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Summary

Enlargement of the right atrium (RA) elevated right mean atrial pressure (mRAP) 
and right ventricular (RV) function are determinants of outcome in patients with 
pulmonary hypertension (PH). RV dysfunction may be caused by either pressure or 
volume overload. Conventionally RV function is assessed with echocardiography.
However, cardiac magnetic resonance (CMR) is considered gold standard assessing 
RV volumes as well as RV ejection fraction (RVEFCMR). For assessing pulmonary 
pressures as well as diagnosing patients with PH, right heart catheterization (RHC)
is gold standard. New parameters assessing RA volumes as well as RV function in 
all of the modalities has arisen. However, these have not been fully explored in 
patients with PH.

The overall aim of this thesis was to evaluate the assessment of the right heart by 
echocardiography, CMR, and RHC in patients with PH.

The results of this thesis, suggest that enlarged RA measures with two- and three-
dimensional echocardiography has better discriminatory ability compared to 
inferior vena cava measures, in detecting elevated mRAP in patients being evaluated 
for PH. Furthermore, in patients with PH, RV function parameters by speckle 
tracking echocardiography (STE), echocardiographic fractional area change and 
RVEFCMR seems to be the better methods for assessing RV function. In selected 
cases RV global longitudinal strain from multiple apical views, has incremental 
value. Moreover, STE is a superior discriminator of RV pressure vs volume 
overload compared to conventional echocardiographic measures. Right ventricular 
stroke work index by echocardiography and RHC is a measure of both RV preload 
and afterload, although the use in clinical practice and in patients with pulmonary 
arterial hypertension needs further investigation. Finally, the results also suggest 
that RV function parameters measured by echocardiography and CMR are not 
interchangeable. 
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Populärvetenskaplig sammanfattning 

Förhöjt tryck i lungkretsloppet, dvs pulmonell hypertension, är en sjukdom som 
leder till belastning av höger hjärthalva. Detta kan leda till att de högersidiga 
hjärtrummen förstoras och att funktionen påverkas, vilket i sin tur kan leda till 
symptom som andfåddhet, trötthet och nedsatt fysisk prestation. Orsaken till 
pulmonell hypertension kan vara antingen tryck- eller volymsbelastning (eller i 
vissa fall en kombination). Behandlingen av dessa två orsaker är helt skilda och 
det är därför av stort värde att så tidigt som möjligt i utredningen diagnostisera 
vilken av orsakerna som patienten har drabbats av. Prognosen kan variera 
beroende på den bakomliggande orsaken till den pulmonella hypertensionen. 
Kända prognostiska markörer hos patienter med pulmonell hypertension är 
förstorat högerförmak, förhöjt medelartärtryck i lungartärerna samt 
högerkammarens funktion.  
 
För att bedöma högerförmaks storlek och högerkammarens funktion använder man 
sig vanligtvis av hjärtultraljud (ekokardiografi). Denna metod har dock 
inneboende brister vid bedömning av höger kammare och därför anses 
magnetkameraundersökning av hjärtat (MR) vara referensmetod avseende 
högerkammarens volymer och dess pumpförmåga (RVEF). Jämfört med 
ekokardiografi är dock MR betydligt dyrare, ej tillgängligt på alla sjukhus samt är 
en undersökning som tar lång tid att utföra. För att diagnostisera om en patient har 
pulmonell hypertension utförs alltid en högersidig hjärtkateterisering (RHC). Med 
RHC mäter man trycken i lungkretsloppet, trycket i hjärtats olika hålrum samt 
beräknar lungkärlsresistansen.  
 
Det sker en ständig utveckling av dessa tre basala undersökningsmodaliteter. Till 
exempel har mätmetoder för att mäta högerförmaks storlek med tre-dimensionell 
ekokardiografi tagits fram. Avseende bedömning av högerkammarfunktion, så har 
nya metoder utvecklats för såväl ekokardiografi, MR och RHC. Med 
ekokardiografi kan man bedöma högerkammarfunktion med ett flertal olika 
metoder; M-mode, vävnadsdoppler, area förändringar (FAC), samt att man kan 
mäta hjärtmuskelns kontraktion med så kallad strain. Liknande metoder har på 
senare tid även utvecklats med MR. Ett mått på högerkammarens arbete, RVSWI, 
mäts konventionellt med RHC men kan också beräknas med ekokardiografi. Dessa 
olika mätmetoder är dock inte fullt utvärderade hos patienter med pulmonell 
hypertension. 
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Syftet med avhandlingen är att utvärdera dessa mätmetoder för att bedöma de 
högersidiga hjärtrummens storlek och funktion hos patienter med pulmonell 
hypertension. 

Resultatet i avhandlingsarbetet visar att förstorade förmak, mätt med två- och/eller
tre-dimensionellt hjärtultraljud är bättre på att detektera förhöjt tryck i 
högerförmak än vad den konventionella metoden där man mäter nedre hålvenens
diameter är. De metoder som verkar vara bäst på att bedöma högerkammarens 
funktion är strain och FAC med ekokardiografi respektive RVEF med MR. I vissa 
utvalda fall har strain från flera olika högerkammarprojektioner ett tilläggsvärde.
Strain är också bättre på att skilja en tryck- respektive volymsbelastad 
högerkammare åt än vad konventionella ekokardiografiska parametrar är. RVSWI, 
kan beräknas med ekokardiografi men behöver dock utvärderas mer för att kunna 
användas kliniskt. För övrigt visar denna avhandling att högerkammarfunktions 
parametrar mätta med ekokardiografi och MR inte är helt jämförbara.
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Abbreviations

2DE two-dimensional echocardiography

3DE three-dimensional echocardiography

ASD atrial septum defect

AUC area under the curve

AVPDlat atrio-ventricular plane displacement of the right ventricular lateral wall

BSA body surface area

CI cardiac index

CMR cardiac magnetic resonance

CO cardiac output

CTEPH chronic thromboembolic pulmonary hypertension

echo echocardiography

FAC fractional area change

FWS free wall strain

IQR inter quartile range

IVC inferior vena cava

IVCc collapsibility of inferior vena cava

IVCd diameter of inferior vena cava

LA left atrium
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LV left ventricle 

LVEF left ventricular ejection fraction 

LVOT left ventricular outflow tract 

mPAP mean pulmonary arterial pressure 

mRAP mean right atrial pressure 

PAH pulmonary arterial hypertension 

PAP pulmonary arterial pressure 

PAWP pulmonary arterial wedge pressure 

PH pulmonary hypertension 

PVR pulmonary vascular resistance 

RA  right atrium 

RAVmax maximum right atrial volume by three-dimensional echocardiography 

RAVmin minimum right atrial volume by three-dimensional echocardiography 

RHC right heart catheterization 

RIMP right ventricular index of myocardial performance 

ROC receiver operating characteristics 

RV right ventricle 

RV-2ch right ventricular strain from a right ventricular two chamber view 

RV-3ch right ventricular strain from a right ventricular three chamber view 

RV-4ch right ventricular strain from an apical four chamber view 

RVEF right ventricular ejection fraction 

RVGLS right ventricular global longitudinal strain from multiple apical views 

RVOT right ventricular outflow tract 
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S´CMR max emptying velocity

S´echo tricuspid annular tissue Doppler–derived systolic velocity, S´-wave velocity

SV stroke volume

SVI stroke volume index

TAPSE tricuspid annular plane systolic excursion

TR tricuspid regurgitationt

TRmaxPG tricuspid regurgitant maximum pressure gradient

TRmeanPG tricuspid regurgitant mean pressure gradient
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Introduction

Historical perspective

Echocardiography
In 1953, Inge Edler and Hellmuth Hertz (Figure 1) were brought together to discuss 
the usage of ultrasound for heart investigation, with focus on mitral stenosis.

Figure 1. Inge Edler and Helmut Hertz.
Photo with permission from Per Wollmer.

The first experiments were performed in Lund using a reflectoscope (Figure 2) and 
the optimal frequency for heart ultrasound were found to be 2.5 MHz in adults and 
5 MHz in children. The first usage of echocardiography in clinical practice was in 
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patients with pericardial effusion and for evaluation and follow-up of mitral stenosis 
[1]. Edler and Hertz’s first paper; ‘The Use of Ultrasonic Reflectoscope for 
Continuous Movements of the Heart Wall’ was later published in 1954.

Figure 2a. The first reflectoscope.
Photo by Carl Meurling.

Since 1953, there has been development of echocardiography from A-mode and M-
mode to two- and latterly three-dimensional echocardiography. Moreover, 
ultrasound Doppler technology was developed by Shigeo Satumora in 1955 and 
further clinical application by Liv Hatle. At present, echocardiography has become 
the primary modality for structural evaluation of the heart due to its availability, cost 
effectiveness and lack of contraindications [2].
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Figure 2b. The first ultrasound recording of the heart.
Photo by Inge Edler and Kjell Lindström by permission from Kjell Lindström

Cardiac Magnetic Resonance
In the early 1970s cardiac magnetic resonance (CMR) imaging was developed with 
rats being initially imaged. The first usage of CMR in clinical practice was to 
characterize the myocardium, and cardiac morphology and function in the 1980s. In 
the early 1990s it became possible to assess myocardial perfusion and vasculature.
Furthermore, detection of myocardial scars and viability was enabled in the late 
1990s and early 2000s. It was also utilised for assessment of the vasculature,
including aorta and the coronary arteries and also methods for assessing myocardial 
metabolism were developed [3].

Today CMR is able to assess cardiac morphology, ventricular and atrial volumes 
and function, the vasculature, myocardial perfusion, viability, and metabolism [3].
CMR is considered gold standard when assessing cardiac volumes and function, 
especially the right ventricular (RV) volumes as well as RV ejection fraction 
(RVEFCMR), mainly due to high reproducibility, precision and accuracy [4,5].
However, the major limitations of CMR as a diagnostic tool is that it is expensive, 
not widely available and requires significant operator expertise [6].
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Right heart catheterization 
Already in the year of 1711, blood pressure and cardiac output (CO) were directly 
measured in a horse [7]. In 1844 the first cardiac catheterization were performed, 
also on a horse [7]. However, it took until 1929 before the first human right heart 
catheterization (RHC) was performed by Werner Forssmann on himself. In the early 
1940s diagnostic cardiac catheterization was introduced and has played a 
fundamental role in the development of cardiology and revolutionized diagnosis and 
treatment of cardiac diseases [8]. A revolutionary technique for introducing the 
catheter in the jugular vein was the Seldinger technique [9]. In the 1970s, the Swan-
Ganz catheter were introduced in critical care patients [7,10]. 

Assessment of invasive measures of pressures and CO is possible by RHC. In 
patients with pulmonary hypertension (PH), RHC is considered the gold standard 
method for confirming the diagnosis [11,12].  

Pulmonary hypertension 
PH is characterized by elevated pulmonary arterial pressure (PAP). Since the first 
World symposium of PH (WSPH) 1973 in Geneva it has been defined as if the mean 
pulmonary arterial pressure (mPAP), as measured by RHC, is 25 mmHg at rest. A 
new definition was suggested in Nice at the 6th WSPH 2018, based on mPAP 20 
mmHg [12]. However, the new definition has not yet been adopted by the European 
guidelines. 

The cause of the elevated pulmonary vascular pressures can be due to either pre- or 
post-capillary mechanisms, (Figure 3).  
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Figure 3: Hemodynamic definitions of pulmonary hypertension according to 6th World symposium in 
pulmonary hypertension [12], however, not yet adopted in the European guidelines. 
mPAP (mean pulmonary artery pressure), PAWP (pulmonary arterial wedge pressure) PVR (pulmonary vascular 
resistance), CO (cardiac output). Illustration made by Anna Werther Evaldsson. 

PH is divided into five different subgroups by underlying aetiology [12] (Table 1); 
Group 1: Pulmonary arterial hypertension (PAH), Group 2: PH due to left heart 
disease, Group 3: PH due to lung diseases and/or hypoxia, Group 4: chronic 
thromboembolic PH (CTEPH) and Group 5: PH due to multifactorial or unclear 
causes. Group 1 and 3-5 are of pre-capillary origin whereas Group 2 is of post-
capillary origin. 

“Pre-capillary PH” is caused by a pre-capillary located obstruction in the pulmonary 
vasculature leading to increased afterload on the RV [11,13], i.e. pressure overload 
of the RV. PAH, specifically, is a rare disease with high mortality. In recent years 
the development of new treatment strategies including clinical algorithms in risk 
stratification has, however, improved outcomes [11]. Increased afterload leads to 
RV remodelling, hypertrophy and eventually RV failure [14], syncope and 
premature death. In late stages of the disease the only treatment available avoids 
inevitable death from the condition is lung transplantation [11]. 

In patients with PAH there are several predictors for outcome, including mean right 
atrial pressure (mRAP), right atrial (RA) area, RV function, pericardial effusion, 
cardiac index (CI), and mixed venous oxygen saturation [11,15,16].  
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Table 1. Aetiologies of pulmonary hypertension. Adapted from Simonneau et al [12].
1. PAH
1.1 Idiopathic
1.2 Heritable PAH
1.3 Drug- and toxin-induced PAH
1.4 PAH associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1.5 PAH long-term responders to calcium channel blockers
1.6 PAH with overt features of venous/capillaries (PVOD/PCH) involvement
1.7 Persistent PH of the newborn syndrome
2 PH due to left heart disease
2.1 PH due to heart failure with preserved LVEF
2.2 PH due to heart failure with reduced LVEF
2.3 Valvular heart disease
2.4 Congenital/acquired cardiovascular conditions leading to post-capillary PH
3 PH due to lung diseases and/or hypoxia
3.1 Obstructive lung disease
3.2 Restrictive lung disease
3.3 Other lung disease with mixed restrictive/obstructive pattern
3.4 Hypoxia without lung disease
3.5 Developmental lung disorders
4 PH due to pulmonary artery obstructions
4.1 Chronic thromboembolic PH
4.2 Other pulmonary artery obstructions
5 PH with unclear and/or multifactorial mechanisms
5.1 Haematological disorders
5.2 Systemic and metabolic disorders
5.3 Others
5.4 Complex congenital heart disease

PAH: pulmonary arterial hypertension; PVOD: pulmonary veno-occlusive disease; PCH: pulmonary capillary 
haemangiomatosis; LVEF: left ventricular ejection fraction
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Anatomy and physiology of the right atrium and ventricle 

Right atrium 
The RA assists in filling of the RV. For preventing peripheral oedema and hepatic 
congestion, a high volume of blood from inferior- and superior vena cava is rapidly 
transferred by the RA to the ventricle at a low pressure [17]. The functioning of the 
RA is complex and has three different phases during the cardiac cycle, i.e.: a) a 
reservoir phase during the passive atrial filling from inferior and superior vena cava, 
b) a conduit phase during passive emptying of RA to RV and c) a booster/contractile 
function during atrial systole (Figure 4) [17-19]. The RA is sensitive for increases 
in pre-load. Moreover, in PH, dilatation of the RA is a sign of increased mRAP and 
serves as a prognostic marker in PAH [11,20]. Since 2015, RA area is furthermore 
included in risk assessment for one year mortality in PAH patients [11]. 

 

Figure 4. Schematic drawing of the different volume points and the different phases of the right atrium.  
A) The reservoir phase (blue line) – passive atrial filling from inferior- and superior- vena cava  B) The conduit phase 
(red line) – passive atrial filling of the right ventricle, C) The booster/contractile phase (orange line)– during atrial 
systole. i.e the right atrial stroke volume. Illustration made by Anna W Evaldsson.  
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Right ventricle 
The RV is located retrosternally and has a very complex geometry consisting of 
three different parts: the outflow tract, the inflow tract and the markedly trabeculated 
apical section (Figure 5A). From the side, the RV is triangular but in cross section 
it is crescent shaped. The intraventricular septum affects the shape of the RV and in 
normal conditions, intraventricular septum is concave against the left ventricle (LV) 
(Figure 5B). The parietal, the septal and the moderator band are three prominent 
muscular regions dividing the RV. Crista supra ventricularis, which separates the 
sinus and the conus regions, is created by the parietal and the infundibulum band. 
The volume of the RV is much larger than the LV but, in the normal heart, the RV 
has thin walls and the mass is just about 1/6th of the LV. The endocardium of the 
RV is heavily trabeculated and the endocardial borders may be difficult to define, 
(Figure 5C) [21].  

 

Figure 5: Scehmatic drawings and the morphpology of the right ventricle (RV). 
A) Illustration over the three components of the RV. B) Illustration of the crescent shaped RV in cross section view 
and the intraventricular septum curvature in the normal heart. C) Morphological photo of the heart illustrating the 
heavy trabeculation of the RV.  
RA (right atrium), IVS (intra ventricular septum), LV (left ventricle), LA (left atrium). Schematic drawings and photo by 
Anna W Evaldsson 

The RV consists of a deep layer of longitudinal muscle fibres and a superficial layer 
of circumferential fibres (Figure 6) [22].  
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Figure 6. Illustration of the myofibres in a normal heart
A) in the subepicardial layer with circumferential fibers and B) the deeper myocardial layer consisting longitudinal 
fibers (blue and red lines). RV (Right ventricle), LV (Left ventricle). Illustration made by Anna W Evaldsson (adapted
and modified from [22]).

In normal physiological conditions the longitudinal shortening is considerably 
greater than the radial and approximately 70 % of the stroke volume (SV) is 
generated by the longitudinal contribution [23]. In contrast to the LV, the RV does 
not have the ability of torsion and rotation. However, it is not necessary since the
RV normally works as a low-pressure system. This feature makes the RV more 
sensitive to changes in afterload compared to the LV (Figure 7), and more 
vulnerable to pressure than to volume overload [24]. In normal conditions, in the 
absence of intracardial shunts, the SV generated by the LV and the RV is equal [25].
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Figure 7. The response of right- and left- ventriclular stroke volume in relationship to increasing afterload. 
Illustration by Anna W Evaldsson (adapted and modifed from [26]). 

The pressure overloaded right ventricle 
The RV is sensitive to pressure overload, i.e. increased afterload. There are two 
different basic types of pressure overload - acute and chronic pressure overload. 

Acute pressure overload 
Acute pressure overload is defined as a rapid increase in pulmonary vascular 
pressures and/or resistance. Clinically this is often caused by acute pulmonary 
embolism, with thrombus obstructing the pulmonary vasculature. The pulmonary 
vascular resistance (PVR) increases rapidly, which leads to increased RV-work, in 
turn leading to a dilatation of the RV. A tricuspid regurgitation (TR) often develops 
secondary to the RV-dilation. Wall tension increases and the oxygen demand 
increases leading to loss in contractility and SV decreases. The intraventricular 
septum exhibits an abnormal movement and a decrease in LV preload arises. 
Moreover, when LV stroke volume decreases it can lead to reduced RV coronary 
perfusion and in the worst scenario leading to cardiogenic shock and to death [27].  

Chronic pressure overload 
In the chronic pressure overloaded RV, a gradual adaptation to the increased 
afterload occurs. The different stages of adaptation to the high pressures can be 
described as an adapted state, and a maladaptive state. The adapted state is typically 
characterized by hypertrophy, increasing contractility and with a concentric 
remodelling [14]. The maladaptive state is associated with the appearance of both 
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systolic and diastolic dysfunction, eccentric hypertrophy, dilatation of the RV, 
abnormal intraventricular septal movement, ischemia, decrease of SV, and 
ultimately arrythmias and cardiac death [14]. 

According to guidelines for the diagnosis and treatment of PH [11], 
echocardiography is used to image the effects of PH on the heart, although initial 
diagnosis of PAH/CTEPH should always be made by RHC. The main parameter 
used for the likelihood of PH is measurement of the maximum TR velocity in 
combination with or without other echocardiographic findings of PH. A maximum 
TR velocity (Figure 8) of  2.8 m/s suggests that increased pulmonary pressure is 
possible especially in the presence of additional echocardiographic findings. If the 
peak velocity is more than 3.4 m/s there is a high likelihood of PH regardless of 
other echocardiographic findings. The echocardiographic findings suggesting a 
pressure overloaded RV, includes parameters measured from; A) the ventricles, B) 
the pulmonary artery and C) inferior vena cava (IVC) and RA. Those findings are 
listed in Table 2 and illustrated in Figure 9-11 [11]. Echocardiographic findings 
from at least two different categories (A/B/C) should be present to alter the level of 
echocardiographic probability of PH. 

 

 

 
Table 2: Echocardiograpic findings suggesting pulmonary hypertension in addition to maximum tricuspid 
regurgitation velocity [11].  

A: The ventricles B: Pulmonary artery C: Inferior vena cava and right 
atrium 

Basal diameter (RV/LV) ratio >1.0  PAT <105 ms 
and/or midsystolic notching 

IVC >21 mm with decreased 
inspiratory collapse 

Flattening of intraventricular septum 
(LV eccentricity index >1.1 in 
systole and/or diastole) 

Early diastolic pulmonary 
regurgitation velocity >2.2 m/s 

Right atrial area (end-systole) >18 
cm2 

 PA diameter >25 mm  
RV (right ventricle), LV (left ventricle), PAT (pulmonary acceleration time), PA (pulmonary artery), IVC (inferior vena 
cava) 
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Figure 8: Peak tricuspid velocity of 4.4 m/s measured by echocardiography from a tricuspid regurgitation. 
Photo by Anna W Evaldsson. 
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Figure 9. Echocardiographic findings of pulmonary hypertension affecting the chambers, group A in Table 2.
A): Illustrating an apical four chamber view with dilatation of the right ventricle (RV). The orange line represents the 
RV basal diameter and the red line left ventricular (LV) basal diameter. B) Flattening (D-shape) of the intraventricular 
septum (IVS) from a short axis view. RA (right atrium), LA (left atrium).
Photos and illustrations by Anna W Evaldsson
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Figure 10. Echocardiographic findings of pulmonary hypertension affecting the pulmonary artery, group B in 
Table 2.  
A) Pulmonary acceleration time, measured by the green line, B) Mid systolic notching, yellow arrow, C) Early diastolic 
pulmonary regurgitation velocity, green arrow, D) Pulmonary artery diameter, green arrow.  
Photos and illustrations by Anna W Evaldsson 
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Figure 11. Echocardiographic findings of pulmonary hypertension affecting inferior vena cava and right 
atrium, group C in Table 2.
A) Inferior vena cava (IVC) from a subcostal view, B) right atrial (RA) area from an apical four chamber view.
Photos and illustration made by Anna W Evaldsson

CMR is regarded as the gold standard in assessment of RV volumes, size, 
morphology, and function. In Figure 12, a four-chamber view from a patient with 
PAH is illustrated. In addition, CMR allows non-invasive measurements of blood 
flow such as SV, CO, pulmonary arterial distensibility and RV mass. In patients 
with a suspected PH there are no single CMR measurement that excludes PH [28].
However, reduced pulmonary arterial distensibility, late gadolinium enhancement 
and retrograde flow have high predictive value for identifying PH. In cases with 
suspected congenital heart disease and if echocardiography is inconclusive [11],
CMR has an additive value. In patients with PAH, CMR has also shown useful 
prognostic information at both baseline and follow-up [29,30].
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Figure 12. A CMR image from a patient with PAH illustrating dilatation of the right ventricle (RV) and the right 
atrium (RA). The intraventricular septum bulges into the left ventricle (LV). The LV and left atrium (LA) are 
small. 
Photo by Ellen Ostenfeld and illustration by Anna W Evaldsson. 

The volume overloaded right ventricle 
A volume overloaded RV can have many different aetiologies including TR, 
pulmonary regurgitation, anomalous pulmonary veins, and atrial septal defects 
(ASD) [31]. 

Atrial septal defects 
ASD is one of the most common congenital heart defects. The diagnosis of ASD is 
often made in adulthood since clinical signs and symptoms develops slowly. There 
are three different types of atrial defects, reflecting different mechanistic origin: 
primum defects, secundum defects and sinus venosus defects [31]. From a 
physiological point of view an isolated ASD usually shunt oxygenated blood from 
the left atrium to the right atrium (left to right shunting), resulting in a volume 
overload of both atria and the RV. Hence, typical echocardiographic findings are 
enlargement of the RV and RA, while the LV is spared (Figure 13). 
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Figure 13. A patient with a volume overloaded right ventricle (RV) due to a significant atrial septum 
defect(ASD) secundum. 
A) RV-focused apical four chamber view illustrating dilatation of the RV and the right atrium (RA) and a normal size of 
the left ventricle (LV). B) Colour doppler flow over the atrial septum illustrating an ASD secundum. Photo and 
illustration by Anna W Evaldsson 

For significant left to right shunting to occur an ASD usually must be at least 10 
mm in diameter [32]. However, the diameter can be difficult to measure since most 
of the ASDs are not morphological circular. A method for determining the 
hemodynamic significance of the shunt is the pulmonary to systemic flow ratio 
(Qp/Qs). A ratio > 1.5 is considered significant, or if an ASD causes dilation of the 
right heart chambers [33] since the ratio often is dynamic in nature. In most of the 
patients with significant atrial shunts, a paradoxical intraventricular septal motion 
is present, leading to a diastolic flattening of the septum. (Figure 14). The RV 
tolerates volume overload better than pressure overload, and can tolerate it for a 
long time [34]. Eventually however, in longstanding volume overload of the RV 
remodelling of the pulmonary arteries occurs, leading to increased PVR, 
development of PAH and eventually to increased morbidity and mortality [35].  
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Figure 14. Parasternal short axis view illustrating a diastolic flattening of intraventricular septum (IVS) in a 
volume overloaded right ventricle (RV). 
Photo by Anna W Evaldsson 

Using echocardiography, the direction of the shunt, the size and type can be 
detected. The hemodynamic effect of the shunt can be estimated by the secondary 
affect on the size of the RV and RA and septal flattening in diastole. Moreover, 
estimation of Qp/Qs and an estimation of the pulmonary vascular pressures can be 
performed. While the cause of RV volume overload is obvious in some cases using 
echocardiography (i.e. severe tricuspid- or pulmonary regurgitation), others such as 
ASD and especially anomalous pulmonary venous return may be more difficult to 
detect [31,36].  
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One echocardiographic method for differentiating a volume overloaded RV from a 
pressure overloaded is by using the LV eccentricity index (Figure 15). Both minor 
(D1) and the major (D2) diameter from a parasternal short axis view is used in end-
diastole as well as in end-systole.

LV eccentricity index = D2 / D1 

In healthy controls eccentricity index does not exceed 1.10. In patients with volume 
overload, the eccentricity index is greater in end-diastole than in controls. On the 
contrary, in pressure overload, the LV eccentricity is larger in end-systole compared 
to controls as well as those with volume overload [37].

Figure 15. Schematic drawing of the parasternal short-axis view at the level of the mitral valve-chordae 
tendineae transition illustrating how to measure left ventricular eccentricity index. Left ventricular eccentricity 
index is measured by D2/D1. D1: Left ventricular minor diameter, green arrow, D2: Left ventricular maximum 
diameter, blue arrow in A) end-diastole and B) end-systole.
Illustration made by Anna W Evaldsson.

The treatment of hypertensive pulmonary arterial diseases (e.g. PAH) [11], includes 
RHC and thereafter treatment with appropriate pulmonary vasoactive drugs whereas 
a patient with a hemodynamic significant atrial shunt should be evaluated for ASD 
closure [32]. Consequently, early diagnosis and differentiation of these two causes 
is important.

CMR usually gives the same basic information as echocardiography but has an 
additive value especially in cases with suspected congenital heart disease, detection 
of shunts and to diagnose anomalous pulmonary venous return. Hence, CMR should 
be performed when echocardiography is inconclusive [11].
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Right atrium in pulmonary hypertension 
Two-dimensional echocardiography (2DE) is conventionally used for assessing RA 
size and predicts outcome in patients with PH [11,20,38]. The most common 
measurements are RA area and RA volume derived from an apical four-chamber 
view [39] measured in end-diastole (Figure 16).  

 

Figure 16. Two-dimensional echocardiographic measurements of right atrial size. 
A) right atrial volume and B) right atrial area. Photo by Anna W Evaldsson 

According to guidelines, the recommended method is using RA volume (RAV) and 
the reference values are gender dependent. Normal values for men are <39 ml/m2 
and for women <33 ml/m2 [39]. RA area is used as a prognostic marker in risk 
assessment of PAH and as a screening method for PH in patients with connective 
tissue disease [11,40] The reference values are for both genders between 8-21 cm2 
[41]. RA size serves as non-invasive marker of elevated pre-load, i.e. increased 
mRAP. Although, the accuracy of non-invasive assessment of mRAP with 
echocardiography has been debated, yet it is considered one of the cornerstones in 
the diagnosis of elevated PAP [2,39,42]. The most commonly method for estimation 
of mRAP by echocardiography is by 2DE using IVC maximum diameter and its 
collapsibility [39,43,44]. However, using IVC for estimation of mRAP is associated 
with several pitfalls [42]. Such as, there is a substantial risk of translation of IVC 
out of the image plane using the sniff test leading to falsely diminished diameters 
and a false high IVC collapsibility. Furthermore, a potential bias to the measurement 
is that a tangential image plane assumes the IVC to be circular. For estimation of 
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low or high mRAP, the IVC-algorithm performs well, but for intermediate values it 
is less trustworthy. Therefore, other indices of mRAP have been proposed to be 
integrated to upgrade or downgrade to the normal or high mRAP values [42]. As 
such, three-dimensional echocardiography (3DE) of RAV has been shown to detect 
elevated mRAP, in conjunction with IVC diameter in patients with decompensated 
heart failure [45]. A promising new technique for measuring RAV is 3DE [46-49], 
since calculations of RAV with 2DE build on the assumption that RA short axis is 
circular. Estimating volumes by 2DE has been debated [42], nevertheless RA 
volumes by 2DE are included in the latest chamber quantification recommendations 
[39]. In patients with PH it is not known whether RAV with 3DE nor 2DE can be 
used for assessing mRAP. 

Right ventricular function in pulmonary hypertension 
RV dysfunction is commonly seen in PH, a disease with many different aetiologies 
(Table 1) [12,16,36], related to the underlying cause of increased PAP. One cause 
is PAH, with remodelling of the pulmonary arteries that specifically carries a poor 
prognosis [50]. Another well described cause of elevated PAP is secondary to 
volume overload of the RV.  

Since RV function is one of the most important predictors of morbidity and 
mortality in patients with PAH as well as in patients with congenital heart diseases 
[15,16,36,51] early diagnosis and treatment may prevent further RV dilatation and 
irreversible myocardial dysfunction. 

The primary modality for evaluation of cardiac morphology and function in clinical 
practice is transthoracic echocardiography due to its availability, cost effectiveness, 
and lack of contraindications. Nevertheless, RV assessment by echocardiography is 
difficult due to the complex geometry of the RV [51-53]. Because of the RV 
myofiber architecture and possibly its triangular geometry, it is less well suited to 
tolerate pressure overload than volume overload [54,55], suggesting that 
measurements of RV contractile function could be able to differentiate a pressure- 
from a volume-overloaded RV. Earlier studies have specifically investigated if the 
shift of interventricular septum [37,51,56,57] or if the LV eccentricity index [37] 
could be used to differentiate a pressure from volume overloaded RV. However, 
these methods do not measure RV contractile function and have other limitations 
[37,56,58]. 

Conventionally, RV function by echocardiography is estimated by tricuspid annular 
plane systolic excursion (TAPSE), S´-wave velocity (S´echo), RV fractional area 
change (FACecho) and right ventricular index of myocardial performance (RIMP) 
[39]. However, the most commonly measured of these parameters (i.e. TAPSE and 
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S´echo) are not able to differentiate between active deformation and passive 
entrainment caused by contraction of the LV [50,57]. In clinical practice, FACecho is 
more commonly used as a surrogate to RVEFCMR [39]. More recently, newer 
echocardiographic methods, such as myocardial deformation measures of 
longitudinal strain derived from the RV lateral free wall (FWSecho) has shown 
promising results in assessment of RV longitudinal systolic function [52,59,60] and 
has consequently been included in guidelines [39]. Myocardial strain has several 
methodological advantages including less dependence on frame rate and angle 
compared to conventional echocardiographic parameters used for assessing RV 
function [61,62]. Normal values of RV function parameters by echocardiography 
are shown in Table 3.  

 

Table 3. Normal values of right ventricular function parameters by echocardiography and CMR [39,63-66]. 
Parameter Abnormality threshold 
TAPSE (mm) <17 
S´echo (cm/s) < 9.5 
RIMP (tissue doppler) > 0.54 
RIMP (pulsed doppler) > 0.43 
FACecho (%) < 35 
FWSecho (%) < -20 
RVGLS (%) < -19  
RVEFCMR (%) < 45 
AVPDlat  <14  
S´CMR n.a 
FACCMR n.a 
FWSCMR (%) < -16 

TAPSE (tricuspid annular plane systolic excursion), S´ (S´-wave velocity), RIMP (right ventricular index of myocardial 
performance), FWS (right ventricular free wall strain), RVGLS (right ventricular global longitudinal strain from multiple 
apical views), RVEFCMR (right ventricular ejection fraction), AVPDlat (lateral atrio-ventricular plane displacement. n.a 
(not available) 

The main drawbacks of conventional echocardiographic measurements are that they 
predominantly estimate longitudinal RV function. They also measure changes in a 
small selected part of the RV and all of them, except RIMP, are derived from an 
apical four-chamber view. In clinical use they are considered to reflect global RV 
function since approximately 70-80% of the RV stroke volume in physiological 
conditions is generated from longitudinal contribution [23]. In the context of chronic 
pressure overload, RV remodelling and dilatation develops, especially in the 
anteroposterior direction and the RV remodels and become more spherical in shape 
[67]. The contraction pattern changes significantly from primarily longitudinal to 
circumferential contraction [68]. Consequently, assessment from only an apical 
four-chamber view, evaluating solely the lateral and septal walls, misses regional 
contractile dysfunction in other parts of the RV. Given these limitations, 
conventional parameters might be expected to provide poor surrogates for 
comprehensive assessments of RV function and when compared to RVEFCMR. To 
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overcome these problems, a new RV global longitudinal strain measurement 
(RVGLS) derived from three RV focused apical views has been described [63,69].
In these studies, the authors concluded that the multi-segment RVGLS is feasible in 
not only a normal patient population, but also in patients with PH.

However, in clinical practice, CMR is currently considered the gold standard for 
non-invasive assessment of RV volumes as well as RVEFCMR [4,70] and is 
advantageous as it overcomes many of the limitations of echocardiography [51,71].
CMR’s additive value is especially obvious in cases with suspected congenital heart 
disease as well as if echocardiography is inconclusive [11]. In patients with PAH, 
CMR has also shown useful prognostic information, both at baseline and at follow-
up [29,30]. However, comprehensive assessment of RV function is challenging and 
more subtle methods beyond volumetric changes (i.e. RVEFCMR) for assessing 
patients with PH are warranted.

New CMR measures of RV function equivalent to echocardiography-derived 
measurements have emerged beyond RVEFCMR such as; RV atrio-ventricular plane 
displacement in the lateral wall (AVPDlat) [23,72], maximum emptying velocity 
derived from the AVPD curve (S´CMR) [72], RV fractional area change (FACCMR)
[73] and RV free wall strain (FWSCMR) [74]. In patients with PH, FWSCMR has been
shown to have an added value to RVEFCMR [75]. However, it is not fully explored
how these measures equate and correlate to the echocardiographic equivalents and
to what extend they relate to RVEFCMR. Normal values of RV function parameters
by CMR are shown in Table 3.

RV stroke work index (RVSWIRHC) is an invasive measure of right ventricular 
function measured by RHC. It represents a measure of the total RV workload since 
both SV and mPAP are incorporated [76]. Moreover, RVSWIRHC accounts for the 
effect of preload, as it includes mRAP, as well as the effect of afterload, i.e. mPAP. 
At present there are no normal values for RVSWIRHC. RVSWIRHC is calculated as 
follows:

RVSWIRHC = (mPAP – mRAP) x SV index (SVI)

In previous PAH studies, RVSWIRHC has been shown to predict outcome in children 
[77] as well as adults [78,79]. A proposed echocardiographic formula for RVSW in
children was achieved by multiplying the TR maximum pressure gradient
(TRmaxPG) with SV from the RV outflow tract (RVOT) [76]. However, indexation
to body surface area (BSA) was not incorporated, nor mRAP in this proposed
formula. Using the velocity integral of the TR gradient or the early peak velocity of
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an existing pulmonary regurgitation [42], mPAP by echocardiography could be 
derived. RVSWI calculated by echocardiography (RVSWIECHO) has, however, not 
been thoroughly compared to invasive measures in treatment naïve adults with 
PAH.  
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Aims

The overall aims of this doctoral dissertation were to evaluate the assessment of the 
right heart by echocardiography, CMR, and RHC in patients with pulmonary 
hypertension.

The specific aims of each paper were:

Paper I: 
The purpose of paper I was to determine in patients investigated for PH, whether 
RA volumes assessed by two- and three-dimensional echocardiography could be 
used to identify and discriminate elevated mRAP, using RHC as reference. 
Secondly, to compare the diagnostic accuracy to detect increased mRAP with 
echocardiography and to determine whether RA volumes has an incremental value 
compared to the diameter of IVC and its collapsibility.

Paper II:
The purpose of paper II was to evaluate if speckle tracking echocardiography and 
conventional echocardiographic parameters for assessing RV function can 
discriminate RV pressure overload from volume overload in patients with PH of a 
mild to moderate degree. 

Paper III:
The purpose of paper III was to evaluate the correlation of conventional 
echocardiographic methods and strain-based measures to RVEF measured by CMR 
Secondly, to explore if RV global strain from multiple apical views has incremental 
value compared to conventional echocardiographic parameters.
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Paper IV:  

The purpose of paper IV was to compare conventional and new RV function 
parameters derived from CMR to their echocardiographic equivalents in patients 
with PH. Secondly, to investigate how these measures are associated with RVEF 
derived from CMR.  

 

Paper V:  

The purpose of paper V was to comprehensively evaluate non-invasive measures of 
RVSWI derived by echocardiography using right heart catheterization as a reference 
in adult, treatment naïve, PAH patients.  
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Material and methods 

Study population 
In all papers, PH was defined as mPAP >25 mmHg, PVR >3 WU and as pre-
capillary when pulmonary arterial wedge pressure (PAWP) < 15 mmHg, with 
normal or reduced CO according to at the time existing guidelines [11,80]. The new 
suggested cut-off of mPAP > 20 mmHg at WSPH 2018 in Nice [12] was not adopted 
in the papers.  
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Paper I
Eighty-five patients were prospectively evaluated for PH with echocardiography, 
between 5 October 2011 to 19 September 2012. RHC was performed based on the 
existence of a clinical indication. Inclusion criteria were echocardiography and RHC 
performed within 48 hours. After exclusion criteria, 44 patients (25 women) 
remained for analysis. (Figure 17). As a control group, fifteen healthy subjects (57 
± 6 years, nine women) with similar age, sex, and body size area, were examined 
with 2DE and 3DE. The analysis of 2DE, 3DE and RHC were performed blinded to 
the results from other modalities and clinical data.

Figure 17. Schematic illustration of the patient population in paper I.
Data are represented as mean ± SD or as numbers (n). PH (pulmonary hypertension), RHC (right heart 
catheterization), echo (echocardiography), 2DE (two-dimensional echocardiography), 3DE (three-dimensional 
echocardiography). 
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Paper II 
Data on 140 patients with previously diagnosed PAH/CTEPH (pressure, n=72) or 
ASD (volume, n=68) were screened. Of the screened patients 103 were gathered 
prospectively and 37 were added retrospectively. The patient population is 
described in Figure 18. After the application of inclusion and exclusion criteria, 45 
patients with pressure overloaded RV (pressure group) remained and were 
compared with 44 patients with volume overloaded RV due to a significant 
untreated ASD (volume group).  

 

Figure 18. Schematic illustration of the patient population in paper II. 
Data are represented as mean ± SD or as numbers (n). RV (right ventricle), TRmaxPG (tricuspid regurgitation 
maximum pressure gradient), PAH (pulmonary arterial hypertension), CTEPH (chronic thromboembolic pulmonary 
hypertension), ASD (atrial septum defect) 
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Paper III and IV
A total of 90 consecutive patients, evaluated for PH between January 2012 to July 
2017 at our institution (Skåne University Hospital), underwent assessment with 
echocardiography, CMR and RHC based on clinical practice. Patients were included
in the study if there was 14 days between CMR and echocardiography, and no
change in medical treatment or clinical status had occurred during this time. After 
inclusion and exclusion criteria screening (Figure 19), 55 patients were included. 
In paper III, RVGLS (i.e. all three apical RV views with traceable endocardial 
borders) was available in 29 patients. 

Figure 19. Schematic illustration of the patient population in paper III and IV.
Data are represented as mean ± SD, median [IQR] or as numbers (n). PH (pulmonary hypertension), echo 
(echocardiography), CMR (cardiac magnetic resonance), PAH (pulmonary arterial hypertension), CTEPH (chronic 
thromboembolic pulmonary hypertensio), PH-LHD (PH due to left heart disease), COPD (chronic obstructive 
pulmonary disease), RVGLS (right ventricular global longitudinal strain from three apical views).
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Paper V 
Initially, seventy consecutive adult patients with treatment naïve PAH examined 
from January 1st, 2012 to December 31st, 2019 at Skåne University Hospital, Lund 
were retrospectively evaluated. Inclusion criteria were maximally 7 days between 
echocardiography and RHC, provided there was no clinical deterioration or change 
in medical treatment between the exams. After exclusion, 54 patients were finally 
included (Figure 20). 

 

Figure 20. Schematic illustration of the patient population in paperV. 
Data are represented as mean ± SD, median [IQR] or as numbers (n). PAH (pulmonary arterial hypertension), echo 
(echocardiography), RHC (right heart catheterization). 
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Image acquisition 

Echocardiography 

Two-dimensional image acquisition, paper I-V 
All echocardiographic examinations were performed with a commercially available 
system equipped with a 1-5 MHz transducer, S5-1 (Philips iE33, Philips Healthcare, 
Eindhoven, NL). The examinations and calculations were performed by experienced 
senior sonographers according to guidelines from the American Society of 
Echocardiography [39]. Digital routine grayscale 2-D cine loops and tissue Doppler 
cine loops were obtained from three consecutive beats. All loops were obtained with 
the patients in an unforced end-expiratory apnea or silent breathing from standard 
parasternal, apical, and RV-focused apical four-chamber view (Figure 21) with the 
patients lying on their left side. Frame rates were >50 Hz for speckle tracking 
analysis. For allowing complete myocardial and endocardial visualization, sector 
width and gain were optimized. 

Standard LV volumes and ejection fraction (LVEF) were calculated with the biplane 
Simpson´s method. Atrial volumes: left (LA) and RA as well as RA-area and -
dimensions were measured from a non-for shortened four-chamber view. Volumes 
were indexed to BSA. RV dimensions were measured from a RV-focused four-
chamber view according to recommendations, (Figure 21) [39,81]. In paper III, 
three different apical RV views were used as previously described [63,69] and 
illustrated in Figure 21-23.  
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Figure 21: RV focused apical 4-chamber view, showing the lateral free wall (Lateral) and the intraventricular 
septum (IVS).
Photo by Anna W Evaldsson.
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Figure 22. Right ventricular apical 2-chamber view showing the inferior and the anterior walls. 
Photo by Anna W Evaldsson.  
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Figure 23. Right ventricular apical 3-chamber view, showing the antero-lateral and -medial (i.e the outflow 
tract) walls.
Photos by Anna W Evaldsson.

The maximal TR velocity was recorded by continuous wave Doppler 
echocardiography from multiple standard views. Severity of the TR was graded as 
absent (0), mild (1), moderate (2) or severe (3). The view that provided the highest 
consistent peak velocity was used, and peak velocities from three consecutive beats 
were averaged. The TR pressure gradient was calculated by the modified Bernoulli 
equation [82]. From the subcostal view, the following measurements were made: 
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IVC maximal diameter and IVC at respiratory inhalation were measured in long axis 
1-2 cm from the junction to the right atrium [39]. IVC respiratory collapse was 
calculated as the ratio between IVC at respiratory inhalation and IVC maximal 
diameter [42]. RV free wall thickness were also measured from the subcostal view.  

Conventional Assessment of RV function by Echocardiography 

Paper I 
The parameter used for assessing RV function were TAPSE. 

Paper II-V 
For conventional echocardiographic assessment of RV function, TAPSE, FACecho 
S´echo and RIMP (by tissue-doppler in paper II and by continuous and pulsed wave 
-doppler in paper III) were measured according to published guidelines [39], 
(Figure 24).  

 

Figure 24. Conventional echocardiographic measures of right ventricular function. 
A) TAPSE (tricuspid annular plane systolic excursion) measured as the maximum amplitude by M-mode. B) S´- wave 
velocity measured as the peak systolic myocardial velocity by tissue-Doppler. 
Photos by Anna W Evaldsson. 
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Figure 24. Conventional echocardiographic measures of right ventricular function. 
C) RIMP (right ventricular index of myocardial performance) measured by tissue-Doppler. D) RIMP measured by 
continuous and pulsed wave doppler. RIMP is calculated as follows: RIMP=(TVET-RVET)/RVET. TVET=tricuspid 
valve ejection time, RVET= right ventricular ejection time.  
Photos by Anna W Evaldsson 

 

Figure 24. Conventional echocardiographic measures of right ventricular function. 
E and F) FAC (fractional area change) measurements where E shows the RV end diastolic area (EDA) and F the end 
systolic area.(ESA). FAC is calcualted as follows: FAC= (EDA-ESA)/EDA.  
Photos by Anna W Evaldsson. 
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Assessment of RV function by speckle tracking echocardiography, Paper II-V
The assessment of RV longitudinal strain by 2-D speckle tracking echocardiography 
(STE) was obtained from a routine grayscale RV-focused view image in an apical 
4-chamber view [39,81].The region of interest (ROI) was traced along the RV
endocardium at end-diastole. Special care was taken to fine-tune the region of
interest, using visual assessment during cine-loop playback, to ensure that all
segments were tracked appropriately. The RV was automatically divided by the
software into seven standard segments (basal-lateral, mid-lateral, apical-lateral,
apical, apical-septal, mid-septal and basal-septal), and seven corresponding time
strain curves were generated. Longitudinal strain from a four-chamber view (RV-
4ch) was calculated by the software as a mean of the peak systolic strain of all seven
segments (Figure 25). FWSecho was manually calculated by averaging the three
regional peak systolic strains along the entire RV free wall (Figure 26).

Figure 25. Strain analysis of right ventricular global longitudinal strain (RV-4ch) from an apical four chamber 
view.
Photo by Anna W Evaldsson.



56 

 

Figure 26. Strain analysis of right ventricular free Wall, FWSecho.  
Photo by Anna W Evaldsson. 

In paper III, strain analysis from multiple RV apical views were used. From the RV 
focused four chamber view (RV-4ch), RV two chamber view (RV-2ch) and RV 
three chamber view (RV-3ch), RVGLS was calculated as a mean of the peak systolic 
strain of all seven segments in each view by the software (Figure 27 A-C) and 
represented as a 17-segment bullseye plot (Figure 27D). End systole was defined 
by pulmonary valve closure. The strain analysis was performed blinded and 
independently by two of the authors (AWE and CM) and the mean value of the 
calculations were used. The software used for strain analysis was CMQ, Q-lab 10.3 
(Philips Healthcare, Eindhoven, NL).  
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Figure 27. Right ventricular strain analysis from multiple apical views, RV free is the strain along the RV free 
wall, i.e FWSecho.
A) Strain derived from a RV focused apical 4-chamber view, RV4-ch. B) Strain derived from a RV apical 2-chamber 
view, RV-2ch. C) Strain derived from a RV apical 3-chamber view, RV-3ch. D) RVGLS Bullseye plot derived by the
17-segments strain generated from multiple apical views.
Photos by Anna W Evaldsson

Three-dimensional image acquisition, Paper I
3DE images were acquired with iE33 (Philips Medical Systems, Andover, 
Massachusetts) and a x5-1 matrix array transducer. Directly after the 2DE exam, 
3DE was performed at breath hold over four consecutive heartbeats (i.e. ECG-
gated). The 3DE data were analysed with a dedicated software , Q-lab 8.0 (Philips 
Medical Systems). When generating a 3D volume for assessing RAV, five 
landmarks are manually set from two orthogonal long axis planes of the RA. Two 
markings at the tricuspid valve in each plane; and one marking at the base of RA
(Figure 28). Before marking the landmarks, the angle of RA was tilted to have the 
RA long axis in the centreline in both planes. RA maximum volume at ventricular
end-systole (RAVmax) and minimum volume at ventricular end-diastole (RAVmin) 
were calculated. 3DE-computed volumes were indexed to BSA. The right atrial
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appendage was not included in calculation of RAV, neither by 2DE nor 3DE 
[39,49].  

 

Figure 28. Real time three-dimensional echocardiography of right atrial volume. 
The right atrial volume (RAV) were generated by five points (red dots)to set the landmarks of the right atrium (RA). 
Two markings at the tricuspid valve in each plane; and one at the base of RA. RV (right ventricle), LV (left ventricle), 
LA (left atrium). 
Illustration made by Ellen Ostenfeld. 
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Hemodynamic calculations, paper V
The TRmaxPG (Figure 29), was calculated by the modified Bernoulli equation [82]
from the TR velocity. The tricuspid mean pressure gradient (TRmeanPG) was 
calculated using the velocity from the TR spectral doppler curve, [42] (Figure 29).

Figure 29. Echocardiographic illustration of calculation of maximum (yellow dot) and mean (yellow 
delineation) pressure gradients from a tricuspid regurgitation.
Photo and illustraion by Anna W Evaldsson.
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SVIECHO was calculated as: (LV outflow tract (LVOT) area x velocity-time integral 
from LVOT) / BSA. For quantifying mRAPECHO, the diameter of IVC and its 
collapsibility were used according to guidelines [39], Table 4. 

Table 4. Estimation of mRAP by echocardiography according to recommendations [39]. 
 IVC size IVC collapse % RA pressure (mRAPECHO) 
Low <2.1 cm >50% 3 mmHg 
Intermediate <2.1 cm <50% 8 mmHg 

>2.1 cm >50% 8 mmHg 
High >2.1 cm <50% 15 mmHg 

IVC (inferior vena cava) 

Four different echocardiographic methods for calculation of RVSWIECHO were 
evaluated:  

1: RVSWIECHO-1 = (TRmaxPG) x SVIECHO 

2: RVSWIECHO- 2 = (TRmaxPG - mRAPECHO) x SVIECHO  

3: RVSWIECHO- 3 = TRmeanPG x SVIECHO 

4: RVSWIECHO-4 = (TRmeanPG – mRAPECHO) x SVIECHO 

Cardiac magnetic resonance 

Image acquisition, paper III, IV 
CMR was obtained with a 1.5 T scanner (Philips Intera, Philips Healthcare, 
Andover, Mass., USA, and Siemens Magnemtom Aera, Erlangen, Germany) and 
with a cardiac synergy coil. Steady state free precession cine images were acquired 
in a short-axis stack covering the whole heart during end-expiratory apnea and ECG-
gating. Typical image parameters were for Philips: slice thickness 8 mm, slice gap 
0 mm, pixel size 1.5 × 1.5 mm, repetition time 2.8 ms, echo time 1.4 ms and flip 
angle 60°. For Siemens temporal resolution was 46 ms reconstructed to 25-time 
phases per cardiac cycle: slice thickness 6 mm, slice gap 2 mm, repetition time 3.0 
ms, echo time 1.4 ms and flip angle 60°. CMR images were assessed using Segment 
version 2.2 software (http://segment.heiberg.se) [83].  

Assessment of right ventricular function 
The volumes of the RV and RVEFCMR were derived from manual delineations of 
end-diastolic and end-systolic endocardial borders in the short-axis stack (Figure 
30). RV measurements were traced based on endocardial delineations. 
Trabeculation and papillary muscles were included in the RV-volumes according to 
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standardized interpretation [84]. For RVEFCMR calculation, the difference between 
RV end-diastolic (RVEDV) and end-systolic volumes (RVESV) divided by 
RVEDV were used.  

RVEFCMR = (RVEDV – RVESV) / RVEDV 

 

Figure 30. Cine short axis stack covering the heart from apex (left) to the base (right) was used for the 
volumetric assessment of the left (LV) and right ventricle (RV). 
RV ejection fraction (RVEFCMR) was calculated as the difference between RV end-diastolic (RVEDV) and end-systolic 
volumes (RVESV) divided by RVEDV. Illustration made by Anthony Lindholm.  

From a 4-chamber view, AVPDlat, S'CMR, FACCMR, and FWSCMR, were analysed. By 
using time-resolved automated tracking through the cardiac cycle, AVPDlat was 
quantified from a manual input point at the base of the RV free wall in end-diastole 
(Figure 31A) and S'CMR was computed as the maximum emptying velocity derived 
from the AVPD curve [72,85] (Figure 31B). By tracing the RV endocardium at 
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end-diastole, FACCMR (Figure 31C) and FWSCMR were obtained. From automated 
propagated tracking, FWSCMR was computed from end-diastole throughout the heart 
cycle, averaging three regional segmental peak systolic strain values along the RV 
free wall (Figure 31D). If necessary manual correction were performed.

Figure 31. Illustration of right ventricular (RV) function parameters by CMR in a patient with pulmonary arterial 
hypertension.
A) RVlat (RV lateral free wall, red full circle) in end-diastole (ED) at the AVP (atrio-ventricular plane, dashed line), B)
RVlatAVP displacement (AVPDlat) in end-systole (ES) is marked with a white arrow, C) Time-resolution AVPD curve over 
one cardiac cycle, D) S´CMR (max emptying velocity) derived from the AVPD curve, E and F) FACCMR (fractional area
change) derived from RV area in ED (E) and ES (F), G,H and I) FWSCMR (free wall strain) derived from tricuspid valve
points (TV) and RV endocardial delineation (G) in a feature tracking algorithm (H) generating a longitudinal strain curve 
(I).
Illustration made by Ellen Ostenfeld.
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Right heart catheterization 
Paper I and V 
The patients underwent RHC under local anaesthesia in supine position at rest. An 
8 French sheath was inserted using the Seldinger technique, predominantly via the 
right internal jugular vein. A triple lumen Swan-Ganz catheter was inserted and 
transferred through the heart into the pulmonary arteries (Figure 32). The 
pulmonary arterial pressures (systolic PAP, mPAP and diastolic PAP), mRAP and 
PAWP were recorded at free breathing over five heartbeats. CO (pulmonary blood 
flow in ml/min) was calculated by thermodilution. SV (ml/beat) was determined by 
dividing CO by heart rate (beats/min). SV was indexed to BSA to obtain SVI. PVR 
was calculated using: (mPAP-PAWP)/CO. Systemic blood pressure was measured 
using an arm-cuff and sphygmomanometer. Mixed venous oxygen saturation was 
obtained for each patient. Elevated mRAP was predefined as higher than 8 mmHg 
[11]. 

 

RVSWIRHC was calculated as: 

RVSWIRHC = (mPAP – mRAP) x SVI. 
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Figure 32. A schematic drawing over right heart catheretization using a Swan-Ganz catheter. 
Pressures are measured in the right atrium (RA), the right ventricle (RV), arteria pulmonalis and by inflating a balloon 
(black dot in the end of the catheter) to obtain the pulmonary artery wedge pressures. SVC (superior vena cava). 
Illustration made by Anna W Evaldsson. 
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Intra- and interobserver variability
Intra-and interobserver variabilities were performed by two blinded observers.

Paper I
In a subgroup of 23 patients intra-observer and interobserver variabilities were 
performed for three-dimensional RA-volumes. 

Paper II
In 16 patients, intra- and interobserver variability were performed for the strain 
parameters, FWSecho and RV-4ch. Absolute agreement was evaluated using 
intraclass correlation with two-way mixed-effect models

Paper III
In those patients where RVGLS was obtained (n=29), assessment of inter-observer 
variability for strain analysis was performed.

Statistical analyses
General statistics for all papers are described in this section. For each paper, 
complete details could be found in the attached papers.

Data was expressed as mean ± standard deviation (SD) or median with inter-quartile 
range [IQR] or range, as appropriate according to normal distribution. Categorical 
data was expressed in absolute numbers and proportion (percentage). Normality was 
tested by visual inspection of histograms or/and by the Kolmogorov-Smirnov test.
Differences between groups were analysed with Student’s t-test, ANOVA, or the 
Mann-Whitney U test, as appropriate. Values of two-tailed P<0.05 were considered 
statistically significant. Data were analysed using SPSS version 20, 22 or 25 (SPSS 
Inc, Chicago, IL, USA) and in paper I, GraphPad Prism5 for Windows (GraphPad 
Software Inc, La Jolla, CA, USA).

Correlation analysis
Pearson´s correlation or Spearman’s correlation coefficient (r-values) were used as 
appropriate. Degree of correlation between tests was classified as either weak (r = 
0.3-0.5), moderate (0.5-0.7), strong (0.7-0.9) or very strong (0.9-1.0) [86].

Bland-Altman analysis [87] were used in paper I, IV and V.
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Paper I 
For discriminator power, Receiver-operating characteristic curves were used [88], 
Youden index was used for optimal threshold point value from receiver-operating 
characteristic curve [89].  

Paper II 
The influence of pulmonary arterial pressure as estimated from the TR pressure 
gradient on the association of each RV dysfunction marker with volume or pressure 
overload was evaluated by adjustment for this measure in unconditional logistic 
regression analysis. Receiver operating characteristics (ROC) were analysed and the 
area under the ROC curve (AUC) were calculated [88]. Decision limits were derived 
from coordinates of the ROC curves.  

Paper III 
Absolute agreement between observers was evaluated for strain measures using 
intraclass correlation with two-way mixed-effect models.  

Paper IV 
A univariate T-test analysis was performed to detect differences between sexes and 
between patients with and without comorbidities, and a multivariate regression 
analysis weas performed adjusting of age, sex, and co-morbidities. T-test and 
Fischer´s exact test was used for sensitivity analysis between the patients with PAH 
and the patients without PAH.  
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Results 

Paper I 

Baseline characteristics 
The examinations were performed in 32 of the patients in adjacent to each other, in 
11 patients within 1 day and one patient <2 days apart. The cause of PH was PAH 
(n=28), CTEPH (n=14) and suspected PH (n=2). Most of the patients (73%) were 
treated with PH indicated medication.  

Atrial pressures and 3DE volumes 
In patients with PH and elevated mRAP, RAV was larger than those with normal 
mRAP. In turn, these had larger RAV in comparison to the control group (Table 5).  

Table 5. Three dimensional right atrial volumes in patients with or without elevated right atrial pressures. 
 PH with elevated mRAP 

(n=21) 
PH with normal mRAP 
(n=23) 

Controls (n=15) 

RAVmax (ml/m2) 59 ± 22    39 ± 14** 26 ± 7 
RAVmin (ml/m2) 40 ± 22   24 ± 14** 13 ± 4 

Data are expressed as mean ± SD. * represents the t-test between controls and those with normal mRAP, 
** = p < 0.01.   represents the t-test between patients with elevated mRAP and those with normal,    = p<0.01,  
    = p < 0.001. RAV (right atrial volumes), PH (pulmonary hypertension), mRAP (mean right atrial pressures) 

A weak correlation to mRAP, although significant, was shown for RAVmax (r = 
0.40, p = 0.007) and RAVmin (r = 0.35, p = 0.019). ROC curves for discrimination 
of a mRAP >8 mmHg by 3DE are illustrated in Figure 31. The optimal value for 
discrimination was for RAVmax 57±2 ml/m2 and for RAVmin 30±5 ml/m2, 
respectively.  

Atrial pressures and 2DE  
There was a weak but statistically significant correlation demonstrated between 
mRAP and IVC diameter (r=0.41, p=0.007), and with maximum RA volume 
(r=0.42, p=0.005) and also with RA area r=0.40, p=0.008). For IVC collapsibility 
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no correlation was found. The ROC curves for predicting mRAP >8 mmHg by 2DE
are illustrated in Figure 33-34. The optimal value for detection of elevated mRAP 
was for maximum RA volume 36 ml/m2. The AUC was not significant for IVC 
diameter (p = 0.09), nor for its collapsibility (p = 0.37).

Figure 32. Receiver operating characteristics and area under the curve values for three-dimensional 
echocardiography (3DE) for detection of elevated mRAP >8 mmHg.
RAV (right atrial volume), IVCd (inferior vena cava diameter), IVCc (inferior vena cava collapsibility). 
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Figure 33. Receiver operating characteristics and area under the curve values for two-dimensional 
echocardiography (2DE) for detection of elevated mRAP >8 mmHg. 
RA (right atrial). 
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Figure 34. Receiver operating characteristics and area under the curve values for detecting elevated mRAP >8 
mmHg, using the diameter of inferior vena cava (IVCd) and its collapsibility (IVCc).  

The results of paper I shows that increased RA maximum volume assessed with 
3DE or 2DE, as well as RA area, all have higher predictive value of elevated mRAP 
than IVC diameter and collapsibility. 
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Paper II 

Baseline characteristics 
The two groups exhibited the very similar LV size and a normal LVEF, though it 
was noted that LVEF was higher in the pressure vs. the volume group (p<0.01). The 
patients in the volume group had larger LA volume/BSA (p<0.001) but there were 
no differences for RA volume/BSA. In both groups enlargement of RA and RV were 
present. The RV was larger in the volume group (p<0.05). The patients in the 
pressure group had a hypertrophied free wall and it was thicker than in the volume 
group, p<0.001. Furthermore, the TR pressure gradient was higher in the pressure 
group, 49±11 mmHg vs. 38±7 mmHg (p<0.001). TR severity or IVCd were not 
different between the groups.  

Echocardiographic parameters for assessment of RV function 
Both groups showed normal TAPSE, S´echo and RIMP compared to reference values, 
Table 3 [39]. RV function impairment were shown on FACecho, FWSecho and RV-
4ch measurements. For all RV function parameters except RIMP, the pressure group 
exhibited lower values (Table 6). AUC for the RV function parameters are shown 
in Figure 35 and Table 6. Using analysis of the ROC curves, a cut-off strain value 
of -16% for both RV-4ch and FWSecho was superior to conventional parameters for 
identifying RV pressure overload (Figure 36). 

Table 6. Right ventricular function parameters in the pressure and the volume overloaded right ventricle  
 Pressure group Volume group P value AUC 

(95% CI) 
IVCT (ms) 60.5±19.5 (44) 67.6±18.8 (29) n.s  
IVRT (ms) 63.5±26.5 (44) 73.4±23.1 (29) n.s  
RIMP 0.49±0.15 (44) 0.47±0.10 (29) n.s  
TAPSE (mm) 20.0±5.4 (43)  22.9±7.0 (34)  <0.05 0.66 (0.54-0.78) 
S´echo (cm/s) 11.2±3.1 (45)  13.4±2.8 (30)  <0.01 0.73 (0.61-0.84) 
FAC (%) 27±11 (45)  38±9 (45)  <0.001 0.79 (0.69-0.88) 
FWSecho (%) -12.9±3.3 (45) -19.4±3.4 (44) <0.001 0.95 (0.91-0.99) 
RV-4ch (%) -12.1±3.3 (45)  -20.2±3.4 (44) <0.001 0.96 (0.92-0.99) 

The values are expressed as mean±SD. n (number of patients), AUC (area under curve) CI (confidence interval), IVCT 
(isovolumetric contraction time), IVRT (isovolumetric relaxation time), RIMP (right ventricular index of myocardial 
performance by tissue doppler), TAPSE (tricuspid annular plane systolic excursion), S´echo (tissue Doppler-derived 
tricuspid lateral annular systolic velocity), FAC (fractional area change), FWSecho (free wall strain), RV-4ch (strain from 
a RV apical four chamber view) 
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Figure 35. Receiver Operating Characteristics demonstrating superior AUC (Area under Curve) for RV-4ch and 
FWSecho. 
RV-4ch (strain from a RV apical four chamber view), FWSecho (free wall strain), FACecho (fractional area change), S´echo 
(tissue Doppler-derived tricuspid lateral annular systolic velocity), TAPSE (tricuspid annular plane systolic excursion). 
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Figure 36. Box and whiskers plots for RV-4ch (green box) and FWSecho (blue box).
The boxes represents the lower quartile to the upper quartile. The horizontal line in the middle of the box represents 
the median. The whiskers in this plot are drawn on either end of the boxes to the minimum and maximum values. A 
strain cut off value of -16 % (dashed line) for RV-4ch and FWSecho differentiates the pressure from the volume 
overloaded right ventricle in patients with mild to moderate PH. By definition, strain values are negative if true 
segmental shortening occurs. RV-4ch (strain from a RV apical four chamber view), FWSecho (free wall strain).

Paper III and IV

Baseline characteristics
The time interval between echocardiography and CMR was 1 day [IQR 1–2 days].
The most common aetiology for PH was PAH (n=40) and CTEPH (n=9). One fifth 
of the patients were treated with pulmonary arterial vasodilators. Most patients were 
in WHO-functional class II or III. Functional capacity by 6 minutes walking 
distance was 325 m [IQR 200-412]. The patients exhibited elevated NT-proBNP 
and low peripheral oxygen. In 28 of the patients there were comorbidities present.



74 

Echocardiographic characteristics and RV function measures 
The LV and LA, as well as LVEF was within normal limits. When compared to 
refence values, dilatation of the RA and the RV was present [39]. 
Echocardiographically the patients had pulmonary hypertension with a TRmaxPG of 
56±21 mmHg  

Echocardiographic parameters were normal for TAPSE and S´echo but reduced for 
RIMP and FACecho. The strain parameters FWSecho, RV-4ch and RVGLS were 
impaired as well [39,63]. In respect of CMR parameters, RVEFCMR was reduced 
compared to reference values whilst AVPDlat was normal [64,65]. The 
echocardiographic and CMR parameters measuring RV function are shown in 
Table 7. 

Correlation of echocardiographic measures with CMR 

Validation against RVEFCMR 
There was a strong correlation between RVEFCMR and the parameter FACCMR and 
all echocardiographic strain parameters, whilst FACecho, AVPDlat, FWSCMR, TAPSE 
and RIMP showed a moderate correlation. For both modalities, S´ demonstrated a 
weak correlation to RVEFCMR (Table 7). 

Table 7. Right ventricular function parameters by echocardiography and CMR and their correlation to RVEFCMR. 
Parameter Mean±SD (n) Correlation with RVEFCMR 
RIMP 0.61±0.33 -0.521***   
TAPSE (mm) 19±6 (53) 0.592*** 
S´echo (cm/s) 11.3±3.5 (53) 0.385** 
FACecho (%) 30±14 (55) 0.681*** 
RV-4ch -15.0±6.4 0.714*** 
RV-2ch -16.1±5.3 0.793*** 
RV-3ch -14.1±5.7 0.730*** 
FWSecho (%) -15.7±4.8 (55) 0.778*** 
RVGLS -15.3±4.9 0.814*** 
RVEFCMR (%) 42±14 (55)  
AVPDlat (mm) 14±4 (54) 0.736*** 
S´CMR (cm/s) 8.8±3.0 (55) 0.472*** 
FACCMR (%) 35±13 (55) 0.799*** 
FWSCMR (%) -20.1±7.7 (55)  0.726*** 

Data is presented as mean±SD. For correlation between the methods, Pearson’s correlation coefficients were used. 
Significant correlation is present when: **: p<.01, ***: p<0.001. RIMP (right ventricular index of myocardial performance 
by pulsed wave doppler), TAPSE (tricuspid annular plane systolic excursion), S´ (S´-wave velocity), RIMP (right 
ventricular index of myocardial performance), FWS (right ventricular free wall strain), RVGLS (right ventricular global 
longitudinal strain from multiple apical views), RVEFCMR (right ventricular ejection fraction), AVPDlat (lateral atrio-
ventricular plane displacement. n.a (not available) 
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Validation of RV function parameters and corresponding ones with CMR
A strong correlation was demonstrated for FACCMR vs. FACecho, and a moderate for
FWSCMR vs. FWSecho, AVPDlat vs. TAPSE, and S´CMR vs. S´echo, (p<0.0001 for all).
There were significant differences in absolute values between the echocardiographic 
and CMR measurements with S´CMR and AVPDlat being lower and FWSCMR and 
FACCMR higher. The correlations and biases are demonstrated in Figure 37.

Figure 37. Scatterplots and Bland-Altman plots for illustration of correlation and differences between right 
ventricular (RV) function parameters derived by cardiac magnetic resonance (CMR) and by echocardiography..
A): Scatterplots with regression lines delineates the correlation between RV function parameters derived by CMR and 
echocardiography. The dotted line represents the reference line. B): Bland-Altman plots for illustrating the agreement 
of RV function parameters as measured by CMR and echocardiography. C): Bland-Altman plots based on the 
percentage differences in RV function parameters measured by CMR and echocardiography. AVPDlat (lateral atrio-
ventricular plane displacement), S´CMR (max emptying velocity), FAC (fractional area change), FWS (free wall strain), 
LOA (level of agreement).
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Paper V 

Baseline characteristics 
Echocardiography and RHC was performed within a median time of 1 day [IQR 0-
1 days]. All patients were diagnosed with PAH due to: idiopathic (IPAH, n=30), 
familiar (FPAH, n=3), associated to connective tissue disease (APAH-CTD, n=17), 
portal hypertension (n=2) and induced by drugs and/or toxins (n=2). All patients 
were PAH treatment naïve. Most of the patients were in WHO-functional class II 
and class III (30% and 61%, respectively). Median NT-proBNP was 1698 ng/L 
[375-3147] and creatinine was 94±30 mol/L. Comorbidities were present as 
follows: hypertension (n=24), diabetes (n=15), prior stroke (n=3), coronary artery 
disease (n=10) and thyroid disease (n=14). 

Echocardiographic and RHC characteristics  
The LV and LA, as well as LVEF was within normal limits. In comparison to 
refence values, dilatation of the RA and the RV was observed and RV function was 
impaired measured by FACecho and FWSecho. [39]. TR severity was on average mild. 
Echocardiographically, PH was present with TRmaxPG 69±17 mmHg and TRmeanPG 
39±9 mmHg. mRAPECHO, was estimated to be 7 [IQR 3-8] mmHg. 

At RHC patients were found to have mild to moderately raised mPAP (47±12 
mmHg), normal PAWP (7 [IQR 5-10] mmHg), a moderate-severely elevated PVR 
(10±5 WU), a normal CO (4.2±1.2 L/min) and a normal to slightly elevated 
mRAPRHC of 7±5 mmHg. 

Correlation between echocardiographic measures and RHC 
RVSWI derived from echocardiography and RHC are shown in Table 8. In 
comparison with RVSWIRHC, RVSWIECHO-1 and RVSWIECHO-2 were significantly 
higher (p<0.001) whereas RVSWIECHO-4 was significantly lower in absolute values 
(p<0.001). There was no difference for RVSWIECHO-3 (p=n.s). 
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Table 8. Right ventricular stroke work index (RVSWI) from right heart catheterization (RHC) and 
echocardiography (ECHO). 

RVSWI (mmHg x mL/m2) Mean ± SD 
RVSWIRHC 1132 ± 352 
RVSWIECHO-1 1904 ± 568 
RVSWIECHO-2 1732 ± 531 
RVSWIECHO -3 1090 ± 366 
RVSWIECHO-4 918 ± 336 

Data is presented as mean±SD 

A strong correlation with RVSWIRHC was demonstrated for RVSWIECHO-2 and a 
moderate correlation for RVSWIECHO-1, RVSWIECHO-3 and RVSWIECHO-4 (Figure 
38). 

 

 

Figure 38: Scatterplots with regression lines in red, delineates the correlation between right ventricular stroke 
work index (RVSWI) derived from echocardiography RVSWI_ECHO1-4 and right heart catheterization (RHC). 
The blue line represents the reference line. 
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The differences between measurements by the echocardiographic methods and 
invasive one are illustrated in Figure 39, with the lowest difference being shown 
for RVSWIECHO-3.

Figure 39. Bland-Altman plots illustrating the differences in absolute and relative values between right 
ventricular stroke work index (RVSWI) by right heart catheterization and the four different echocardiographic 
methods for calculation of RVSWI (RVSWIECHO1-4).
A) The abolute agreement between the methods. The red lines represent the absolute bias and the green lines 
represents the level of agreement (LOA). B) The relative differences in RVSWI between right heart catheterization 
and echocardiography. The red lines represent the relative bias and the green lines represents the level of agreement 
(LOA).
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Intra and inter observer variability 

Paper I 
The intra and interobserver variabilities for RAV by 3DE are shown in Table 9. 

Table 9. Intra and interobserver variabilities for right atrial volumes by three dimensional echocardiography 
 Intraobserver variability Interobserver variability 
 RAVmax RAVmin RAVmax RAVmin 
ICC 0.962* 0.984* 0.923* 0.918* 
Bias 3.7±11.8 % 2.3±11.8 % 4.9±14.9 % 3.7±25.1 % 

ICC (intra class correlation), RAVmax (right atrial maximum volume), RAVmin (right atrial minimum volume) 

Paper II 
The intraobserver variability was 0.97 (95% CI; 0.91-0.99) for FWSecho and 0.98 
(95% CI; 0.93-0.99) for RV-4ch. The interobserver variability was 0.97 (95% CI; 
0.91-0.99) for FWSecho and 0.97 (95% CI; 0.90-0.99) for RV-4ch. 

Paper III 
The interobserver variabilities for the strain parameters were: FWSecho 0.92 (95% 
CI; 0.82-0.96), RV-4ch: 0.92 (95% CI; 0.83-0.96), RV-2ch 0.95 (95% CI; 0.90-
0.98), RV-3ch 0.96 (95% CI; 0.92-0.98) and for RVGLS 0.98 (95% CI; 0.95-0.99). 
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Discussion 

This doctoral dissertation evaluated the assessment of the right heart in patients with 
PH by echocardiography, CMR, and RHC.  

The right atrium in pulmonary hypertension 
RA size predicts outcome in patients with PH [11,20,38]. In paper I, RAV, assessed 
with two- and three-dimensional echocardiography, as well as RA area were found 
to be better discriminators to detect elevated mRAP (>8 mmHg) than the 
conventional echocardiographic method using IVCd and its collapsibility. There 
were no differences between using RAV derived from 2DE nor 3DE.  

RA volumes and mRAP 
A cut off value for elevated mRAP was set to 8 mmHg, since has been shown to be 
of prognostic value in patients with PH [11]. 

Other studies have shown similar results as ours in detecting elevated mRAP [45], 
although they demonstrated a slightly higher correlation (r=0.51 vs. r=0.40). 
However, their observations were in patients with acute heart failure. Patients with 
PH have often a longstanding pressure overload and the RAV might stay enlarged 
even if mRAP been normalized. This could be similar to patients with a long 
standing volume overload (due to an ASD) were the RAV did not normalized after 
closure of the defect [90].  

RAV by 2DE exhibited an optimal threshold value of 36 ml/m2 and presented 
similar accuracy to 3DE. However, RA volumes by 2DE correlated weakly to 
mRAP, and this is in agreement with a previous study [91]. 

Concerning RA area, an area >18 cm2 has shown to be associated with both 
increased mortality and lung transplantation in patients with PH [92]. Furthermore, 
RA area >18cm2 is included in risk assessment for patients with PAH as well as a 
screening method in patients with connective tissue disease [40]. 
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Inferior vena cava and mRAP
The weak correlation of IVC diameter with mRAP demonstrated in paper I is in 
alignment with earlier studies [91,93]. However, in paper I, enlarged RAV with 2DE 
or 3DE were superior to IVC measurement for detection of elevated mRAP.

The usage of IVC diameter to predict elevated mRAP has been debated. Other 
studies [44] have shown that mRAP should be interpreted as indeterminate when 
IVC is normal and have low collapsibility. In paper I, according to this definition, 
our patients were indeterminate and other indices of elevated mRAP should be used 
in addition to estimated mRAP [39]. In patients with heart failure, RAV by 3DE is 
suggested as a candidate method [45]. In the European guidelines for PH, estimation 
of mRAP by IVC diameter has been removed [11]. However, in guidelines from 
American society of echocardiography the usage of IVC in addition to TRmaxPG for 
estimation of pulmonary pressures is still recommended [39].

In paper V, mRAP by echocardiography using IVC measurement [39] showed no 
incremental value in the echocardiographic calculations of RVSWI. 

New echocardiographic measures for assessing elevated mRAP have emerged, such 
as right atrial strain. These are, however, not adopted in clinical practice yet nor in 
echocardiographic guidelines. Several studies have shown that RA dysfunction by 
atrial strain predicts both morbidity and mortality [17,18,94] in patients with PAH. 

Right atrial dilatation
Clinical worsening in patients with PH is associated with RA dilatation [19,67]. A
better risk stratification of clinical worsening, were the combination of RA reservoir 
volume and RVEFCMR indicating the importance of both RA and RV function have 
been shown [19]. When the RV fails, end-diastolic pressures transmits to the RA 
leading to a dilatation of the atrium [39] due to pressure or volume overload. In all 
studies in this thesis except paper II (volume group), RA dilatation was caused by 
pressure overload.

Right ventricular function in pulmonary hypertension
Assessment of RV function is of great importance in patients with PAH since RV 
deterioration leads to right heart failure and eventually arrythmias and cardiac death 
supervene [14]. RV function is one of the most important predictors of morbidity 
and mortality in patients with PAH as well as in patients with congenital heart 
diseases [15,16,36,51]. Consequently, RV function parameters are of utmost 
importance. Echocardiography has however several limitations, owing to the 
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complex geometry of the RV which challenges clinicians in daily practice. 
Nevertheless, even if conventional echocardiographic parameters have an 
established role in assessment of RV function, they have not been implemented in 
the risk assessment algorithm in PAH [11]. Consequently, an exploration to identify 
useful echocardiography-derived measurements besides RA area and the presence 
of pericardial effusion are warranted. 

The results of this thesis suggest that RV function parameters by STE (i.e. FWSecho), 
FACecho and RVEFCMR seem to be the better methods for assessing RV function in 
patients with PH. In selected cases RVGLS has incremental value and STE is a 
superior discriminator of pressure vs volume overload compared to conventional 
echocardiographic measures. RVSWI by echocardiography is a measure of both 
preload and afterload, although the use in clinical practice and in patients with PAH 
need to be further investigated. Furthermore, RV function parameters measured by 
echocardiography and CMR are not interchangeable.  

Parameters for assessing RV function in pulmonary hypertension 

TAPSE/AVPDlat 
In this thesis, TAPSE was lower in patients with pressure overloaded RV, but 
TAPSE was within normality compared to reference values [39]. TAPSE showed a 
modest correlation (r=0.592) with RVEFCMR which is in alignment with other 
studies [95-98]. TAPSE is not able to discriminate a passive entrainment caused by 
the left ventricle with an apex moving to the left in systole, causing a “RV rocking 
movement” [99] resulting in a “pseudo normalisation”. This could be explained by 
the fact that TAPSE measures only the relative amplitude (length in mm) from the 
position of the transducer on the chest to the trans-tricuspid AV plane, and does not 
consider the size of the RV. In patients with PH due to pressure or to volume 
overload, the RV is enlarged which could affect the absolute value of TAPSE (i.e. 
overestimate RV function). Moreover, TAPSE is load dependent, which has been 
shown in patients with percutaneous ASD closure controls [100] and is in alignment 
with our results. Another well-known limitation of TAPSE is angle dependency 
[39]. Despite this a reduced TAPSE has shown to have a prognostic value in patients 
with PAH [101-103] and was included in risk assessment until 2013 [11,80].  

AVPDlat is a relatively new and sparsely evaluated method, and not referenced in 
consensus documents for CMR [84]. We found AVPDlat to be decreased in patients 
with PH, which aligns to other studies [73,104]. The prognostic value of AVPDlat 
remains to be investigated in patients with PH. 

A moderate correlation for AVPDlat vs. TAPSE was demonstrated, and the highest 
bias was shown for these measures, with lower absolute values by CMR compared 
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to echocardiography. The findings were unexpected since AVPDlat is less angle 
dependent than TAPSE. Thus, the bias is probably methodological and has many 
reasons. For instance, the measurements are from differently obtained four-chamber 
views and there are temporal resolution differences between the two methods. 

S´ 
In this thesis, S´ was lower in patients with pressure overloaded RV. However, S´ 
was, like TAPSE, within normal limits compared to reference values [39]. In 
correlation with RVEFCMR, S´echo, showed a low correlation (r=0.385). Previous 
studies comparing RVEFCM and S´echo are inconsistent, a strong correlation was 
found in patients with chronic heart failure [95], a moderate in patients with PH [97] 
and finally a weak correlation in patients with different aetiologies [105].  

Since S´echo only measures the peak systolic velocity in the basal segment of the RV 
free wall, it does not take into the account the duration of the velocity. Moreover, as 
with TAPSE the velocity is measured relative to the transducer. Thus, S´echo could 
be pseudo-normalised as well. Well known limitations of S´echo. are angle- and load-
dependency [39,106]. Since S´echo only measures the peak velocity in one specific 
point, it is difficult to consider S´echo as a representative of global RV function.  
S´CMR has only been described twice previously [72,85] and is derived from the 
AVPD curve. The definition is the highest measured instantaneous velocity 
measured as the steepest systolic slope of the AVPD curve. Therefore, it could be 
considered as in parity to the peak systolic annular velocity derived from tissue-
doppler (i.e. S´echo) [72]. Some of the limitations for S´echo such as angle-dependency 
and image quality are diminished for S´CMR. In contrast, S´CMR is acquired with lower 
framerate than S´echo. 

A moderate correlation for S´ between the modalities (echocardiography and CMR) 
were demonstrated. The best agreement with narrow limits in absolute values 
between the methods were shown for S´. However, there was a systematic 
substantial relative bias and broad limits of agreement and the methods could not be 
considered fully interchangeable.  

FAC 
In this thesis, FACecho was impaired in the pressure overloaded RV and within 
normality in those patients with a volume overloaded RV. This is in alignment with 
prior studies comparing patients with PAH and volume overloaded RV’s to controls  
[100,107]. In correlation with RVEFCMR, a fairly strong correlation (r=0.681) was 
demonstrated for FACecho, which is in alignment with prior studies [98]. 
Nevertheless, other studies have shown both weak [97,108] as well as strong [96] 
correlations to RVEFCMR.  
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In patients with PH, FACecho correlates with prognosis, treatment response and 
mortality [101], however other studies have shown that FACecho is less reproducible 
than conventional parameters [109,110]. FACecho is measured in an apical four 
chamber view and is limited by difficulties in defining the endocardial borders 
[106].  

A strong correlation for FAC was demonstrated (r=0.81) between echocardiography 
and CMR. To our knowledge this is the first study to compare these two methods. 
In comparison with echocardiographic assessment, FACCMR is less challenging 
since delineation of endocardial border easier with CMR. FACCMR appears to be a 
good alternative to RV functional assessment as previously reported [111] and has 
shown be useful to detect progression of RV failure in patients with PH [112]. 

RIMP 
In paper II, RIMP (or Tei-index) was within normal limits for both the pressure and 
the volume overloaded RV. However, in paper III/IV, RIMP was found to be 
impaired. The differences could be methodological since the tissue doppler method 
was used in paper II. The demonstrated correlation to RVEFCMR was moderate for 
RIMP in paper III/IV (r=-0.521) which is in alignment with a prior study in patients 
with PH [98]. Other studies have however, demonstrated only weak correlations to 
RVEFCMR [97,105,113]. RIMP is considered to reflect both diastolic and systolic 
RV function, but are very sensitive to loading conditions and elevated right atrial 
pressures [39,109,114] which also could explain the differences in paper II and 
III/IV.  

Speckle tracking parameters 
In this thesis, the STE parameters were lower in the pressure overloaded RV than in 
the volume overloaded group. In comparison to reference values [39], RV 
impairment was shown in pressure overloaded RV’s by STE. However, in the 
volume overloaded group, STE parameters were in the lower border of the normal 
range. In patients with PAH as well as those with CTEPH, prior studies have shown 
impaired RV function compared to controls [60,115,116]. In volume overloaded 
RV’s due to significant ASD, previous results are conflicting showing either higher 
strain values (RV-4ch) or only regional higher values compared to controls 
[100,117]. In those studies, RV strain decreased after closure of the defect. Our 
findings that STE-values are higher in the volume group is consistent with the RV 
ability to tolerate volume better than pressure overload [54,55]. 

In comparison with RVEFCMR, a strong correlation was demonstrated for all STE 
parameters. The strongest correlation was shown for the multiple apical views; 
RVGLS (r=0.81) followed by FWSecho (r=0.78). Paper III is the first study 
comparing RVGLS and RVEFCMR. In previous studies comparing RVEFCMR and the 
other STE parameters, only modest correlations has been demonstrated [118-120]. 
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One explanation could be that RVEFCMR measures solely volume changes and STE 
measures the regional deformation of the myocardium. The reasons for the higher 
correlations shown by FWSecho, RVGLS and RV-4ch compared to the conventional 
parameters TAPSE and S´echo could theoretically be explained that TAPSE and 
S´echo measures the displacement of the AV-plane. In contrast STE reflects the 
deformation of the myocardium regionally as well as globally, and is not affected 
from passive entrainment from the LV [121]. 

When analysing strain from multiple apical views (paper III), strain derived from a 
4-chamber view (FWSecho and RV-4ch) was obtained in all patients. In 29 out of 55 
patients, it was possible to analyse RVGLS, mainly due to difficulties to obtain 
traceable 2- and 3-chamber RV views. Currently there are no reference values for 
RV-4ch but in our patient cohort, RV impairment was demonstrated in comparison 
to suggested normal values [118,122], Nevertheless, in one previous study, RV-4ch 
strain correlated best with RVEFCMR and was shown to be a strong predictor for RV 
systolic impairment [105].  

Measuring RV function from multiple apical views is challenging but has some 
advantages. RV-4ch measurement includes the interventricular septum, which could 
be affected by both ventricles [15,39]. Therefore, RV-4ch is theoretically not a 
measurement of solely RV function. FWSecho measures the deformation of the RV 
free lateral wall whereas RVGLS also includes the deformation of inferior, anterior 
walls as well as the outflow tract. In our opinion, in daily clinical practice, FWSecho 
is the preferable choice but in selected cases, RVGLS should be performed (i.e. 
patients with dilated and hypertrophied RV’s). 

In comparison with CMR, FWS showed a moderate correlation between the 
modalities. This is in alignment with prior studies [120] although others have found 
even stronger correlations [123,124]. When measuring FWSCMR, the values where 
on average 20 % higher and with a greater spread of observed values. In patients 
with lower strain values the biases seems to be more pronounced. The differences 
between the modalities could be explained by several methodological reasons [125]. 
One is that FWSCMR has the advantage over echocardiography that it is not 
vulnerable to poor acoustic windows [71]. However, in paper IV this is unlikely 
since patients with echocardiographic poor acoustic window were excluded. 
Another reason could be that CMR measures endocardial strain compared to 
echocardiographic software which uses mid-myocardial strain. The results in paper 
IV study implies that echocardiographic and CMR evaluation of RV strain cannot 
be regarded as interchangeable. This is in alignment with studies recently published 
[126,127].  
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RVSWI 
RVSWI is the product of measured mRAP, mPAP and SV derived from RHC. 
Consequently, RVWSI incorporates elements of RV preload, afterload as well as 
contractile performance [77]. Using echocardiography, calculation of systolic and 
mean PAP can be estimated from the spectral doppler of an existing TR.  

To our knowledge paper V is the first study comparing RVSWIRHC with four 
different echocardiographic derived methods for calculation of RVSWI in treatment 
naïve adult patients with PAH. The results show a small bias and no significant 
difference in absolute values between RVSWIRHC and RVSWIECHO-3 (using the mean 
tricuspid gradient and SVIECHO), albeit with only a moderate correlation between the 
two methods. For the other three echocardiographic calculations of RVSWI, 
moderate to strong correlations with RVSWIRHC were demonstrated, however with 
poor concordance between values owing to larger biases. 

The role of RVSWI in patients with PAH is still a relatively unexplored field. In 
children as well as in adults with PAH, RVSWI has shown a prognostic value 
[77,78] but data are sparse. High RVSWI indicates a higher workload of the RV, 
required as it needs to overcome an increased pulmonary vascular stiffness [128]. 
In patients who have undergone lung transplantation, a higher RVSWI predicted 
worse outcomes [129]. In patients with PAH associated with connective tissue 
disease, reduced RVSWI was correlated to increased mortality [79]. RVSWI has 
also been used in patients with severe LV heart failure eligible for LV assist device 
to determine if the RV is sufficiently strong to meet the demands of the LV and if a 
supplementary RV assist-device is necessary [130]. In this setting a cut-off value 
for RVSWI  250 mmHg x mL/m2 is associated with a need of RV assist-device. 
General cut off values for RVSWI has, however, not been established. 

In two of the methods (RVSWIECHO-1 and RVSWIECHO-2), the TRmaxPG was used 
since it is an established non-invasive method for estimation of systolic PAP. The 
advantage using TRmaxPG compared to the mean gradient is the accessibility since 
it is present in most PAH patients and easy to obtain. By echocardiography mPAP 
can be assessed in several ways [42]. In paper V the velocity integral was used in 
two of the methods (RVSWIECHO-3 and RVSWIECHO-4) since it has proven to exhibit 
a value closer to mPAP by RHC than the other methods methods [131,132]. 

For the echocardiographic measurements using TRmaxPG (RVSWIECHO-1 and 
RVSWIECHO-2) a strong correlation to RVSWIRHC were demonstrated, but poor 
concordance to the absolute values with large biases to be addressed. Incorporation 
of mRAP (RVSWIECHO-2) did not change the results. This is in alignment with a 
study in children with PAH, where mRAP were not included, and a similar 
correlation was demonstrated [76]. 
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For the echocardiographic measurement using TRmeanPG, (RVSWIECHO-3 and 
RVSWIECHO-4, respectively) a moderate correlation to RVSWIRHC were 
demonstrated. The method using only mPAP (RVSWIECHO-3) showed no difference 
in absolute values compared to RVSWIRHC. Therefore, incorporation of 
echocardiographic estimated mRAP using IVC has no incremental value in non-
invasive calculation of RVSWIECHO, probably due to its poor accuracy in the clinical 
settings [133]. To conclude, we suggest that RVSWIECHO-3 seems to be the 
preferable echocardiographic method, owing to the best concordance of absolute 
values and smallest bias. In clinical practice, RVSWIECHO-1 could be a simpler 
method to use. 

Nevertheless, since no reference values has been established, comparison of 
absolute RVSWI values between patients is challenging and the interpretation is 
complicated. Therefore, in clinical practice the role of RVSWI is probably best 
suited in follow-up where the patients should be their own reference. One major 
drawback of RVSWIECHO is to identify if a decrease in RVSWI is due to treatment 
response (lower mPAP) or RV failure since both results in a decrease in TR pressure 
gradient. Additional clinical parameters, such as 6-minute walking test and 
echocardiographic RV function parameters, could be considered for differentiation.

Limitations
For limitations, please refer in the attached papers individually.
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Conclusions 

The major conclusions of the studies were: 

Paper I 
In patients with PH, an enlarged right atrium measured with two- as well as three-
dimensional echocardiography, can be used as a marker for elevated mRAP. Right 
atrial volume shows a higher predictive value for estimating a mRAP >8mmHg than 
the diameter of IVC. The diameter of IVC should be used by precaution for 
estimation of elevated right atrial pressures in patients with PH. 

Paper II 
Differentiation between a pressure and a volume overloaded RV is possible by 
echocardiography. Speckle tracking seems to be a better differentiator than the 
conventional parameters (i.e. TAPSE and S´echo). FACecho and the strain parameters 
(FWSecho and RV-4ch) seems more accurately assess RV function. The results 
suggest a cut of value of -16% for both strain parameters to differentiate a pressure 
from a volume overloaded RV in patients with mild to moderate PH.  

Paper III 
Speckle tracking showed the best correlation to RVEFCMR and can improve current 
methods for assessing RV function, especially in patients with PH. RVGLS from 
multiple apical views could have incremental value in this patient population, but in 
daily clinical practice, FWSecho is reliable and easiest to obtain.  
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Paper IV 
Regional CMR measures of RV function demonstrated a moderate to strong 
correlation to the corresponding echocardiographic ones. However, biases and to 
some extent wide limits of agreement, exist between the modalities resulting in that 
the methods are not interchangeable. At present, the better methods for assess and 
follow-up patients with PH are FACecho, FWSecho as well as RVEFCMR. Future 
investigations of the CMR right ventricular measures, beyond RVEF, are warranted.   

Paper V 
The correlation with RVSWIRHC to all echocardiographic measures was moderate 
to strong, but only RVSWIECHO-3 displayed high concordance of absolute values. 
Incorporation of echocardiography-estimated mRAP had no incremental value in 
non-invasive calculation of RVSWI. In this study we were unable to find any single 
method that showed both good correlation and high agreement in absolute values 
compared to RHC. However, the results suggest that RVSWIECHO-1 or RVSWIECHO-

3 could be the preferable echocardiographic methods. Prospective studies are 
warranted to evaluate the clinical utility of such measures in relation to PAH 
prognosis, risk stratification and treatment response. 
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Future perspectives

Patients with a pressure overloaded RV has a poor prognosis, although in recent 
years survival has improved [134]. New treatment strategies based on goal oriented-
treatment effects has arisen in patients with PAH and risk algorithms has been 
developed [11]. The goal is identify risk status, maintain patients in the low risk 
group as such, and move patients from a higher to a lower risk profile group, in 
order to improve survival [135]. Until 2015, TAPSE was included in risk assessment 
as the only marker of right ventricular failure [11,80]. However, it is of utmost 
importance to detect the break point when the RV is about to fail or is irretrievably 
failing to facilitate assessment of when the patient needs to be listed for lung 
transplant before it is too late. Consequently, identifying new imaging-derived 
measurements besides RA area and the presence of pericardial effusion are therefore
warranted.

Three-dimensional echocardiography has developed in recent years to be a more 
reliable method for assessing right ventricular volumes as well as cardiac function 
[47,136-139]. Both temporal and spatial resolutions have improved, and post 
processing has become more user friendly. Assessing LV volumes as well as LV 
ejection fraction by 3DE have also been adopted in guidelines [39]. Newer semi-
automated methods have shown promising results for assessing volumes as well as 
right ventricular ejection fraction (RVEF3DE) [140].

Myocardial deformation measurement with different strain parameters for both RA 
and RV function has emerged and has shown promise as a tool for assessing the 
right heart in patients with PH [17]. With CMR, new measures include atrial and 
ventricular volumes, pulmonary artery velocities, arterio-ventricular coupling and 
tissue characterization, however, further studies are needed [141]. In combination
with other parameters, RVSWI could be a promising method for detection of the 
failing RV. Certainly, more studies are needed to understand the clinical implication 
of RVSWI and its role in management of PAH patients.



91 

References  

1. Edler I, Lindstrom K (2004) The history of echocardiography. Ultrasound Med Biol 30 
(12):1565-1644. doi:10.1016/S0301-5629(99)00056-3 

2. Gottdiener JS, Bednarz J, Devereux R, Gardin J, Klein A, Manning WJ, Morehead A, 
Kitzman D, Oh J, Quinones M, Schiller NB, Stein JH, Weissman NJ, American 
Society of E (2004) American Society of Echocardiography recommendations for 
use of echocardiography in clinical trials. Journal of the American Society of 
Echocardiography : official publication of the American Society of 
Echocardiography 17 (10):1086-1119. doi:10.1016/j.echo.2004.07.013 

3. Pohost GM (2008) The history of cardiovascular magnetic resonance. JACC Cardiovasc 
Imaging 1 (5):672-678. doi:10.1016/j.jcmg.2008.07.009 

4. Katz J, Whang J, Boxt LM, Barst RJ (1993) Estimation of right ventricular mass in 
normal subjects and in patients with primary pulmonary hypertension by nuclear 
magnetic resonance imaging. Journal of the American College of Cardiology 21 
(6):1475-1481. doi:10.1016/0735-1097(93)90327-w 

5. Peng P, Lekadir K, Gooya A, Shao L, Petersen SE, Frangi AF (2016) A review of heart 
chamber segmentation for structural and functional analysis using cardiac magnetic 
resonance imaging. MAGMA 29 (2):155-195. doi:10.1007/s10334-015-0521-4 

6. McLure LE, Peacock AJ (2009) Cardiac magnetic resonance imaging for the assessment 
of the heart and pulmonary circulation in pulmonary hypertension. Eur Respir J 33 
(6):1454-1466. doi:10.1183/09031936.00139907 

7. Nossaman BD, Scruggs BA, Nossaman VE, Murthy SN, Kadowitz PJ (2010) History of 
right heart catheterization: 100 years of experimentation and methodology 
development. Cardiology in review 18 (2):94-101. 
doi:10.1097/CRD.0b013e3181ceff67 

8. Bourassa MG (2005) The history of cardiac catheterization. Can J Cardiol 21 (12):1011-
1014 

9. Seldinger SI (1953) Catheter replacement of the needle in percutaneous arteriography; a 
new technique. Acta radiol 39 (5):368-376. doi:10.3109/00016925309136722 

10. Rosenkranz S, Preston IR (2015) Right heart catheterisation: best practice and pitfalls 
in pulmonary hypertension. Eur Respir Rev 24 (138):642-652. 
doi:10.1183/16000617.0062-2015 

11. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, Simonneau G, 
Peacock A, Vonk Noordegraaf A, Beghetti M, Ghofrani A, Gomez Sanchez MA, 
Hansmann G, Klepetko W, Lancellotti P, Matucci M, McDonagh T, Pierard LA, 
Trindade PT, Zompatori M, Hoeper M, Group ESCSD (2016) 2015 ESC/ERS 
Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint 



92

Task Force for the Diagnosis and Treatment of Pulmonary Hypertension of the 
European Society of Cardiology (ESC) and the European Respiratory Society (ERS): 
Endorsed by: Association for European Paediatric and Congenital Cardiology 
(AEPC), International Society for Heart and Lung Transplantation (ISHLT). Eur 
Heart J 37 (1):67-119. doi:10.1093/eurheartj/ehv317

12. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, Krowka M,
Williams PG, Souza R (2019) Haemodynamic definitions and updated clinical
classification of pulmonary hypertension. Eur Respir J 53 (1). 
doi:10.1183/13993003.01913-2018

13. Simon MA, Pinsky MR (2011) Right ventricular dysfunction and failure in chronic
pressure overload. Cardiol Res Pract 2011:568095. doi:10.4061/2011/568095

14. Vonk-Noordegraaf A, Haddad F, Chin KM, Forfia PR, Kawut SM, Lumens J, Naeije
R, Newman J, Oudiz RJ, Provencher S, Torbicki A, Voelkel NF, Hassoun PM (2013)
Right heart adaptation to pulmonary arterial hypertension: physiology and 
pathobiology. Journal of the American College of Cardiology 62 (25 Suppl):D22-33. 
doi:10.1016/j.jacc.2013.10.027

15. Fine NM, Chen L, Bastiansen PM, Frantz RP, Pellikka PA, Oh JK, Kane GC (2013)
Outcome prediction by quantitative right ventricular function assessment in 575
subjects evaluated for pulmonary hypertension. Circulation Cardiovascular imaging 6 
(5):711-721. doi:10.1161/CIRCIMAGING.113.000640

16. Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, Ghofrani A, Gomez
Sanchez MA, Krishna Kumar R, Landzberg M, Machado RF, Olschewski H,
Robbins IM, Souza R (2013) Updated clinical classification of pulmonary 
hypertension. Journal of the American College of Cardiology 62 (25 Suppl):D34-41. 
doi:10.1016/j.jacc.2013.10.029

17. Fukuda Y, Tanaka H, Ryo-Koriyama K, Motoji Y, Sano H, Shimoura H, Ooka J, Toki
H, Sawa T, Mochizuki Y, Matsumoto K, Emoto N, Hirata K (2016) Comprehensive
Functional Assessment of Right-Sided Heart Using Speckle Tracking Strain for 
Patients with Pulmonary Hypertension. Echocardiography (Mount Kisco, NY) 33 
(7):1001-1008. doi:10.1111/echo.13205

18. Alenezi F, Mandawat A, Il'Giovine ZJ, Shaw LK, Siddiqui I, Tapson VF, Arges K,
Rivera D, Romano MMD, Velazquez EJ, Douglas PS, Samad Z, Rajagopal S (2018)
Clinical Utility and Prognostic Value of Right Atrial Function in Pulmonary 
Hypertension. Circulation Cardiovascular imaging 11 (11):e006984. 
doi:10.1161/CIRCIMAGING.117.006984

19. Sato T, Tsujino I, Ohira H, Oyama-Manabe N, Ito YM, Yamada A, Ikeda D, Watanabe
T, Nishimura M (2015) Right atrial volume and reservoir function are novel
independent predictors of clinical worsening in patients with pulmonary 
hypertension. J Heart Lung Transplant 34 (3):414-423. 
doi:10.1016/j.healun.2015.01.984

20. Raymond RJ, Hinderliter AL, Willis PW, Ralph D, Caldwell EJ, Williams W, Ettinger
NA, Hill NS, Summer WR, de Boisblanc B, Schwartz T, Koch G, Clayton LM,
Jobsis MM, Crow JW, Long W (2002) Echocardiographic predictors of adverse 
outcomes in primary pulmonary hypertension. Journal of the American College of 
Cardiology 39 (7):1214-1219. doi:10.1016/s0735-1097(02)01744-8



93 

21. Haddad F, Hunt SA, Rosenthal DN, Murphy DJ (2008) Right ventricular function in 
cardiovascular disease, part I: Anatomy, physiology, aging, and functional 
assessment of the right ventricle. Circulation 117 (11):1436-1448. 
doi:10.1161/CIRCULATIONAHA.107.653576 

22. Ho SY, Nihoyannopoulos P (2006) Anatomy, echocardiography, and normal right 
ventricular dimensions. Heart 92 Suppl 1:i2-13. doi:10.1136/hrt.2005.077875 

23. Carlsson M, Ugander M, Heiberg E, Arheden H (2007) The quantitative relationship 
between longitudinal and radial function in left, right, and total heart pumping in 
humans. American journal of physiology Heart and circulatory physiology 293 
(1):H636-644. doi:10.1152/ajpheart.01376.2006 

24. Haddad F, Couture P, Tousignant C, Denault AY (2009) The right ventricle in cardiac 
surgery, a perioperative perspective: I. Anatomy, physiology, and assessment. 
Anesthesia and analgesia 108 (2):407-421. doi:10.1213/ane.0b013e31818f8623 

25. Yogeswaran V, Kanade R, Mejia C, Fatola A, Kothapalli S, Najam M, Sandhyavenu 
H, Angirekula M, Osma K, Jessey M, Hagler D, Egbe AC (2019) Role of Doppler 
echocardiography for assessing right ventricular cardiac output in patients with atrial 
septal defect. Congenital heart disease 14 (5):713-719. doi:10.1111/chd.12813 

26. MacNee W (1994) Pathophysiology of cor pulmonale in chronic obstructive 
pulmonary disease. Part One. Am J Respir Crit Care Med 150 (3):833-852. 
doi:10.1164/ajrccm.150.3.8087359 

27. Konstantinides SV, Torbicki A, Agnelli G, Danchin N, Fitzmaurice D, Galie N, Gibbs 
JS, Huisman MV, Humbert M, Kucher N, Lang I, Lankeit M, Lekakis J, Maack C, 
Mayer E, Meneveau N, Perrier A, Pruszczyk P, Rasmussen LH, Schindler TH, Svitil 
P, Vonk Noordegraaf A, Zamorano JL, Zompatori M, Task Force for the D, 
Management of Acute Pulmonary Embolism of the European Society of C (2014) 
2014 ESC guidelines on the diagnosis and management of acute pulmonary 
embolism. Eur Heart J 35 (43):3033-3069, 3069a-3069k. 
doi:10.1093/eurheartj/ehu283 

28. Peacock AJ, Vonk Noordegraaf A (2013) Cardiac magnetic resonance imaging in 
pulmonary arterial hypertension. Eur Respir Rev 22 (130):526-534. 
doi:10.1183/09059180.00006313 

29. van Wolferen SA, Marcus JT, Boonstra A, Marques KM, Bronzwaer JG, 
Spreeuwenberg MD, Postmus PE, Vonk-Noordegraaf A (2007) Prognostic value of 
right ventricular mass, volume, and function in idiopathic pulmonary arterial 
hypertension. Eur Heart J 28 (10):1250-1257. doi:10.1093/eurheartj/ehl477 

30. van de Veerdonk MC, Kind T, Marcus JT, Mauritz GJ, Heymans MW, Bogaard HJ, 
Boonstra A, Marques KM, Westerhof N, Vonk-Noordegraaf A (2011) Progressive 
right ventricular dysfunction in patients with pulmonary arterial hypertension 
responding to therapy. Journal of the American College of Cardiology 58 (24):2511-
2519. doi:10.1016/j.jacc.2011.06.068 

31. Davlouros PA, Niwa K, Webb G, Gatzoulis MA (2006) The right ventricle in 
congenital heart disease. Heart 92 Suppl 1:i27-38. doi:10.1136/hrt.2005.077438 



94

32. Webb G, Gatzoulis MA (2006) Atrial septal defects in the adult: recent progress and
overview. Circulation 114 (15):1645-1653.
doi:10.1161/CIRCULATIONAHA.105.592055

33. Therrien J, Warnes C, Daliento L, Hess J, Hoffmann A, Marelli A, Thilen U,
Presbitero P, Perloff J, Somerville J, Webb GD (2001) Canadian Cardiovascular
Society Consensus Conference 2001 update: recommendations for the management 
of adults with congenital heart disease part III. Can J Cardiol 17 (11):1135-1158

34. Szabo G, Soos P, Bahrle S, Radovits T, Weigang E, Kekesi V, Merkely B, Hagl S
(2006) Adaptation of the right ventricle to an increased afterload in the chronically
volume overloaded heart. The Annals of thoracic surgery 82 (3):989-995. 
doi:10.1016/j.athoracsur.2006.04.036

35. D'Alto M, Diller GP (2014) Pulmonary hypertension in adults with congenital heart
disease and Eisenmenger syndrome: current advanced management strategies. Heart
100 (17):1322-1328. doi:10.1136/heartjnl-2014-305574

36. Cho YK, Ma JS (2013) Right ventricular failure in congenital heart disease. Korean
journal of pediatrics 56 (3):101-106. doi:10.3345/kjp.2013.56.3.101

37. Ryan T, Petrovic O, Dillon JC, Feigenbaum H, Conley MJ, Armstrong WF (1985) An
echocardiographic index for separation of right ventricular volume and pressure
overload. Journal of the American College of Cardiology 5 (4):918-927. 
doi:10.1016/s0735-1097(85)80433-2

38. Bustamante-Labarta M, Perrone S, De La Fuente RL, Stutzbach P, De La Hoz RP,
Torino A, Favaloro R (2002) Right atrial size and tricuspid regurgitation severity
predict mortality or transplantation in primary pulmonary hypertension. Journal of 
the American Society of Echocardiography : official publication of the American 
Society of Echocardiography 15 (10 Pt 2):1160-1164. doi:10.1067/mje.2002.123962

39. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations 
for cardiac chamber quantification by echocardiography in adults: an update from the 
American Society of Echocardiography and the European Association of 
Cardiovascular Imaging. Journal of the American Society of Echocardiography : 
official publication of the American Society of Echocardiography 28 (1):1-39 e14. 
doi:10.1016/j.echo.2014.10.003

40. Coghlan JG, Denton CP, Grunig E, Bonderman D, Distler O, Khanna D, Muller-
Ladner U, Pope JE, Vonk MC, Doelberg M, Chadha-Boreham H, Heinzl H,
Rosenberg DM, McLaughlin VV, Seibold JR, group Ds (2014) Evidence-based 
detection of pulmonary arterial hypertension in systemic sclerosis: the DETECT 
study. Annals of the rheumatic diseases 73 (7):1340-1349. doi:10.1136/annrheumdis-
2013-203301

41. Kou S, Caballero L, Dulgheru R, Voilliot D, De Sousa C, Kacharava G,
Athanassopoulos GD, Barone D, Baroni M, Cardim N, Gomez De Diego JJ,
Hagendorff A, Henri C, Hristova K, Lopez T, Magne J, De La Morena G, Popescu 
BA, Penicka M, Ozyigit T, Rodrigo Carbonero JD, Salustri A, Van De Veire N, Von 
Bardeleben RS, Vinereanu D, Voigt JU, Zamorano JL, Donal E, Lang RM, Badano 
LP, Lancellotti P (2014) Echocardiographic reference ranges for normal cardiac 



95 

chamber size: results from the NORRE study. European heart journal cardiovascular 
Imaging 15 (6):680-690. doi:10.1093/ehjci/jet284 

42. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K, 
Solomon SD, Louie EK, Schiller NB (2010) Guidelines for the echocardiographic 
assessment of the right heart in adults: a report from the American Society of 
Echocardiography endorsed by the European Association of Echocardiography, a 
registered branch of the European Society of Cardiology, and the Canadian Society 
of Echocardiography. Journal of the American Society of Echocardiography : official 
publication of the American Society of Echocardiography 23 (7):685-713; quiz 786-
688. doi:10.1016/j.echo.2010.05.010 

43. Moreno FL, Hagan AD, Holmen JR, Pryor TA, Strickland RD, Castle CH (1984) 
Evaluation of size and dynamics of the inferior vena cava as an index of right-sided 
cardiac function. Am J Cardiol 53 (4):579-585. doi:10.1016/0002-9149(84)90034-1 

44. Brennan JM, Blair JE, Goonewardena S, Ronan A, Shah D, Vasaiwala S, Kirkpatrick 
JN, Spencer KT (2007) Reappraisal of the use of inferior vena cava for estimating 
right atrial pressure. Journal of the American Society of Echocardiography : official 
publication of the American Society of Echocardiography 20 (7):857-861. 
doi:10.1016/j.echo.2007.01.005 

45. Patel AR, Alsheikh-Ali AA, Mukherjee J, Evangelista A, Quraini D, Ordway LJ, 
Kuvin JT, Denofrio D, Pandian NG (2011) 3D echocardiography to evaluate right 
atrial pressure in acutely decompensated heart failure correlation with invasive 
hemodynamics. JACC Cardiovasc Imaging 4 (9):938-945. 
doi:10.1016/j.jcmg.2011.05.006 

46. Keller AM, Gopal AS, King DL (2000) Left and right atrial volume by freehand three-
dimensional echocardiography: in vivo validation using magnetic resonance imaging. 
European journal of echocardiography : the journal of the Working Group on 
Echocardiography of the European Society of Cardiology 1 (1):55-65. 
doi:10.1053/euje.2000.0010 

47. Ostenfeld E, Shahgaldi K, Winter R, Willenheimer R, Holm J (2008) Comparison of 
different views with three-dimensional echocardiography: apical views offer superior 
visualization compared with parasternal and subcostal views. Clinical physiology and 
functional imaging 28 (6):409-416. doi:10.1111/j.1475-097X.2008.00823.x 

48. Muller H, Burri H, Lerch R (2008) Evaluation of right atrial size in patients with atrial 
arrhythmias: comparison of 2D versus real time 3D echocardiography. 
Echocardiography (Mount Kisco, NY) 25 (6):617-623. doi:10.1111/j.1540-
8175.2008.00674.x 

49. Aune E, Baekkevar M, Roislien J, Rodevand O, Otterstad JE (2009) Normal reference 
ranges for left and right atrial volume indexes and ejection fractions obtained with 
real-time three-dimensional echocardiography. European journal of 
echocardiography : the journal of the Working Group on Echocardiography of the 
European Society of Cardiology 10 (6):738-744. doi:10.1093/ejechocard/jep054 

50. Badano LP, Ginghina C, Easaw J, Muraru D, Grillo MT, Lancellotti P, Pinamonti B, 
Coghlan G, Marra MP, Popescu BA, De Vita S (2010) Right ventricle in pulmonary 
arterial hypertension: haemodynamics, structural changes, imaging, and proposal of a 
study protocol aimed to assess remodelling and treatment effects. European journal 



96 

of echocardiography : the journal of the Working Group on Echocardiography of the 
European Society of Cardiology 11 (1):27-37. doi:10.1093/ejechocard/jep152 

51. Haddad F, Doyle R, Murphy DJ, Hunt SA (2008) Right ventricular function in 
cardiovascular disease, part II: pathophysiology, clinical importance, and 
management of right ventricular failure. Circulation 117 (13):1717-1731. 
doi:10.1161/CIRCULATIONAHA.107.653584 

52. Lindqvist P, Calcutteea A, Henein M (2008) Echocardiography in the assessment of 
right heart function. European journal of echocardiography : the journal of the 
Working Group on Echocardiography of the European Society of Cardiology 9 
(2):225-234. doi:10.1016/j.euje.2007.04.002 

53. Horton KD, Meece RW, Hill JC (2009) Assessment of the right ventricle by 
echocardiography: a primer for cardiac sonographers. Journal of the American 
Society of Echocardiography : official publication of the American Society of 
Echocardiography 22 (7):776-792; quiz 861-772. doi:10.1016/j.echo.2009.04.027 

54. Greyson CR (2008) Pathophysiology of right ventricular failure. Crit Care Med 36 (1 
Suppl):S57-65. doi:10.1097/01.CCM.0000296265.52518.70 

55. Hsiao SH, Wang WC, Yang SH, Lee CY, Chang SM, Lin SK, Chiou KR (2008) 
Myocardial tissue Doppler-based indexes to distinguish right ventricular volume 
overload from right ventricular pressure overload. Am J Cardiol 101 (4):536-541. 
doi:10.1016/j.amjcard.2007.08.058 

56. Azancot A, Caudell T, Allen HD, Toscani G, Debrux JL, Lamberti A, Sahn DJ, 
Goldberg SJ (1985) Echocardiographic ventricular shape analysis in congenital heart 
disease with right ventricular volume or pressure overload. Am J Cardiol 56 (8):520-
526. doi:10.1016/0002-9149(85)91177-4 

57. Jurcut R, Giusca S, La Gerche A, Vasile S, Ginghina C, Voigt JU (2010) The 
echocardiographic assessment of the right ventricle: what to do in 2010? European 
journal of echocardiography : the journal of the Working Group on 
Echocardiography of the European Society of Cardiology 11 (2):81-96. 
doi:10.1093/ejechocard/jep234 

58. Louie EK, Rich S, Levitsky S, Brundage BH (1992) Doppler echocardiographic 
demonstration of the differential effects of right ventricular pressure and volume 
overload on left ventricular geometry and filling. Journal of the American College of 
Cardiology 19 (1):84-90. doi:10.1016/0735-1097(92)90056-s 

59. Motoji Y, Tanaka H, Fukuda Y, Ryo K, Emoto N, Kawai H, Hirata K (2013) Efficacy 
of right ventricular free-wall longitudinal speckle-tracking strain for predicting long-
term outcome in patients with pulmonary hypertension. Circulation journal : official 
journal of the Japanese Circulation Society 77 (3):756-763. doi:10.1253/circj.cj-12-
1083 

60. Fukuda Y, Tanaka H, Sugiyama D, Ryo K, Onishi T, Fukuya H, Nogami M, Ohno Y, 
Emoto N, Kawai H, Hirata K (2011) Utility of right ventricular free wall speckle-
tracking strain for evaluation of right ventricular performance in patients with 
pulmonary hypertension. Journal of the American Society of Echocardiography : 
official publication of the American Society of Echocardiography 24 (10):1101-
1108. doi:10.1016/j.echo.2011.06.005 



97

61. Marwick TH (2006) Measurement of strain and strain rate by echocardiography: ready
for prime time? Journal of the American College of Cardiology 47 (7):1313-1327.
doi:10.1016/j.jacc.2005.11.063

62. Mondillo S, Galderisi M, Mele D, Cameli M, Lomoriello VS, Zaca V, Ballo P,
D'Andrea A, Muraru D, Losi M, Agricola E, D'Errico A, Buralli S, Sciomer S, Nistri
S, Badano L, Echocardiography Study Group Of The Italian Society Of C (2011) 
Speckle-tracking echocardiography: a new technique for assessing myocardial 
function. Journal of ultrasound in medicine : official journal of the American Institute 
of Ultrasound in Medicine 30 (1):71-83. doi:10.7863/jum.2011.30.1.71

63. Forsha D, Risum N, Kropf PA, Rajagopal S, Smith PB, Kanter RJ, Samad Z, Sogaard
P, Barker P, Kisslo J (2014) Right ventricular mechanics using a novel
comprehensive three-view echocardiographic strain analysis in a normal population. 
Journal of the American Society of Echocardiography : official publication of the 
American Society of Echocardiography 27 (4):413-422. 
doi:10.1016/j.echo.2013.12.018

64. Petersen SE, Aung N, Sanghvi MM, Zemrak F, Fung K, Paiva JM, Francis JM, Khanji
MY, Lukaschuk E, Lee AM, Carapella V, Kim YJ, Leeson P, Piechnik SK, Neubauer
S (2017) Reference ranges for cardiac structure and function using cardiovascular 
magnetic resonance (CMR) in Caucasians from the UK Biobank population cohort. 
Journal of cardiovascular magnetic resonance : official journal of the Society for 
Cardiovascular Magnetic Resonance 19 (1):18. doi:10.1186/s12968-017-0327-9

65. Kawel-Boehm N, Maceira A, Valsangiacomo-Buechel ER, Vogel-Claussen J, Turkbey
EB, Williams R, Plein S, Tee M, Eng J, Bluemke DA (2015) Normal values for
cardiovascular magnetic resonance in adults and children. Journal of cardiovascular 
magnetic resonance : official journal of the Society for Cardiovascular Magnetic 
Resonance 17:29. doi:10.1186/s12968-015-0111-7

66. Liu B, Dardeer AM, Moody WE, Edwards NC, Hudsmith LE, Steeds RP (2018)
Reference ranges and reproducibility studies for right heart myocardial deformation
by feature tracking cardiovascular magnetic resonance imaging. Data Brief 16:244-
249. doi:10.1016/j.dib.2017.11.037

67. Grapsa J, Gibbs JS, Cabrita IZ, Watson GF, Pavlopoulos H, Dawson D, Gin-Sing W,
Howard LS, Nihoyannopoulos P (2012) The association of clinical outcome with
right atrial and ventricular remodelling in patients with pulmonary arterial 
hypertension: study with real-time three-dimensional echocardiography. European 
heart journal cardiovascular Imaging 13 (8):666-672. doi:10.1093/ehjci/jes003

68. Hashimoto I, Watanabe K (2016) Geometry-Related Right Ventricular Systolic
Function Assessed by Longitudinal and Radial Right Ventricular Contractions.
Echocardiography (Mount Kisco, NY) 33 (2):299-306. doi:10.1111/echo.13039

69. Rajagopal S, Forsha DE, Risum N, Hornik CP, Poms AD, Fortin TA, Tapson VF,
Velazquez EJ, Kisslo J, Samad Z (2014) Comprehensive assessment of right
ventricular function in patients with pulmonary hypertension with global longitudinal 
peak systolic strain derived from multiple right ventricular views. Journal of the 
American Society of Echocardiography : official publication of the American Society 
of Echocardiography 27 (6):657-665 e653. doi:10.1016/j.echo.2014.02.001



98 

70. Stephensen SS, Ostenfeld E, Steding-Ehrenborg K, Thilen U, Heiberg E, Arheden H, 
Carlsson M (2018) Alterations in ventricular pumping in patients with atrial septal 
defect at rest, during dobutamine stress and after defect closure. Clinical physiology 
and functional imaging 38 (5):830-839. doi:10.1111/cpf.12491 

71. Schuster A, Hor KN, Kowallick JT, Beerbaum P, Kutty S (2016) Cardiovascular 
Magnetic Resonance Myocardial Feature Tracking: Concepts and Clinical 
Applications. Circulation Cardiovascular imaging 9 (4):e004077. 
doi:10.1161/CIRCIMAGING.115.004077 

72. Seemann F, Pahlm U, Steding-Ehrenborg K, Ostenfeld E, Erlinge D, Dubois-Rande JL, 
Jensen SE, Atar D, Arheden H, Carlsson M, Heiberg E (2017) Time-resolved 
tracking of the atrioventricular plane displacement in Cardiovascular Magnetic 
Resonance (CMR) images. BMC medical imaging 17 (1):19. doi:10.1186/s12880-
017-0189-5 

73. Hoette S, Creuze N, Gunther S, Montani D, Savale L, Jais X, Parent F, Sitbon O, 
Rochitte CE, Simonneau G, Humbert M, Souza R, Chemla D (2018) RV Fractional 
Area Change and TAPSE as Predictors of Severe Right Ventricular Dysfunction in 
Pulmonary Hypertension: A CMR Study. Lung 196 (2):157-164. 
doi:10.1007/s00408-018-0089-7 

74. de Siqueira ME, Pozo E, Fernandes VR, Sengupta PP, Modesto K, Gupta SS, Barbeito-
Caamano C, Narula J, Fuster V, Caixeta A, Sanz J (2016) Characterization and 
clinical significance of right ventricular mechanics in pulmonary hypertension 
evaluated with cardiovascular magnetic resonance feature tracking. Journal of 
cardiovascular magnetic resonance : official journal of the Society for Cardiovascular 
Magnetic Resonance 18 (1):39. doi:10.1186/s12968-016-0258-x 

75. Lindholm A, Hesselstrand R, Radegran G, Arheden H, Ostenfeld E (2019) Decreased 
biventricular longitudinal strain in patients with systemic sclerosis is mainly caused 
by pulmonary hypertension and not by systemic sclerosis per se. Clinical physiology 
and functional imaging 39 (3):215-225. doi:10.1111/cpf.12561 

76. Di Maria MV, Burkett DA, Younoszai AK, Landeck BF, 2nd, Mertens L, Ivy DD, 
Friedberg MK, Hunter KS (2015) Echocardiographic estimation of right ventricular 
stroke work in children with pulmonary arterial hypertension: comparison with 
invasive measurements. Journal of the American Society of Echocardiography : 
official publication of the American Society of Echocardiography 28 (11):1350-
1357. doi:10.1016/j.echo.2015.07.017 

77. Di Maria MV, Younoszai AK, Mertens L, Landeck BF, 2nd, Ivy DD, Hunter KS, 
Friedberg MK (2014) RV stroke work in children with pulmonary arterial 
hypertension: estimation based on invasive haemodynamic assessment and 
correlation with outcomes. Heart 100 (17):1342-1347. doi:10.1136/heartjnl-2013-
305298 

78. Brittain EL, Pugh ME, Wheeler LA, Robbins IM, Loyd JE, Newman JH, Larkin EK, 
Austin ED, Hemnes AR (2013) Shorter survival in familial versus idiopathic 
pulmonary arterial hypertension is associated with hemodynamic markers of 
impaired right ventricular function. Pulm Circ 3 (3):589-598. doi:10.1086/674326 

79. Clapham KR, Highland KB, Rao Y, Fares WH (2020) Reduced RVSWI Is Associated 
With Increased Mortality in Connective Tissue Disease Associated Pulmonary 



99

Arterial Hypertension. Frontiers in cardiovascular medicine 7 (77). 
doi:10.3389/fcvm.2020.00077

80. Galie N, Corris PA, Frost A, Girgis RE, Granton J, Jing ZC, Klepetko W, McGoon
MD, McLaughlin VV, Preston IR, Rubin LJ, Sandoval J, Seeger W, Keogh A (2013)
Updated treatment algorithm of pulmonary arterial hypertension. Journal of the 
American College of Cardiology 62 (25 Suppl):D60-72. 
doi:10.1016/j.jacc.2013.10.031

81. Genovese D, Mor-Avi V, Palermo C, Muraru D, Volpato V, Kruse E, Yamat M, Aruta
P, Addetia K, Badano LP, Lang RM (2019) Comparison Between Four-Chamber and
Right Ventricular-Focused Views for the Quantitative Evaluation of Right 
Ventricular Size and Function. Journal of the American Society of Echocardiography 
: official publication of the American Society of Echocardiography 32 (4):484-494. 
doi:10.1016/j.echo.2018.11.014

82. Yock PG, Popp RL (1984) Noninvasive estimation of right ventricular systolic
pressure by Doppler ultrasound in patients with tricuspid regurgitation. Circulation
70 (4):657-662. doi:10.1161/01.cir.70.4.657

83. Heiberg E, Sjogren J, Ugander M, Carlsson M, Engblom H, Arheden H (2010) Design
and validation of Segment--freely available software for cardiovascular image
analysis. BMC medical imaging 10:1. doi:10.1186/1471-2342-10-1

84. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich MG,
Kim RJ, von Knobelsdorff-Brenkenhoff F, Kramer CM, Pennell DJ, Plein S, Nagel E
(2013) Standardized image interpretation and post processing in cardiovascular 
magnetic resonance: Society for Cardiovascular Magnetic Resonance (SCMR) board 
of trustees task force on standardized post processing. Journal of cardiovascular 
magnetic resonance : official journal of the Society for Cardiovascular Magnetic 
Resonance 15:35. doi:10.1186/1532-429X-15-35

85. Seemann F, Baldassarre LA, Llanos-Chea F, Gonzales RA, Grunseich K, Hu C,
Sugeng L, Meadows J, Heiberg E, Peters DC (2018) Assessment of diastolic function
and atrial remodeling by MRI - validation and correlation with echocardiography and 
filling pressure. Physiological reports 6 (17):e13828. doi:10.14814/phy2.13828

86. Mukaka MM (2012) Statistics corner: A guide to appropriate use of correlation
coefficient in medical research. Malawi medical journal : the journal of Medical
Association of Malawi 24 (3):69-71

87. Bland JM, Altman DG (1986) Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet (London, England) 1 (8476):307-310

88. Hanley JA, McNeil BJ (1982) The meaning and use of the area under a receiver
operating characteristic (ROC) curve. Radiology 143 (1):29-36.
doi:10.1148/radiology.143.1.7063747

89. Youden WJ (1950) Index for rating diagnostic tests. Cancer 3 (1):32-35.
doi:10.1002/1097-0142(1950)3:1<32::aid-cncr2820030106>3.0.co;2-3

90. Thilen U, Persson S (2006) Closure of atrial septal defect in the adult. Cardiac
remodeling is an early event. International journal of cardiology 108 (3):370-375.
doi:10.1016/j.ijcard.2005.05.042



100 

91. Nagueh SF, Kopelen HA, Zoghbi WA (1996) Relation of mean right atrial pressure to 
echocardiographic and Doppler parameters of right atrial and right ventricular 
function. Circulation 93 (6):1160-1169. doi:10.1161/01.cir.93.6.1160 

92. Austin C, Alassas K, Burger C, Safford R, Pagan R, Duello K, Kumar P, Zeiger T, 
Shapiro B (2015) Echocardiographic assessment of estimated right atrial pressure 
and size predicts mortality in pulmonary arterial hypertension. Chest 147 (1):198-
208. doi:10.1378/chest.13-3035 

93. Simonson JS, Schiller NB (1988) Sonospirometry: a new method for noninvasive 
estimation of mean right atrial pressure based on two-dimensional echographic 
measurements of the inferior vena cava during measured inspiration. Journal of the 
American College of Cardiology 11 (3):557-564. doi:10.1016/0735-1097(88)91531-
8 

94. Bhave NM, Visovatti SH, Kulick B, Kolias TJ, McLaughlin VV (2017) Right atrial 
strain is predictive of clinical outcomes and invasive hemodynamic data in group 1 
pulmonary arterial hypertension. The international journal of cardiovascular imaging 
33 (6):847-855. doi:10.1007/s10554-017-1081-7 

95. Vizzardi E, Bonadei I, Sciatti E, Pezzali N, Farina D, D'Aloia A, Metra M (2015) 
Quantitative analysis of right ventricular (RV) function with echocardiography in 
chronic heart failure with no or mild RV dysfunction: comparison with cardiac 
magnetic resonance imaging. Journal of ultrasound in medicine : official journal of 
the American Institute of Ultrasound in Medicine 34 (2):247-255. 
doi:10.7863/ultra.34.2.247 

96. Focardi M, Cameli M, Carbone SF, Massoni A, De Vito R, Lisi M, Mondillo S (2015) 
Traditional and innovative echocardiographic parameters for the analysis of right 
ventricular performance in comparison with cardiac magnetic resonance. European 
heart journal cardiovascular Imaging 16 (1):47-52. doi:10.1093/ehjci/jeu156 

97. Li YD, Wang YD, Zhai ZG, Guo XJ, Wu YF, Yang YH, Lu XZ (2015) Relationship 
between echocardiographic and cardiac magnetic resonance imaging-derived 
measures of right ventricular function in patients with chronic thromboembolic 
pulmonary hypertension. Thrombosis research 135 (4):602-606. 
doi:10.1016/j.thromres.2015.01.008 

98. da Costa Junior AA, Ota-Arakaki JS, Ramos RP, Uellendahl M, Mancuso FJ, Gil MA, 
Fischer CH, Moises VA, de Camargo Carvalho AC, Campos O (2017) Diagnostic 
and prognostic value of right ventricular strain in patients with pulmonary arterial 
hypertension and relatively preserved functional capacity studied with 
echocardiography and magnetic resonance. The international journal of 
cardiovascular imaging 33 (1):39-46. doi:10.1007/s10554-016-0966-1 

99. Motoji Y, Tanaka H, Fukuda Y, Sano H, Ryo K, Sawa T, Miyoshi T, Imanishi J, 
Mochizuki Y, Tatsumi K, Matsumoto K, Emoto N, Hirata K (2016) Association of 
Apical Longitudinal Rotation with Right Ventricular Performance in Patients with 
Pulmonary Hypertension: Insights into Overestimation of Tricuspid Annular Plane 
Systolic Excursion. Echocardiography (Mount Kisco, NY) 33 (2):207-215. 
doi:10.1111/echo.13036 

100. Eroglu E, Cakal SD, Cakal B, Dundar C, Alici G, Ozkan B, Yazicioglu MV, Tigen K, 
Esen AM (2013) Time course of right ventricular remodeling after percutaneous 



101 

atrial septal defect closure: assessment of regional deformation properties with two-
dimensional strain and strain rate imaging. Echocardiography (Mount Kisco, NY) 30 
(3):324-330. doi:10.1111/echo.12053 

101. Ghio S, Klersy C, Magrini G, D'Armini AM, Scelsi L, Raineri C, Pasotti M, Serio A, 
Campana C, Vigano M (2010) Prognostic relevance of the echocardiographic 
assessment of right ventricular function in patients with idiopathic pulmonary arterial 
hypertension. International journal of cardiology 140 (3):272-278. 
doi:10.1016/j.ijcard.2008.11.051 

102. Galie N, Hoeper MM, Humbert M, Torbicki A, Vachiery JL, Barbera JA, Beghetti M, 
Corris P, Gaine S, Gibbs JS, Gomez-Sanchez MA, Jondeau G, Klepetko W, Opitz C, 
Peacock A, Rubin L, Zellweger M, Simonneau G, Guidelines ESCCfP (2009) 
Guidelines for the diagnosis and treatment of pulmonary hypertension: the Task 
Force for the Diagnosis and Treatment of Pulmonary Hypertension of the European 
Society of Cardiology (ESC) and the European Respiratory Society (ERS), endorsed 
by the International Society of Heart and Lung Transplantation (ISHLT). Eur Heart J 
30 (20):2493-2537. doi:10.1093/eurheartj/ehp297 

103. Moceri P, Baudouy D, Chiche O, Cerboni P, Bouvier P, Chaussade C, Ferrari E 
(2014) Imaging in pulmonary hypertension: Focus on the role of echocardiography. 
Archives of cardiovascular diseases 107 (4):261-271. 
doi:10.1016/j.acvd.2014.02.005 

104. Ostenfeld E, Stephensen SS, Steding-Ehrenborg K, Heiberg E, Arheden H, Radegran 
G, Holm J, Carlsson M (2016) Regional contribution to ventricular stroke volume is 
affected on the left side, but not on the right in patients with pulmonary hypertension. 
The international journal of cardiovascular imaging 32 (8):1243-1253. 
doi:10.1007/s10554-016-0898-9 

105. Lu KJ, Chen JX, Profitis K, Kearney LG, DeSilva D, Smith G, Ord M, Harberts S, 
Calafiore P, Jones E, Srivastava PM (2015) Right ventricular global longitudinal 
strain is an independent predictor of right ventricular function: a multimodality study 
of cardiac magnetic resonance imaging, real time three-dimensional 
echocardiography and speckle tracking echocardiography. Echocardiography (Mount 
Kisco, NY) 32 (6):966-974. doi:10.1111/echo.12783 

106. Howard LS, Grapsa J, Dawson D, Bellamy M, Chambers JB, Masani ND, 
Nihoyannopoulos P, Simon RGJ (2012) Echocardiographic assessment of pulmonary 
hypertension: standard operating procedure. Eur Respir Rev 21 (125):239-248. 
doi:10.1183/09059180.00003912 

107. Brown SB, Raina A, Katz D, Szerlip M, Wiegers SE, Forfia PR (2011) Longitudinal 
shortening accounts for the majority of right ventricular contraction and improves 
after pulmonary vasodilator therapy in normal subjects and patients with pulmonary 
arterial hypertension. Chest 140 (1):27-33. doi:10.1378/chest.10-1136 

108. Addetia K, Maffessanti F, Yamat M, Weinert L, Narang A, Freed BH, Mor-Avi V, 
Lang RM (2016) Three-dimensional echocardiography-based analysis of right 
ventricular shape in pulmonary arterial hypertension. European heart journal 
cardiovascular Imaging 17 (5):564-575. doi:10.1093/ehjci/jev171 

109. Longobardo L, Suma V, Jain R, Carerj S, Zito C, Zwicke DL, Khandheria BK (2017) 
Role of Two-Dimensional Speckle-Tracking Echocardiography Strain in the 



102 

Assessment of Right Ventricular Systolic Function and Comparison with 
Conventional Parameters. Journal of the American Society of Echocardiography : 
official publication of the American Society of Echocardiography 30 (10):937-946 
e936. doi:10.1016/j.echo.2017.06.016 

110. Sato T, Tsujino I, Ohira H, Oyama-Manabe N, Yamada A, Ito YM, Goto C, 
Watanabe T, Sakaue S, Nishimura M (2012) Validation study on the accuracy of 
echocardiographic measurements of right ventricular systolic function in pulmonary 
hypertension. Journal of the American Society of Echocardiography : official 
publication of the American Society of Echocardiography 25 (3):280-286. 
doi:10.1016/j.echo.2011.12.012 

111. Kind T, Mauritz GJ, Marcus JT, van de Veerdonk M, Westerhof N, Vonk-
Noordegraaf A (2010) Right ventricular ejection fraction is better reflected by 
transverse rather than longitudinal wall motion in pulmonary hypertension. Journal of 
cardiovascular magnetic resonance : official journal of the Society for Cardiovascular 
Magnetic Resonance 12:35. doi:10.1186/1532-429X-12-35 

112. Mauritz GJ, Kind T, Marcus JT, Bogaard HJ, van de Veerdonk M, Postmus PE, 
Boonstra A, Westerhof N, Vonk-Noordegraaf A (2012) Progressive changes in right 
ventricular geometric shortening and long-term survival in pulmonary arterial 
hypertension. Chest 141 (4):935-943. doi:10.1378/chest.10-3277 

113. Leong DP, Grover S, Molaee P, Chakrabarty A, Shirazi M, Cheng YH, Penhall A, 
Perry R, Greville H, Joseph MX, Selvanayagam JB (2012) Nonvolumetric 
echocardiographic indices of right ventricular systolic function: validation with 
cardiovascular magnetic resonance and relationship with functional capacity. 
Echocardiography (Mount Kisco, NY) 29 (4):455-463. doi:10.1111/j.1540-
8175.2011.01594.x 

114. D'Alto M, Romeo E, Argiento P, Di Salvo G, Badagliacca R, Cirillo AP, Kaemmerer 
H, Bossone E, Naeije R (2015) Pulmonary arterial hypertension: the key role of 
echocardiography. Echocardiography (Mount Kisco, NY) 32 Suppl 1:S23-37. 
doi:10.1111/echo.12283 

115. Borges AC, Knebel F, Eddicks S, Panda A, Schattke S, Witt C, Baumann G (2006) 
Right ventricular function assessed by two-dimensional strain and tissue Doppler 
echocardiography in patients with pulmonary arterial hypertension and effect of 
vasodilator therapy. Am J Cardiol 98 (4):530-534. 
doi:10.1016/j.amjcard.2006.02.060 

116. Pirat B, McCulloch ML, Zoghbi WA (2006) Evaluation of global and regional right 
ventricular systolic function in patients with pulmonary hypertension using a novel 
speckle tracking method. Am J Cardiol 98 (5):699-704. 
doi:10.1016/j.amjcard.2006.03.056 

117. Jategaonkar SR, Scholtz W, Butz T, Bogunovic N, Faber L, Horstkotte D (2009) 
Two-dimensional strain and strain rate imaging of the right ventricle in adult patients 
before and after percutaneous closure of atrial septal defects. European journal of 
echocardiography : the journal of the Working Group on Echocardiography of the 
European Society of Cardiology 10 (4):499-502. doi:10.1093/ejechocard/jen315 

118. Meris A, Faletra F, Conca C, Klersy C, Regoli F, Klimusina J, Penco M, Pasotti E, 
Pedrazzini GB, Moccetti T, Auricchio A (2010) Timing and magnitude of regional 



103 

right ventricular function: a speckle tracking-derived strain study of normal subjects 
and patients with right ventricular dysfunction. Journal of the American Society of 
Echocardiography : official publication of the American Society of 
Echocardiography 23 (8):823-831. doi:10.1016/j.echo.2010.05.009 

119. Utsunomiya H, Nakatani S, Okada T, Kanzaki H, Kyotani S, Nakanishi N, Kihara Y, 
Kitakaze M (2011) A simple method to predict impaired right ventricular 
performance and disease severity in chronic pulmonary hypertension using strain rate 
imaging. International journal of cardiology 147 (1):88-94. 
doi:10.1016/j.ijcard.2009.08.009 

120. Freed BH, Tsang W, Bhave NM, Patel AR, Weinert L, Yamat M, Vicedo BM, Dill K, 
Mor-Avi V, Gomberg-Maitland M, Lang RM (2015) Right ventricular strain in 
pulmonary arterial hypertension: a 2D echocardiography and cardiac magnetic 
resonance study. Echocardiography (Mount Kisco, NY) 32 (2):257-263. 
doi:10.1111/echo.12662 

121. Fine NM, Chen L, Bastiansen PM, Frantz RP, Pellikka PA, Oh JK, Kane GC (2015) 
Reference Values for Right Ventricular Strain in Patients without Cardiopulmonary 
Disease: A Prospective Evaluation and Meta-Analysis. Echocardiography (Mount 
Kisco, NY) 32 (5):787-796. doi:10.1111/echo.12806 

122. Morris DA, Krisper M, Nakatani S, Kohncke C, Otsuji Y, Belyavskiy E, Radha 
Krishnan AK, Kropf M, Osmanoglou E, Boldt LH, Blaschke F, Edelmann F, 
Haverkamp W, Tschope C, Pieske-Kraigher E, Pieske B, Takeuchi M (2017) Normal 
range and usefulness of right ventricular systolic strain to detect subtle right 
ventricular systolic abnormalities in patients with heart failure: a multicentre study. 
European heart journal cardiovascular Imaging 18 (2):212-223. 
doi:10.1093/ehjci/jew011 

123. Onishi T, Saha SK, Delgado-Montero A, Ludwig DR, Onishi T, Schelbert EB, 
Schwartzman D, Gorcsan J, 3rd (2015) Global longitudinal strain and global 
circumferential strain by speckle-tracking echocardiography and feature-tracking 
cardiac magnetic resonance imaging: comparison with left ventricular ejection 
fraction. Journal of the American Society of Echocardiography : official publication 
of the American Society of Echocardiography 28 (5):587-596. 
doi:10.1016/j.echo.2014.11.018 

124. Riffel JH, Keller MG, Aurich M, Sander Y, Andre F, Giusca S, Aus dem Siepen F, 
Seitz S, Galuschky C, Korosoglou G, Mereles D, Katus HA, Buss SJ (2015) 
Assessment of global longitudinal strain using standardized myocardial deformation 
imaging: a modality independent software approach. Clinical research in cardiology : 
official journal of the German Cardiac Society 104 (7):591-602. doi:10.1007/s00392-
015-0822-7 

125. Amzulescu MS, De Craene M, Langet H, Pasquet A, Vancraeynest D, Pouleur AC, 
Vanoverschelde JL, Gerber BL (2019) Myocardial strain imaging: review of general 
principles, validation, and sources of discrepancies. European heart journal 
cardiovascular Imaging 20 (6):605-619. doi:10.1093/ehjci/jez041 

126. Erley J, Tanacli R, Genovese D, Tapaskar N, Rashedi N, Bucius P, Kawaji K, 
Karagodin I, Lang RM, Kelle S, Mor-Avi V, Patel AR (2020) Myocardial strain 
analysis of the right ventricle: comparison of different cardiovascular magnetic 



104 

resonance and echocardiographic techniques. Journal of cardiovascular magnetic 
resonance : official journal of the Society for Cardiovascular Magnetic Resonance 22 
(1):51. doi:10.1186/s12968-020-00647-7 

127. Taha K, Bourfiss M, Te Riele A, Cramer MM, van der Heijden JF, Asselbergs FW, 
Velthuis BK, Teske AJ (2020) A head-to-head comparison of speckle tracking 
echocardiography and feature tracking cardiovascular magnetic resonance imaging in 
right ventricular deformation. European heart journal cardiovascular Imaging. 
doi:10.1093/ehjci/jeaa088 

128. Stevens GR, Garcia-Alvarez A, Sahni S, Garcia MJ, Fuster V, Sanz J (2012) RV 
dysfunction in pulmonary hypertension is independently related to pulmonary artery 
stiffness. JACC Cardiovasc Imaging 5 (4):378-387. doi:10.1016/j.jcmg.2011.11.020 

129. Armstrong HF, Schulze PC, Kato TS, Bacchetta M, Thirapatarapong W, Bartels MN 
(2013) Right ventricular stroke work index as a negative predictor of mortality and 
initial hospital stay after lung transplantation. J Heart Lung Transplant 32 (6):603-
608. doi:10.1016/j.healun.2013.03.004 

130. Fitzpatrick JR, 3rd, Frederick JR, Hsu VM, Kozin ED, O'Hara ML, Howell E, 
Dougherty D, McCormick RC, Laporte CA, Cohen JE, Southerland KW, Howard JL, 
Jessup ML, Morris RJ, Acker MA, Woo YJ (2008) Risk score derived from pre-
operative data analysis predicts the need for biventricular mechanical circulatory 
support. J Heart Lung Transplant 27 (12):1286-1292. 
doi:10.1016/j.healun.2008.09.006 

131. Aduen JF, Castello R, Lozano MM, Hepler GN, Keller CA, Alvarez F, Safford RE, 
Crook JE, Heckman MG, Burger CD (2009) An alternative echocardiographic 
method to estimate mean pulmonary artery pressure: diagnostic and clinical 
implications. Journal of the American Society of Echocardiography : official 
publication of the American Society of Echocardiography 22 (7):814-819. 
doi:10.1016/j.echo.2009.04.007 

132. Ristow B, Schiller NB (2009) Stepping away from ritual right heart catheterization 
into the era of noninvasively measured pulmonary artery pressure. Journal of the 
American Society of Echocardiography : official publication of the American Society 
of Echocardiography 22 (7):820-822. doi:10.1016/j.echo.2009.05.023 

133. Ostenfeld E, Werther-Evaldsson A, Engblom H, Ingvarsson A, Roijer A, Meurling C, 
Holm J, Radegran G, Carlsson M (2014) Right atrial volumes with 3D and 2D 
echocardiography are better than inferior vena cava for estimation of elevated right 
atrial pressure in pulmonary hypertension. European Heart Journal 35:884 

134. McGoon MD, Benza RL, Escribano-Subias P, Jiang X, Miller DP, Peacock AJ, 
Pepke-Zaba J, Pulido T, Rich S, Rosenkranz S, Suissa S, Humbert M (2013) 
Pulmonary Arterial Hypertension. Epidemiology and Registries 62 (25 
Supplement):D51-D59. doi:10.1016/j.jacc.2013.10.023 

135. Kylhammar D, Kjellstrom B, Hjalmarsson C, Jansson K, Nisell M, Soderberg S, 
Wikstrom G, Radegran G, SveFph, Spahr (2017) A comprehensive risk stratification 
at early follow-up determines prognosis in pulmonary arterial hypertension. Eur 
Heart J. doi:10.1093/eurheartj/ehx257 

136. Ostenfeld E, Carlsson M, Shahgaldi K, Roijer A, Holm J (2012) Manual correction of 
semi-automatic three-dimensional echocardiography is needed for right ventricular 



105 

assessment in adults; validation with cardiac magnetic resonance. Cardiovascular 
ultrasound 10:1. doi:10.1186/1476-7120-10-1 

137. Otani K, Nabeshima Y, Kitano T, Takeuchi M (2020) Accuracy of fully automated 
right ventricular quantification software with 3D echocardiography: direct 
comparison with cardiac magnetic resonance and semi-automated quantification 
software. European heart journal cardiovascular Imaging 21 (7):787-795. 
doi:10.1093/ehjci/jez236 

138. Shimada YJ, Shiota M, Siegel RJ, Shiota T (2010) Accuracy of right ventricular 
volumes and function determined by three-dimensional echocardiography in 
comparison with magnetic resonance imaging: a meta-analysis study. Journal of the 
American Society of Echocardiography : official publication of the American Society 
of Echocardiography 23 (9):943-953. doi:10.1016/j.echo.2010.06.029 

139. Surkova E, Muraru D, Genovese D, Aruta P, Palermo C, Badano LP (2019) Relative 
Prognostic Importance of Left and Right Ventricular Ejection Fraction in Patients 
With Cardiac Diseases. Journal of the American Society of Echocardiography : 
official publication of the American Society of Echocardiography 32 (11):1407-1415 
e1403. doi:10.1016/j.echo.2019.06.009 

140. Genovese D, Rashedi N, Weinert L, Narang A, Addetia K, Patel AR, Prater D, 
Goncalves A, Mor-Avi V, Lang RM (2019) Machine Learning-Based Three-
Dimensional Echocardiographic Quantification of Right Ventricular Size and 
Function: Validation Against Cardiac Magnetic Resonance. Journal of the American 
Society of Echocardiography : official publication of the American Society of 
Echocardiography 32 (8):969-977. doi:10.1016/j.echo.2019.04.001 

141. Kjellström B, Lindholm A, Ostenfeld E (2020) Cardiac Magnetic Resonance Imaging 
in Pulmonary Arterial Hypertension: Ready for Clinical Practice and Guidelines? 
Current Heart Failure Reports 17 (5):181-191. doi:10.1007/s11897-020-00479-7 

 
  



106 

Acknowledgements 

Without help from certain people and collaborations, this thesis would not have been 
possible to pursue. I have many to express my gratitude to and especially: 

 

Carl Meurling my supervisor, for taking me out from my comfort zone and making 
one of my dreams come true. With you there are never a dull moment. You have 
always supported me and thought me many things not only scientific but also how 
to perform the perfect golf swing. I hope our nice collaboration continues both at 
work and at the golf course. And of course, a special credit is deserved to your lovely 
wife Birgitta, who makes delicious dinners when we struggle making abstracts and 
writing papers.  

Göran Rådegran, my assistant supervisor. Thank you for always being there and 
introducing me to the research field of pulmonary hypertension. Because of you, I 
had the opportunity to attend to PAH meetings and conferences, including meeting 
a lot of people and practising my skills as a lecturer. I look forward to further 
cooperation and some golf with you and Karin at Österlen.  

Anders Roijer, my assistant supervisor. Thank you for all your support and nice 
discussions about echocardiography, research and for sharing your great knowledge 
in the field. Especially my husband appreciates your recommendations of some 
great Italian red wines.  

Annika Ingvarsson, my partner in ”crime”. Together we have made this journey as 
Ph.D. students. We have travelled together, attended meetings together and 
supported each other in writing, presentations and at clinical work. Like good 
friends, I think we have seen both the best and the worst of each other. Thank you 
for being there for me, both as a friend and a colleague.  

Tobbe Lindgren – you are a true wizard. You have really made my dream come 
true. Without you, this would not have been possible, or a lot harder for me to 
achieve. Thank you for being one of my greatest supporters and for our frequent 
dinner sittings at conventions! 

Patrik Tydén and Pia Malmkvist. Thank you for your great support in making the 
echocardiographic laboratory in Lund the best workplace in Sweden including 
clinical work and for making opportunities to do research. Personally, I would also 



107 

want to thank you for the support in creating the title “specialist-biomedicinsk 
analytiker” in our department and for all support during my time as a Ph.D student. 

David Erlinge, professor in Cardiology, for running the best research department 
and for all your support.  

Ellen Ostenfeld – my co-author and friend. Thank you for all you support and 
discussions at your dinner-table when writing papers. No questions are too stupid 
for you to handle. Thanks for a nice collaboration with the CMR group and I look 
forward to more scientific cooperation in the future.  

Johan Waktare – thank you for the translation of my “Swenglish” to Queen’s 
English. Thanks for all contribution as a co-author and for all proof reading. It will 
be nice to finally meet you and your wife in real life. 

Raluca Jumatate – my PhD student to be. I look forward to being our assistant 
supervisor officially. Thank you for supporting me and for all the nice scientific and 
personal conversations we had have so far. It will be a true pleasure to continue our 
cooperation and friendship.  

My other co-authors: Gustav Smith for your scientific and statistic support, you 
have been a great help for me. Anthony Lindholm, for your contribution with the 
papers including CMR. Ulf Thilén, for sharing your great knowledge in congenital 
heart diseases. Martin Stagmo, for your support and nice conversations.  

Patrik Gilje, for after a bit of resistance, accepted to be my toastmaster at the PhD-
dinner party and for all conversations at work, both private (i.e. political) and of 
course about echocardiography. 

Hans Öhlin, for all your support throughout the years and as a nice travel 
companion. Without you, my first computer would have been a typewriter. I miss 
working with you. 

Cecilia Åkesson, my colleague and friend. Thank you for all support and all 
discussions throughout the years. I would also want to thank you for your patience 
with me and for your great contribution with helping me performing the exams.  

Anneli Ahlqvist, for all your support and for holding my hand when flying (in an 
airplane). You are always positive and makes me less nervous.  

Monica Magnusson, for always being there and your capacity to solve all kind of 
problems. Thank you for all support in the contacts with the university and all 
practical details concerning the dissertation.  

Lena Lindén, for your support and nice conversations. 

Björn Kornhall, for sharing your great knowledge, support and for tutor me in the 
art of lecturing. Öyvind Reitan, for sharing your great knowledge concerning right 



108 

heart catheterization and for supporting me. Rasmus Borgquist for your support 
and introducing me to the field of cardiac resynchronization.  

Moman Mohammad, for helping me out and sharing your knowledge as a former 
PhD student.  

All Görans former and present Ph.D students: David Kylhammar, Jakob 
Lundgren, Carl Haggård, Eveline Löfdahl, Joanna Säleby, Habib Bouzina, 
Salaheldin Ahmed, Abdulla Ahmed and Mattias Arvidsson, for your support and 
being my travelling companions.  

Roger Hesselstrand, Kjell Jansson, Stefan Söderberg, Bodil Ivarsson and 
Barbro Kjellström among others, for your help, support, and nice dinner 
conversations.  

Malin Ståhl my chief for all your support and engagement. Thank you.  

The staff at the echocardiographic laboratory that has not been mentioned above: 
Johan Thelin, Karin Morin, Amar Hassan, Saeideh Ghaffari, Hilay Adolfsson 
and Henry Hugh, thank you for your support, especially when I was absent from 
work and left you with all hard work.  

To all the staff at Hjärtmottagningen, SUS Lund, for being my colleagues at work, 
all nice conversations in the coffee room and all support. 

Fredrik Scherstén for supporting me in my PhD-education.  

To Mona Schlyter for always supporting me since we first met at “Kardiovaskulära 
vårmötet” in 2013. 

All nice collaborations with the PAH-team, the Hemodynamic laboratory, SUS 
Lund, the department of Clinical Physiology Lund and the Swedish Society of 
Pulmonary Hypertension. 

To Stig Steen and Trygve Sjöberg for raising me up in the research field.  

In the memorial of John-Eric Frisell, one of my great supporters and to my parents 
Lennart and Ann-Margreth Lindgren– I miss you. 

My brother, Martin Lindgren and your family Jessica and Emil for always being 
there. 

Agneta Paradis, my “second mum” and friend for always being there for me. 

My lovely children, Erik, and Rebecca, I love you forever.  

And finally, my understanding husband Thomas, you are my best friend and the 
love of my life.  



<<
  /ASCII85EncodePages false
  /AllowTransparency true
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 25%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 10
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 250
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 250
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.25000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU <FFFE4600F6007200200074007200790063006B00200068006F00730020004D0065006400690061002D0054007200790063006B00>
    /SVE ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA39 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




