20th century, it was found that many diseases could cause 
pulmonary hypertension, which is now recognised to be high blood 
pressure in the arteries that supply the lungs. In the 1960s, an epidemic 
of pulmonary hypertension caused by appetite suppressants initiated a 
systematic collection of information on pulmonary hypertension, lead-
ing to the first international classification of pulmonary hypertension. 
Increased understanding of the pathogenesis of the various forms of pul-
monary hypertension has led to novel treatments and holds promise for 
the future.  ◦
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lesions in the small pulmonary arteries and right ventricular hypertrophy.2–11 Right heart cath-
eterization, developed in the second half of the 20th century, allowed detection of elevated 
pulmonary artery pressure, thus linking pulmonary vascular disease to right ventricular hy-
pertrophy. Pulmonary hypertension was defined as mean pulmonary artery pressure in excess 
of 25 mmHg at rest, or exceeding 30 mmHg with exertion. Classifications of pulmonary hyper-
tension were made, identifying both primary pulmonary arterial hypertension, later named id-
iopathic pulmonary arterial hypertension (ipah), and also various conditions associated with 
pulmonary hypertension12 (Table 1).

Table 1.1 Updated clinical classification of pulmonary hypertension (Dana Point, 2008)

1. Pulmonary arterial hypertension (PAH)

1.1 Idiopathic PAH

1.2 Heritable

1.2.1 BMPR2

1.2.2 ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)

1.2.3 Unknown

1.3 Drug- and toxin induced

1.4 Associated with

1.4.1 Connective tissue diseases

1.4.2 HIV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart diseases

1.4.5 Schistosomiasis

1.4.6 Chronic hemolytic anemia

1.5 Persistent pulmonary hypertension of the newborn

1'. Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis

2. Pulmonary hypertension owing to left heart disease

2.1 Systolic dysfunction

2.1 Diastolic dysfunction

2.2 Valvular disease

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

3.1 Chronic obstructive pulmonary disease

3.2 Interstitial lung disease

3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern

3.4 Sleep-disordered breathing

3.5 Alveolar hypoventilation disorders

3.6 Chronic exposure to high altitude

3.7 Developmental abnormalities

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with unclear multifactorial mechanisms
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5.1 Hematologic disorders: myeloproliferative disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: 
lymphangioleiomyomatosis, neurofibromatosis, vasculitis

5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders

5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis

ALK1 = activin receptor-like kinase type 1; BMPR2 = bone morphogenetic protein receptor type 2; HIV = human im-
munodeficiency virus.

1.2 The first clinical case reports

In 1865 the German physician Klob reported the autopsy findings of a patient who had devel-
oped progressive ankle oedema, dyspnoea and cyanosis prior to his death at age 59.2 Instead 
of the cardiac pathology he had expected, Klob found an impressive narrowing of the finer 
branches of the pulmonary artery with localized arteriosclerosis. In 1891, Romberg, a renowned 
German physician, described a similar clinical course in a 24-year-old patient.3 At the autopsy, 
other than the abnormalities in the pulmonary vessels, which he called ‘pulmonary vascular 
sclerosis’, he also noted massive right ventricular hypertrophy. The Argentinean physician Ar-
rillaga was the first to describe a series of patients with pulmonary hypertension in 1913, after 
being made aware of the condition by his professor Ayerza.5,6 The combination of cyanosis and 
death by right heart failure was named Ayerza's disease or ‘black heart disease’, due to the dark 
skin colour of the severely cyanotic patients. Arrillaga suggested that the cause of Ayerza's dis-
ease was syphilis that had spread to the pulmonary arteries. Eventually, in 1935, Brenner would 
disprove the syphilis theory after studying 100 cases of pulmonary hypertension at the Pathol-
ogy Department of Massachusetts General Hospital.9 However, at that time Brenner could not 
offer an alternative explanation for the pathological findings of right ventricular hypertrophy 
and pulmonary vascular sclerosis.

1.3 Diagnosis of pulmonary hypertension

In 1852, Beuser in Leipzig, Germany, was the first to perform a measurement of the pulmonary 
artery pressure in a cat, using mercury manometers in the same fashion as his professor, Lud-
wig, had done on the much more accessible systemic circulation. The first introduction of a 
catheter into a human pulmonary artery was performed by Forssmann. In 1929, Forssmann in-
serted a urinary catheter into his own antecubital vein, and, guided by fluoroscopy, placed it in 
his right heart (Figure 1.1A).13 Disappointed by the negative reactions of the medical profession 
and the lack of acceptance in cardiology, he eventually became an urologist and abandoned his 
experiments. Cournard and Richards further developed this technique in the 1940s. Forsmann 
finally received recognition for his pioneering work in 1956, when he, together with Cournard 
and Richards, received the Nobel Prize for the development of right heart catheterization (Fig-
ure 1.1b).14, 15

Non-invasive alternatives to diagnose pulmonary hypertension were sought. Although a 
simple chest X-ray or electrocardiogram provides clues as to whether pulmonary hypertension 
is present or not,16–20 a breakthrough came with the development of Doppler echocardiography 
in the late 1970s. The blood flow over the tricuspid valves appeared to predict systolic pulmo-
nary artery pressure, while the structural information gained using this technique allowed the 
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effect of hypertension on the right ventricle to be evaluated. However, despite these advances, 
right heart catheterization is still required to confirm pulmonary hypertension.21

Once pulmonary hypertension is diagnosed, further diagnostic work-up to identify possible 
underlying diseases is recommended.21 In 1957, pulmonary hypertension was already divided 
into five classes based on the underlying cause: chronic bronchitis and emphysema, left to right 
shunt, primary pulmonary hypertension, primary pulmonary arteriosclerosis and pulmonary 
embolism.1 At that time, primary pulmonary arteriosclerosis was regarded as the pathologi-
cal counterpart of primary pulmonary hypertension. Advances in histopathology and under-
standing of disease pathogenesis resulted in renewed classifications in 1973, 1998 and 2003; 
these classifications included several other forms of pulmonary hypertension. Underlining the 
impact of the development of various treatment modalities in recent years, the latest WHO 
classification (2008) uses clinical presentation and management rather than histopathological 
characteristics to classify pulmonary hypertension (Table 1).

For example, WHO group 1, pulmonary arterial hypertension, now includes idiopathic pul-
monary arterial hypertension, a disease with arterial involvement, and pulmonary veno-occlu-
sive disease (PVOD), a disease with primary venous involvement. Although both diseases have 
distinct clinical, radiological and histological features, similar molecular pathways are involved 
in both diseases, hence similar treatments can be effective in both diseases.

1.4 WHO group 1: Pulmonary arterial hypertension
1.4.1 Epidemic of pulmonary hypertension caused by appetite suppressants

In 1968, Gurtner22 was the first to report an epidemic of pulmonary hypertension cases in 
Bern, Switzerland. At the same time, an increased incidence of pulmonary hypertension was 
reported in Germany and Austria. Since many of these patients had used the appetite suppress-
ing drug aminorex fumarate (Menocil), a causal relationship between the use of aminorex and 
the development of pulmonary hypertension was accepted.23 Later, fenfluramine increased the 
incidence of pulmonary hypertension in Europe, while the combination of fenfluramine and 

Figure 1.1 A: Original fluoroscopy image of one of the experiments by Werner Forssmann. The cathether was inserted 
in the left arm and the tip positioned within the heart. B: Prof. Dr. Werner Forssmann. His achievements in cath-
eterising the right heart in 1929 were ignored by his colleagues for many years. In 1956, he received the Nobel Prize 
together with Cournand and Richards.

A. B. 
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phentermine, which was popular in the USA, also caused an increase in pulmonary hyperten-
sion cases.24,25 It turned out that the use of these appetite suppressants increased the risk of 
developing pulmonary hypertension tenfold or more. Direct proof that appetite suppressants 
cause pulmonary hypertension was never obtained, as aminorex or other anorexigenic drugs 
failed to induce pulmonary hypertension in animal models.26 The strongest non-epidemiolog-
ical evidence that appetite suppressants induce pulmonary hypertension is that these drugs 
act as a substrate for the serotonin transporter, mimicking the action of serotonin, which is a 
known vasoconstrictor and smooth muscle cell mitogen.27

In response to the epidemic of pulmonary hypertension caused by appetite-suppressant 
drugs, the first WHO meeting on pulmonary hypertension was organized in 1973; later, in 1981, 
a National Health Registry was started by the US National Institutes of Health to collect in-
formation about the epidemiology, natural course, and histopathologic and clinical charac-
teristics of pulmonary arterial hypertension (PAH). After 6 years of data collection, this regis-
try proved to be very successful and became a valuable resource for systematically evaluating 
treatment for PAH for the centres involved in the registry.28–30 Although the unanticipated side 
effect of appetite suppressants caused harm to many people, the establishment of the registry 
in response to appetite suppressant-induced PAH resulted in a great boost to the understanding 
of the pathogenesis and treatment of many forms of PAH.

One of the major results of global research into the pathogenesis of PAH was the discovery of 
the bone morphogenetic protein receptor (BMPR)-2.31–32 A genetic mutation in this receptor was 
found in 50% of patients with familial pulmonary arterial hypertension and in 26% of sporadic 
cases of pulmonary arterial hypertension.33 The true incidence of defects in the BMPR-2 gene 
is probably much higher: recently, exonic BMPR-2 deletions and duplications were identified 
that account for a large proportion of BMPR-2 mutations that have remained undetected until 
now.34 Mutations in BMPR-2 result in a genetic predisposition to develop PAH. However, both in 
familial PAH and in sporadic PAH, a second-hit or several other triggers are required to develop 
PAH. These triggers include mutations or polymorphisms in other genes that have been identi-
fied and linked to PAH, such as the serotonin receptor and transporter, and exogenous factors 
such as appetite-suppressant drugs.23, 35

1.4.2 Plexiform lesions

In the histopathological diagnosis of pulmonary hypertension, plexiform lesions were first 
considered a distinct feature of IPAH and were therefore a focus of investigation into the origin 
of cell types involved in the pathogenesis of pulmonary hypertension (Figure 1.2). Early his-
topathological descriptions of obstructions in the small pulmonary arteries supplied evidence 
of the nature of the cells involved in pulmonary hypertension: in 1946, Gilmour and Evans36 
described intimal lesions containing phenotypically altered endothelial cells, and predicted 
that the lesions were caused by proliferating endothelial cells. Some believed that these plexi-
form lesions consisted of smooth muscle cells that had transformed into myofibroblasts,37, 38 
but it was later shown that in IPAH, plexiform lesions consisted of monoclonal proliferation of 
endothelial cells.39 More recent studies have broadened the view of vascular plasticity, showing 
that phenotypic modulation of the media participates in vascular remodelling.40 Plexiform le-
sions are typically found in the idiopathic form of pulmonary hypertension, but have also been 
observed in other types of PAH in WHO group 1.41
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1.4.3 From understanding pathogenesis to developing treatments for pulmonary arterial hypertension

In pulmonary hypertension, pathologic abnormalities are present in all three layers of the pul-
monary arteries, and media hypertrophy due to proliferation of smooth muscle cells is a con-
stant feature of all forms of pulmonary hypertension.42 Calcium channel blockers have been 
shown to inhibit the contraction of pulmonary artery smooth muscle cells.43 Calcium channel 
blockers reduce right ventricular hypertrophy and improve long-term hemodynamics in PAH, 
but only in the small subset of patients who also show an acute hemodynamic response.44, 45 A 
study found that survival was greatly improved in patients who showed a long-term response 
to calcium channel blockers; however, in patients that failed on long-term calcium channel 
blocker therapy, the 5-year survival rate was only 48%.46 Calcium channel blockers are now 
only recommended for patients with a positive response during acute vasoreactivity testing 
and who show sustained hemodynamic improvement.21

A new era in the treatment of PAH began in 1984 when epoprostenol, a natural prostacyclin, 
was first used with remarkable results in a patient with pulmonary hypertension.47 Prostacyclin 
was discovered as a metabolite of prostaglandin with potent anti-platelet aggregatory activity 
and pulmonary vasodilator activity.48, 49 Endothelial cells of patients with pulmonary hyperten-
sion produce decreased amounts of prostacyclin.50, 51 Barst et al.52 showed that patients treated 
with prostacyclin showed improved exercise capacity, functional status and hemodynamics 
compared to control patients receiving conventional treatment. In that same study, a signifi-
cant difference in survival after 12 weeks was found: 8 deaths in the control group, compared 
to no deaths in the intravenous prostacyclin group. Since then, no long-term randomised con-
trolled trials with intravenous prostacyclin for PAH have been conducted. However, two long-
term cohort studies of patients with IPAH receiving intravenous epoprostenol showed consid-
erable benefit compared to historical controls. In one 3-year study of 162 patients with IPAH, 
survival with epoprostenol was 88% at 1 year, 76% at 2 years and 63% at 3 years compared to the 

Figure 1.2 Plexogenic pulmonary arteriopathy featuring a plexiform lesion (upper-left centre) consisting of a number 
of slit-like vessels lined by cobblestone-like endothelium and surrounded by loose-textured fibrous tissue. The lesion 
is flanked by distended vessels, the so-called vein-like branches, which are presumed to represent widely distended 
branches of the feeding axial artery. At the bottom of the photo there is an axial artery showing prominent medial 
hyperthrophy. Some alveolar iron-laden macrophages are in the upper right corner (haematoxylin and eosin stain).



17
PH over the past 100 years

expected survival of 59% at 1 year, 46% at 2 years and 35% at 3 years.53 In another 5-year study 
of 178 patients with IPAH, survival with epoprostenol was 85% at 1 year, 70% at 2 years, 63% at 
3 years and 55% at 5 years compared to expected survival rates of 58% at 1 year, 43% at 2 years, 
33% at 3 years and 28% at 5 years.54 The down side of this drug is that it requires continuous 
intravenous administration, rendering it unsuitable for some patients and unavailable in some 
countries. Other, more stable prostacyclin analogues have been synthesized for different forms 
of administration, including oral, inhalatory and subcutaneous routes.55 

Continuing advances in the field of molecular biology has made targeted therapy possible 
for treating PAH. Giaid et al.56 demonstrated that the endothelial cells of patients with PAH have 
increased expression of endothelin-1, a small peptide that is a potent vasoconstrictor and that 
has mitogenic properties. Bosentan was the first endothelin receptor antagonist that showed 
positive results, as measured by an improvement in the walking distance during the 6-min walk 
test and an improvement in the time to clinical worsening in placebo-controlled trials; clinical 
worsening was defined as death, lung transplantation, hospitalization for pulmonary hyper-
tension, a lack of clinical improvement or worsening leading to discontinuation of treatment, 
a need for epoprostenol therapy or atrial septostomy.57, 58 Sitaxsentan and ambrisentan, both 
endothelin receptor antagonist with more selective properties, showed similar results.59–61

Sildenafil and tadanafil are both vasodilators that were first used to ameliorate the effects of 
inhaled nitric oxide withdrawal.62 Both drugs blocks the enzyme phosphodiesterase 5, inhibit-
ing the degradation of cyclic guanosine monophosphate (cGMP), a second messenger in the 
nitric oxide pathway that induces vascular relaxation. Reports of the beneficial effects of these 
drugs in patients with pulmonary hypertension led to randomised clinical trials, which showed 
that treatment resulted in an improvement in exercise capacity, WHO functional class and mean 
pulmonary artery pressure.63–65 The current treatment schedule is outlined in Figure 1.3.

Several classes of drugs targeting pulmonary vascular remodelling have shown promising 
results in experimental models of pulmonary hypertension and are currently under investi-
gation in clinical trials. For example, blocking the epidermal growth factor receptor results 
in apoptosis of pulmonary vascular smooth muscle cells and improves the survival of rats 
with monocrotaline-induced pulmonary hypertension.66 Similarly, blocking platelet-derived 
growth factor signalling with imatinib, a tyrosine kinase inhibitor, reversed pulmonary hy-
pertension in monocrotaline-treated rats67 and in a single case report.68 Other substances that 
have been tested in monocrotaline rat models of pulmonary hypertension include rho kinase 
inhibitors69 and serotonin transporter inhibitors.70 These drugs have been developed for other 
indications, and it is important to establish their long-term efficacy and safety for treatment of 
pulmonary hypertension in randomised controlled clinical trials.

Finally, the use of gene therapy to induce apoptosis of pulmonary vascular cells71 and the 
use of bone marrow-derived endothelial progenitor cells to replace and regenerate damaged 
endothelium in monocrotaline rat models may lead to novel therapeutic options in patients 
with pulmonary hypertension.72

1.5 WHO group 2: Pulmonary hypertension associated with left heart disease

Before the 1950s, mitral stenosis due to rheumatic fever was a common cause of pulmonary hy-
pertension. However, venous congestion due to any cause may result in the characteristic his-



18
Chapter 1

topathological features of congestive heart disease: arterialization of the veins due to increased 
venous pressure, signs of congestion such as dilated and tortuous capillaries, alveoli filled with 
proteinaceous fluid and haemosiderin-laden macrophages, oedematous inter-lobular septa 
and distended lymphatics (Figure 1.4). Arterial and venous adventitial fibrosis are considered 
characteristic and may be striking.73 Importantly, the pulmonary artery pressure generally rises 
to a greater extent than the venous pressure, causing arterial changes similar to those observed 
in pulmonary arterial hypertension.74 Many of the vascular changes are reversible when the un-
derlying cause is treated.75 However, pulmonary hypertension after an acute myocardial infarc-
tion has a poor prognosis.76 The treatment of this type of pulmonary hypertension is focused 
on the underlying left heart disease. Currently, treatment specific for this type of pulmonary 
hypertension is lacking.

1.6 WHO group 3: Pulmonary hypertension associated with lung respiratory diseases 
and/or hypoxia

An important discovery was the concept of hypoxic pulmonary vasoconstriction, first mea-
sured in a cat by Von Euler and Liljestrand77 in 1946, and a year later repeated in humans by 
Motley et al.78 in the Cournand-Richards laboratory (Figure 1.5).

Hypoxia at high altitude had long been suspected to cause death in cattle. However, it took 
several years before the adverse effects of chronic hypoxic vasoconstriction on remodelling 
of the pulmonary arterioles were recognized. In 1956, Peirson and Jensen79 concluded that 

Figure 1.3� Treatment algorithm of pulmonary arterial hypertension (PAH) following the recommendation of the 4th 
World Symposium on PAH held in Dana Point 2008. APAH, diseases associated with pulmonary arterial hyperten-
sion; CCB, calcium channel blockers; ERA, endothelin receptor antagonist; FC, functional class; HLuTx, heart and 
lung transplantation; IPAH, idiopathic pulmonary arterial hypertension; IV, intravenous; LuTx, lung transplantation; 
NYHA, New York Heart Association; PDE5I, phosphodiesterase-5-inhibitors; SC, subcutaneous; A–C, level of evidence 
(Adapted from Heart 2010;96:552-559).  

Diagnosis PAH

Expert opinion
Anticoagulation (IPAH, A; APAH, B)

Vasoreactivity testing (IPAH, A, APAH, C)

Responder FC II FC III FC IV

CCB (A)

NYHA I/II

Continue

ERA/PDE5I (A) ERA/PDE5I (A)
Inh Iloprost (A)

IV Epoprostenol (A)
SC Treprostinil (B)

IV Iloprost (C)
IV Tresprostinil (C)

Beraprost (C)

IV Epoprostenol (A)
SC Treprostinil (B)

Inh Iloprost (B)
ERA/PDE5I (B)
IV Iloprost (C)

IV Tresprostinil (C)

Inadequate response

Septostomy (B)
LuTx, HLuTx (B)

Prostanoids
(B) (B)

(B)
PDE5I ERA
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Figure 1.4 Congestive arteriopathy featuring an axial artery (centre) with prominent medial hypertrophy, marked 
adventitial fibrosis and some intimal fibrosis. Some of the alveolar septae are engorged and widened. The artery 
in the upper left quadrant shows multiple lumina in one cross-section, representing an organised and re-canalised 
thrombus (elastic van Gieson stain). Note the smooth muscle hyperplasia of the bronchiole in this asthmatic patient 
in the lower right quadrant of the photo.

atmospheric hypoxia causes increased resistance in the pulmonary circulation and failure of 
the right ventricle. In that same year, Canepa et al.80 demonstrated that humans living at high 
altitude have a modest increase in mean pulmonary artery pressure. He attributed the increase 
in pulmonary artery pressure to a combination of polycythemia, increased blood volume, high 
cardiac output and abnormal ventilation, rather than hypoxia. In 1960, the pathologists Alex-
ander and Jensen, the cardiologists Grover and Reeves, and the physiologist Will identified 
the linear relationship between the severity of right ventricular hypertrophy and mean pulmo-
nary artery pressure in cattle at high altitudes.81 Furthermore, they found that 100% oxygen re-
duced the mean pulmonary artery pressure in part, but not completely, indicating that a fixed 
change in the pulmonary vascular resistance had occurred. Indeed, the cardiologist Penaloza, 
the pathologist Arias-Stella, and their team at the High Altitude Research Institute in Peru 
presented a report at the 1962 Aspen Conference that sustained hypoxia in humans could in-
duce anatomic narrowing of the pulmonary arterioles, and that this process was distinct from 
acute hypoxic vasoconstriction.82 Characteristic histological features of hypoxic pulmonary 
vasculopathy are medial hypertrophy of the small pulmonary arteries, muscularization of the 
pulmonary arterioles and, to a lesser extent, the pulmonary veins and venules. In addition, lon-
gitudinal bundles of smooth muscle cells in the intima may develop,83,84 supporting the concept 
of vascular remodelling through endothelial transdifferentiation.40 An important mechanism 
in the pathogenesis includes an altered function of potassium-channels in hypoxia, causing 
decreased apoptosis and increased constriction and proliferation of smooth muscle cells.85,86

In Brenner’s 1957 review, The Lungs in Heart Disease, chronic bronchitis and emphysema 
were already recognized as distinct causes of pulmonary hypertension.1 Today, it is understood 
that hypoxic pulmonary hypertension may complicate various other diseases such as asthma, 
bronchiectasis, cystic fibrosis and sleep apnoea syndrome. Although only a small percentage 
of patients with respiratory diseases develop pulmonary hypertension, this still constitutes a 
large number of patients.87 In chronic obstructive pulmonary disease (COPD), mild pulmonary 
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Figure 1.5� First recording of hypoxic pulmonary vasoconstriction in a cat during mechanical ventilation. 6.2% of CO2 in 
pure oxygen caused a moderate rise in pulmonary arterial pressure, and hypoxaemia (10.5% O2) caused a large rise 
in pulmonary arterial pressure. Acidosis achieved by 19% CO2 only caused an increase in left atrial pressure.

hypertension develops when alveolar hypoxia is present, and treatment is focussed on supple-
mental oxygen to relieve hypoxic pulmonary vasocontriction.88,89 In addition to hypoxia-in-
duced vasoconstriction, progressive pulmonary vascular remodelling and loss of the vascular 
bed can also contribute to increased pulmonary vascular resistance and to advanced pulmo-
nary hypertension in some patients. New treatments are sought for this group of patients.90

1.7 WHO group 4: Pulmonary hypertension due to chronic thrombotic and/or embolic 
disease

In 1953, Owen et al.91 were the first to suggest that pulmonary hypertension could be caused 
by recurrent silent pulmonary embolisms. Pulmonary hypertension associated with pulmo-
nary embolism was found in 0.1–0.4% of autopsy cases,92 and prospective studies found that 
pulmonary hypertension occurred in 4% of patients after a pulmonary embolism.93 Virchow’s 
triad, defined in 1856 and comprising endothelial damage, altered blood flow and altered blood 
composition, is still considered to underlie most cases of thromboembolic vasculopathy. How-
ever, the mechanisms leading to the development of chronic pulmonary hypertension after 
pulmonary embolism are still not entirely clear. After the first pulmonary endarterectomy, 
performed at the University of California at San Diego in 1971, Moser and Braunwald noted 
that the pulmonary vascular bed distal to the thrombotic occlusion was relatively normal, but 
the non-obstructed vessels showed lesions resembling IPAH.94 They suggested that although a 
pulmonary embolism may be the initiating event, other mechanisms such as shear stress in the 
non-obstructed areas induced small vessel disease and pulmonary hypertension.

Surgical removal of the thromboembolic obstruction in the pulmonary arteries is the pre-
ferred treatment of chronic thromboembolic pulmonary hypertension.95 In cases in which pul-
monary endarterectomy is not possible, medical therapy, similar to that used to treat PAH might 
be effective.96–103 These are currently under investigation in randomised controlled trials.

1.7 Monitoring treatment in pulmonary arterial hypertension

Despite the fact that several effective treatments became available, the outlook of the treat-
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ment is grim for a substantial number of patients. Data from the French registry showed that 
the 3 years survival of patients with PAH is 55%.104 Early initiation of combination treatment 
and timely listing on the waiting list for transplantation if right ventricular failure progress are 
considered essential to improve life expectancy. For this reason a close monitoring of PAH is 
required.105 According to the recent guidelines, monitoring of the PAH patients should include 
the right ventricle, and that MRI and biomarkers might be considered as potential valuable 
methods to monitor the right ventricle. In this thesis we determine which markers of right 
ventricular function measured by MRI should be used to monitor the disease. 

1.8 Outline of this thesis

In Chapter 2, the prognostic value of several right ventricular parameters measured by cardiac 
MRI are described. This chapter specifies which parameters of right ventricular dysfunction are 
most important to monitor. In addition, because both baseline and follow-up measurements 
were included, changes in cardiac parameters during treatment are described that predict pro-
gressive right ventricular failure and death. 

In Chapter 3, the prognostic value of heart rate in patients with pulmonary hypertension was 
studied. Heart rate at rest is an important marker of prognosis in patients with left heart failure. 
The value of heart rate as prognostic marker in patients with pulmonary hypertension was pre-
viously unknown. In a large patient group with pulmonary hypertension, the prognostic value 
of heart rate in addition to several other prognostic markers was investigated.

In Chapter 4, we investigate what constitutes a clinical significant change in stroke volume, 
which is one of the most important parameters to monitor in patients with pulmonary hyper-
tension. For this purpose, the Minimal Important Difference (MID) of stroke volume is deter-
mined. The MID describes the smallest change in stroke volume that can be considered to con-
stitute a clinically meaningful change. Determination of the MID of stroke volume is important 
to interpret measured changes between baseline and follow-up in the clinical setting.   

In Chapter 5, a therapeutic intervention, which is the addition of sildenafil to monotherapy 
with bosentan, in patients with pulmonary hypertension is investigated using cardiac MRI pa-
rameters as measure of treatment effect.

In Chapter 6, The relation between right coronary artery flow and mass is explored. Since 
the systemic blood pressure is usually relatively low in patients with pulmonary hypertension 
and coronary blood flow is supplied by the systemic circulation, coronary perfusion may be 
inadequate for the increased right ventricular mass and afterload. 

In Chapter 7, several alternative methods, in addition to MRI, are reviewed to non-invasively 
monitor the hemodynamics of the pulmonary circulation.  ■
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Prognostic value of right ventricular
mass, volume and function in idiopathic
pulmonary arterial hypertension

ABSTRACT Aims This study investigated the relationship between right ventricular 
(rv) structure and function and survival in idiopathic pulmonary arte-
rial hypertension (ipah). 
Methods and results In 64 patients, cardiac magnetic resonance, right 
heart catheterization, and the six-minute walk test (6MWT) were per-
formed at baseline and after 1-year follow-up. rv structure and function 
were analysed as predictors of mortality. During a mean follow-up of 32 
months, 19 patients died. A low stroke volume (sv), rv dilatation, and 
impaired left ventricular (lv) filling independently predicted mortal-
ity. In addition, a further decrease in sv, progressive rv dilatation, and 
further decrease in lv end-diastolic volume (lvedv) at 1-year follow-up 
were the strongest predictors of mortality. According to Kaplan–Meier 
survival curves, survival was lower in patients with an inframedian sv 
index ≤ 25 mL/m2, a supramedian rv end-diastolic volume index ≥ 84 
mL/m2, and an inframedian lvedv ≤ 40 mL/m2. 
Conclusions The rv contains prognostic information in ipah. A large rv 
volume, low sv, and a reduced lv volume are strong independent predic-
tors of mortality and treatment failure. ◦

2.1 InTRoduCTIon
 

IDIOPATHIC PULMONAry ArTErIAL HyPErTENSION (ipah) is characterized by 
obstructive lesions of the small pulmonary vessels leading to increased pulmonary artery 
pressure (pap) and pulmonary vascular resistance (pvr).1 In recent years, several treatment 

options for patients with ipah have become available which have demonstrated to improve the 
prognosis in patients with this devastating disease.2–4 However, some patients are refractory to 
the initially proposed therapy. In these patients, a further increase of pap and pvr leads to a 
severe burden on the right ventricle (rv). A failing adaptation of the rv to the increased after-
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load will lead to rv failure, which is the main cause of mortality in patients with ipah. Direct 
measurements of rv structure and function might provide useful prognostic information to 
identify those patients who do not respond to the given therapy. 

Until now there is limited information on the prognostic significance of rv parameters. ray-
mond et al.5 found that the right atrial (ra) area index, the diastolic eccentricity index, and the 
presence of pericardial effusion assessed by echocardiography were predictors of the combined 
endpoint death or transplantation. Other parameters obtained by echocardiography, which 
have been found to be related to a poor prognosis were the degree of tricuspid regurgitation 
and the Doppler-derived Tei index.6,7 More direct rv parameters such as diastolic and systolic 
volumes and myocardial mass have not been evaluated on their prognostic significance. These 
determinants of the rv can be assessed accurately with cardiac magnetic resonance imaging 
(cmr).8,9 In addition, cmr has a high degree of reproducibility, which makes it an ideal tool to 
monitor changes in rv parameters in response to therapy.10–12 However, whether changes in 
these rv parameters have prognostic value and will predict the response to therapy in patients 
with ipah is unknown. 

In the present study we performed cmr to investigate whether parameters of rv structure 
and function measured at baseline and after 1-year follow-up have prognostic significance in 
patients with ipah. 

2.2 MeThodS

Patients
Between January 1999 and August 2005, 607 consecutive patients were evaluated with a right 
heart catheterization (rhc) for the diagnosis of pulmonary hypertension. Patients were in-
cluded when pulmonary hypertension, defined as mean pap >25 mmHg and pulmonary capil-

Baseline measurements (n = 64)
- Right heart catheterisation
- Cardiac MRI
- 6 minute walking test

1-year follow-up measurements (n = 54)
- Right heart catheterisation
- Cardiac MRI
- 6 minute walking test

Survivors (n = 45) Deaths (n = 19)

Patients included
in the study (n = 64)

Died (n = 9)

Died during �rst
year of follow-up (n = 10)

Figure 2.1 Study profile.
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lary wedge pressure (pcwp) < 15 mmHg, was found at rhc without an identifiable cause of 
pulmonary hypertension after pulmonary hypertension related to chronic thromboembolic 
disease, connective tissue disease, congenital heart disease, portal hypertension, hiv infection, 
or a hypoxic origin was excluded by further diagnostic work-up.13 One hundred and thirty-five 
patients were diagnosed with ipah and 64 patients were included in the study after informed 
consent was obtained. The characteristics of the patients are summarized in Table 2.1. Patients 
underwent cmr, rhc, and a six-minute walk test (6mwt) within 1 week at baseline and again 
after 1 year follow-up (Figure 2.1). Patients’ functional status was scored according to the New 

Table 2.1 Patient characteristics.

Demographic variables

Number of patients 64

Age (years) 43 ± 13

Female / male  47 (73%) / 17 (27%)

Functional status

NYHA functional class II, III, IV  7 (11%), 44 (69%), 13 (20%)

Distance of 6MWT (m)  335 ± 125

Dyspnoea score (Borg index)  5 ± 2

Medication use

Intravenous prostacyclin  30 (47%)

Endothelin receptor antagonists  25 (39%)

Sildenafil 4 (6%)

Calcium antagonists  5 (8%)

Hemodynamic measurements

Mean PAP (mmHg)  56 ± 13

Mean right atrial pressure (mmHg)  10 ± 5

PVRI (dyne.s.cm-5/m2) 588 ± 295

Cardiac index (L/min/m2) 2.3 ± 0.7

SVI (mL/m2) 30 ± 12

Heart rate (bpm)  81 ± 17

Mixed venous O2 saturation (%) 62 ± 11

Oxygen consumption (mL/min)  241 ± 40

Cardiac MR measurements

Cardiac index (L/min/m2) 2.1 ± 0.8

SVI (mL/m2) 26 ± 11

RV mass index (g/m2) 60 ± 18

LV mass index (g/m2) 71 ± 12

RV wall thickness (mm)  9.1 ± 2.5

LV wall thickness (mm)  11.2 ± 2.1

RVEF (%)  31 ± 15

LVEF (%)  66 ± 26

RVEDVI (mL/m2) 85 ± 25

LVEDVI (mL/m2) 40 ± 12
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york Heart Association (nyha) classification. According to clinical guidelines, nyha class iii 
patients with a positive acute vasodilator challenge during rhc were treated with calcium-
antagonists.13 Before 2002, all unresponsive patients were given intravenous prostacyclin (epo-
prostenol), after 2002 nyha class iii patients were started on oral monotherapy and nyha class 
iv patients were started on intravenous prostacyclin (epoprostenol). In case of clinical worsen-
ing intravenous prostacyclin (epoprostenol) or combination therapy was given. Thirty patients 
(47%) were treated with intravenous prostacyclin (epoprostenol), 25 (40%) were treated with 
an endothelin receptor antagonist (sitaxentan or bosentan), four (6%) with sildenafil, and five 
(8%) with calcium-antagonists. All patients were treated with oral anticoagulants. The study 
protocol was approved by Institutional Ethics review Commission. 

Follow-up evaluation

One year follow-up measurements including cmr, rhc, and 6mwt were performed in 54 pa-
tients (Figure 2.1). Ten patients had died in the period from baseline to follow-up. Long-term 
clinical follow-up was performed by regular, 3–6 months interval, follow-up visits at the out-
patient clinic, and by telephone contact. No patients were lost to follow-up. 

Six-minute walk test

The 6mwt was performed according to ats guidelines.14 Immediately after the 6mwt the Borg 
dyspnoea score was obtained. 

Right heart catheterization

rhc was performed to obtain measurements of pap, ra pressure, pcwp, cardiac output, pvr, 
and mixed venous oxygen saturation. Cardiac output was determined using the Fick method. 
Oxygen consumption was measured during rhc. All patients had a vasodilatory test with in-
haled nitric oxide (20 ppm). Patients who were classified as acute responders were treated with 
calcium-antagonists according to treatment guidelines.13

Cardiac magnetic resonance imaging

cmr imaging was performed on a Siemens 1.5T Sonata scanner (Siemens Medical Solutions, 
Erlangen, Germany) with simultaneous ecg recording according to a protocol described pre-
viously, with correction for phase offset errors.11,15 Short-axis cine images of the heart from 
apex to base were acquired, covering the whole lv and rv. For the cine images, a gradient-echo 
pulse sequence (TrueFISP by Siemens) was applied (repetition time ms/echo time ms, 34/1.6; 
flip angle, 60°; field of view, 280 × 340 mm2; matrix, 150 × 256 pixels; pixel size, 1.9 × 1.3; slice 
thickness, 6 mm; slice distance, 4 mm). The endo- and epicardial contours of the rv and lv 
were delineated manually by a blinded observer and processed using mass software (Depart-
ment of radiology, Leiden University Medical Center, Leiden, the Netherlands) to obtain rv 
and lv masses and end-diastolic volumes. The American Heart Association 17-segment model 
for the lv was used to analyze lv wall thickness.16 The mid-ventricular short-axis slice was 
divided into six segments. lv wall thickness was measured in each segment and the mean 
value was reported. Three measurements of rv wall thickness were obtained for the rv free 
wall at the mid-ventricular level and the mean value was reported. Stroke volume (sv) was 
determined from the flow in the main pulmonary artery (pa) in an image plane positioned 
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perpendicular to the main pa using a two-dimensional, spoiled gradient-echo pulse sequence, 
and one-dimensional velocity-encoding signal parallel to the flow in the pa (velocity sensitiv-
ity, 120 cm/s; repetition time ms/echo time ms, 22/4.8; flip angle, 15°; field of view, 260 × 320 
mm2; matrix, 150 × 256 pixels; pixel size, 1.9 × 1.3; slice thickness, 8 mm). Cardiac output was 
determined by multiplying sv by heart rate. Parameters were indexed by correcting for body 
surface area. rv and lv ejection fractions were determined by dividing sv by right and left end-
diastolic volumes, respectively. 

Statistical analysis

All data are expressed as mean ± sd. The endpoint of the study was defined as all-cause mortal-
ity. No patient died from non-cardiopulmonary causes. One patient received a lung transplan-
tation and was treated as a censored case at the time of transplantation. Comparisons between 
groups were made by the paired t-test or Fisher’s exact test. Cox proportional hazards analysis 
was performed to assess the association between baseline variables and mortality and between 
the change in follow-up variables and mortality. The following variables were tested: age, gen-
der, nyha functional class, 6mwt, mean ra pressure, mean pa pressure, pulmonary vascular 
resistance index (pvri), cardiac index (Fick and mri method), sv index (svi) (Fick and mri 
method), heart rate, mixed venous oxygen saturation, rv mass index, lv mass index, rv wall 
thickness, lv wall thickness, rv ejection fraction (ef), lvef, rvedvi, and lvedvi. The follow-
up analysis was performed using the changes between baseline and follow-up evaluation in the 
54 patients still alive after 1-year follow-up. Hazard ratios and 95% confidence intervals were 
calculated. Multivariable analysis was then performed using all variables with a P < 0.05 in the 
univariate model. The linearity and the proportional hazard assumption were tested and satis-
fied for all covariates. Stepwise backward elimination was used to identify variables associated 
with mortality. Survival curves were constructed with the Kaplan–Meier method and were 
compared by means of the log-rank test. Continuous variables were separated into two groups 
on both sides of the median value. A value of p < 0.05 was considered statistically significant. 

2.3 ReSulTS

Patient characteristics
The demographic, hemodynamic, and cmr data of the patients are summarized in Table 2.1. 
During the mean follow-up period of 32 ± 16 months, 19 out of 64 patients (30%) died from 
cardiopulmonary causes. Ten patients died during the first year, and 9 patients died during 
the subsequent follow-up (Figure 2.1). In nine patients medical therapy was changed because 
of clinical worsening. Sildenafil was added in three patients with calcium-antagonists, in two 
patients with epoprostenol, and in one patient with bosentan treatment. In one patient with 
epoprostenol, bosentan was added. In two patients, bosentan treatment was changed to epo-
prostenol treatment. 

Follow-up assessment with 6MWT, RHC, and CMR imaging

After 1 year, a follow-up assessment with 6mwt, rhc, and cmr was performed. Of the 64 pa-
tients included in the study, a follow-up assessment was obtained in 54 patients. Ten patients 
died in the interval between baseline assessment and 1-year follow-up assessment. Nine ad-
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Table 2.2 Change in patient characteristics after 1-year follow-up

Demographic variables Baseline Follow-up Change p-value 

Total number of patients 54

Age (years) 43 ± 14

Female / male  42 (78%) / 12 (22%)

6MWT distance (m) 372 ± 134 457 ± 114 82 ± 54 <0.001

Follow-up RHC

Mean PAP (mmHg) 56 ± 13 52 ± 14 −4 ± 13 0.059

Mean right atrial pressure (mmHg) 9 ± 5 8 ± 5 −2 ± 4 0.032

PVRI (dyne s/cm5/m2) 552 ± 292 457 ± 248 −73 ± 191 0.017

Cardiac index (L/min/m2) 2.4 ± 0.7 3.1 ± 1.4 0.5 ± 1.1 0.004

SVI (mL/m2) 32 ± 12 38 ± 19 5 ± 14 0.019

Heart rate (bpm) 79 ± 17 83 ± 15 3 ± 18 0.240

Mixed venous O2 saturation (%) 64 ± 11 66 ± 10 2 ± 9 0.213

Oxygen consumption (mL/min)  243 ± 42 253 ± 45 7 ± 44 0.293

Follow-up cardiac MR parameters

Cardiac index (L/min/m2) 2.2 ± 0.8 2.4 ± 0.8 0.2 ± 0.8 0.021

SVI (mL/m2) 27 ± 11 32 ± 12 4 ± 9 0.005

RV mass index (g/m2) 57 ± 18 54 ± 16 −4 ± 15 0.066

LV mass index (g/m2) 70 ± 13 71 ± 14 −0.2 ± 12 0.917

RV wall thickness (mm)  9.1 ± 2.6 9.0 ± 2.4 −0.1 ± 2.3 0.753

LV wall thickness (mm)  11.2 ± 2.1 10.9 ± 1.7 −0.2 ± 1.9 0.244

RVEF (%)  33 ± 16 40 ± 17 7 ± 12 <0.001

LVEF (%)  68 ± 27 71 ± 24 3 ± 25 0.455

RVEDVI (mL/m2) 84 ± 21 80 ± 22 −5 ± 16 0.028

LVEDVI (mL/m2) 41 ± 11 46 ± 14 5 ± 11 0.001

ditional patients died during a mean follow-up of 17 ± 14 months, after the 1-year follow-up 
assessment was obtained (Figure 2.1). In Table 2.2, the mean changes in 6mwt, rhc, and cmr 
variables are reported of the 54 patients analyzed at follow-up. After 1-year follow-up, there 
was a significant increase in mean 6mwt, cardiac index, svi, rvef, and lvedvi and a significant 
decrease in mean ra pressure, pvri, and rvedvi. 

Univariate and multivariable predictors of mortality

Univariate analysis with reference to baseline assessment demonstrated that nyha function-
al class, 6mwt, mean ra pressure, pvri, mixed venous oxygen saturation, svi, rvedvi, and 
lvedvi predict mortality in ipah (Figure 2.2). Univariate analysis with reference to the change 
in variables after 1-year follow-up demonstrated that mean change in ra pressure, pvri, svi, 
rvef, rvedvi, and lvedvi predict mortality in ipah (Figure 2.3).

Multivariable Cox proportional hazards analysis was performed using baseline and changes 
in follow-up variables. Multivariable analysis showed that at baseline, 6mwt, svi, rvedvi, and 
lvedvi were independent predictors of prognosis in ipah (Table 2.3). At 1-year follow-up, 
the change in svi, pvri, rvedvi, and lvedvi were independent predictors of mortality in the 
multivariable analysis (Table 2.3). 
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Hazard ratio
0 1 2 3 4 5 6 7 8 9 10

Variable Lower
Hazard 

ratio
95% CI

Age
Gender

NYHA functional class
6MWT

Mean RA pressure
Mean PA pressure

PVRI
Cardiac index

Stroke volume index
Heart rate

Mixed venous O2 saturation
Cardiac index (MRI)

Stroke volume index (MRI)
RV mass index
LV mass index

RVEF
LVEF

RVEDVI
LVEDVI

1.51 0.61 3.81 0.363
1.90 0.70 7.41 0.169
2.96 1.34 15.8 0.015
0.33 0.15 0.93 0.036
2.85 1.15 7.28 0.024
1.03 0.41 2.60 0.941
2.56 1.02 6.36 0.045
0.41 0.17 1.04 0.060
0.32 0.13 0.83 0.018
1.96 0.81 5.45 0.129
0.34 0.14 0.88 0.026
0.43 0.18 1.09 0.076
0.32 0.13 0.84 0.019
2.43 0.96 6.00 0.060
0.59 0.23 1.46 0.246
0.79 0.30 1.97 0.593
0.69 0.27 1.72 0.409
0.52 0.21 1.28 0.151
0.65 0.26 1.62 0.354
4.20 1.31 8.30 0.011
0.31 0.13 0.81 0.016

Upper p

Figure 2.2 Univariate analysis of potential predictors of mortality in IPAH at baseline.

Figure 2.3� Univariate analysis of the change in variables after 1-year follow-up as potential predictors of mortality in 
IPAH.

Hazard ratio
0 1 2 3 4 5 6 7 8 9 10

Variable

6MWT
Mean RA pressure
Mean PA pressure

PVRI
Cardiac index

Stroke volume index
Heart rate

Mixed venous O2 saturation
Cardiac index (MRI)

Stroke volume index (MRI)
RV mass index
LV mass index

RV wall thickness
LV wall thickness

RVEF
LVEF

RVEDVI
LVEDVI

Lower
Hazard 

ratio
95% CI

0.28 0.09 1.18 0.087
5.06 1.85 12.9 0.049
0.81 0.21 3.08 0.745
4.51 1.76 11.9 0.050
0.34 0.10 1.44 0.158
0.14 0.06 0.85 0.027
0.98 0.26 3.68 0.974
0.23 0.08 1.36 0.126
0.16 0.07 1.00 0.051
0.10 0.04 0.59 0.006
2.12 0.56 7.79 0.274
0.68 0.18 2.54 0.558
2.84 0.78 7.25 0.107
0.54 0.13 2.31 0.410
0.12 0.05 0.73 0.015
0.55 0.15 2.10 0.394
6.69 1.91 15.4 0.037
0.13 0.06 0.77 0.019

Upper p

Table 2.3� Multivariable analysis of baseline variables and of the change in variables between baseline and follow-up.
Baseline Follow-up

Hazard ratio p-value Hazard ratio p-value 

NYHA class 1.211 0.703 1.566 0.054

6MWT (m) 0.949 0.011 0.992 0.328

RAP (mmHg) 1.074 0.203 1.038 0.777

PVRI (dyne s/cm5/m2) 1.001 0.991 1.115 0.015

SVI (CMR) (mL/m2) 0.764 <0.001 0.892 0.012

RVEDVI (mL/m2) 1.610 <0.001 1.046 0.036

LVEDVI (mL/m2) 0.705 0.002 0.912 0.023
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Kaplan-Meier survival analysis

Kaplan-Meier survival curves according to the median value of cmr variables at baseline are 
shown in Figure 2.4. Patients with a baseline svi > 25 mL/m2 (median value) had a significantly 
better survival than those with a baseline svi ≤ 25 mL/m2 (log-rank test, p = 0.010). Patients 
with an rvedvi < 84 mL/m2 (median value) had a significantly better survival than those with 
a baseline rvedvi ≥ 84 mL/m2 (log-rank test, p = 0.011). Finally, patients with an lvedvi > 40 
mL/m2 (median value) had a significantly better prognosis than those with an lvedvi ≤ 40 mL/
m2 (log-rank test, p = 0.016). 

2.4 dISCuSSIon

In the present study, we investigated the prognostic significance of rv and lv structural and 
functional parameters in patients with ipah. The results demonstrate that a large rv end-di-
astolic volume (rvedv), low lv end-diastolic volume (lvedv), and a low sv at baseline were 
associated with a poor prognosis. Progressive dilatation of the rv, a further decrease of lv 
diastolic volume, and a further decrease in sv at follow-up predict treatment failure and a poor 
long-term outcome. 

Significance of decreased RV stroke volume

rv dysfunction is related to the severity of pulmonary hypertension and the degree of symp-
toms in patients with pulmonary hypertension. Our study showed that a low sv measured 
at baseline is predictive for a poor survival. The prognostic value of cardiac output in ipah 
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Figure 2.4 Kaplan–Meier survival curves for baseline cardiac MRI variables according to the median value in patients 
with pulmonary hypertension. SVI ≤ 25.0 mL/m2 (A), RV mass index ≥ 59 g/m2 (B), an RVEDVI ≥ 84 mL/m2 (C), and 
an LVEDVI ≤ 40 mL/m2 (D) were predictors of mortality.
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is studied in several studies and it was found that cardiac index contains prognostic infor-
mation.2,3,17,18 Less attention has been paid to sv. Our results showed that there is a stronger 
correlation between sv and prognosis than between cardiac index and prognosis. The discrep-
ancy between sv and cardiac index might be explained by the fact that a decrease in sv can 
be compensated by an increase in heart rate, flawing the relation between cardiac output and 
prognosis. In addition, our results showed that a decrease in sv during treatment is related to 
treatment failure. Thus sv, more than cardiac index, should be considered as a parameter to 
monitor during treatment. 

Both sv measured with cmr or with the Fick method were predictors of prognosis, with 
comparable results. However, cmr systematically underestimated sv when compared with the 
Fick method, both at baseline and at follow-up. This might be explained by the turbulent flow 
patterns observed in the main pa of the ipah patients. In turbulent flow patterns, some of the 
flow will be measured at an angle, which decreases flow sensitivity in our cmr flow imaging 
sequence and might cause an underestimation of total flow in the main pa.19

RV hypertrophy and dilatation

In pulmonary hypertension, a chronically increased pap and pvr leads to secondary rv re-
modelling. The rv compensates for the increased afterload with rv enlargement and hypertro-
phy. At some point the rv is unable to adapt further to the increased rv afterload and rv failure 
will occur, leading to short-term death. Although this is well known, it remains difficult how 
to ascertain this process before the patient is dying of rv failure based on currently available 
parameters. reports on the prognostic value of pap have contradicted each other.2,3 Sitbon et 
al.3 has found that the change in 6mwt during treatment was not related to prognosis. More 
promising is a rise in bnp that has shown to be related to poor outcome.20,21 Our results showed 
that an increased rvedv and especially progressive rv dilatation during treatment, are predic-
tors of a poor survival. This is of clinical importance, since it provides a direct rv parameter 
predicting rv failure at an early stage which enables the prediction of treatment failure, and 
thus offers an opportunity to change treatment or list on a transplantation list before rv failure 
causes death of the ipah patient. The evidence provided in this study that progressive rv dilata-
tion may indicate impending fatal decompensation also indirectly validates cardiac biomark-
ers such as bnp or cardiac troponin as potential methods of monitoring rv status in patients 
with pah since changes in bnp concentration or persisting cardiac troponin leakage have been 
shown to be related to rv structure and function and prognosis.20–24

rv hypertrophy did not appear to be as strongly related to mortality as rv dilatation. Two 
earlier studies showed that rv mass and pap are related to each other.25,26 Therefore, an increase 
in rv mass might reflect a normal adaptation to an increase in rv afterload. 

rv wall thickness provides additional data, as it can be used to describe the pattern of hy-
pertrophy. Quaife et al.27 used wall thickness to describe a pattern of concentric hypertrophy 
(predominant increase wall thickness) or eccentric hypertrophy (increase in wall thickness 
in proportion to increase in rv volume). Quaife et al. also added a functional classification to 
the pattern of hypertrophy, with an rvef ≥ 40% defined as compensated, and an rvef < 40% 
as failing. As expected, most of our pulmonary hypertension patients (49/64) had a pattern of 
concentric rv hypertrophy to compensate for the increased afterload (defined by them as an 
rv wall thickness > 0.7 cm and an rv mass > 56 g). The degree of wall thickness seemed to be 
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related to the level of pap in our patients with less severe paps having a lesser degree of wall 
thickness (R = 0.40; p = 0.004). In concordance with the data on rv mass, rv wall thickness also 
was not a significant predictor of mortality. 

LV end-diastolic volume

lvedv appeared to be a strong predictor of poor survival in our study. The decrease in lvedv 
in ipah is a consequence of impaired lv filling in ipah. Impaired lv filling in rv pressure over-
load might be the result of two mechanisms: a decrease in sv or compression of the lv due to 
an increased rvedv.28,29 Since both sv and rvedv appeared to be strong predictors of mortality 
in ipah it is understandable that a low lvedv at baseline and a further decrease during treat-
ment is related to a poor prognosis. This finding fits also with an earlier observation that a fa-
vorable treatment response to bosentan in ipah patients measured by the 6mwt was associated 
with a decrease in rv dilatation and an increase in lvedv.30

Other measures of RV function

raymond et al.5 had previously shown that ra size measured with echocardiography was of 
prognostic significance in patients with ipah. In addition, a large rved area index, an indirect 
measure of rvedv, was related to a poor prognosis, although not significant in the univariate 
analysis. The prognostic significance of an rv dilatation during treatment has not been studied 
by echocardiography until now. 

Hinderliter et al.31 found that pericardial effusion was present in 43 of 79 patients (54%) 
with pulmonary hypertension and also found that pericardial effusion was related to a worse 
outcome. cmr can readily detect pericardial effusion when present, especially when pericardial 
effusion is localized.32 In fact, in almost all our patients some degree of pericardial effusion 
was detected with cmr. However, a scoring system of pericardial effusion with cmr does not 
exist to our knowledge and should be validated before used to predict prognosis. Therefore, 
at this time we consider echocardiography as the primary imaging modality for the evalu-
ation of pericardial effusion in ipah. There are several other echocardiographic parameters 
that can be measured in patients with ipah. However, the reproducibility of measurements of 
the rv remains difficult with echocardiography and its value in the assessment of changes in 
rv parameters after 1-year follow-up has not been determined. The reason that we chose cmr 
was because of its accuracy and reproducibility in measurements of rv parameters and our 
experience with cmr. recent developments in three-dimensional echocardiography and tissue 
Doppler imaging may offer accurate tools to measure rv structure and function in experienced 
hands.33–36

Clinical implications

The prognosis of patients with ipah remains difficult to predict, despite assessment of clinical 
and hemodynamic parameters. In this study we demonstrate that non-invasive measures of rv 
and lv function accurately predict outcome. Moreover, they also provide detailed information 
about the patients’ performance at 1-year re-evaluation. Although other parameters such as 
the 6mwt and bnp have clinical value, they provide indirect information on rv function, and 
their prognostic value can be flawed by unwanted confounding factors such as a training effect 
or renal failure. In certain patients, there is a need to have an objective parameter of rv func-
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tion, in addition to measures such as the 6mwt and bnp to guide clinical treatment. 

Study limitations

Therapy was not controlled in this study. Most patients in this study were treated either with 
intravenous epoprostenol or with endothelin receptor antagonists. However, there was no sig-
nificant difference in the measures of rv and lv structure and function between patients treat-
ed with intravenous epoprostenol or with endothelin receptor antagonists. In addition, a study 
that compared survival between epoprostenol and bosentan found no significant difference.37 
Another limitation of this study is that these data were obtained in a single centre. These data 
should be reproduced in other centres to validate the prognostic value of the cmr parameters. 

2.5 ConCluSIon

rv parameters are of prognostic importance in ipah. A decreased sv, an increased rvedv, and a 
decreased lvedv measured at baseline are associated with a poor prognosis. rv dilatation and 
a decrease in sv and lv diastolic volume are strong predictors of treatment failure and death at 
follow-up.  ■
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Heart rate (hr) at rest is an important marker of prognosis in heart 
failure, but has not been addressed in pulmonary arterial hypertension 
(pah). To determine the prognostic value of hr at rest in patients with 
pah, we retrospectively analyzed 140 consecutive patients with idiopath-
ic pah. Electrocardiogram (ecg)-derived hr at rest was evaluated as a 
potential predictor of adverse prognosis (death or lung transplantation), 
in addition to World Health Organization functional class, 6-minute 
walk distance, and hemodynamics before and approximately 1 year and 
2 years after initiation of pah treatment. During follow-up, 49 patients 
(35%) died, and 5 patients (4%) underwent lung transplantation. Before 
treatment initiation and after 1 year and 2 years of treatment, respective-
ly, a higher hr at rest was an independent predictor of adverse prognosis 
(hazard ratios per 10-beats/min increase 1.76, 95% confidence interval 
1.42 to 2.18, 2.31, 95% confidence interval 1.58 to 3.38, 2.1, 95% confi-
dence interval 1.39 to 3.19, respectively, p <0.001 for all). Change in hr 
between the first and last ecg also independently predicted prognosis 
(hazard ratio per 1-beat/min increase 1.03, 95% confidence interval 1.01 
to 1.06). In conclusion, a higher hr at rest and an important increase in 
hr at rest during follow-up signify a considerable risk of death in patients 
with pah. ecg-derived hr at rest is an important marker of prognosis 
and should be assessed before and at frequent intervals after initiation of 
treatment for pah. ◦
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ABSTRACT

3.1 InTRoduCTIon

PULMONAry ArTErIAL HyPErTENSION (pah) is a heterogenous condition with a 
poor life expectancy, that, nevertheless, varies widely in patients.1 Assessment of patient 
prognosis has gradually shifted from evaluation of histopathology2 and hemodynamics1 

toward evaluation of exercise capacity,3 noninvasive imaging,4,5 and serum markers of disease 
severity,6,7 all important predictors of survival. In pah, not the degree of right ventricular af-
terload but rather cardiac index is considered important for estimation of prognosis.1,8 This 
is easily understood because exercise capacity, reflected by oxygen uptake reserve, depends 
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on pulmonary artery driving pressure reserve and heart rate (hr) reserve.9 Increased right 
ventricular afterload is often associated with impaired right ventricular stroke volume and a 
compensatory increase in hr, most notably with exercise.10 In advanced pah, hr increase is 
therefore the main compensatory mechanism and reflects an increased sympathetic tone.11 
We therefore hypothesized that hr at rest might be an equally important marker of prognosis 
in pah as it is known to be in left-sided heart failure.12,13 To test our hypothesis, we evaluated 
the prognostic value of electrocardiogram (ecg)-derived hr at rest in parallel with established 
prognosticators in pah related to clinical well-being, exercise capacity, and hemodynamics.

3.2 MeThodS

The study procedures were in accordance with the Declaration of Helsinki. National and in-
stitutional guidelines did not require institutional review board approval because the study 
was retrospectively performed and patient data were anonymized and solely included patients 
from the VU University Medical Center (Amsterdam, The Netherlands).

From January 1997 to July 2007, of 868 consecutive patients referred to the VU University 
Medical Center for evaluation of pulmonary hypertension, 140 patients were found to have 
idiopathic pah (Figure 3.1). pah was defined as a mean pulmonary artery pressure >25 mmHg 
with a pulmonary capillary wedge pressure <15 mmHg. pah was considered to be idiopathic 
when identifiable causes for pulmonary hypertension (i.e., congenital heart disease, portal 
hypertension, collagen vascular disease, human immunodeficiency viral infection, left heart 
disease, hypoxic pulmonary disease, or chronic thromboembolic disease) were excluded.14 
According to routine clinical protocol all patients underwent a 6-minute walk test at regular 
outpatient visits and electrocardiography at rest approximately 1 time/year. The majority of 
patients also underwent ≥1 subsequent right heart catheterization during follow-up for evalu-
ation of treatment effect. World Health Organization (who) functional class15 was assessed 
at each patient visit. No patients were lost to follow-up, and follow-up was completed up to 
February 15, 2008. Available ecgs were matched in time with available catheterizations and 
6-minute walk tests. If more than one ecg was available, the ecg with the lowest hr was se-
lected for the study.

Patients with a positive response to an acute vasodilator challenge were treated with cal-
cium antagonists.14 Before 2002, all patients in who class iii or iv received intravenous pros-
tacyclin (epoprostenol). After 2002 patients in who class iii received oral monotherapy with 
an endothelin receptor antagonist (bosentan or sitaxsentan) or phosphodiesterase-5 inhibitor 
(sildenafil), whereas patients in who class iv received a prostacyclin analog (epoprostenol, 
treprostinil, or iloprost). All patients received oral anticoagulants. The 6-minute walk distance 
and the Borg dyspnea score were measured according to American Thoracic Society guide-
lines.16

ecgs were recorded by certified technicians with patients in a supine position using the 
standard 12-lead configuration. In addition to hr we derived p-wave amplitude in lead ii, qrs 
axis, and qrs duration, directly from the standard electrocardiographic calculations, because 
these variables were of prognostic value17 or correlated with clinical status18 in patients with 
pah. Measurements concerning p-wave amplitude in lead ii (millivolts) and presence of right 
ventricular hypertrophy according to who criteria were performed on ecgs in digital format.19 
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All ecgs were analyzed by an experienced cardiologist who was blinded to the data.
The following measurements were performed during right heart catheterization: right atrial 
pressure, mean pulmonary artery pressure, pulmonary capillary wedge pressure, and mixed 
venous oxygen saturation. Pulmonary vascular resistance was calculated by dividing the trans-
pulmonary gradient (mean pulmonary artery pressure minus pulmonary capillary wedge 
pressure) by cardiac output. Pulmonary vascular resistance was expressed in dynes/s/cm5. All 
patients underwent vasodilatory testing.14

We expressed all data as mean ± sd or median (interquartile range). We used spss 12.0.1 
for Windows (spss, Inc., Chicago Illinois) for data analysis. For comparison of baseline vari-
ables between survivors and nonsurvivors we used independent t-tests or chi-square tests. We 

Referred for unexplained 
dyspnea (n = 868)

Other diagnosis (n = 728)

Idiopathic pulmonary 
arterial hypertension (n = 140)

ECG before treatment 
initiation (n = 140)

No further ECG (n = 14)

ECG after treatment 
initiation (n = 109)

Second ECG after 
treatment initiation (n = 79)

No further ECG (n = 61)

Lung transplantation (n = 2)

Died (n = 16)

Died during �rst
year of follow-up (n = 17)

No further ECG (n = 11)

Lung transplantation (n = 3)

Died during �rst
year of follow-up (n = 16)

Figure 3�.1 Study profile.
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performed Cox proportional hazards regression analyses to assess the predictive value of hr 
at rest and other variables at time of diagnosis (first ecg) and at follow-up (second and third 
ecgs). We also evaluated the predictive value of changes in individual variables between time 
of diagnosis and last available moment of follow-up. We considered death and lung transplan-
tation as adverse events in these analyses. Death was of cardiopulmonary origin in all cases but 
one, which was treated as a censored case in the survival analyses. We entered variables with an 
univariable association with an adverse prognosis (p < 0.20) in multivariable Cox proportional 
hazards regression analyses. We used stepwise elimination to identify variables independently 
associated with an adverse prognosis. We did not include catheterization data in the multivari-
able Cox proportional hazards analysis regarding the third ecg because only 42 of 79 patients 
underwent a catheterization. In additional analyses we investigated the predictive value of hr 
at rest as a predictor of event-free survival more thoroughly. First, we created receiver operat-

Table 3�.1 Baseline differences between survivors and nonsurvivors

Survivors Nonsurvivors p

Number of patients 86 54

Male / female 17 / 69 13 / 41

Age (yrs) 43 ± 14 48 ± 15 0.05

WHO functional class <0.001

 II 17 1 <0.001

 III 59 33 0.55

 IV 10 20 <0.01

Exercise

 6-min walk distance (m) 404 ± 132 326 ± 120 <0.001

 Borg dyspnea index (units 1–10) 4 ± 2 4 ± 2 0.50

Right heart catheterization

 Mean RAP (mm Hg) 8 ± 5 11 ± 6 0.01

 Mean PAP (mm Hg) 53 ± 13 53 ± 16 0.90

 PVR (dynes/s/cm5) 859 ± 455 1165 ± 610 0.01

ECG

 HR (beats/min) 76 ± 13 90 ± 17 <0.001

 P-wave amplitude in lead II (mm) 2.1 ± 0.9 2.3 ± 1.0 0.22

 QRS axis (°) 107 ± 41 113 ± 45 0.44

 QRS duration (ms) 96 ± 16 93 ± 19 0.22

 Right ventricular hypertrophy (%) 42 (49%) 32 (58%) 0.23

Medication use*

 None 0 5 0.02

 Calcium antagonist 4 1 0.07

 Endothelin receptor antagonist 41 17 0.02

 Phosphodiesterase inhibitor 5 3 0.53

 Prostacyclin 28 26 0.16

 Combination therapy 8 2 0.17

PAP = pulmonary artery pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure. 
*Refers to the period after baseline measurements.
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ing characteristic curves for all variables present in the final prediction models. Second, we 
plotted Kaplan-Meier curves for hr at rest as a predictor of an adverse prognosis based on the 
receiver operating characteristic analysis–derived cut-off values at the time of the first, second, 
and third ecgs, respectively. We compared Kaplan-Meier curves by means of log-rank test. 
Third, to investigate the relation between hr at rest and an adverse prognosis from a differ-
ent point of view, we used Cox proportional hazards analysis for risk stratification in patients 
based on hr at rest and changes in hr at rest. We considered a p value < 0.05 to be statistically 
significant.

3.3 ReSulTS

During the follow-up period of 43 ± 28 months, 49 of 140 patients (35%) died, and 5 patients 
(4%) underwent lung transplantation. During follow-up 13 patients (9%) had documented 
episodes of atrial fibrillation/flutter. Electrical cardioversion was applied successfully in all but 
4 patients who remained in atrial fibrillation and received amiodarone (n = 1), digoxin (n = 1), 
or no medication (n = 2).

Table 3.1 lists characteristics of survivors and nonsurvivors before treatment initiation. In 
general, nonsurvivors had less favorable hemodynamics. Medication use after these baseline 
measurements was similar in survivors and nonsurvivors with the exception of endothelin 
receptor antagonists. Univariable Cox proportional hazards analysis of baseline variables as 
predictors of survival demonstrated that age, who functional class iv, 6-minute walk distance, 
mean right atrial pressure, pulmonary vascular resistance, and hr at rest were univariable pre-
dictors of an adverse prognosis (Table 3.2).
Table 3�.2 Hazard ratios for adverse prognosis before and after treatment initiation

First ECG Second ECG Third ECG ΔFirst to last ECG

Hazard ratio 
(95% CI) p Hazard ratio 

(95% CI) p Hazard ratio 
(95% CI) p Hazard ratio 

(95% CI) p

Age (yrs) 1.03 
1.01–1.05

0.01 1.05 
1.02–1.07 <0.001 1.04

1.00–1.08 0.06

WHO class IV 19.5 
2.7–146

0.004 16.8
5.3–53.5 <0.001 4.57

1.13–18.5 0.03 0.28
0.04–2.10 0.22

6-min walk distance · 10−1 (m) 0.96
0.94–0.98

<0.001 0.95
0.92–0.98 <0.001 0.99

0.95–1.03 0.63 0.97
0.93–1.01 0.11

Mean RAP (mm Hg) 1.09
1.03–1.15

<0.01 1.06
0.99–1.15 0.11

Mean PAP (mm Hg) 1.00
0.98–1.02

0.95 1.01
0.98–1.03 0.72

PVR · 10−2 (dynes/s/cm5) 1.10
1.04–1.17

<0.01 1.14
1.03–1.27 0.01

HR · 10−1 (beats/min) 1.65
1.38–1.97

<0.001 2.02
1.62–2.53 <0.001 1.70

1.23–2.36 <0.01 1.02
1.00–1.04 0.07

P-wave amplitude in lead II (mm) 1.23
0.93–1.63

0.15 1.33
0.96–1.84 0.09 1.44

0.93–2.24 0.10 1.13
0.83–1.54 0.45

QRS axis (°) 1.00
1.00–1.01

0.47 1.01
1.00–1.02 0.06 1.00

0.99–1.01 0.84 0.99
0.99–1.01 0.87

QRS duration (ms) 0.99
0.97–1.00

0.13 1.00
0.97–1.02 0.60 1.00

0.97–1.03 0.82 1.04
1.0–1.09 0.05

WHO criteria for RVH 1.19
0.69–2.01

0.53 1.21
0.62–2.38 0.58 1.52

0.57–4.04 0.41

Use of ERA (yes/no) 0.66
0.37–1.17

0.16 0.81
0.40–1.61 0.54 0.45

0.17–1.12 0.11

Δ = change; CI = confidence interval; ERA = endothelin receptor antagonist; RVH = right ventricular hypertrophy. 
Other abbreviations as in Table 3.1.WHO class II was used as a reference category.
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The median interval between the first and second ecg was 389 days (310 to 515) for the 109 pa-
tients who survived to undergo a second electrocardiographic recording. The median interval 
between the second and third ecg was 440 days (308 to 686) for the 79 patients who survived 
to undergo a third electrocardiographic recording. At the second and third ecgs, hr at rest was 
also a predictor of an adverse prognosis (Table 3.2).

results of multivariable analysis, in which we satisfied the proportional hazards assumption 
for all models, are presented in Table 3.3. receiver operating characteristic analysis rendered 
the optimal cut-off values for hr at rest to be 82 beats/min at the first ecg and 91 and 92 beats/
min at the second and third ecgs, respectively. The optimal cut-off value for change in hr at 
rest between the first and last ecg was 19 beats/min.

Kaplan-Meier analysis defined hr at rest to be a strong marker of prognosis before and after 
treatment initiation (Figure 3.2). We performed Cox proportional hazards analysis according 
to received operating characteristic analysis–derived cut-off values for hr at rest at the time 
of the first, second, and third ecgs and for the cut-off value for change in hr at rest between 
the first and last ecg (Table 3.3). Based on observed adverse event rates in our study group, 
the actual risk of an adverse event was calculated for the situations at baseline and follow-up 
(Table 3.4).

Table 3�.3� Independent prognosticators by multivariable Cox proportional hazards analysis

ECG 1 Hazard ratio (95% CI) p

HR · 10−1 (beats/min) 1.76 (1.42–2.18) <0.001

Age (yrs) 1.04 (1.01–1.07) 0.01

PVR (dynes/s/cm5) 1.06 (0.99–1.14) 0.08

ECG 2

HR · 10−1 (beats/min) 2.31 (1.58–3.38) <0.001

Age (yrs) 1.09 (1.05–1.13) <0.001

ECG 3

HR · 10−1 (beats/min) 2.10 (1.34–3.15) <0.001

Age (yrs) 1.10 (1.01–1.10) <0.01

WHO class IV (yes/no)* 3.94 (0.82–18.8) 0.09

P-wave amplitude in lead II (mm) 1.73 (0.98–3.06) 0.06

ΔFirst to last ECG

ΔHR (beats/min) 1.03 (1.00–1.06) 0.04

ΔQRS duration (ms) 1.07 (1.01–1.13) 0.03

Δ6-min walk distance (m · 10−1) 0.96 (0.92–1.01) 0.09

Abbreviations as in Table 3.1 and Table 3.2. 
*WHO class II as a reference category in Cox proportional hazards regression analysis.



49
Resting heart rate and prognosis in IPAH

Su
rv

iv
al

 (%
)

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5
0

100

60

80

40

20

0

100

60

80

40

20HR < 82 bpm
HR ≥ 82 bpm

HR < 91 bpm
HR ≥ 91 bpm

7480 69 56 40 25 18 13 7

4360 32 26 17 10 5 1
N at risk

6395 45 20 8

814 3 2 1

0 1 2 3 4 5 0 1 2 3 4 5
0

100

60

80

40

20

Su
rv

iv
al

 (%
)

0

100

60

80

40

20 ∆HR < 19 bpm
∆HR ≥ 19 bpm

HR < 92 bpm
HR ≥ 92 bpm

Years Years

N at risk
4762 32 13 3

1017 5 2 2

7276 61 44 22 12

1933 15 8 2

A B

C D

Survival after ECG 1 Survival after ECG 2

Survival after ECG 3 Survival after the last ECG

Figure 3�.2 HR at rest and event-free survival in idiopathic PAH. Kaplan-Meier survival analyses based on cut-off val-
ues for HR at rest were derived from receiver operating characteristics. Survival analysis was based on A HR at rest 
before treatment initiation (log rank 26.6, p < 0.001), B HR at rest derived from the first ECG approximately 1 year 
after treatment initiation (log rank 55.2, p < 0.001), C HR at rest derived from the second ECG after treatment initia-
tion (log rank 16.7, p < 0.001, respectively), and D change (Δ) in HR at rest between the first ECG before treatment 
initiation and the last ECG after treatment initiation (log rank 7.7, p < 0.01). 

Table 3�.4 Risk stratification of adverse events per year based on heart rate

Events (rate/yr) Cut-off value (bpm) Hazard ratio (95% CI) Event risk/yr

ECG 1 17 (0.12) HR ≥ 82 4.2 (2.3–7.6) 0.10

HR <82 0.24 (0.13–0.43) 0.02

ECG 2 16 (0.15) HR ≥ 91 10.7 (4.9–23.1) 0.14

HR < 91 0.09 (0.04–0.20) 0.01

ECG 3 9 (0.11) HR ≥ 92 5.7 (2.2–14.4) 0.09

HR < 92 0.18 (0.07–0.45) 0.02

ΔECG 23 (0.21) ΔHR ≥ 19 2.8 (1.3–6.0) 0.15

ΔHR < 19 0.36 (0.17–0.76) 0.06

ΔECG = change between first and second ECG; ΔHR = change in HR between first and second ECG. Values in paren-
theses indicate the documented rate of adverse events per year, based on population size. 
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3.4 dISCuSSIon
A key finding of this study is that a high hr at rest and/or an increase in hr at rest is strongly 
associated with an adverse prognosis in patients with idiopathic pah. Because an increased 
hr at rest most likely reflects the degree of disease burden in patients with idiopathic pah,11 
we suggest that hr at rest should be evaluated more frequently in the assessment of these pa-
tients.

Cut-off points in this study were derived from receiver operating characteristic analyses to 
create groups of even size. Choosing cut-off points of < 80 beats/min at baseline and < 90 beats/
min at follow-up rendered quite similar survival curves, however.

Compared with variables related to clinical well-being, exercise capacity, and hemodynam-
ics, which are established determinants of prognosis,4,9 hr at rest was the strongest prognos-
ticator before and after treatment initiation (Figure 3.2). To a lesser extent, a change in hr at 
rest between the first and last electrocardiographic recording also proved to be an important 
predictor of prognosis. Of note, it seems important to concomitantly assess baseline hr at rest 
and the subsequent change in hr at rest to be able to determine whether a change in hr at rest 
is indeed of clinical importance (Figure 3.2, Table 3.4).

Mean pulmonary artery pressure, stroke volume, and hr are intertwined around pulmo-
nary vascular resistance at a given oxygen demand of the body.8,10 We suggest the following 
straightforward, partly overlapping, chain of events in the evolution of pulmonary hyperten-
sion (Figure 3.3). Increased pulmonary vascular resistance induces increased right ventricular 

Systemic pulse pressure

LV end-diastolic volumeRV relaxation

Coronary perfusion

RV O2 supply

RV ischaemia

RV performance

RV β-receptors

Cardiac output

Stroke volume

RV O2 demand

Heart rate

Diastole

RV end-diastolic pressure

Noradrenergic drive

RV hypertrophyStroke work

Pulmonary vascular resistance

Figure 3�.3� HR at rest in idiopathic PAH. Cardiac reserve is highly impaired in patients with PAH,9 the degree of which 
predominantly depends on HR reserve, because the already impaired stroke volume does not increase with exer-
cise.10 In PAH the hemodynamic profile at rest and during exercise therefore depends largely on the degree of right 
ventricular (RV) burden. HR at rest essentially reflects this burden because HR is the net result of a complex mecha-
nism of modifying reflex pathways aimed at preserving tissue oxygenation. Especially at rest, an increased HR is 
therefore an ominous sign of a compromised hemodynamic situation, associated with an adverse prognosis. LVEDV 
= left ventricular end-diastolic volume; PVR = pulmonary vascular resistance; RVEDP = right ventricular end-diastolic 
pressure; ▲ = increase▼ = decrease.
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stroke work, and as a result the right ventricle hypertrophies and right ventricular oxygen (O2) 
consumption increases. Stroke volume ultimately decreases,10 rendering cardiac output de-
pendent on a compensatory increase in hr.8,10 hr increases as a result of right atrial stretch20,21 
and an increased noradrenergic drive,11 with the latter inducing a downregulation of right 
ventricular β-adrenergic receptors.22 Long-term noradrenergic overdrive induces impairment 
of right ventricular function,22 in turn further decreasing stroke volume and increasing right 
ventricular end-diastolic pressure.8,23 Impaired right ventricular relaxation24 induces decreased 
left ventricular end-diastolic volume and impaired left ventricular function.25 Poor left ven-
tricular filling and decreased stroke volume lead to systemic hypotension, most notably with 
exercise.3,9,10 Systemic hypotension and increased right ventricular pressures hamper right 
coronary artery flow,26 to the extent that the right ventricle is supplied with oxygen mainly in 
diastole, like the left ventricle. Absolute and relatively shorter diastolic filling times at a higher 
hr25 can further impair coronary perfusion, inducing right ventricular ischemia,27 which may 
lead to further deterioration of right ventricular function. Therefore, hr at rest reflects right 
ventricular function. pah-attenuating treatments associated with a decrease in hr at rest may 
therefore preserve or even improve right ventricular function.

hr has been evaluated previously as a possible predictor of an adverse prognosis in pah 
at rest and during exercise.8,9,17,28 In general, hr was measured during right heart catheteriza-
tion1,5,9 or during echocardiography.29 However, despite being a predictor in univariable analy-
sis, hr was not always included in multivariable analysis or not assessed at follow-up.1 In our 
study, ecg-derived hr at rest was superior to pulmonary vascular resistance for prediction of 
event-free survival. This may well be because a routine clinical electrocardiographic recording 
is less stressful for patients and, hence, more reliable due to standardization of acquisition. 
Based on the observed prognostic value, we suggest that hr at rest should always be assessed 
because it outperforms many other diagnostic tools with respect to cost effectiveness, patient 
burden, and ease of implementation.

Despite important differences between patients with pah and patients with congestive heart 
failure, morbidity and survival are quite similar. In congestive heart failure, clinical well-being 
and survival have improved substantially with β blockade.12 So far, controlled studies investi-
gating the potential benefit of β blockade or selective hr-decreasing agents have not yet been 
performed in patients with idiopathic pah. Whether a treatment strategy aimed at slowing hr 
might be of benefit in patients with pah and increased neurohumoral activation is therefore 
unclear. Theoretically, however, a decrease of hr at rest could improve right ventricular func-
tion. First, impaired right ventricular diastolic function in pah may improve by prolonging 
the relative duration of diastolic filling. Second, extended diastolic filling time may allow right 
coronary artery perfusion to increase, thus improving oxygen delivery to the hypertrophied 
and often hypoperfused right ventricle,27 effectively improving right ventricular systolic func-
tion (Figure 3.3).

Bossone et al.17 studied the prognostic value of ecg-derived variables in pah and evaluated 
hr accordingly. However, they merely evaluated patients before initiation of treatment and 
did not conduct a similar evaluation after treatment initiation, precluding appreciation of the 
prognostic value of hr and other ecg-derived variables.17 As is evident from our data, hr at 
rest is an even more important prognosticator after treatment initiation (Figure 3.2, Table 3.4), 
most likely because it reflects the effect, or lack thereof, of the initiated treatment. Bossone et 
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al17 observed that p-wave amplitude in lead ii, a qr pattern in lead v1, and right ventricular hy-
pertrophy by who criteria were related to decreased survival. We found that only p-wave am-
plitude in lead ii plays a role in the final multivariable prognostic model at the time of the third 
ecg. Perhaps this discrepancy is related to the more advanced disease state of our patients, as 
can be deducted from the higher mean pulmonary vascular resistance, higher qrs axis, and 
higher mean p-wave amplitude in lead ii.17

Although we would like to have evaluated hr at rest in addition to other important markers 
of prognosis, such as cardiac magnetic resonance imaging, echocardiography, and different 
biomarkers, these data were not consistently available due to the long duration of follow-up. 
Furthermore, the retrospective nature of our study precluded evaluation of the potential value 
of a more frequent assessment of hr at rest. Nevertheless, we have meanwhile adopted the po-
licy to acquire electrocardiographic recordings at each patient visit and ≥ 1 time/year. Despite 
the obvious advantages for the doctor and patient of assessing hr at rest with an electrocardio-
graphic recording, a 24-hour electrocardiographic recording has the potential advantage that 
the lowest hr and hr variability can be assessed more accurately. We solely assessed patients 
with idiopathic pah, which precludes straightforward extrapolation of our results to just any 
patient with pah. Nevertheless, because hr at rest is largely determined by the activity of the 
autonomic nervous system,13 it seems plausible that hr at rest will also be of prognostic impor-
tance in other groups of patients with pah. ■
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Background Stroke volume is probably the best hemodynamic param-
eter, which reflects therapeutic changes and contains prognostic infor-
mation in pulmonary hypertension (ph). Stroke volume directly reflects 
right ventricular (rv) function in response to its load, without the cor-
rection of compensatory increased heart rate as is the case for cardiac 
output. For this reason, stroke volume is an important hemodynamic 
parameter to monitor during treatment, which can be measured nonin-
vasively However, the extent of change in stroke volume that constitutes 
a clinical significant change is unknown. The aim of this study was to de-
termine the minimal important difference (mid) in stroke volume in ph.
Methods 111 patients were evaluated at baseline and after 1 year follow-
up with a six-minute walk test (6mwt) and cardiac mri. Using the an-
chor-based method with 6mwt as the anchor and the distribution-based 
method, the mid of stroke volume change could be determined. 
Results After 1 year treatment, there was on average a significant increase 
in stroke volume and 6mwt. The change in stroke volume was related to 
the change in 6mwt. Using the anchor-based method, an mid in stroke 
volume of 10 ml was calculated. The distribution-based method resulted 
in a mid of 8 to 12 ml. 
Conclusion Both methods showed that a 10 ml change in stroke volume 
during follow up should be considered as clinical relevant. This value can 
be used to interpret changes in stroke volume during clinical follow-up 
in ph. ◦
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Clinical significant change of stroke 
volume in pulmonary hypertension

ABSTRACT

4.1 InTRoduCTIon

PULMONAry HyPErTENSION (PH)� is a disease characterized by narrowing of the 
small pulmonary vessels.1 The resulting increased right ventricular afterload causes right 
ventricular failure with a decreased right ventricular stroke volume, and consequently: 

reduced cardiac output in ph.2 In a previous study, we showed that stroke volume is reduced in 
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patients with idiopathic pulmonary arterial hypertension (ipah) and that a low stroke volume 
at start of treatment is associated with an increased mortality.3 In addition, that study showed 
that a decrease in stroke volume during treatment is a strong predictor of mortality. Finally, 
because stroke volume is constant and does not change during exercise in ipah patients, in 
contrast to healthy subjects, stroke volume can be measured at rest, while reflecting functional 
impairment during exercise.4,5

However, whether stroke volume is a sensitive measure to monitor ph treatment is un-
known. As a first step it is necessary to determine what a clinically meaningful change in stroke 
volume is. This can be performed by determining the Minimal Important Difference (mid).6-10 
The mid can be determined using statistical methods, which is called distribution-based meth-
od6-15 and by relating the change in stroke volume to the change in another clinically important 
measure, which is called the anchor-based method.6-10 The aim of this study was to determine 
the mid of stroke volume in patients with ph using the distribution based method and the 
anchor based method.

4.2 MeThodS And MATeRIAlS

Study subjects
This study is part of a prospective ongoing research project in the VU University Medical 
Center aimed to evaluate the clinical value of mri in ph. Between January 2000 and January 
2009, 1176 patients were referred to the VU University Medical Center for the diagnosis of 
possible ph and, if ph was diagnosed, to receive treatment for ph. One hundred eleven patients, 
who were diagnosed with pulmonary arterial hypertension (pah) or chronic thromboembolic 
pulmonary hypertension (cteph), had complete evaluation with right heart catheterization 
(rhc), six-minute walk test (6mwt) and cardiac mri at baseline and were started with medical 
treatment for ph (Table 4.1). After one year follow-up, 87 of the 111 patients had a complete 
reevaluation with rhc, 6mwt and cardiac mri. There were 24 patients who did not have a re-
evaluation because they died in the first year before the follow-up measures were performed. 
There were 76 patients with ipah, 26 patients with other forms of pah, and 9 patients with 
cteph (Table 4.1). The 9 cteph patients were considered ineligible for surgery because the 
lesions were to peripherally located for endarterectomy. These patients were therefore not op-
erated and received medical treatment similar to pah patients. The study was approved by the 
institutional ethics review commission (ccmo, reference number 00-063) and all patients gave 
written informed consent.

Six-minute walk test

The 6mwt as well as the Borg dyspnea score was measured according to American Thoracic 
Society guidelines.16

Right heart catheterization

right heart catheterization was performed to obtain measurements of pulmonary artery pres-
sure (pap), right atrial pressure, pulmonary capillary wedge pressure, cardiac output, pulmo-
nary vascular resistance (pvr) and mixed venous oxygen saturation. Cardiac output was deter-
mined using the Fick method or thermodilution. 
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Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging was performed on a Siemens 1.5T Sonata or Avanto 
whole body system (Siemens Medical Solutions, Erlangen Germany) according to a previously 
described protocol.17 Based on our previous publication we assessed stroke volume from the 
left ventricular end-diastolic volume (lvedv) and left ventricular end-systolic volume (lvesv): 
sv = lvedv – lvesv.17 lvedv and lvesv were determined by delineating the endocardial con-
tours of the left ventricle in end-diastole and in end-systole using commercial software (mass 
software package, version 5.0). 

Table 4.1 Patient characteristics

General characteristics Number

Number of patients 111

Age (years) 46 ± 15

Female / male 85 / 26

Aetiology PAH

WHO Group I

IPAH 76

IPAH-CTD 24

HIV Infection 1

Drugs and toxins 1

WHO Group IV

CTEPH 9

Medication use

Endothelin receptor antagonist 63

Sildenafil 7

Endothelin receptor antagonist and sildenafil combination 5

Prostacyclin 36

NYHA functional class

I 0

II 10

III 82

IV 19

Hemodynamics and 6-minute walk test

PAP (mmHg) 51 ± 14

PVR (dyne.s/cm5) 912 ± 494

6MWT (m) 358 ± 156

Borg score 5 ± 2

Stroke volume (ml) 48 ± 20

CTEPH = chronic thrombo-embolic pulmonary hypertension; IPAH = idiopathic PAH; NYHA = New York Heart As-
sociation; PAH = pulmonary arterial hypertension; PAH-CTD = PAH associated with connective tissue disease; PAP = 
mean pulmonary artery pressure; PVR = pulmonary vascular resistance; WHO = World Health Organization; 6MWT = 
6-minute walk test.
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Determining the MID

The mid of stroke volume was determined using the distribution based method and the anchor 
based method. The distribution based method is a statistically based method to determine the 
mid for a measurement. The distribution based mid of stroke volume is calculated from the 
statistical distribution of stroke volume measured during this study. The distribution based 
method was used to calculate a mid with baseline data using the standard error of measure-
ment (sem). First, the mean and standard deviation of stroke volume was determined at base-
line of all 111 patients. The sem was then calculated using the revised Jacobson formula: sem = 
sd √(1 – rc), where sd is the standard deviation of stroke volume at baseline of the 111 patients 
and rc the reliability coefficient of stroke volume measured by cardiac mri.18 The reliability co-
efficient for stroke volume measured by cardiac mri was derived from patients with congestive 
heart failure and left ventricular hypertrophy.19

In addition, longitudinal data were used, with baseline and follow-up measurements, to cal-
culate the mid for stroke volume with the standard error of the difference (sdiff). This analysis 
was performed with 87 patients who remained after 24 patients had died before the follow-up 
cardiac mri. The sdiff was calculated from the sem at baseline and at follow-up using the for-
mula: sdiff = √(sembaseline

2 + semfollow-up
2). The sem was calculated as described above, however, for 

both the baseline sem and follow-up sem the standard deviation of the 87 patients were used 
who had both baseline and follow-up data. sdiff might give a better reflection of the mid because 
it takes into account longitudinal follow-up data.15 

The anchor-based method is a method to determine the mid of a measure that is under 
investigation using another more established measure as anchor. The measure under inves-
tigation is stroke volume. To determine the mid of the change in stroke volume over time, 
the change in 6mwt over time was used as an anchor to the determine whether patients re-
mained stable or deteriorated. Based on the study of Gilbert et al. a change of 41 m in 6mwt 
was considered clinically meaningful.20 Using a receiver Operating Characteristic (roc) curve 
analysis, the optimal cut-off point of the change in stroke volume was determined. The data of 
87 patients, with complete follow-up data, were used for the roc-analysis. The patients were 
divided into two groups: 1) a control-group with patients who remained stable or improved, 
these patients either improved in the 6mwt or decreased less than 41 m, and 2) a case-group, 
these patients had a decrease in 6mwt more than 41 m. The changes in stroke volume of the 
control-group were entered in the roc analysis as controls. The changes in stroke volume of 
the case-group were entered as positive cases. The optimal cut-off point on the roc curve then 
corresponds with the most meaningful change in stroke volume. The cut-off point on the roc 
curve was determined by visual inspection. 

Statistical analysis

All data are expressed as means with standard deviation. For comparison between baseline 
and follow-up, a non-parametric paired t-test, the Wilcoxon signed rank test was used. For 
comparison between three groups, a nonparametric one-way analysis of variance (anova) 
test, the Kruskal-Wallis test was used, with Dunn’s post test analysis. The correlation between 
the change in stroke volume and 6mwt was determined by Spearman correlation. A p < 0.05 
was considered statistically significant. sem, sdiff and roc analysis were calculated as described 
above.
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4.3 ReSulTS

Patient characteristics

The patient characteristics are summarized in Table 4.1. There were more female than male pa-
tients. Most patients were nyha (New york Heart Association) functional class iii. The patients 
had significant pulmonary hypertension based on their baseline hemodynamic characteristics: 
pap of 51 ± 14 mmHg and pvr of 912 ± 494 dyne.s/cm5 resulting in an average stroke volume 
of 48 ± 20 ml and an average 6mwt of 358 ± 156 m. The patients were started with medical 
therapy for pah at baseline as summarized in Table 4.1. During the study 24 patients died in 
the first year, between the baseline cardiac mri and the planned follow-up mri. Therefore these 
patients did not receive a follow-up cardiac mri.

Minimal important difference of stroke volume

Distribution based calculation
The calculation of sem using the standard deviation of the 111 patients at baseline revealed 
a minimal important difference in stroke volume of 8 ml. Calculation of sdiff using both the 
baseline and follow-up standard deviation of the 87 patients with complete follow-up measure-
ments, revealed a minimal important difference in stroke volume of 12 ml.

Anchor based calculation
For the anchor based calculation the change in stroke volume of the 87 patients with complete 
follow-up measurements, after 24 patients had died, was divided into three patient groups ac-
cording to the previously determined clinical significant change in 6mwt of 41 m:

Increase in 1. 6mwt:� patients that improved more than 41 m
Stable 2. 6mwt:� patients with a change in 6mwt between –41 and +41 m
Decrease in 3. 6mwt:� patients with a decrease in 6mwt of more than 41 m

Group 1 consisted of 44 patients, which had an average increase in stroke volume of 13 ± 15 
ml (95% ci: 8; 17 ml). Group 2 consisted of 32 patients, which had average increase in stroke 
volume of 3 ± 20 ml (95% ci: –4; 10 ml). In group 3 there were 11 patients, which had an aver-
age decrease in stroke volume of 16 ± 6 ml (95% ci: –20; –12 ml, Figure 4.1, Table 4.2). There 
was a significant difference between the groups, p < 0.0001 (Kruskall-Wallis test). The change 
in stroke volume correlated with the change in 6mwt, R = 0.50, p < 0.0001 (Spearman correla-
tion, Figure 4.2). For each patient group, the mean change in stroke volume was in proportion 
to the mean change in 6mwt (Table 4.2).

Increase
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6MWT
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Figure 4.1 Relation between the change in stroke volume and the change in 6MWT. Error bars show SD.
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The roc curve is shown in Figure 4.3. roc curve analysis showed that the optimal cut-off point 
for a meaningful change in stroke volume was 10 ml. The area under the curve is 0.92 (95% 
confidence interval 0.86 – 0.99, p = 0.0001). The cut-off point of 10 ml corresponds to a sensi-
tivity of 91% and a specificity of 91%.

Proportion of patients with a clinical relevant change in stroke volume from baseline to follow-up

During the study, 24 patients died. In the surviving 87 patients there was a mean increase in 
stroke volume from 50 ± 20 ml to 56 ± 22 ml, p = 0.0082 (Wilcoxon signed rank test, Table 

Table 4.2 Change in stroke volume and 6MWT in the surviving patients

All patients (n = 87) Baseline Follow-up Mean change p*

Stroke volume (ml) 50 ± 20 56 ± 22 6 ± 18 0.0082

6MWT (m) 393 ± 130 451 ± 128 53 ± 93 < 0.0001

Group 1 (n = 44)

Stroke volume (ml) 47 ± 21 60 ± 23 13 ± 15 < 0.0001

6MWT (m) 368 ± 138 490 ± 129 122 ± 70 < 0.0001

Group 2 (n = 32)

Stroke volume (ml) 55 ± 19 58 ± 23 3 ± 20 0.3963

6MWT (m) 436 ± 102 439 ± 99 3 ± 22 0.4937  

Group 3 (n = 11)

Stroke volume (ml) 56 ± 12 40 ± 13 -16 ± 6 0.0010

6MWT (m) 409 ± 101 326 ± 114 -82 ± 41 0.0010
*Wilcoxon signed rank test

–200 –100 0 100 200 300 400

R = 0.50, p < 0.0001
–50

–25

0

25

50

Change in 6MWT (m)

Ch
an

ge
 in

 S
V 

(m
l)

Figure 4.2 Spearman correlation between the change in stroke volume and the change in 6MWT.

Figure 4.3� Receiver operating characteristic curve for the change in stroke volume.
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4.2). The range of change in stroke volume was a decrease of 43 ml to an increase of 50 ml. In 
total, there were 49 patients (56%) with a clinically relevant change in stroke volume of 10 ml 
or more.

4.4 dISCuSSIon

In this study we determined the mid for change in stroke volume during treatment in patients 
with ph. Both the distribution based and the anchor-based method were used to determine 
the mid of stroke volume.6-15 The anchor-based method demonstrated that the mid for the 
change in stroke volume was 10 ml. Using the statistically orientated distribution method, a 
mid for the change in stroke volume was calculated between 8 and 12 ml. For this reason we 
conclude that 10 ml is a clinically important change in stroke volume in patients with ph dur-
ing long term follow-up. The anchor-based method showed that the change in stroke volume 
was related to the change in 6mwt. After 1 year treatment, there was an average improvement 
in stroke volume and 6mwt. All patients with a clinically significant decrease in 6mwt also 
showed a decrease in stroke volume. 

Several studies reporting treatment effect in ph used cardiac output as a measure of treat-
ment effect.21 Early prognostic studies have demonstrated the importance of cardiac output in 
ph, patients with a low cardiac output at diagnosis had a decreased survival.22,23 Some stud-
ies showed that an improved cardiac output after treatment was associated with an improved 
survival.24-28 However, stroke volume is probably a better measure than cardiac output because 
a decreased cardiac output is composed of a decreased stroke volume and a compensatory 
increased heart rate to maintain cardiac output, which is also a prognostic variable by itself 
in ph.29 Indeed, we showed in a previous study, that the change in stroke volume is a strong 
predictor of mortality in ph.3 In addition, Provencher et al. showed that stroke volume and 
chronotropic response are strong and independent factors that determine the distance of the 
6mwt,5 which is considered the most important clinical measure to evaluate treatment out-
comes in ph.30 

Stroke volume was determined from left ventricular volumes by delineating the endocardial 
contours in end-systole and in end-diastole. We chose the left ventricle instead of the right 
ventricle because the left ventricle is easier to delineate, in contrast to the right ventricle, which 
has a more complex anatomy.17 

A mid for a hemodynamic measurement in ph has to our knowledge not been reported 
before. Many studies in ph have included evaluation of several hemodynamic parameters af-
ter treatment in conjunction with other clinical measures as New york Heart Association or 
World Health Organization functional class and 6mwt.21 Hemodynamic measurements are 
recommended as accessory end points in clinical trials, in addition to standard clinical end 
points, mainly the 6mwt.31 A recent study showed that the mid for the 6mwt was 41 m.20 Be-
cause the 6mwt is the most common clinical measure in ph to evaluate treatment, we chose 
the 6mwt as anchor for the estimation of a clinically relevant change in stroke volume.21,30-32 A 
change of 41 m in 6mwt was used to describe the change in 6mwt as relevant. The advantage 
of the anchor-based method is that it takes into account clinical relevant changes.33 The opti-
mal cut-off point of 10 ml had a sensitivity of 91% and a specificity of 91%. All patients with a 
decrease in 6mwt of more than 41 m also had a decrease in stroke volume. In addition, there 
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were a few patients with a decrease in stroke volume while they had an increase in 6mwt. There 
was only a small difference between the anchor-based method, with a mid of 10 ml, and the 
distribution based method, with a mid of 8 ml. The distribution-based method is said to be 
more consistent.14 When longitudinal samples were incorporated, the mid for stroke volume 
was calculated at 12 ml. We would estimate a mid for stroke volume of about 10 ml as clinically 
meaningful considering the range of values of mid for stroke volume determined by both the 
anchor-based method and distribution based method. 

A recent review article by Galie et al.30 that includes 23 randomized controlled clinical trials 
performed in ph reports the changes in hemodynamic parameters. Twelve trials report cardiac 
index or cardiac output as an outcome measure, of which 9 report a significant improvement. 
Only one early study by Barst et al.24 reports stroke volume as a separate measure. In that study 
a mean difference in stroke volume compared with placebo of 10.1 ml (95% ci: 2.5; 17.8 ml) 
was found after 12 weeks intravenous epoprostenol treatment, with a concommittant increase 
in the 6wmt of 60 m. This corresponds well with the mid of 10 ml reported here.

Study limitations

When determining the mid with the distribution-based method it is not possible to calculate 
a separate mid for stroke volume for improving or deteriorating patients. The mid for stroke 
volume calculated with the distribution-based method therefore applies for both an improve-
ment and deterioration in stroke volume. For the anchor-based method, the calculation of the 
mid of stroke volume was based on clinical deterioration in 6mwt. Therefore, the mid of stroke 
volume determined by the anchor-based method essentially applies to patients who have a 
decrease in stroke volume of 10 ml. recognizing a minimally important decrease in stroke vol-
ume is clinically more relevant. The mid for deterioration and improvement in stroke volume 
were not compared separately due to the small number of patients in the study. A positive or 
negative change is sometimes considered to give a different interpretation of a mid,6 however, 
others contradict this.34 

A second limitation is the composition of the study population. There were different types of 
pah patients and patients with cteph. Moreover, there were different nyha functional classes 
involved. Most patients were nyha functional class iii and had ipah. It is therefore question-
able whether the results of this study also apply in patients with nyha functional class ii or iv, 
and in patients with cteph and non-idiopathic pah. 

In conclusion, this study provides a guideline for interpreting the clinical relevance of a change 
in stroke volume during clinical treatment of patients with ph. Values of change in stroke vol-
ume of 10 ml, with a range of 8 to 12 ml were considered clinically significant. These values 
should be interpreted in the context of changes in other relevant clinical parameters in ph. This 
study is the first to calculate the mid of a hemodynamic parameter in ph. Establishing mid of 
hemodynamic parameters in ph can be of great importance for the interpretation of hemody-
namic changes in ph during clinical follow-up of ph patients. ■
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Background In pulmonary arterial hypertension, symptoms and sur-
vival are determined by the degree of right ventricular failure. 
Objective To investigate whether addition of sildenafil therapy reverses 
right ventricular remodelling and improves right ventricular function.
Methods Sildenafil was added in 25 patients receiving bosentan treat-
ment. Effects on the right ventricle were measured by cardiomagnetic 
resonance and relations with N-terminal brain natriuretic peptide (nt-
probnp) and the six-minute walk test (6mwt) were determined. 
Results Cardiac index was 2.0 ± 0.7 l/min/m2 at baseline, 2.3 ± 0.6 l/
min/m2 after bosentan therapy and 2.8 ± 1.1 l/min/m2 after addition of 
sildenafil (p = 0.026 compared to baseline and p = 0.048 compared to 
bosentan). right ventricular ejection fraction was 33 ± 16% at baseline 
and 39 ± 24 % after bosentan therapy (not significant). After sildena-
fil therapy right ventricular ejection fraction increased to 42 ± 19% (p 
= 0.035, when compared to baseline). right ventricular mass increased 
from 87 ± 37 g to 109 ± 36 g after bosentan therapy (p = 0.001). After the 
addition of sildenafil, right ventricular mass decreased to 101 ± 32 g (p = 
0.035). There was a significant improvement in the right-to-left ventricu-
lar diastolic volume ratio, from 2.4 ± 0.9 to 2.0 ± 0.6 after the addition of 
sildenafil (p = 0.018). Improvements in right ventricular structure and 
function were related to improvements in nt-probnp and 6mwt. 
Conclusions Addition of sildenafil improves right ventricular function 
and decreases right ventricular hypertrophy and dilatation, which relates 
to improvements in nt-probnp and 6mwt.  ◦

Adapted from Heart 2006;92:1860-1861

Departments of aPulmonary Diseases, bPhysics and Medical Technology and cCardiology, 
Institute for Cardiovascular Research, VU University Medical Center, Amsterdam

S.A. van Wolferen,a A. Boonstra,a J.T Marcus,b K.M. Marques,c J.G. Bronzwaer,c 
P.E. Postmus,a A. Vonk-Noordegraafa

Right ventricular reverse remodelling 
after sildenafil in pulmonary 
arterial hypertension

ABSTRACT

5.1 InTRoduCTIon

PULMONAry ArTErIAL HyPErTENSION (pah) is a disease characterized by ob-
structive lesions in the small arteries of the pulmonary vascular bed leading to an in-
creased pulmonary vascular resistance and an increased burden on the right ventricle 

(rv). In time, rv failure develops and results in limited exercise capacity and fatigue. As the 
disease progresses rv failure eventually causes death in patients with pulmonary hyperten-
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sion.1– 3 Several therapeutic options have become available for the treatment of pulmonary 
hypertension which can halt progression of the disease and improve symptoms and survival.4

Current treatment guidelines for pulmonary hypertension propose monotherapy with an 
oral preparation in moderate disease, and monotherapy with intravenous preparations for 
more advanced disease.5,6 Many uncontrolled reports showed that in patients failing on mono-
therapy, the addition of a second drug of a different class improves symptoms and exercise ca-
pacity.7–12 It is of interest to know whether this strategy also leads to an improvement of cardiac 
function and reverses rv remodelling.

In this study, the phosphodiesterase (pde) 5 inhibitor sildenafil was added to treatment 
with bosentan, an endothelin-receptor antagonist. The objective of this study was to investigate 
whether the addition of sildenafil reverses rv remodelling and further improves rv function in 
pah patients treated with bosentan.

5.2 MeThodS

Patients
We enrolled 25 patients with pah who were clinically stable after 1 year treatment with bosen-
tan. pah was diagnosed when a mean pulmonary artery pressure above 25 mmHg was found 
at right heart catheterization. The pulmonary capillary wedge pressure had to be less than 15 
mmHg in order to be included in the study. Causes of pah, based on the Third World Sympo-
sium on pah, were idiopathic (15 patients), hiv (1 patient), collagen vascular disease (4 pa-
tients) and congenital systemic-to-pulmonary shunt due to an atrial septal defect (4 patients) 
or a patent ductus arteriosus (1 patient).13 The institutional ethics review committee approved 
the study, and all patients gave informed consent.

Study design

Between December 2003 and March 2004, 30 patients started with bosentan therapy only, 
starting at 62.5 mg twice daily, and increased to 125 mg twice daily after 4 weeks. Five patients 
had a clinical deterioration during this year, defined as a decrease of the six-minute walk test 
(6mwt) of more than 20% or development of right heart failure and were given continuous 
epoprostenol infusions. The remaining 25 patients were stable and started with sildenafil 50 
mg twice daily initially and increased to 50 mg three times daily after 4 weeks. If patients re-
ported side effects, the dosage was lowered to 25 mg three times daily.

At the start of the study right-heart catheterization, cardiomagnetic resonance (cmr) and 
6mwt were performed. The six-minute walk test was performed according to ats guidelines.14 
The level of N-terminal-pro brain natriuretic peptide (nt-probnp) was determined after 12 
months of bosentan treatment and after 3 months of combination therapy. nt-probnp was not 
measured at the start of bosentan treatment, since the assay was not available at that time in 
our hospital. After 3 months of bosentan and sildenafil combination therapy, the effects of the 
addition of sildenafil to bosentan on cardiac parameters were evaluated with cmr.

Right heart catheterization

right heart catheterization was performed with a fluid-filled, single lumen, multipurpose cath-
eter via the transfemoral approach (6 Fr. mpa 1, Cordis Co, Miami Lakes, usa). With the use 
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of the catheter right atrial pressure, right ventricular pressure, pulmonary artery pressure and 
pulmonary capillary wedge pressure were measured and mixed venous and arterial saturations 
were determined. Oxygen consumption (vo2) was measured during right heart catheteriza-
tion. The Fick method was used to calculate cardiac output.

Cardiomagnetic resonance studies

cmr was performed with a 1.5 T scanner (Sonata, Siemens, Erlangen, Germany), with simul-
taneous ecg recording. Short-axis images of the heart from apex to base were obtained and 
processed using mass software (Department of radiology, Leiden University Medical Center, 
Leiden, the Netherlands). The endo- and epicardial contours of the right and left ventricles 
were delineated to obtain right and left ventricular masses and end diastolic volumes. Stroke 
volume was determined from the flow in the main pulmonary artery according to a protocol 
described earlier, with correction for phase offset errors.15,16 Cardiac output was determined 
by multiplying stroke volume by heart rate. Cardiac index was determined by dividing cardiac 
output by body surface area. right and left ventricular ejection fractions were determined by 
dividing stroke volume by right and left end diastolic volumes respectively.

Plasma NT-proBNP levels 

In all patients blood was sampled and analyzed for routine laboratory test and nt-probnp 
plasma levels (eclia, roche Inc Mannheim Germany). Blood was sampled from a peripheral 
vein with the patients in rest within 24 hours of cmr measurements.

Statistical analysis

Data were expressed as mean values ± sd. Changes in parameters were analyzed with the Wil-
coxon signed rank test. Correlation coefficients were determined by linear regression analysis. 
A p-value < 0.05 was considered significant.

5.3 ReSulTS

Characteristics of the 25 patients started on add-on treatment with sildenafil are given in Table 
5.1. More than half of the patients had idiopathic pah. Twenty-three patients had New york 
Heart Association (nyha) functional class iii, and 2 patients had functional class ii. After 12 
months bosentan therapy, 2 patients improved from nyha class iii to nyha class ii. After 3 
months add-on therapy with sildenafil, 2 additional patients improved to nyha class ii. Only 
minor side effects were observed after addition of sildenafil, including headache (1 patient), 
heartburn (1 patient) and epistaxis (1 patient). None of the 25 patients had documented liver 
function abnormalities or changes in hematologic or biochemical measurements. 

Changes in right ventricular function, mass and volume 

cmr was performed at baseline, after 12 months bosentan therapy, and after 3 months sildena-
fil add-on therapy in 15 patients. Ten patients did not complete the cmr studies for claustro-
phobic reasons (3 patients) or logistic reasons (7 patients). The cardiac parameters assessed by 
cmr in the remaining 15 patients are summarized in Table 5.2. Cardiac index was 2.0 ± 0.7 
l/min/m2 at baseline, 2.3 ± 0.6 l/min/m2 after 12 months bosentan and 2.8 ± 1.1 l/min/m2 3 
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months after addition of sildenafil. The cardiac index after 12 months of bosentan therapy did 
not change significantly. However, after 3 months sildenafil add-on therapy, cardiac index was 
significantly increased from baseline (p = 0.026) and from 12 months bosentan (p = 0.048). 

right ventricular ejection fraction was 33 ± 16% at baseline and increased after 12 months 
bosentan (39 ± 24%, not significant when compared to baseline). After 3 months sildenafil 
add-on therapy right ventricular ejection fraction increased to 43 ± 19% (p = 0.035, when 

Table 5�.1 Patient characteristics

Demographic variables

Age (yrs) 48 ± 14

Male / female 5 / 20

Body surface area (m2) 1.8 ± 0.2

Cause of pulmonary arterial hypertension

Idiopathic 15

HIV 1

Collagen vascular disease 4

Congenital systemic to pulmonary shunt 5

Functional status

NYHA class II / III 2 / 23

Six-minute walk distance (m) 401 ± 116

Dyspnoea score (Borg index) 4.1 ± 2.2

Hemodynamic variables

Cardiac index (l/min/m2) 2.0 ± 1.2

Heart rate (bpm) 78 ± 13

Mean pulmonary artery pressure (mmHg) 54 ± 13

Mean right atrial pressure (mmHg) 9 ± 7

Pulmonary vascular resistance (dynes.sec/cm5) 886 ± 516 

Mixed venous oxygen saturation (%) 65 ± 12

NYHA = New York Heart Association

Table 5�.2 Changes in right ventricular function, mass and volume (15 patients)

Baseline 12 months bosentan 12 + 3 months 
bosentan and sildenafil

Cardiac index (l/min/m2) 2.0 ± 0.7 2.3 ± 0.6 2.8 ± 1.1*†

Stroke volume index (ml/m2) 30 ± 16 32 ± 14 36 ± 18

RVEF (%) 33 ± 16 39 ± 24 43 ± 19*

LVEF (%) 62 ± 22 70 ± 20 70 ± 20

RV mass (g) 87 ± 37 109 ± 36* 101 ± 33*†

LV mass (g) 129 ± 37 132 ± 28 133 ± 32 

RVEDV (ml) 162 ± 34 174 ± 58 153 ± 28

LVEDV (ml) 83 ± 15 82 ± 27 86 ± 26

RV : LV diastolic volume ratio 2.1 ± 0.6 2.4 ± 0.9 2.0 ± 0.6†

*p < 0.05 when compared to baseline. †p < 0.05 when compared to 12 months bosentan.  LV mass = left ventricular 
mass; LVEF = left ventricular ejection fraction; RV mass = right ventricular mass; RVEDV = right ventricular end-
diastolic volume; LVEDV = left ventricular end-diastolic volume; RVEF = right ventricular ejection fraction .



73
RV reverse remodelling after sildenafil in PAH

compared to baseline). 
There was evidence of rv hypertrophy in all patients, mean rv mass was 87 ± 37 g at baseline, 

much higher than the mean (60 ± 14 g) reported for healthy individuals.17 rv mass increased 
from 87 ± 37 g at baseline to 109 ± 36 g after 12 months bosentan (p = 0.001). After 3 months 
sildenafil add-on therapy, rv mass was decreased to 101 ± 33 g (p = 0.035, Figure 5.1A). There 
were no significant changes in right or left end diastolic volumes, however there was a signifi-
cant improvement in the rv: lv diastolic volume ratio (p = 0.018, Figure 5.1B, Table 5.2).

Relation between changes in right ventricular parameters and N-terminal brain natriuretic peptide 

nt-probnp levels decreased from 1269 ng/l (95% ci: 668; 1869) at 12 months bosentan therapy 
to 817 ng/l (95% ci: 308; 1326) 3 months after the addition of sildenafil (p = 0.007). The nt-
probnp levels at the start of bosentan treatment and at 3 months of bosentan treatment were 
not measured. The decrease in nt-probnp was related to a decrease in rv dilatation, R = 0.55 
(p = 0.035), to a decrease in rv hypertrophy, R = 0.61 (p = 0.011), and to an improvement in rv 
ejection fraction, R = –0.62 (p = 0.015, Figure 5.2). 

Relation between changes in right ventricular parameters and six-minute walk test

The mean 6mwt increased 3 months after the start of bosentan from 401 ± 116 m at baseline 
to 468 ± 81 m (p = 0.010). After 1 year, the mean 6mwt was 426 ± 105 m (p > 0.05, when com-
pared to baseline). The mean 6mwt increased after the addition of sildenafil from 426 ± 105 m 
to 461 ± 124 m (p = 0.006). 

The improvement in exercise capacity correlated with the improvements in rv function: 
cardiac index, R = 0.71 (p = 0.003) and rv ejection fraction R = 0.53 (p = 0.043). There was no 
significant relation between improvement in exercise capacity and decrease in rv dilatation 
and hypertrophy (Figure 5.3).

Sildenafil add-on treatment in bosentan responders and non-responders

To determine whether addition of sildenafil is effective in all patients, patients were stratified 
according to the results of the 6mwt after 12 months of bosentan therapy. In 18 patients the 
6mwt improved and in 7 patients the 6mwt decreased after 12 months bosentan. In the sub-
group with improved 6mwt (baseline 371 ± 129 m and 12 months 442 ± 98 m, p < 0.001) dur-
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Figure 5�.1 Change in right ventricular mass (A), right ventricular to left ventricular diastolic volume ratio (B) for each 
patient who completed 12 months of bosentan therapy and 3 months of add-on therapy with sildenafil. RV: right 
ventricle, LV: left ventricle, NS = not significant.
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ing the first year, addition of sildenafil led to further gains (482 ± 97 m, p = 0.002). In the sub-
group with a decrease of the 6mwt on bosentan (baseline 444 ± 91 m and 12 months 377 ± 119 
m, p = 0.002), addition of sildenafil led to a modest increase (400 ± 159 m, not significant).

5.4 dISCuSSIon

In this study, we showed that the addition of sildenafil to bosentan in patients with pah revers-
es rv remodelling and further improves cardiac function: there was a decrease in rv mass and 
right to left ventricular volume ratio and an increase in cardiac index and rv ejection fraction. 
The cardiac improvement was accompanied by a decrease in nt-probnp and an increase in the 
distance walked during the 6mwt. 

rv hypertrophy occurs in pulmonary hypertension due to an increased pulmonary vascular 
resistance and a chronic pressure overload on the rv. rv mass was increased in our patients 
at the start of bosentan therapy compared to healthy controls. After 1 year of treatment with 
bosentan, there was an increase in rv mass. At this time, we have no explanation for this 
finding. After adding sildenafil, rv mass reduced significantly. In a recent study comparing 
sildenafil to bosentan, rv mass did not change significantly after 3 months of bosentan therapy, 
whereas sildenafil significantly reduced rv mass.18 Two mechanisms can explain the effects 
of sildenafil on rv mass. First, rv mass decreases because the pulmonary vascular resistance 
decreases, resulting in less rv wall stress.19,20 The reduction in rv wall stress is also supported 
by the decrease in nt-probnp after 3 months of sildenafil add-on therapy. Second, an intrinsic 
effect of sildenafil on the cardiac myocyte cannot be excluded. A recent study in mice exposed 
to chronic pressure overload induced by aortic constriction showed that blocking the intrinsic 
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catabolism of cyclic gmp with sildenafil suppresses chamber and myocyte hypertrophy, and 
improves in vivo heart function.21 

In pah patients rv end diastolic volume is increased and lv end diastolic volume is de-
creased. Due to the complex interventricular interaction of the right and left ventricle in pah, 
an increased rv volume can lead to further impairment of cardiac function caused by reduced 
lv filling in diastole. Echocardiographic measurement of the rv to lv diastolic area ratio has 
been used to measure the effect of therapy in patients with pah.22 An improvement in rv to 
lv diastolic ratio has also been observed following interventions that reduce the rv afterload, 
such as thromboendarterectomy and lung transplantation.23,24 We observed an increased rv : 
lv diastolic volume ratio in all our patients. After the addition of sildenafil, there was a reduc-
tion in the rv : lv diastolic volume ratio, indicating improved cardiac function mediated by 
improved interventricular interaction.

In patients with pah, elevated bnp levels indicate right ventricular pressure and volume 
overload. Furthermore, bnp is correlated with disease severity and prognosis.25,26 Nagaya et 
al. showed that a decrease in bnp is associated with a favorable outcome, whereas an increase 
in bnp is associated with a poor prognosis.26 It has also been shown that a decrease in bnp 
levels at follow-up correlated with a decrease in pulmonary artery pressure and pulmonary 
vascular resistance and improvements in exercise capacity.27 Although we were not able to as-
sess nt-probnp before patients started with bosentan, and could thus not assess the effects of 
bosentan monotherapy on nt-probnp, the dramatic reduction in nt-probnp after the addition 
of sildenafil suggests that addition of sildenafil reduced rv pressure and volume overload. We 
showed that the reduction in nt-probnp also correlated with a reduction in rv dilatation and 
hypertrophy at follow-up after 3 months. This indicates that the reduction in nt-probnp is as-

Figure 5�.3� Relation between the change in the distance walked during the 6-minute walk test and the change in 
(A) RV mass, (B) RV end-diastolic volume, (C) RV ejection fraction and (D) cardiac index after 3 months of add-on 
therapy with sildenafil.
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sociated with a reversal of rv remodelling and a reduction of rv failure.
Without the 5 patients who showed clinical deterioration on bosentan and required contin-

uous prostaglandin infusions, the average improvement of the 6mwt after 3 months of bosen-
tan was 67 m. Notably, this distance did not improve in the following 9 months of bosentan 
monotherapy. The average improvement after the addition of sildenafil was 35 m. Our study 
showed beneficial effects of adding sildenafil to patients with pulmonary hypertension receiv-
ing bosentan monotherapy on the 6mwt and this effect was independent of the treatment re-
sponse to bosentan. These results confirm the finding of Hoeper et al. that addition of sildenafil 
can be effective in pah patients with a decreasing 6mwt while receiving bosentan.7 In addition, 
we showed that addition of sildenafil is effective in patients with an improved 6mwt on bosen-
tan therapy and that addition of sildenafil also improved cardiac index and rv ejection fraction 
in parallel with the improvement in 6mwt. 

The side effects of the combination therapy observed in this study were only minor although 
our study population is too small to draw firm conclusions at this point. Also, the study dura-
tion was too short to address safety of long-term combination therapy of bosentan and sildena-
fil in pah. However, in a recent study few adverse effects were reported during an average 
follow-up of 12.5 ± 2 months in 7 patients with pah treated with sildenafil combined with 
various other treatments for pah.12 

The starting dosage of sildenafil add-on therapy that we used was 50 mg bd, which was also 
the starting dosage used in the study by Wilkens et al.18 The advantage of this schedule is that 
sildenafil can be administered in conjunction with bosentan. However, based on the short half-
life time of sildenafil, a dosage schedule of three times daily would possibly be more effective. 
For this reason, we subsequently chose for a three times daily dosage of sildenafil which ap-
peared to be effective and safe. When patients reported side effects, the dosage of sildenafil was 
lowered to 25 mg three times daily. Comparable efficacy of lower dosages of sildenafil to higher 
dosages was recently reported in a randomised controlled trial which found comparable in-
creases in the six-minute walk test at different dosages of sildenafil.20 However, given the pos-
sible complex pharmacokinetic interaction between both drugs the question which sildenafil 
dosage is the most effective when used as add-on therapy cannot be answered at this time.28 

Although it might be tempting to conclude from our results that combination therapy is 
more effective than monotherapy, the study was not designed for this purpose. In the absence 
of a control group it remains unclear from our study whether the improvement in rv function 
is a result of combination therapy or due to the effects of sildenafil alone. Despite these limita-
tions, our study showed that addition of sildenafil reversed rv dilatation and hypertrophy and 
that these positive effects on rv structure and function occurred in parallel with improvements 
in exercise capacity and nt-probnp levels.

Conclusion

In conclusion, addition of sildenafil to patients on bosentan therapy improves rv function and 
reduces rv dilatation and hypertrophy. Improvement of rv parameters parallels an increased 
exercise capacity and a reduction of nt-probnp. ■
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Aims This study investigates whether increased right ventricular (rv) 
pressure in pulmonary hypertension (ph) impairs right coronary artery 
(rca) flow and rv perfusion.
Methods In 25 subjects, 5 patients with idiopathic pulmonary arterial 
hypertension, 9 patients with chronic thromboembolic pulmonary arte-
rial hypertension, and 11 healthy controls, flow of the rca and left ante-
rior descending (lad) artery was measured with mr flow quantification.
Results In ph, rca peak systolic and mean systolic flow were lower, 1.02 
± 0.62 mL/s and 0.42 ± 0.30 mL/s, than peak and mean diastolic flow, 
2.99 ± 1.97 mL/s (p < 0.001) and 1.73 ± 0.97 mL/s (p < 0.001); a pattern 
similar to the lad. In contrast, in controls, rca peak and mean flow in 
systole, 1.63 ± 0.58 mL/s and 0.72 ± 0.23 mL/s, were comparable to peak 
and mean flow in diastole, 1.72 ± 0.48 mL/s and 0.93 ± 0.28 mL/s (ns). 
The systolic-to-diastolic flow ratio in the rca, and mean flow per gram 
rv tissue, were inversely related to rv mass, R = ‒0.61 (p = 0.009), and 
R = ‒0.73 (p < 0.001) and to rv pressure, r = ‒0.83 (p < 0.001), and R = 
‒0.57 (p = 0.033).
Conclusion Although in controls, rca flow is similar in systole and di-
astole, in ph there is systolic flow impediment, which is proportional to 
rv pressure and mass. In patients with severe rv hypertrophy total mean 
flow is reduced. ◦
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Right coronary artery 
flow impairment in patients with 
pulmonary hypertension

ABSTRACT

6.1 InTRoduCTIon

THE rIGHT VENTrICLE (rv) serves the pulmonary circulation. The rv is thin-walled 
with much less myocardial mass than the left ventricle (lv). In experiments in which 
the rv wall was damaged, no decrease in overall cardiac function was observed.1–3 As 

a result of these observations, a passive conduit function with minor circulatory function was 
allocated to the rv. However, in conditions of increased rv afterload, rv function becomes 
increasingly important. In 1936, Fineberg and Wiggers4 first postulated that ‘circulatory fail-
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ure following obstruction of the pulmonary circuit had no other cause than fatigue of the rv’. 
Animal studies investigating rv function under stressed conditions found that rv function 
becomes increasingly important and that the ability of the rv to compensate is limited by rv 
perfusion, i.e. right coronary artery (rca) flow.5–9

In patients with pulmonary hypertension (ph), the increased rv afterload causes rv hyper-
trophy which requires increased perfusion. Impairment of coronary flow might lead to cardiac 
dysfunction.10 Thus, a reduced right coronary flow might contribute importantly to rv failure 
in patients with ph. In a study of ph in dogs, it was found that rv pressure overload induces a 
reduction in rca flow in systole.11,12 However, a reduced rca flow in systole, possibly result-
ing in decreased perfusion per gram of cardiac tissue, has not been reported in patients with 
increased rv afterload due to ph. 

The purpose of this study was to investigate the coronary artery flow pattern of the rca in 
patients with ph in comparison with healthy controls and to investigate the influence of rv 
pressure and rv hypertrophy on the rca flow. 

6.2 MeThodS

Patients
Between March 2006 and September 2006, 48 patients were evaluated because of suspected ph. 
After initial evaluation, 30 patients were eligible for inclusion. Twenty patients underwent both a 
right heart catheterization and a cardiac mri within 1–2 days and were included in the study. In 
three patients, it was not possible to obtain adequate measurements. Three study subjects, who 
were catheterized because of suspected ph, turned out to have normal pulmonary artery pres-
sures and were included in the group of 11 healthy volunteers. The other healthy volunteers only 
had a cardiac mri. The healthy volunteers were selected age and sex matched controls, without 
a history of coronary or cardiac disease, obtained from staff members of the Departments of 
Pulmonary Diseases and Physics and Medical Technology of the VU University Medical Center 
and from the Department of Cardiology of the Leiden University Medical Center and from 
their relatives. In total, 25 subjects were included in the study, five patients with idiopathic pul-
monary arterial hypertension (ipah), nine patients with chronic thromboembolic ph (cteph) 
and 11 healthy volunteers. The characteristics of the study subjects are summarized in Table 6.1. 
All patients had a mean pulmonary artery pressure > 25 mmHg at right heart catheterization 
and a pulmonary capillary wedge pressure < 15 mmHg. ph related to connective tissue disease, 
congenital heart disease, portal hypertension, hiv infection, or a hypoxic origin was excluded 
by further diagnostic work-up.13 Patients with cteph were diagnosed by pulmonary angiogra-
phy. The institutional ethics review commission approved the study protocol and all patients 
gave informed consent. The study complies with the Declaration of Helsinki. 

Right heart catheterization

right heart catheterization was performed to obtain measurements of pulmonary artery pres-
sure, rv pressure, right atrial pressure, pulmonary capillary wedge pressure, cardiac output, 
pulmonary vascular resistance, and mixed venous oxygen saturation. Cardiac output was de-
termined using the Fick method. Oxygen consumption was measured during right heart cath-
eterization. All patients had a vasodilatory test with inhaled nitric oxide (20 ppm). 
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Cardiac magnetic resonance imaging

Cardiac mri was performed with a 1.5T scanner (Sonata, Siemens Medical Solutions, Erlan-
gen, Germany) with simultaneous ecg recording. Subjects were imaged in the supine position, 
using a circularly polarized phased array body coil attached to the chest. 

Measurement of right and left ventricular mass and volume

Short-axis images of the heart from apex to base were acquired, covering the whole lv and 
rv. For the cine images, a gradient-echo pulse sequence (True-FISP by Siemens) was applied 
(repetition time/echo time, 34/1.6 ms; flip angle, 60°; field of view, 280 × 340 mm2; matrix, 
150 × 256 pixels; pixel size, 1.9 × 1.3; slice thickness, 6 mm; slice distance, 4 mm). The endo- 
and epicardial contours of the rv and lv were delineated manually by a blinded observer and 
processed using mass software (Department of radiology, Leiden University Medical Center, 
Leiden, The Netherlands) to obtain rv and lv masses and end-diastolic volumes. 

Table 6.1 Demographic and haemodynamic characteristics

PH Control p

Number of patients 14 11

Age (years) 51 ± 13 51 ± 9 0.961

Female / male 7 / 7 6 / 5 0.912

Height (m) 1.73 ± 0.11 1.82 ± 0.07 0.255

Weight (kg) 81 ± 12 86 ± 13 0.344

Body surface area (m2) 2.0 ± 0.2 2.1 ± 0.2 0.153

Haemodynamic characteristics

Systemic arterial pressure (mmHg)

Systole 126 ± 15 122 ± 8 0.391

Diastole 78 ± 11 76 ± 12 0.668

Mean 96 ± 11 90 ± 12 0.270

Pulmonary arterial pressure (mmHg)

Systole 81 ± 26 nm nm

Diastole 28 ± 12 nm nm

Mean 48 ± 15 nm nm

Right atrial pressure (mmHg) 5.0 ± 3.1 nm nm

Pulmonary vascular resistance (dyne⋅s/cm5) 600 ± 254 nm nm

Cardiac output (L/min) 5.5 ± 2.0 nm nm

Mixed venous O2 (%) 67 ± 6 nm nm

Morphometric characteristics

RV mass (g) 107 ± 37 61 ± 14 <0.001

LV mass (g) 129 ± 36 117 ± 34 0.406

RVEDV (mL) 174 ± 61 106 ± 34 <0.001

LVEDV (mL) 99 ± 33 96 ± 35 0.773

LV = left ventricle; LVEDV = left ventricular end-diastolic volume; PH = pulmonary hypertension; RV = right ventricle; 
RVEDV = right ventricular end-diastolic volume; nm = not measured.
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Measurement of right coronary artery and left anterior descending flow

Coronary artery flow measurements were performed according to a previously described pro-
tocol, with minor modifications.14 In addition, mr contrast, (0.2 mmol/kg gadolinium-dieth-
ylene triamine pentaacetic acid) was used to enhance the angiographic images. First, local-
izing images using a pulse sequence (gradient echo, 11 ky lines per heartbeat, echo time 6.2 
ms, repetition time 14 ms) were obtained to identify the origins of the rca and left anterior 
descending (lad). Then an oblique plane was obtained, showing a longitudinal section of the 
rca and lad (Figure 6.1). For the flow measurements, an image plane orthogonally to these 
longitudinal sections was positioned at 20 mm from the origin of the rca and lad. The flow 
in the coronary arteries was then determined in this image plane using a two-dimensional, 
spoiled gradient echo pulse sequence, and an one-dimensional velocity signal parallel to the 
flow in the coronary artery (velocity sensitivity, 40 cm/s; repetition time ms/echo time ms, 
24/5; flip angle, 30°; field of view, 125 × 250 mm2; matrix 100 × 256 pixels; pixel size 1.16 × 0.98; 
slice thickness 6 mm). One fat saturation pulse was applied per cardiac cycle, directly after the 
r-wave trigger. Scan duration was maximal 960 ms, acquiring 40 frames. To prevent wrap-
around artifacts, the posterior elements of the phased array coil were switched of and the field 
of view was positioned close to the anterior wall. Subtraction of velocity encoding phase maps 
was used to correct for inhomogeneity of the magnetic field, leaving only phase changes related 
to velocity. The velocity maps were analyzed with the flow software (Department of radio-
logy, Leiden University Medical Center, Leiden). The magnitude image was used to select the 
position and size of the coronary artery cross-section. This area was selected as region of inter-
est. The region of interest was repositioned manually in each temporal frame of the cardiac 
cycle. The area of the region of interest was kept constant during the cardiac cycle. Background 
motion was corrected by subtracting the velocity in the region of interest with the average ve-
locity of a circular reference contour surrounding the coronary arteries with 3 pixel distance. If 
this reference contour incorporated a nearby blood vessel, it was manually corrected. The flow 
(mL/s) was calculated as the product of the coronary artery cross-sectional area and area aver-
aged velocity. For each patient and control, a flow curve of the rca and lad flow was obtained 
(Figure 6.2). The r-wave on the electrocardiogram indicated the start of systole. The dura-

Figure 6.1 Example of a localizing image to identify the origin of the right coronary artery. In this particular image, the 
left anterior descending artery is also seen perpendicular to the image plane.
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tion of systole was obtained from the contractile phase of short-axis cine images. The diastolic 
phase of the cardiac cycle was defined as the start of relaxation on the short-axis cine images 
until the next r-wave on the electrocardiogram. Peak systolic and diastolic flows were defined 
as the maximal flow measured during systole or diastole, respectively. Mean systolic flow was 
defined as the averaged flow during the systolic phase of the cardiac cycle. Mean diastolic flow 
was defined as the averaged flow during the diastolic phase of the cardiac cycle. Finally, the 
mean flow during one heartbeat was calculated by averaging the flow over the entire cardiac 
cycle. To average instantaneous flows over the groups, time was normalized by presenting it as 
percentage of heart period. 

Statistical analysis

All data are expressed as mean ± sd. Comparisons between groups were made by the two-sided 
t-test, and chi-square test. To reduce Type i error due to multiple testing, p-values < 0.03 were 
considered significant. To asses the difference in flow profiles in lad and rca between ph pa-
tients and the healthy controls, we used a multilevel analysis. This technique takes into account 
that the same subjects are repeatedly measured and it uses all the available data, irrespective 
of the number of repeated measurements. Furthermore, multilevel analysis is capable of deal-
ing with variations in the duration of the cardiac cycle between patients.15 We used a random 
intercept model with as level 2 patient id and as level 1 time. As independent variables, we used 
the dummy variable indicating the patient group and the interaction between the time during 
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86
Chapter 6

the cardiac cycle and patient group to see whether the effect of flow profile differed for patients 
with ph and healthy controls. We also considered non-linear effects of time by including the 
second and the third power of time in the model and its interaction with patient group. For 
each dependent variable, we choose the best fitting model based on the log-likelihood func-
tion. Pearson correlations were used to assess the relationship between coronary artery flow 
with rv and lv mass and pressures. The variables were normally distributed, or normalized 
with a log-transformation. In these analyses, p-values < 0.05 were considered significant. 

6.3 ReSulTS

The demographic, hemodynamic and morphometric characteristics of the study subjects are 
summarized in Table 6.1. Mean pulmonary artery pressure, pulmonary vascular resistance, rv 
mass, and rv volume were not different between the patients with ipah and the patients with 
cteph. Systemic pressure did not differ between patients and controls. Mean pulmonary artery 
pressure of the patients with ph was 48 ± 15 mmHg and pulmonary vascular resistance was 
600 ± 254 dyne.s/cm5. rv mass in the ph patients was significantly increased compared to the 
rv mass of healthy controls, 107 ± 37 g vs. 61 ± 14 g (p < 0.001). The mean rvedv in the ph 
patients, which was 174 ± 61 ml, was significantly increased compared to the mean rvedv of 
healthy controls, which was 106 ± 34 ml (p < 0.001).

Coronary flow profiles

The flow profiles of the lad and rca, mean ± sd, with normalized time, are presented in Figure 
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6.3, and detailed information is given in Table 6.2. The coronary artery flow profiles in the lad 
are similar in ph patients and control subjects. The flow profiles in the rca of the ph patients 
show a biphasic flow profile, whereas this flow profile in control subjects is smooth and does 
not depend on contraction. In ph patients, rca flow in systole is markedly reduced while dia-
stolic flow is increased. We also compared the flow profiles between patients with ph and the 
healthy controls directly with a multilevel analysis. For rca, a significant interaction effect was 
found between patient group and time. For patients with ph, the best model that fitted the rca 
flow was a biphasic s-shaped curve, whereas for healthy patients a smoother profile was found 
(Figure 6.4). For lad, there was no difference found between the flow profiles. The mean rca 
flow over the entire cardiac cycle is increased in ph patients compared with healthy controls, 
1.25 ± 0.69 mL/s compared with 0.86 ± 0.19 mL/s (p = 0.017). 

The systolic-to-diastolic flow ratios are also reported in Table 6.2 and show that patients 
with ph have a significantly smaller mean systolic-to-diastolic flow ratio in the rca compared 
with controls, 0.39 ± 0.28 compared with 0.82 ± 0.43 (p = 0.007). For the lad, mean systolic-
to-diastolic flow ratios were not different between ph patients and healthy controls.

Table 6.2 Systolic and diastolic coronary artery flow in patients and control subjects

PH Control p

Number of patients 14 11

Mean systolic flow (mL/s) RCA 0.42 ± 0.30 0.72 ± 0.23 0.012

LAD 0.59 ± 0.58 0.22 ± 0.26 0.069

Mean diastolic flow (mL/s) RCA 1.73 ± 0.97 0.93 ± 0.28 0.014

LAD 2.26 ± 1.35 1.62 ± 0.63 0.159

Peak systolic flow (mL/s) RCA 1.02 ± 0.62 1.63 ± 0.58 0.021

LAD 1.05 ± 0.72 0.79 ± 0.43 0.317

Peak diastolic flow (mL/s) RCA 2.99 ± 1.97 1.72 ± 0.48 0.047

LAD 3.54 ± 2.14 2.40 ± 0.75 0.106

Total mean flow during cardiac cycle (mL/s) RCA 1.25 ± 0.69 0.86 ± 0.19 0.017

LAD 1.55 ± 0.92 1.02 ± 0.65 0.036

Mean syst/diast flow ratio RCA 0.39 ± 0.28 0.82 ± 0.43 0.007

LAD 0.29 ± 0.25 0.15 ± 0.16 0.123

Peak syst/diast flow ratio RCA 0.46 ± 0.26 0.92 ± 0.57 0.013

LAD 0.29 ± 0.13 0.36 ± 0.19 0.326

Myocardial mass (g) RV 107 ± 65 61 ± 15 0.031

LV 130 ± 35 117 ± 34 0.376

Mean flow/mass diastole (mL/min/g) RV 1.16 ± 0.52 0.98 ± 0.42 0.343

LV 1.10 ± 0.48 0.88 ± 0.41 0.171

Mean flow/mass systole (mL/min/g) RV 0.36 ± 0.32 0.81 ± 0.37 0.003

LV 0.28 ± 0.26 0.13 ± 0.15 0.100

Total mean flow/mass (mL/min/g) RV 0.83 ± 0.35 0.90 ± 0.35 0.438

LV 0.76 ± 0.38 0.75 ± 0.39 0.712

LAD = left anterior descending artery; LV = left ventricle PH = pulmonary hypertension; RCA = right coronary artery; 
RV = right ventricle. 
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Relation of coronary flow to ventricular pressure

The total mean flow in the rca correlated with rv systolic pressure, R = 0.57 (p = 0.033). Total 
mean flow per gram myocardial tissue in the rca also correlated with rv pressure, R = −0.57 (p 
= 0.033). In addition, mean diastolic flow in the rca correlated with diastolic coronary perfu-
sion pressure, defined as diastolic aortic pressure subtracted by end-diastolic ventricular pres-
sure, R = 0.67 (p = 0.003). There was no significant correlation between the systolic coronary 
perfusion pressure and mean systolic flow in the rca, R = 0.27 (p = 0.318). The contribution of 
rv pressure to the biphasic flow pattern in the rca of patients with ph was investigated by cor-
relating the systolic-to-diastolic flow ratio of the rca to rv systolic pressure. There was a strong 
correlation between the mean rca systolic-to-diastolic flow ratio and the rv systolic pressure, 
R = −0.83 (p < 0.001, Figure 6.5). 

Relation of coronary flow to ventricular mass

Total mean coronary flow in the rca correlated with rv mass, R = 0.81 (p < 0.001). When we 
calculated mean systolic and diastolic coronary blood flow per gram myocardial mass, both 
ph patients and healthy controls have an average flow per mass of around 1 mL/min/g during 
diastole, in the lv as well as in the rv (Table 6.2). As expected, during systole, flow per mass 
was reduced in the lad of both groups and in the rca of patients with ph. The reduction of 
rca flow during systole, expressed as the rca systolic-to-diastolic flow ratio, correlated with 
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Figure 6.4 Multilevel analysis was performed to construct predicted right coronary artery (RCA) flow curves using a 
random intercept model. The curve that corresponded most to the pulmonary hypertension (PH) patients flow pro-
files was a biphasic s-shaped curve, whereas in healthy controls, a smooth curve was obtained from the model.

Figure 6.5� Inverse correlation between systolic right ventricular (RV) pressure and mean systolic-to-diastolic flow ratio 
in the right coronary artery (RCA) in patients with pulmonary hypertension and three controls. 
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rv mass, R = −0.61 (p = 0.009). Although the total mean coronary blood flow per gram myo-
cardial tissue over the entire group combined was not significantly different in ph patients 
compared to controls, for both the rv and lv, we found that total coronary blood flow per 
gram myocardial mass declines in proportion to the amount of rv hypertrophy, R = −0.73 (p 
< 0.001, Figure 6.6). 

6.4 dISCuSSIon

We found that in patients with ph rca flow becomes strongly biphasic with reduced flow in 
systole and higher flow in diastole. The phasic pattern starts to resemble the profile observed in 
the lad. Our results also show that the reduction in systolic rca flow is related to systolic rv 
pressure and to rv mass. In addition, we found that in patients with ph, the mean rca flow per 
gram myocardial tissue over the entire group was similar to that of controls, but decreased in 
proportion to the extent of rv hypertrophy. It is thus expected that, especially in subendocardial 
layers, flow is insufficient in severe rv hypertrophy. 

Animal studies have demonstrated a biphasic flow pattern in the left coronary artery but 
approximately equal systolic and diastolic right coronary artery flow.16 These observations have 
later been confirmed in human studies using the intracoronary Doppler guidewire17 and in non-
invasive human studies using mr velocity measurements of the lad and rca.14

In animal models of rv stress, however, biphasic coronary flow profiles were observed in the 
rca. This was seen in models of pulmonary embolism inducing acute rv stress,5–9 in models of 
congenital chronic rv stress,11,18 and in acquired chronic rv stress.12 In humans, little informa-
tion is available about the effects of rv stress on rca flow. Case studies of patients with con-
genital rv hypertension19 and patients with ph secondary to atrial septal defect20 report biphasic 
coronary flow profiles of the rca and reversal of this pattern after cardiac surgery, suggesting a 
relation between biphasic rca flow and rv hypertension. One study by Akasaka et al.21 inves-
tigated the relation between rca flow and ph in humans using intracoronary Doppler velocity 
measurements. Akasaka et al.21 studied 40 subjects, 17 patients of which had ph defined as a 
systolic pulmonary artery pressure > 35 mmHg during right heart catheterization. The study 
included three patients with ipah, nine patients with cteph, and five patients with ph second-
ary to connective tissue disease. They found a decreased systolic-to-diastolic flow ratio in the 

Figure 6.6 Relation between right ventricular (RV) mass and coronary artery flow of the right coronary artery (RCA) per 
gram myocardial mass of the RV. There is a strong relation between reduced blood flow per gram myocardial tissue 
in proportion to the amount of right ventricular hypertrophy in patients with pulmonary hypertension.
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rca of patients with ph and that the magnitude of this decrease in flow ratio was proportional 
to the coronary driving pressure. It was concluded that in the absence of differences in aortic 
pressure between patients with and without ph, the decreased systolic-to-diastolic flow ratio is 
attributed to increased rv pressure. This is in agreement with our data. Akasaka et al.21 found 
no differences in absolute systolic or diastolic rca flow between patients with and without ph, 
which seems not in agreement with our present findings. However, their conclusion was based 
on flow measurements by means of Doppler in the proximal part of the rca, which also includes 
flow to the right atrium and lv, since reliable measurement in a more distal rca branch was only 
possible in 10 ph patients and nine controls of the 40 study subjects included in the study. 

The main factors that determine systolic coronary flow impediment are rv pressure, muscle 
contractility, muscle thickening, and possible changes in the microcirculation. The rv pressure 
increase is the most obvious candidate here. Changes in the microcirculation were not studied 
but these changes are not expected to be large because mean flow (over the whole cardiac cycle) 
is not decreased. 

In patients with severe ph, with reduced systemic pressure because of rv failure and de-
creased cardiac output, attempts to increase coronary driving pressure with phenylephrine have 
been unsuccessful.23 Although rca driving pressure increased with phenylephrine, rv perfor-
mance and cardiac output decreased, possibly due to vasoconstriction. 

Myocardial systolic compression also contributes to reduction of rca flow. Systolic com-
pression of myocardial fibers decreases the diameter of the myocardial microvascular bed and 
increases vascular resistance, even in an isobaric compression.22 In patients with ph, who have a 
rv, which is hypertrophied to withstand systolic pressures close to systemic pressures, this may 
be an important factor leading to a reduced rca flow to the rv. In this study, the patients with ph 
had an increased rv mass and the reduction of rv perfusion was related to the extent of rv hy-
pertrophy. This suggests that the rca flow in patients with severe ph operates beyond the point 
of autoregulatory coronary flow reserve, despite the greater coronary flow reserve of the rv.24 
Therefore, it is possible that ph patients with rv hypertrophy are more susceptible to subendo-
cardial ischaemia similar to patients with lv hypertrophy. Indeed, Murray and Vatner25 have 
demonstrated that the subendocardial flow is reduced in dogs with rv hypertrophy and Gomez 
et al.10 reported the presence of rv ischaemia measured by myocardial scintigraphy in nine of 
23 patients with ph. Further studies are necessary to evaluate to contribution of decreased rca 
blood flow to rv dysfunction in patients with ph and to evaluate whether this decrease in rca 
flow leads to rv ischaemia contributing to rv failure. 

Study limitations

Measurements were performed in the rca and lad but not the circumflex coronary artery. 
Furthermore, there are anatomical variations in the rca and lad between individual patients, 
in some patients a small part of the perfusion of the lv is supplied by the rca. However, it is 
unlikely that these anatomical variations explain the differences in right coronary flow be-
tween ph patients and healthy controls. Similarly, is it unlikely that this explains the decline in 
right coronary flow in proportion to rv mass in the ph patients. 

Conclusion

Systolic rca flow is impaired in ph. This reduction is proportional to rv mass and pressure. ■
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In pulmonary vascular disease, changes in the pulmonary vascular bed 
will lead to altered pulmonary haemodynamics. This review describes the 
application of several physiological principles to measure these changes 
noninvasively by means of novel techniques. Flow characteristics of 
blood through the pulmonary vascular bed alter in pulmonary vascular 
disease. recent developments in magnetic resonance imaging and com-
puted tomography make it possible to visualise and quantify these abnor-
mal flow patterns. Information regarding pulmonary perfusion can also 
be obtained by measuring the electrical impedance changes in the lung 
by electrical impedance tomography. A more indirect approach to mea-
sure the pulmonary blood flow is the measurement of the absorption of 
acetylene, a perfusion limited gas. Information on the pulmonary vascu-
lar bed can also be obtained by the measurement of exhaled products of 
the pulmonary vascular endothelium, such as nitric oxide. Although all 
the techniques described offer new ways to diagnose or monitor pulmo-
nary vascular disease, clinical data on these techniques are limited. Fur-
ther improvement and evaluation of the clinical value of these techniques 
are therefore obligatory before they can be used in clinical practice. ◦
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Noninvasive assessment 
and monitoring 
of the pulmonary circulation

ABSTRACT

7.1 InTRoduCTIon

A LOW ArTErIAL PrESSUrE and peripheral vascular resistance (pvr) are character-
istics of the pulmonary circulation. Both the low pressure and resistance are a result 
of the specialised function and anatomy of the pulmonary vascular bed. The pulmo-

nary vascular bed consists of highly distensible vessels, which are able to accommodate large 
increases in blood volume, as in exercise, while retaining a low pressure by distension and 
recruitment of the pulmonary microvascular bed.1 In diseases affecting the pulmonary vascu-
lature, loss of the pulmonary vasculature and obstructive pathological changes of the pulmo-
nary vasculature, such as thrombotic lesions, medial hypertrophy and intimal fibrosis, leads 
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to an increased pvr and pulmonary artery pressure (pap). However, due to the distensibility 
and the large recruitment capacity of the pulmonary vascular bed, normal resting pap will rise 
relatively late in the course of the disease, when up to 70% of the bed is already obstructed. 
For the most commonly used noninvasive technique to diagnose pulmonary vascular disease, 
Doppler echocardiography, an increased pap is a prerequisite to diagnose pulmonary vascular 
disease.2 Assessing pulmonary vascular disease by means of estimating pap in this way requires 
extensive pulmonary vascular damage before the diagnosis can be made. Furthermore, pap ap-
pears a rather insensitive variable to monitor the course of the disease.3–5 For this reason more 
sensitive noninvasive techniques for assessing the pulmonary vascular bed will not only be de-
sirable to diagnose early stages of pulmonary vascular disease, but might also provide a better 
tool to monitor the effects of therapy. This review aims to present novel ways to noninvasively 
measure the characteristics of the pulmonary circulation. 

7.2 MeASuRIng pulMonARy vASCulAR funCTIon

Since the pulmonary microvascular bed cannot be visualized noninvasively, information about 
its function can only be obtained indirectly. Several approaches to measure the characteristics 
of the pulmonary vascular bed have been developed in recent years. The most direct approach 
is the measurement of pulmonary perfusion by the passage of contrast fluid through the lungs. 
recent advances in magnetic resonance imaging (mri) and computed tomography (ct) make 
it possible to study the dynamics of pulmonary perfusion of the small pulmonary vessels in 
real time. An alternative approach is to measure the change in electrical impedance during the 
cardiac cycle, since electrical impedance changes are proportional to blood volume changes. 
Based on this principle, electrical impedance tomography (eit) has been developed, making 
it possible to visualize and measure the pulmonary blood volume changes during the cardiac 
cycle. A more physiological approach is the estimation of capillary blood flow from the absorp-
tion of acetylene, a perfusion limited gas. Finally, the production of endothelial factors, such as 
nitric oxide (no), can be analyzed in the exhaled air as an indicator of pulmonary endothelial 
function. Since the focus of this review is the pulmonary vascular bed itself, other promising 
techniques directed at the right heart will not be discussed. 

Figure 7.1 Magnetic resonance imaging perfusion example images: baseline (A), contrast arrival in right ventricle (B), 
and contrast arrival in the lungs (C). Field of view 290×380 mm, pixel size 2.8×2×8 mm, triggered by the ECG R 
wave, one image per cardiac cycle, trigger delay 365 ms. In the anterior and posterior parts of the lung, regions of 5 
cm2 were delineated for dynamic perfusion analysis.

A B C



97
Noninvasive assessment and monitoring

7.3 ConTRAST-enhAnCed MAgneTIC ReSonAnCe IMAgIng
Local narrowing of arteries or arterioles, as in pulmonary arterial hypertension (pah), will lead 
to local higher resistance and thus to slower perfusion in the regions supplied by those arter-
ies. For this reason, measuring the characteristics of the pulmonary vascular bed by means of 
pulmonary perfusion requires a technique with a good spatial distribution and temporal reso-
lution. Contrast enhanced mri (cemri) is both fast and 3-dimensional (3d) by nature: in any 
2-dimensional (2d) image plane a functional 2d perfusion map can be acquired in successive 
time intervals of ∼150 ms.6 This dynamic 2d cemri has proven its value in characterizing ma-
lignant nodules by fast signal increase after contrast injection.7 Alternatively, a full 3d coverage 
of the lungs (mr angiogram) can be acquired in 3 s time steps or even faster.8, 9 For this proce-
dure, a Gadolineum-based mri contrast agent is administered by intravenous bolus injection 
to shorten the longitudinal relaxation time in the surrounding hydrogen nuclei. As an option, 
the mri acquisition is triggered by the ecg r wave in order to measure the subsequent perfu-
sion maps in the same phase of the cardiac cycle. The patient is instructed to hold their breath 
during acquisition. The mri perfusion image planes can be selected in a position and orienta-
tion that is adapted to the clinical or research question. For dynamic analysis, the arterial input 
function must be known and thus either the right ventricle (rv) or the main pulmonary artery 
should be included in the perfusion image. A cardiac short-axis image plane has the advantage 
that both the pulmonary input function (contrast arrival in the rv), as well as the pulmonary 
output function (arrival in the left ventricle), can be derived from the same acquisition (Figure 
7.1). For optimal coverage of all regions of the lungs, coronal planes are preferred where the 
main pulmonary artery is included in one of the image planes for obtaining the input function 
(Figure 7.2). 

As yet, few clinical studies have been performed that exploit the data from dynamic pul-
monary perfusion. Until now, time-resolved 3d mri perfusion has been applied to measure 
the impact of pulmonary vein stenosis after radio frequency ablation for atrial fibrillation; 
perfusion deficits were reliably demonstrated.8 Dynamic 3d mri perfusion was also applied by 
Fink et al.10 and Ohno et al.9 to show the wedge shaped deficits in pulmonary embolism and 
the delayed perfusion in pah. Figure 7.3 demonstrates the regional pulmonary perfusion time 
curves in two patients with mild and moderate pulmonary hypertension, respectively. Subjects 
were lying supine in a 1.5 Tesla whole-body Sonata mri system (Siemens Medical Solutions, 
Erlangen, Germany). regions of interest for perfusion analysis (5 cm × 5 cm area) were drawn 
in the anterior and posterior lung regions. One perfusion per heart beat was analyzed, starting 
at contrast arrival in the rv, through 20 subsequent heart beats. Perfusion curves from the mild 
pah patient showed that the posterior and anterior lung regions show peak contrast enhance-
ment at the 5th and 8th heart beat after injection, respectively, with evident earlier enhancement 
in the posterior region. At the 20th heart beat, the contrast is largely washed out. Similar curves 
from the patient with moderate pah showed that peak enhancement is now only at the 14th 

and 17th heart beat, with no evident difference between anterior and posterior lung regions. 
At the 20th heart beat there is no sign of wash-out. From these curves it is demonstrated that 
an increase in the pvr leads to a slower passage of the contrast fluid through the peripheral 
parts of the lung and a regional distribution no longer determined by gravity. The latter can be 
explained by the fact that in patients with more severe pah the pulmonary pressure overrules 
the gravity effect that is present in normal subjects. The enhancement curve in Figure 7.3 was 
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expressed as per cent increase of the mr signal intensity. For absolute quantification of regional 
perfusion it is necessary to fit the mri signal intensity curve to a gamma variate curve,6 ta-
king the enhancement curve of the main pulmonary artery into account. This is required to 
differentiate between poor perfusion caused by cardiac failure, and poor perfusion caused by 
increased pvr.

For this reason cemri has the potential to quantify the pulmonary perfusion with high tem-
poral and spatial resolution in 2d or 3d. In addition, within the same mri investigation the 
functional variables of the rv and absolute quantification of global pulmonary flow can be 
obtained, making it likely that mri will play an important role in both the diagnosis and moni-
toring of patients with pulmonary vascular disease in the near future.11, 12

7.4 CoMpuTed ToMogRAphy

ct in its different forms is a noninvasive technique that can quantify the blood flow through 
the pulmonary vascular bed. The technique is based on the detection of a change in lung den-
sity following the passage of contrast. The pulmonary blood flow is expressed per unit volume 
of lung parenchyma by calculating the percentage of lung parenchyma in a region of interest 
(roi), from the relative grey scale or Hounsfield Unit of an roi, which is composed of air, lung 
parenchyma and blood, compared with the time density curve in a large blood vessel. The 
results can also be depicted in a quantitative perfusion map using a colour scale. This method 

Figure 7.2 Magnetic resonance imaging perfusion images in a pulmonary hypertension patient, in two separate coro-
nal planes at t  =  0 s before contrast arrival (A, D), at t  =  6 s (B, E) and at t  =  8.7 s (C, F). Contrast arrival at t  =  6 s is 
evident from the signal increase in the right ventricle (E). At t = 8.7 s, the contrast has reached its peak level in the 
lungs, and also becomes visible in the left ventricle (F). Acquisition parameters: voxel size 3.5 × 2.7 × 10 mm, slice 
distance 40 mm, single-shot steady state free precession pulse sequence with one image in every 150 ms. In this 
example, a 90° saturation pulse was applied, with inversion time of 90 ms. LV = left ventricle; LPA = left pulmonary 
artery; RPA = right pulmonary artery.
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can measure the absolute pulmonary blood flow in mL.min−1.mL−1 lung tissue. To exclude the 
influence of major blood vessels in the lung, the roi can be chosen in the peripheral parts of 
the lung. Until now only electron-beam computed tomography (ebct) has been used to study 
perfusion of lung tissue (Figure 7.4).13–15 ebct is a technique that uses an external source of 
electrons to evoke radiation, enabling a very rapid rotation time and reducing motion arte-
facts. However, ebct is not widely available, especially in Europe. ebct has been used to study 
the influence of gravity on the distribution of pulmonary perfusion.16 Investigators using ebct 
found that the density gradient between the dependent and nondependent parts of the lung 
was reduced in patients with secondary pulmonary hypertension due to systemic sclerosis.17 
Jones et al.18 have also found an absence in the vertical gradient in perfusion in patients with 
pulmonary hypertension and a markedly reduced perfusion in pulmonary hypertension when 
compared with the pulmonary perfusion in healthy subjects. In addition, an increased pul-
monary perfusion was measured in patients with pulmonary hypertension, following the ad-
ministration of adenosine, a vasodilator used in pulmonary reversibility testing at right heart 
catheterization. Over the last decade or so the feasibility of using conventional ct systems in 
perfusion studies has increased with the advent of faster scanners. With the current multi-
detector row ct (mdct) with ≥ 16 detectors, volumetric perfusion imaging of section of the 
lungs is, in theory, possible. However, ct perfusion research has been restricted to other areas 
outside the chest.19, 20 Figure 7.4 shows an example of a mdct perfusion. The perfusion scan 
was performed in a 70-yr-old female with chronic tromboembolic pulmonary hypertension, 
using a four row ct system (somatom Volume Zoom; Siemens, Erlangen, Germany). To make 
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Figure 7.3� A Perfusion curves in anterior and posterior pulmonary regions, 20 consecutive heartbeats after contrast 
arrival in the right ventricle in a patient with mild pulmonary hypertension (pulmonary arterial pressure: systolic/
diastolic/mean  =  43/20/31 mmHg). The x-axis presents the heart beat after contrast arrival in the RV. The y-axis 
presents the magnetic resonance (MR) signal intensity in the anterior and posterior region. B Similar perfusion 
curves in a patient with moderate pulmonary arterial hypertension (pulmonary arterial pressure: systolic/diastolic/
mean = 49/31/40 mmHg). 
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the quantitative map of the lung perfusion the measurements were performed at the level of 
main pulmonary artery. A dramatic reduction in perfusion of the lung parenchyma can be 
observed in the middle lobe. The image corresponds well with the pulmonary angiogram, in 
which the perfusion defects are also clearly visible. mdct is a promising technique to measure 
the pulmonary blood flow and is widely available. A disadvantage of both ebct and mdct is 
the high dose of radiation. A major drawback of ebct is that scanners are not available in most 
centres at this time. Since the evaluation of the lung parenchyma by means of conventional 
ct is part of the normal work up in dyspnoeic patients, obtaining quantitative information 
of the pulmonary vascular bed during the same procedure is appealing. However, there is no 
information available about the value of this technique for the diagnosis or monitoring of pul-
monary vascular disease. Furthermore, this technique requires further technical improvement 
and standardization to be clinical useful. Finally, the relationship between parenchyma density 
and pulmonary perfusion should be clarified in order to distinguish primary vascular involve-
ment from loss of alveolar structure. 

7.5 eleCTRICAl IMpedAnCe ToMogRAphy

The variation of electrical impedance within the thorax is strongly related to cardiac and venti-
latory events. Since impedance and blood volume are inversely related, blood volume changes 
within the lungs can be quantified by measuring the impedance. As the small pulmonary ves-
sels contain the largest pool of blood in the lungs and have the largest distensibility,21, 22 these 
vessels dominate the pulsatile related volume increase of the pulmonary vascular bed and thus, 
the impedance change. For this reason the signal might contain significant information about 
the pulmonary resistance vessels. eit is a technique that makes it possible to image and quan-
tify impedance changes as a result of differences in the perfusion of the lung. Most studies 
have been performed using the Sheffield Applied Potential Tomograph Mark I (Sheffield, uk), 
developed by Barber and Brown in the 1980s, and its successor the Sheffield apt das-01p 23. 
This system employs eight or 16 electrodes in a ring. A constant current of ≤ 5 mA is applied 

A B C

Figure 7.4 Angiographic and perfusion study in a patient with chronic trombo-embolic pulmonary hypertension. A and 
B:  Pulmonary angiogram, showing multiple perfusion defects predominantly in the right lung. C: Quantitative map 
of tissue perfusion at the level of the main pulmonary artery; the colour indicates perfusion rate in mL.min .100 mL−1 
tissue. Red is the high end of the scale, blue the low end. Note the nearly absent perfusion of the middle lobe, which 
is compatible with the pulmonary angiogram.
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sequentially to adjacent pairs of electrodes, as indicated in Figure 7.5. The potential differences 
between the electrodes are reconstructed into an image of the impedance in the plane spanned 
by the electrodes. By attaching the electrodes in a circular way around the thorax at the third 
intercostal space, and using ecg gating, images of the pulmonary perfusion can be obtained.24 
As a consequence of the algorithm used in most of the eit systems currently available, only 
differences in impedance are imaged. For the study of pulmonary perfusion related impedance 
changes, the end diastolic image is chosen as the reference image. At systole, blood is pumped 
into the pulmonary vascular bed, which leads to an increase in blood volume compared with 
end diastolic volume, causing a decrease in electrical impedance. 

The first clinical studies investigating the possibilities of eit to detect the pathological chang-
es of the pulmonary vascular bed showed that in emphysematous patients, impedance changes 
of the pulmonary perfusion are significantly smaller in comparison with healthy subjects, ap-
parently reflecting the reduced pulmonary vascular bed in those patients.24, 25 Two recent small 
studies showed that the effects of vasoconstriction and vasodilatation of the small pulmonary 
blood vessels can be monitored by eit.26, 27 In the first study, the effects of epoprostenol-induced 
pulmonary vasodilatation on the eit signal in pah patients were studied.26 This study showed 
that the impedance change was closely related to the decrease of pvr. In the second study 
pulmonary vasoconstriction was induced in healthy subjects by inhaling hypoxic air (14% 
oxygen), causing a reduction of the eit signal. Pulmonary vasodilatation was studied in six 
emphysematous patients with active hypoxic pulmonary vasoconstriction. By inhaling 100% 
oxygen, release of hypoxic vasoconstriction could be obtained in the patients. eit measure-
ments were performed while breathing room air, and during hyperoxia. There was a significant 
increase in impedance changes with 100% oxygen, although not in all patients, whereas stroke 
volume and heart rate remained unchanged.27 

recent technical advances have led to the prospect of novel eit machines that are able to 
reconstruct 3d images of the absolute instead of relative impedance changes during the cardiac 
cycle.28, 29 Although this machine has several theoretical advantages above its predecessors in 
the determination of the characteristics of the pulmonary vascular bed, clinical data must fi-
nally decide whether eit is a useful tool to monitor pulmonary circulation. 

I

Figure 7.5� Principle of electrical impedance tomography according to the Sheffield method. Current is injected 
sequentially in adjacent electrode pairs and the potential differences (V) are measured in the remaining electrode 
pairs. Image reconstruction is conducted along the equipotential lines (shown as red lines in the figure) with filtered 
back projection.
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7.6 ACeTylene ABSoRpTIon
The most widely used noninvasive parameter of pulmonary vascular function in both health 
and disease is carbon monoxide transfer factor (tl,co).30 tl,co is traditionally estimated at rest 
with the single breath method. This technique is firmly established as a valuable routine pulmo-
nary function test. Although it is decreased in pulmonary hypertension, the diagnostic value 
of the test in pulmonary vascular disease is limited.31, 32 Measuring the absorption of acetylene, 
a perfusion-limited gas, might be a more accurate indicator for pulmonary vascular function 
than carbon monoxide, which is a diffusion-limited gas.33 Currently, two methods are available 
to measure the absorption of acetylene. The first is the acetylene rebreathing method using 
breath-by-breath rapid analysis of multiple gases during rebreathing. The slope of the acety-
lene disappearance curve is used to calculate the pulmonary capillary blood flow, which equals 
cardiac output in the absence of shunt blood flow. The acetylene rebreathing can be performed 
either by open circuit rebreathing34–36 or closed circuit rebreathing.37, 38 Several studies reported 
the accurate estimation of cardiac output in healthy subjects and patients with pulmonary 
hypertension.39, 40 This might be of value to monitor patients with pulmonary vascular disease, 
since stroke volume is a more sensitive measure to monitor treatment effects than pap.41 

The second technique is the intrabreath method by single exhalation technique developed 
by Newth et al.,42 which can be performed during exercise (Figure 7.6). If the assumption that 
acetylene is taken up at a rate proportional to the pulmonary capillary blood flow is true, the 
pulmonary capillary blood flow can be measured from the slope of the acetylene expiration 
curve.43 ramage et al.44 improved this single exhalation technique and showed that by means 
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Figure 7.6 Principle of the acetylene single exhalation intrabreath technique, showing inhalation, 3-s breath hold and 
a constant slow exhalation through a flow restrictor. At constant slow exhalation, the concentration of methane, 
carbon monoxide and acetylene are determined by a rapid infrared analyser (A). From the rate of disappearance of 
acetylene the pulmonary capillary blood flow is calculated. The area between 7.5 and 10.5 s is the part of the curve 
used to calculate capillary blood flow (B).
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of rapid analysis of acetylene, methane and carbon monoxide during a single slow exhala-
tion at rest and during exercise, changes in pulmonary blood flow and tl,co can be accurately 
measured by means of this single exhalation technique. Further studies in healthy subjects and 
patients with cardiac disease showed the accuracy of this method.45, 46 recently, Huang et al. 
provided prediction equations for healthy subjects at rest and during exercise, showing that the 
acetylene absorption increased during exercise.47 Whether this increase in acetylene absorp-
tion reflects the extent of pulmonary vascular recruitment or an increase in pulmonary blood 
flow remains unclear.48 Furthermore, unpublished data from the current authors’ laboratory 
showed that acetylene absorption measured by means of the intrabreath method is abnormally 
low in patients with pah, indicating that the theoretical assumptions underlying the test are 
not fulfilled in these patients. A possible explanation for this finding might be the high flow 
velocity in the capillaries in pah in combination with the increased dead space decreasing the 
absorption rate of acetylene. Although this discrepancy between measured values and refer-
ence values might appear to be useful as a diagnostic tool for pulmonary vascular disease, the 
physiological basis for this discrepancy should first be clarified before the clinical value of the 
intrabreath method can be assessed. 

7.7 exhAled nITRIC oxIde

no is a molecule with regulatory functions for pulmonary and peripheral blood flow, platelet 
function, immune reactions and as a neurotransmitter.49 no is made by no synthases, which 
are present in the respiratory system in epithelial and endothelial cells, and in neural tissue. 
no produced by the vascular endothelial cells has an important role in the pulmonary circula-
tion modulating the response to hypoxia,50 increased flow51 and shear stress,52 by promoting 
vasodilatation and inhibiting smooth muscle cell growth.53 Previous work by Giaid and Saleh 
showed reduced staining of no synthase in endothelial cells of patients with hypertensive pul-
monary vascular disease.53 In addition, a reduction of the pulmonary vascular bed and thus a 
reduction of the endothelial cells will cause a reduced production of no, even if the endothelial 
cell function is normal. 

no can be measured from exhaled air and is thought to reflect the production of no from 
different compartments in the lung, depending on flow rate at exhalation.54, 55 At slow exhala-
tion, measurement of no reflects the production of no by the epithelial cells of the airways 
and this is used to monitor inflammation in asthma.56 Measurement of no at a higher flow rate 
and after wash out of dead space volume is thought to reflect the production of alveolar no 
by endothelial cells of the pulmonary vascular bed.55 Therefore, measurement of exhaled no 
at higher flow rates is potentially a method to monitor pathological features of the pulmonary 
vascular bed. 

There are several commercially available automated devices that can measure no concentra-
tion from a single-breath exhalation after inhalation of no free air. no is usually expressed in 
parts per billion and concentration varies with flow rate at exhalation.57 Therefore, flow rate 
should be recorded during the exhalation and kept at a constant level using flow resistors and 
at a slightly elevated pressure to minimise contamination from nasal air.58, 59 

Preliminary studies with exhaled no have shown reduced levels of no in patients with pul-
monary hypertension secondary to systemic disease. Clini et al.60 showed a negative correla-
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tion between expired no output and systolic pap measured by Doppler echocardiography in a 
group of 34 patients with copd. Since there was no correlation with any measurement of the 
lung function and in particular no correlation with carbon monoxide diffusing capacity of the 
lung the authors concluded that the reduced levels of expired no were a consequence of im-
paired endothelial release. In another study, rolla et al.61 measured exhaled no in patients with 
systemic sclerosis. They found increased no in patients with systemic sclerosis compared with 
healthy controls. Dividing the patients into two subgroups, one with pulmonary hypertension 
(systolic pap of > 30 mmHg measured by Doppler echocardiography) and one without pulmo-
nary hypertension, showed that patients with pulmonary hypertension produced less no than 
patients without pulmonary hypertension. This relationship was also present in the presence 
of interstitial lung disease. 

release of no has also been measured in patients with endothelial dysfunction due to prima-
ry pulmonary hypertension. Cremona et al. 62 found a lower exhaled no in eight patients with 
primary pulmonary hypertension, in comparison with 20 healthy volunteers. This reduction 
in exhaled no was related to reduced pulmonary capillary volume. In contrast with this study, 
riley et al.63 found no difference between expired no in primary pulmonary hypertension 
patients and healthy volunteers, although at exercise no production increased in the healthy 
group, whereas it remained stable in the patient group. Finally, Forrest et al.64 have shown that 
exhaled no increased after inhalation of nebulised epoprostenol in patients with pulmonary 
hypertension due to congenital heart disease, but not in healthy volunteers. Therefore, exhaled 
no measurements measured at high flow rate of exhaled air might contain significant informa-
tion about the pulmonary vascular bed. However, due to conflicting data in the literature, the 
role of exhaled no either in the diagnosis or monitoring of pulmonary hypertension remains 
unclear and should be elucidated in the near future. 

7.8 ConCluSIon

Gas exchange in the lungs requires both ventilation and perfusion and these need to be matched. 
Pulmonary function tests and imaging techniques are currently able to map the function of the 
ventilatory system in great detail. In contrast, the function of the pulmonary circulation can-
not be examined noninvasively in such detail. Even invasive measurements of pvr appear to 
be unreliable for follow-up in case the pulmonary blood flow has been also changed.65, 66 For 
this reason, the assessment of the exercise capacity using the 6 min walk test is the most widely 
used primary end-point in clinical trials in pulmonary hypertension. Although this approach 
has been successful in the assessment of the effectiveness of therapy for patients in functional 
class 3 and 4, this nonspecific parameter cannot be used for the assessment of therapeutic ef-
ficacy in earlier stages of pulmonary hypertension. The challenge remains to find a noninvasive 
technique to diagnose and monitor early stages of pulmonary vascular disease. Therefore, the 
End Points meeting in pulmonary arterial hypertension published recently,67 recommended 
the continued development of new technologies to describe pulmonary vascular function. 

For clinical purposes any new method should be simple and easy to perform, providing 
reproducible data. eit and the intrabreath technique for the measurement of the absorption of 
acetylene met these criteria. Furthermore, both methods can be used during exercise, which 
might be of value for the early diagnosis of pulmonary hypertension. Although preliminary 
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data showed that the impedance and acetylene absorption is decreased in pulmonary hyper-
tension, no data exist on the clinical value of the method for the diagnosis of pulmonary hyper-
tension or its value in monitoring the disease. Thus, in parallel with further technical improve-
ments of the methods, the clinical value of these tests in pulmonary vascular diseases should 
be assessed. 

In contrast with eit and the intrabreath method, ct and mri measurements provide a more 
direct quantitative analysis of the pulmonary perfusion. results of both methods showed that 
these techniques are able to provide not only structural but also functional information about 
the pulmonary vascular bed. Further technical improvements of both techniques will be made 
in the near future, enabling a fast analysis of the pulmonary perfusion. Although there is prom-
ising data for both ebct and mri, the clinical value of both techniques has not been assessed 
for the diagnosis of pulmonary disease. Besides, both techniques are technically demanding 
and expensive, making it unlikely that they will be used routinely in the near future. 

In recent years, new insights in the pathobiology of pulmonary arterial hypertension have 
lead to the development of several effective new treatments for advanced stages of this disease. 
Although these drugs might change the natural course of the disease, they do not provide a 
cure. For this reason, there is interest in treatment of the disease earlier in its natural history. 
Since the evaluation of treatment efficacy during the early stages of pulmonary vascular disease 
depends critically on accurate and noninvasive tools to diagnose and monitor early pathologi-
cal changes of the pulmonary circulation, further development and clinical evaluation of the 
techniques described in large patient populations are warranted.  ■
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Discussion and summary

8.1 dISCuSSIon

VU University Medical Center PAH patient cohort

Although PAH is a rare disease, the VU University Medical Center was the first hospital in the 
Netherlands to provide effective pharmacological treatment with epoprostenol for this group 
of patients in the late 1990s. Therefore, a large population of PAH patients has concentrated 
around the VU University Medical Center. Since 1999, the patients have been systematical-
ly entered into a growing database of patients with pulmonary hypertension, diagnosed and 
treated in the VU University Medical Center. At the same time, the project started, which 
aimed to determine the clinical value of monitoring PAH patients with MrI. This resulted in a 
unique patient cohort, providing the opportunity to learn more about the clinical outcome of 
PAH patients and to study the effects of PAH on the right ventricle, during treatment.

Right ventricular parameters that indicate right ventricular failure measured by MRI

The studies of this thesis are all based on this patient cohort. Long-term follow-up of these pa-
tients have pointed out which changes take place in the right ventricle during progressive right 
ventricular failure and lead to a worse prognosis. The most important parameters that indicated 
right ventricular failure where dilatation of the right ventricle, a decreased left ventricular vol-
ume, a low stroke volume and an increased heart rate (Figure 8.1). Importantly, right ventricu-
lar hypertrophy, did not appear to be an important prognostic marker. This is a remarkeble 
finding since an increased PAP and PVr lead to an increased strain on the right ventricle, and 
in turn to myocardial hypertrophy to compensate. Next to right ventricular hypertrophy, PAP 
is also known to have little prognostic value.1,2 Therefore, in patients with PAH, it seems that 
instead of the severity of PAH, the capacity of the right ventricle to adapt and maintain cardiac 
output determines prognosis. Already in 1999, Quaife et al.,3 used a model of concentric and 
eccentric right ventricular hypertrophy to explain differences in outcome (Figure 8.2). Patients 
with a favorable adaptation had predominantly hypertrophy and little dilatation (concentric 
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remodeling), whereas patients with a unfavorable adaptation had predominantly right ven-
tricular dilatation (eccentric remodeling). It is important to learn which circumstances lead 
to a favorable remodeling. In this thesis, it is shown that a targeted therapeutic intervention 
can lead to improvement of right ventricular function and reverse remodeling. Currently, a 
multinational European Union-funded Framework 6 EUrO-Mr project is underway to study 
cardiac MrI as end-point in longitudinal follow-up studies and clinical trials of treatment ef-
fect.4 If this international study also demonstrates improvement in right ventricular structure 
and function after a therapeutic intervention and that patients with progressive worsening of 
right ventricular structure and function, despite treatment, have a worse prognosis, then there 
is a strong rationale to use MrI for evaluation of PAH patients. Therefore, we expect that MrI 
will emerge as modality for the clinical follow-up of patients with PAH.

Increased PVR

Therapeutic intervention

Treatment failure Treatment e�ect

Cardiac MRI

Cardiac changes:
- RV hypertrophy
- RV dilatation
- LV end-diastolic volume
- Stroke volume
- Heart rate

Alternative interventions:
- Combination therapy
- Atrial balloon septostomy
- Lung transplantation

Monitoring

- Progressive remodelling
- Progressive RV dilatation
- Decreased LV end-diastolic 
   volume
- Decreased stroke volume
- Increased heart rate

- Reverse remodelling
- Decreased RV dilatation
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Figure 8.1 Assessment of treatment effect using cardiac MRI in PAH patients.
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Alternative non-invasive techniques to monitor right ventricular failure in PAH

Other non-invasive techniques besides cardiac MrI that might be used as a modality to moni-
tor PAH patients are also described in this thesis. Of these techniques, probably the most prom-
ising are acetylene absorption, or other rebreathing techniques, such as the Innocor system, 
since they provide the opportunity to measure cardiac output and stroke volume in a simple 
manner, which can be done in the lung function laboratory for instance. These techniques 
can give valuable information at low cost. Several studies have been published regarding these 
techniques. 5, 6 In the future, long-term follow-up study of patients with PAH with serial assess-
ment of stroke volume by rebreathing techniques are required to determine the clinical value 
of this technique in PAH. 

8.2 SuMMARy

Pulmonary arterial hypertension (pah) is characterised by obstruction and narrowing of the 
small pulmonary arteries. This results in increased pulmonary vascular resistance which in turn 
leads to chronic right ventricular pressure overload.7 Although in the early stage of the disease, 
the right ventricle is able to adapt, at a certain stage during the course of the disease the right 
ventricle is no longer able to further adapt to the increased pulmonary artery pressure and starts 
to fail. The cause of death in pah is right heart failure. Thus monitoring the right ventricle is of 
importance to evaluate response to treatment and predict prognosis.

right ventricular function and structure is currently best measured by cardiac mri. Cardiac 
mri provides detailed images of the right ventricle with high accuracy and good reproducibility. 
In this way, small changes in right ventricular structure and function can be detected by cardiac 
mri, which is crucial because at present, most therapeutic interventions have a modest efficacy.

In Chapter 2 we assessed the prognostic value of right ventricular structure and function 
parameters as assessed by means of mri and compared outcomes of these measures with he-
modynamic measurements and the 6 minute walk test. In this study we found that a baseline 
right ventricular stroke volume index less than 25 mL/m2, right ventricular end-diastolic vol-

Normal Pulmonary arterial
hypertension

Elevated PAP
(mean > 25 mmHg)

Hypertrophic
response

Compensation:
- Thickness
- Mild dilatation

Lack of hypertrophic
response

Decompensation:
- Dilatation
- Failure

RV genetic 
programming

Figure 8.2 Hypothesis for variable RV response to markedly increased afterload in PAH. (Adapted from Quaife et al.3)
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ume more than 84 mL/m2, and a left ventricular end-diastolic volume less than 40 mL/m2, are 
predictors of a worse outcome. In addition, further dilation of the right ventricle, a decrease in 
left ventricular diastolic volume and a further decrease in right ventricular stroke volume at 
1-year follow-up, was related to a worse prognosis and thus treatment failure. 

If stroke volume is an important parameter to monitor, it can be hypothesized that heart rate 
will be of equal importance, since in a patient with a failing right ventricle cardiac output can 
only be maintained by means of an increase in heart rate. In addition, in left heart failure it is 
well known that an increased heart rate is a marker for a worse prognosis.8,9 In Chapter 3 we 
used ecg measurements to assess heart rate in pah patients. We demonstrated that an increased 
heart rate is associated with a poor prognosis and that a persistent elevated heart rate during 
treatment is predictive of treatment failure in pah.

Based on the findings of Chapter 2 we assessed in Chapter 4 what change in stroke volume 
can be considered as a clinical relevant change. To study this, we used 6 minute walk distance 
as a reference. The 6 minute walk test is worldwide accepted as an important tool to monitor 
treatment effects in pah, since it measures the main symptom of pah, which is limited exercise 
tolerance. Earlier studies revealed that the 6 minute walk test reflects prognosis in pulmonary 
hypertension.10,11 Using this method as a reference method we found that a change of 10 ml 
can be considered clinically relevant. The relevance of this finding is that not only stroke vol-
ume, more than 6 minute walk distance, reflects the state of the right ventricle in pah, but also 
that this measurement can be performed in patients who are unable to perform exercise in a 
highly reproducible manner. In Chapter 5, we used cardiac mri to monitor the effects of addi-
tion of sildenafil on patients stable on bosentan therapy. Cardiac index and right ventricular 
ejection fraction improved after addition, whereas right ventricular hypertrophy decreased, 
together with a decrease in right ventricular volume. This study not only showed favourable 
effects of combination therapy but also showed that mri is a sensitive tool to detect clinical rel-
evant changes in a small sample size. Moreover, the results were concordant with the changes in 
6 minute walk test and nt- probnp. 

In Chapter 6, we explore a possible contributing mechanism to right ventricular failure. Due 
to chronic right ventricular overload, the right ventricle changes and resembles the left ventricle. 
In left ventricular failure it is well known that ischemia can play an important role. Gomez et 
al. was the first to demonstrate right ventricular ischemia in patients with pulmonary hyper-
tension.12 However, for the right ventricle, much less is known about the role of ischemia in 
right ventricular failure. In experimental studies on acute right ventricular failure, it was found 
that right ventricular function was limited by coronary perfusion.13 In pulmonary hypertension 
there are two reasons why coronary perfusion might be insufficient. There is an increased oxy-
gen demand of the hypertrophied right ventricle and the driving pressure of the right coronary 
artery, which supplies the right ventricle, is decreased.14 This is because systemic blood pressure 
in pulmonary hypertension is low. In Chapter 6 we described the application of mri to measure 
flow in the right and left coronary artery in pah. We found that in patients with pulmonary 
hypertension, the right coronary artery flow that is normally constant over the cardiac cycle, be-
comes biphasic and resembles the flow pattern of the left coronary artery. In addition, we found 
that right coronary artery flow is decreased in proportion to the amount of right ventricular 
hypertrophy. This result fits with the early observation of Gomez et al. who showed by means of 
nuclear techniques that right ventricular ischeamia is present in end stage disease.12 
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Finally in Chapter 7, we describe alternative noninvasive methods to measure decreased flow 
in the pulmonary circulation in patients with pulmonary hypertension. These include perfusion 
measurement of the pulmonary vasculature by mra or cta, electrical impedance tomography, 
acetylene diffusion technique and exhaled no. These methods are under development and used 
for research purposes. Some of these techniques might find clinical applications for patients 
with pulmonary hypertension.

8.3 ConCluSIon And fuTuRe peRSpeCTIve

In this thesis we provide a starting point for the use of cardiac mri to monitor treatment effect. 
Given the fact that pah patients die from right ventricular failure, early recognition of this con-
dition is required in order to add combination therapy, perform balloon atrial septostomy or list 
for lung transplantation in time. results of this thesis showed that mri can provide this informa-
tion and is of additional value to other clinical and functional parameters measured in patients 
with pah. In the future, large multicenter studies that use cardiac mri to monitor treatment ef-
fect are required to validate the parameters of right ventricular failure presented in this thesis. 

Echocardiography is an important step in the noninvasive work-up of patients with suspected 
pah, before right heart catheterisation is performed. Also, echocardiography is frequently used 
in the follow-up of patients with pah.15 Prognostic markers of right ventricular failure that can 
be measured by echocardiography with sufficient reliability and reproducibility to detect mean-
ingful changes during treatment should be sought and validated as is performed for cardiac mri. 
For these studies, cardiac mri can act as a reference tool to detect right ventricular failure.

Despite the fact that stroke volume, heart rate and left and right ventricular volumes are 
important markers of prognosis in pah, they do not fully explain the large variation in clini-
cal presentation and prognosis of our pah patients. Clearly, the strategy of the right ventricle 
to adapt to the increased afterload is different for individual pah patients. Further insight into 
these differences in adaptation of the right ventricle in pulmonary hypertension and elucidation 
of the mechanisms that lead to progressive right ventricular failure should be investigated to 
develop specific therapies that can benefit patients with pah.  ■
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Afdeling longziekten, Institute for Cardiovascular Research, VU medisch centrum, Amsterdam

S.A. van Wolferen

Nederlandse samenvatting

PULMONALE ArTErIëLE HyPErTENSIE (pah) is een aandoening die wordt gekarak-
teriseerd door obstructie en vernauwing van de kleine longslagaders. Dit leidt tot een ver-
hoogde longvaatweerstand en drukoverbelasting van de rechter hartkamer. Hoewel de re-

chter hartkamer zich nog kan aanpassen in de vroege fase van de ziekte, zal deze op een bepaald 
moment niet meer in staat zijn zich aan te passen aan de toegenomen druk in de longslagaders 
en gaan falen. De oorzaak van overlijden bij patiënten met pah is dan ook rechter hartfalen. Het 
is daarom van belang de rechter hartkamer tijdens de behandeling te vervolgen.

De functie en structuur van de rechter hartkamer kunnen op dit moment het beste gemeten 
worden met een cardiale mri. Een cardiale mri geeft gedetailleerde beelden van de rechter hart-
kamer met een hoge mate van nauwkeurigheid en reproduceerbaarheid. Op deze wijze kunnen 
veranderingen in de structuur en functie van de rechter hartkamer die optreden tijdens behan-
deling gemeten worden.

In Hoofdstuk 2 bepalen we de prognostische betekenis van de functie en structuur van de 
rechter hartkamer, gemeten met mri, en vergelijken deze met de prognostische waarde van 
hemodynamische metingen verkregen middels rechtscatheterisatie en de 6 minuten looptest. 
In dit onderzoek vinden we dat patiënten met een rechter hartkamer slagvolume kleiner dan 25 
mL/m2, een rechter hartkamer eind diastolisch volume van meer dan 84 mL/m2, en een linker 
hartkamer eind diastolisch volume kleiner dan 40 mL/m2, een slechte prognose hebben. Boven-
dien vinden we dat na een jaar behandeling, een toename van het rechter kamervolume, een 
verdere afname van het linker kamervolume en een verdere afname van het rechter hartkamer 
slagvolume een slechte behandeluitkomst voorspelt.

Nadat we aangetoond hebben dat slagvolume een belangrijke parameter is om te vervol-
gen, kan beredeneerd worden dat de hartfrequentie net zo belangrijk is. In een patiënt met 
een falende rechter hartkamer kan het lage slagvolume alleen worden gecompenseerd door een 
snellere hartslag. In patiënten met linker hartfalen is het bekend dat een hoge hartslag een maat 
is voor een slechte prognose. In Hoofdstuk 3 hebben we de hartslag van pah patiënten gemeten 
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met behulp van ecg’s. De uitkomsten van dit onderzoek laten zien dat een hoge hartslag is geas-
socieerd met een slechte prognose. 

Gebaseerd op de bevindingen van Hoofdstuk 2, bepalen we in Hoofdstuk 4 wat een klinisch 
belangrijke verandering in slagvolume is. Om dit te onderzoeken, hebben we de 6 minuten 
looptest als referentie gebruikt. De 6 minuten looptest is wereldwijd de meest geaccepteerde 
test om het behandeleffect te meten in pah omdat het een maat is voor de maximale zuursto-
fopnamecapaciteit. Studies uit het verleden hebben laten zien dat de 6 minuten looptest van 
prognostische betekenis is in pah. Als we de 6 minuten looptest als referentie gebruiken, vin-
den we dat een verandering in slagvolume van 10 ml klinisch relevant is. Het belang van deze 
bevinding is niet alleen dat slagvolume nauwkeurig de rechter kamerfunctie weergeeft, maar 
ook dat deze maat gebruikt kan worden bij patiënten die om wat voor reden dan ook niet meer 
kunnen inspannen. 

In Hoofdstuk 5, meten we met behulp van mri het effect van het toevoegen van sildenafil bij 
patiënten die reeds behandeld worden met bosentan. Na toevoeging van sildenafil verbeteren 
het hartminuutvolume en de rechter hartkamer ejectie fractie. Tegelijk is er een afname van 
rechter hartkamer volume en wanddikte gemeten. Deze verbeteringen zijn in overeenstemming 
met de geobserveerde klinische verbetering. Deze studie laat niet alleen zien dat combinatie 
therapie in pah gunstig is, maar ook dat mri een gevoelige techniek is om klinisch relevante 
veranderingen te meten in een kleine patiënten groep. 

In Hoofdstuk 6, onderzoeken we de doorbloeding van de rechter hartkamer bij pah patiënten. 
Ten gevolge van chronische overbelasting van de rechter hartkamer, veranderen de vorm en de 
wanddikte van de rechter hartkamer. Hierbij gaat hij lijken op de linker ventrikel. In Hoofdstuk 
6 beschrijven we dat ook de bloedvoorziening van de rechter hartkamer gaat lijken op die van 
de linker hartkamer. Tevens geven onze onderzoeksresultaten aanwijzing dat bij ernstige pah 
patiënten de doorbloeding van de rechter hartkamer wel eens tekort zou kunnen schieten. 

In Hoofdstuk 7 tenslotte, beschrijven we een aantal nieuwe, niet bloedige methoden om de 
bloeddoorstroming in de longcirculatie te meten in patiënten met pulmonale hypertensie. De 
methoden om de perfusie van het longvaatbed te meten die aan de orde komen zijn mra, cta, 
electrische impedantie tomografie, acetyleendiffusie en no-meting bij uitademen. Deze meth-
oden bevinden zich nog in een ontwikkelingsfase en worden gebruikt voor onderzoek. Een aan-
tal van deze methoden zouden mogelijk een toepassing kunnen krijgen in de klinische praktijk 
bij patiënten met pulmonale hypertensie.

Conclusie en toekomstperspectief

In dit proefschrift laten we zien dat cardiale mri een belangrijke methode is om de behandelef-
fecten te monitoren in pah. Dit is van belang, omdat op deze wijze tijdig gestart kan worden 
met combinatie therapie of de indicatie voor atriale ballon septostomie of longtransplantatie 
gesteld kan worden. 

Ondanks het feit dat slagvolume, hartslag, linker hartkamer volume en rechter hartkamer 
volume belangrijke prognostische maten zijn in pah, is het mechanisme van rechter hartfalen 
nog onbekend. Tevens zijn er nog geen behandelingen die specifiek gericht zijn op het voorko-
men van falen van de van rechter hartkamer. Middels mri kan dit inzicht vergroot worden, 
en toekomstige therapie gericht op de behandeling van falen van de rechter hartkamer nau-
wkeurig geëvalueerd worden.  ■



121
Samenvatting





123

HET MAKEN VAN DIT PROEFSCHRIFT was niet mogelijk geweest zonder de hulp 
van vele anderen. In de eerste plaats wil ik de patienten bedanken, die door hun 
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Dr. Melissant, u wil ik als eerste bedanken. U heeft mij doorgestuurd naar prof. Postmus. Door 
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bepalend moment dat mij veel geluk heeft gebracht.

Prof. Postmus, u was het, samen met dr. Boonstra, die mij heeft aangenomen om onderzoek te 
doen op het gebied van pulmonale hypertensie en daarna longarts te gaan worden. Veel dank 
voor de mogelijkheden die u mij heeft gegeven.
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kennis van de fysiologie en de manier waarop je onderzoeksvragen aanpakt werkt aanstekelijk. 
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Dr. J.T. Marcus, beste Tim, jouw vaardigheden met de mri waren onmisbaar voor dit proef-
schrift. Tijdens de avonduren riep jij na iedere serie mri metingen: ‘Geweldig, prachtige 
beelden!’ Dat was inderdaad het geval. Ook jouw enthousiasme voor de mri was motiverend 
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