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ABSTRACT
Background: The right ventricle (RV) is multi-compartmental in orientation with a complex
structural geometry. However, assessment of this part of the heart has remained an elusive
clinical challenge. As a matter of fact, its importance has been underestimated in the past,
especially its role as a determinant of cardiac symptoms, exercise capacity in chronic heart
failure and survival in patients with valvular disease of the left heart. Evidence also exists that
pulmonary hypertension (PH) affects primarily the right ventricular function. On the other
hand, previous literature suggested that severe aortic stenosis (AS) affects left ventricular (LV)
structure and function which partially recover after aortic valve replacement (AVR). However,
the impact of that on RV global and segmental function remains undetermined.
Objectives: We sought to gain more insight into the RV physiology using 3D technology,
Speckle tracking as well as already applicable echocardiographic measures. Our first aim was to
assess the normal differential function of the RV inflow tract (IT), apical and outflow tract (OT)
compartments, also their interrelations and the response to pulmonary hypertension. We also
investigated the extent of RV dysfunction in severe AS and its response to AVR. Lastly, we
studied the extent of global and regional right ventricular dysfunction in patients with
pulmonary hypertension of different aetiologies and normal LV function.
Methods: The studies were performed on three different groups; (1) left sided heart failure with
(Group 1) and without (Group 2) secondary pulmonary hypertension, (2) severe aortic stenosis
and six months post AVR and (3) pulmonary hypertension of different aetiologies and normal
left ventricular function. We used 3D, speckle tracking echocardiography and conventionally
available Doppler echocardiographic transthoracic techniques including M-mode, 2D and
myocardial tissue Doppler. All patients’ measurements were compared with healthy subjects
(controls). Statistics were performed using a commercially available SPSS software.
Results: 1- Our RV 3D tripartite model was validated with 2D measures and eventually
showed strong correlations between RV inflow diameter (2D) and end diastolic volume (3D)
(r=0.69, p<0.001) and between tricuspid annular systolic excursion (TAPSE) and RV ejection
fraction (3D) (r=0.71, p<0.001). In patients (group 1 & 2) we found that the apical ejection
fraction (EF) was less than the inflow and outflow (controls: p<0.01 & p<0.01, Group 1: p<0.05
& p<0.01 and Group 2: p<0.05 & p<0.01, respectively). Ejection fraction (EF) was reduced in
both patient groups (p<0.05 for all compartments). Whilst in controls, the inflow compartment
reached the minimum volume 20 ms before the outflow and apex, in Group 2 it was virtually
iii

simultaneous. Both patient groups showed prolonged isovolumic contraction (IVC) and
relaxation (IVR) times (p<0.05 for all). Also, in controls, the outflow tract was the only
compartment where the rate of volume fall correlated with the time to peak RV ejection (r =
0.62, p = 0.03). In Group 1, this relationship was lost and became with the inflow compartment
(r = 0.61, p = 0.01). In Group 2, the highest correlation was with the apex (r=0.60, p<0.05), but
not with the outflow tract.
2- In patients with severe aortic stenosis, time to peak RV ejection correlated with the basal
cavity segment (r = 0.72, p<0.001) but not with the RVOT. The same pattern of disturbance
remained after 6 months of AVR (r = 0.71, p<0.001). In contrast to the pre-operative and postoperative patients, time to RV peak ejection correlated with the time to peak outflow tract strain
rate (r = 0.7, p<0.001), but not with basal cavity function. Finally in patients, RVOT strain rate
(SR) did not change after AVR but basal cavity SR fell (p=0.04).
3- In patients with pulmonary hypertension of different aetiologies and normal LV function, RV
inflow and outflow tracts were dilated (p<0.001 for both). Furthermore, TAPSE (p<0.001),
inflow velocities (p<0.001), basal and mid-cavity strain rate (SR) and longitudinal displacement
(p<0.001 for all) were all reduced. The time to peak systolic SR at basal, mid-cavity (p<0.001 for
both) and RVOT (p=0.007) was short as was that to peak displacement (p<0.001 for all). The
time to peak pulmonary ejection correlated with time to peak SR at RVOT (r=0.7, p<0.001) in
controls, but with that of the mid cavity in patients (r=0.71, p<0.001). Finally, pulmonary
ejection acceleration (PAc) was faster (p=0.001) and RV filling time shorter in patients (p=0.03)
with respect to controls.
Conclusion: RV has distinct features for the inflow, apical and outflow tract compartments,
with different extent of contribution to the overall systolic function. In PH, RV becomes one
dyssynchronous compartment which itself may have perpetual effect on overall cardiac
dysfunction. In addition, critical aortic stenosis results in RV configuration changes with the
inflow tract, rather than outflow tract, determining peak ejection. This pattern of disturbance
remains six month after valve replacement, which confirms that once RV physiology is disturbed
it does not fully recover. The findings of this study suggest an organised RV remodelling which
might explain the known limited exercise capacity in such patients. Furthermore, in patients
with PH of different aetiologies and normal LV function, there is a similar pattern of RV
disturbance. Therefore, we can conclude that early identification of such changes might help in
identifying patients who need more aggressive therapy early on in the disease process.
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INTRODUCTION

I. The importance of the right ventricle
The right ventricle (RV) having a very complex structural geometry is often overlooked and
hence undermining its importance in contributing to the overall cardiac function. RV function
has been shown to be a sensitive predictor of exercise tolerance and is also a major determinant
of clinical symptoms in chronic heart failure as well as peri-operative and post-operative
survival outcome [1, 2]. Identifying the most sensitive markers of RV dysfunction is of immense
importance in daily clinical practice. RV function may be impaired either by primary right sided
heart disease, or secondary to left sided cardiomyopathy or valvular heart disease. For instance,
pressure or volume overload from an incompetent valve or muscle pathology can affect the RV
function. Coronary artery disease may also lead to RV dysfunction when the right coronary
artery is occluded. Moreover, in congenital malformation of the heart, the RV may also be
affected, particularly when it becomes the main pumping chamber supporting the systemic
circulation, e.g. congenitally corrected transposition of the great arteries or univentricular repair
at surgery [3]. Lastly, right to left shunting may have perpetual effect on the RV in the form of
dilation and impairment through volume overload as in the case with atrial and ventricular
septal defects [3, 4]. Based on the above, it is clear that understanding the anatomy as well as
normal and abnormal physiology of the right heart is of significant importance.

II. Right heart anatomy
The right ventricle is located immediately behind the sternum and anteriorly positioned to the
left ventricle (LV). The inlet part of the RV is much smaller than the LV and its muscle mass is
approximately 1/6 that of the LV, which can be explained by different loading conditions. In
normal hearts, the right ventricle pumps against a pressure of 30 mmHg which is ¼ that of the
LV, a fact that clearly shows that the RV and LV are designed differently [5]. Consequently, the
LV wall which supports the systemic circulation is thicker (6-11mm) than that of the RV (34mm) which supports the low pressure pulmonary circulation [6]. When viewed from the front,
the RV is more triangular in shape and it curves over the near conical shape of the LV making
the cavity a crescent – like shape in cross section. When viewed from the apex, the right edge of
1

the RV is sharp, forming the acute margin of the heart. There is a ‘cross over’ relationship
between the right ventricular outflow tract (RVOT) and left ventricular outflow tract (LVOT) due
to the curvature of the ventricular septum which places the right ventricular outflow tract
antero-cephalic to that of the LV outflow tract. The pulmonary valve, which guards the RVOT, is
the most superiorly situated of the cardiac valves and this is due to the musculature of the
subpulmonary infundibulum, free of trabeculations, which raises the valve above the ventricular
septum [3]. The pulmonary valve (PV) marks the superior margin of the RV while the tricuspid
valve (TV) marks its right margin and its apex is frequently inferior to that of the left ventricle.
Morphologically the RV is composed of several anatomical segments that can be described in
terms of three component parts namely the inlet, apical trabecular and outlet or right
ventricular outflow tract as suggested by Goor and Lillehei [7]. Whilst the apex is virtually an
immobile part of the ventricle and heavily trabeculated, the inflow and outflow tracts (IT and
OT) are separated by a thick intracavitary muscle band called crista supraventricularis [8]. The
moderator band is another intracavitary muscle band which is attached to the outflow tract and
runs from the septum to the anterior RV free wall [9]. The right ventricular inflow and outflow
axis angle is approximately 37.5º, [10] [figure 1] an anatomical fact that requires the outflow
tract to contribute significantly to the overall RV systolic function. The fibre architecture of the
left and right ventricle is different [11, 12]. The difference in the myocardial fibre architecture of
the two pumps explains the difference in shape and dynamics of the two ventricles. The
predominant muscle layer of the LV is composed mainly of circumferential or spiral fibres and
longitudinally directed fibres are located in the subendocardial and subepicardial layers. On the
other hand, at the inflow tract of the RV, circumferential or spiral fibres are mainly located in
the subepicardium whereas in the subendocardium there are mainly longitudinal fibres [11],
[Figure 2].
The RV outflow tract consists of longitudinal fibres at both the subendocardium and
subepicardium which are overlaid by circumferential fibres running at right angle to the outlet
long axis, which can be traced to the crista supraventricularis and to the anterior sulcus, serving
to bind the two ventricles together. The outflow tract, which is anatomically and functionally
different from the rest of the RV, can be described as a bulbar musculature [13, 14]. However the
functional role of this part of the RV is not fully understood [15] but is believed to protect the
pulmonary circulation during pressure rise in systole [14, 16] while the same volume of blood is
ejected from the thin walled RV and the much thicker walled LV. Three dimensional studies of
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RVOT has been performed in order to characterise its exact shape as well as providing more
accurate assessment of cardiac output [17].





Figure 1. Diagram showing the angle between inflow and outflow tract axes of the right ventricle. RA:
right atrium; PA: pulmonary artery, from Henein et al. editorial published in International Journal of
Cardiology 2011;150:239-242.
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Figure 2. Myocardial fibre architecture of the two pumps (LV and RV), from Greenbaum et al.
published in Br Heart J 1981;45:248-63

III. Right heart physiology and its response to increased afterload
Right ventricular systole
The RV wall motion is complex [18, 19]. During systole, there is a longitudinal shortening from
base to apex, at the inflow tract and a radial motion towards the interventricular septum.
Rotational or squeezing effect of the ventricle occurs from additional circumferential motion
[20]. The subepicardial fibres of the inflow tract, allow the ventricle to move in a circumferential
direction and occurs mainly during the isovolumic contraction phase, and the longitudinal
shortening of the RV occurs mainly during the ejection phase and is controlled by the
subendocardial fibres. The wide angle between the inflow and outflow has significant
implication on the overall function of the RV with the inlet part starting shortening 20
milliseconds before the outlet part in order to keep its peristaltic movement, [21] which is
crucial to keep the intracavitary circulation and to allow blood to be directed out into the
4

pulmonary arterial tree. Furthermore, it seems that the circumferential contraction of the
outflow tract is important in order to maintain high tension during systole, which results in the
infundibular subvalvular support to the pulmonary valve unidirectional function. Finally, the
interventricular septum contributes to both the LV and RV function [22] and is a major
determinant of maximal RV function [23], although its specific contribution to RV function is
not fully understood in both normal and abnormal hearts. However, there is evidence which
suggests that the septum compensates for any drop in RV free wall function, as is the case after
open heart surgery [24].

Right ventricle and Right atrium physiological relationship
The right atrium (RA) receives the venous return, deoxygenated blood, from the inferior and
superior vena cava (IVC and SVC) as well as the coronary sinus. It assists in filling the right
ventricle (diastolic function) by three mechanisms [25].
(1) It acts as a reservoir for systemic venous return when the tricuspid valve is closed.
(2) It acts as a passive conduit when the tricuspid valve is open in early diastole.
(3) During late diastole when the atrium contracts, it acts as an active conduit.
Patients with acute injury to the right ventricle, notably in the form of myocardial infarction,
results in RV diastolic dysfunction with dilatation of the RA due to elevated filling pressures,
and clinically apparent jugular venous distension [26-28]. There are a number of acute and
chronic conditions that are associated with RV diastolic dysfunction, such as pressure and
volume overload pathologies, primary lung disease, ischaemic lung disease, congenital heart
disease, cardiomyopathies, LV dysfunction, systemic diseases and finally the physiological
ageing process [29].

Right heart vs. left heart
Right ventricular ejection fraction is dependent on right ventricular afterload and thus, on left
ventricular or left atrial filling pressures [30-33]. An increase in left ventricular afterload is
compensated for by an increase in mass to reduce left ventricular fibre stress with the overall
function maintained. The right ventricle, on the other hand, is more sensitive to changes in
pressure overload, probably due to its smaller muscle mass and thus higher wall stress of a given
5

load which affects its overall function. Figure 3, reproduced by E.Nagel et al. in a review article,
[34] shows that right ventricular ejection fraction is reduced by approximately 10% (55 to 45%)
when right ventricular afterload is doubled from 25 to 50 mmHg. Doubling of left ventricular
afterload from 125 to 250 mmHg results in a similar reduction in its ejection fraction from 70 to
60%. The data in the graph below were taken from previous studies [30, 31, 35-39].
Although there are significant differences in structure and function of the two ventricles, the two
pumps have similar electrical and mechanical roles. The right ventricle starts contracting shortly
after the Q-wave of the ECG (electrocardiogram), which results in a period of electromechanical
delay, significantly shorter than that of the LV [40]. A possible explanation of this change could
be due to the fact that there is significant shape change of the LV, occurring during the
isovolumic contraction time (IVCT), compared to the direct longitudinal shortening of the RV,
during the same phase of the cardiac cycle [41]. Again the two ventricles differ in their behaviour
in early diastole, where the RV has a very short isovolumic relaxation time (IVRT ≤ 60 ms)
compared to that of the left ventricle which is approximately 80 milliseconds. These differences
are also due to the early shape change before mitral valve opening, on the left side, as compared
to tricuspid valve opening on the right side and the relatively low pressure differences between
RA and RV during IVRT. Both LV and RV show the same filling components i.e. the early
diastolic component and a late diastolic one (atrial contraction). The main difference in the
filling pattern of the two ventricles is the velocity, which reflects the loading conditions of the
two ventricles, being significantly higher in the left ventricle than in the right ventricle.
Moreover, along with the difference in afterload of the two chambers, the ejection velocities also
differ significantly with higher velocities in the LV. Despite such differences between the two
ventricles, the small and sensitive RV is capable of filling and pumping blood at the same rate
and volume as the thick walled LV. This can be explained by comparing the characteristics of the
pulmonary and systemic circulation as described below [5].
¾ When compared to the systemic pressure and resistance, the pulmonary artery pressure
and pulmonary vascular resistance are only approximately 1/6 that of the systemic
values.
¾ Systemic arterial distensibility is lower than the pulmonary arterial distensibility.
¾ The pulmonary artery pulse amplitude is lower than the systemic pulse amplitude.
¾ There is lower peripheral pulse wave reflection in the pulmonary arteries than that in the
systemic circulation.
6

¾ Pulmonary arteries do not exhibit increasing stiffness between central and peripheral
sites.



Figure 3. Relationship between angiographic RV (
artery pressure (MPAP), as well as left ventricular (

) ejection fraction (EFRV) and mean pulmonary
) ejection fraction and peak systolic pressure

(LVSP). The slope of the regression line is steeper for the right ventricle than the left ventricle, indicating
a higher load-sensitivity of the right ventricle. Data are taken from the literature; each data point
represents one different study, from E.Nagel et al. review published in European Heart Journal
1996;17:829-836.

Effect of pressure overload on the right ventricle
The relationship between pulmonary artery pressure and RV function is complicated [8, 30] as
it depends on factors such as age, gender, primary or secondary pulmonary hypertension (PH),
acute or chronic elevation of pulmonary pressures, volume overload, raised right atrial pressure
(RAP) and type of myocardial diseases [34, 42, 43]. Chronic elevation of pulmonary artery
pressure is the commonest cause of pressure overload on the RV. Patients with severe left heart
problems, such as mitral valve disease or left ventricular disease are described as having postcapillary rise in pulmonary pressure and those with idiopathic, familial or associated pulmonary
arterial hypertension (IPAH, FPAH and APAH) secondary to pulmonary disease or chronic
7

thromboembolic pulmonary hypertension (CTEPH), are described as having pre-capillary
pulmonary hypertension. While the pathologies of increased afterload are different, their effect
on the RV could be similar. The thin walls of the RV make the cavity sensitive to alterations in
pulmonary artery pressure. When afterload increases slowly, the RV chamber adapts and
compensates by dilating and developing hypertrophy. In some cases, such as pulmonary
embolism where the pulmonary pressures can significantly increase acutely, the RV enlarges
and may cause elevated RV end diastolic and right atrial pressures leading to significant
tricuspid regurgitation (TR) and right heart failure with its known poor outcome [44]. Some
authors have distinguished between patients with RV pressure overload with and without
tricuspid regurgitation [38, 39, 45] and found higher mean pulmonary artery pressures and
lower right ventricular ejection fraction in those with tricuspid regurgitation [38], although
there is a low impedance leak with regurgitation into the right atrium.

Effect of left heart valve diseases on the right ventricle
Mitral valve disease generally influences the right ventricle more than aortic valve disease [35,
46]. Left atrial volume overload in mitral insufficiency and pressure overload in mitral stenosis
may cause an increase in pulmonary venous pressure with or without an increase in vascular
resistance. This will have its consequences as an increased afterload to the right ventricle and
thus impairment of its function and development of functional tricuspid regurgitation of various
severities. Correction of mitral valve disease may result in recovery and shrinkage of RV size and
improvement of its inlet function, and hence reduction of tricuspid regurgitation severity [47,
48]. In patients with long standing pulmonary hypertension, right ventricular dysfunction and
tricuspid regurgitation might remain well established and irreversible [49, 50]. Therefore, it is
important to detect increases in right ventricular afterload as early as possible and optimize
patients’ management to avoid such drastic complications. All patients with left heart valve
disease tend to develop a significant drop in RV systolic inlet excursion, tricuspid annular plane
systolic excursion (TAPSE) after operative repair/replacement of the valve [51]. The exact
underlying explanation behind this phenomenon is not clearly determined yet. Possible
explanation for this effect could be due to pericardiectomy with loss of lubricating surface at the
anterior surface of the heart or ischaemic damage due to poor RV myocardial preservation
during surgery as well as right atrial damage due to placement of bypass cannulae [52]. It has
been shown that the size of the right coronary artery (RCA) remain normal in patients with
severe aortic valve disease, but dilates in those with mitral valve disease, indicating that
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secondary pulmonary hypertension is associated with right ventricular hypertrophy and
enlargement of the RCA [36, 37].

Effect of left ventricular diseases on the right ventricle
In patients with restrictive left ventricular physiology, the raised left atrial pressure is
transmitted to the right side via the pulmonary circulation causing an increase in pulmonary
pressure and RV afterload. Furthermore, the raised left sided atrio-ventricular pressure gradient
in early diastole is transmitted to the right side across the interventricular septum which results
in suppressed early diastolic right ventricular filling due to high early diastolic intracavitary
tension. These disturbances have been shown to reverse with successful offloading of the left
atrium and normalisation of left sided pressures [53].

Myocardial blood flow and the right heart
Similar to the left ventricle, maintaining the coronary flow to the RV myocardium is crucial,
particularly when RV systolic pressure is raised. For instance, in pulmonary hypertension,
where RCA pressure may be increased or remained unchanged, there is an increase in oxygen
demand by the myocardium. Since RV perfusion occurs during both diastole and systole, the
systolic component is reduced as a result of the raised chamber pressures [54, 55]. Acute RCA
occlusion proximal to the RV branch often results in RV free wall dysfunction and in multivessel coronary artery disease there is significant ischaemic long axis dysfunction with stress
which seems to affect the cardiac output [56]. The long lasting ischaemic right ventricle becomes
stiff, dilated and volume dependent which contributes to RV dysfunction. Patients with RV
infarction commonly respond positively to volume treatment and early reperfusion enhances
recovery of right ventricular performance and improves clinical outcome and survival [57].

Effect of pulmonary diseases on the right heart
Pulmonary diseases may cause an increase in pulmonary vascular resistance (PVR) as well as
pulmonary artery pressures. For example, patients with chronic obstructive pulmonary disease
(COPD) have a wide range of raised resting pulmonary pressures and several grades of RV
dysfunction have been reported in these cases [58-60]. Moreover, depressed RV function may
be found in these patients during exercise [61]. Previous literature has shown that in patients
9

with cystic fibrosis, there is a fall in long axis function [62] and RV diastolic dysfunction has
been found in those with COPD and pulmonary embolism [63].

IV. Ventricular interaction
Ventricular interaction is mediated through three mechanisms:
¾ Pulmonary circulation with changes in right ventricular loading conditions.
¾ Geometry and motion of the interventricular septum, e.g. by common myocardial fibres.
¾ Pericardial constraint.
In normal hearts, the interventricular septum is shared by both the right and left ventricles and
is known to function as part of the left ventricle. In a study of Hoffman et al. [64], they showed
that left ventricular contraction contributed 24% of its own stroke work to the generation of
right ventricular stroke work via the interventricular septum and in pulmonary hypertension,
the contribution is increased to 35%. In circumstances such as tricuspid regurgitation, atrial or
ventricular septal defects, the RV becomes volume overloaded and in pulmonary hypertension it
becomes pressure overloaded and as a result the septal motion is reversed and the septum
functions as part of the right ventricle in order to maintain the stroke volume [65]. Furthermore,
the same pattern of septal dysfunction occurs after heart surgery, although to a much lesser
extent, and this is probably to maintain the stroke volume of the right heart. The septum also
transmits pressures between the two cavities. Patients with raised left ventricular end-diastolic
pressure may present with a dominant ‘a’ wave in the jugular venous pressure which reflects the
increase in left sided end diastolic pressures, transmitted to the right side across the septum
[65]. Similarly, patients with pericardial constriction show pressure equalization between the
chambers, through a similar mechanism. Likewise, patients with dyssynchronous septum due to
pressure or volume overloaded RV present with suppressed left ventricular early diastolic filling
component as a result of the transmitted high early diastolic tension from the right ventricle
[66]. Ventricular interaction through the interventricular septum was reported to be less
important than interaction through the pulmonary circulation but appears to be of great
importance for the balance of the right and left cardiac output [67]. The fact that the right and
left ventricles are both enclosed within the pericardium suggest that there is potential
interaction between the left and right ventricles through changes in intra-pericardial space
pressures. Right ventricular volume overload and dilatation of the right heart causes an increase
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in intrapericardial pressure, reducing venous return, cardiac output and if not promptly
managed will affect left ventricular function [68]. Furthermore, in rapid accumulation of
pericardial effusion the intrapericardial pressure is increased and results in RV phasic filling and
ejection, with respiration, being predominant during inspiration. As a result, if not managed
quickly, this effect could lead to reciprocal left sided behaviour during expiration. The same
could apply to patients with large pleural effusion and those with end-stage pulmonary disease
[69]. Ventricular interaction, via the pericardial space is most effective in patients with acute
rise in intra pericardial pressures e.g. fluid accumulation or acute deterioration of ventricular
function and cavity enlargement.

V. Assessment of right heart function
Accurate quantitative evaluation of RV function has remained an elusive clinical challenge. Most
investigators attribute the difficulties in finding a reproducible method for assessing RV
function due to its complex structural geometry. Magnetic resonance imaging (MRI) known as
the gold standard has been extensively validated and is known to give accurate estimates of RV
volume and ejection fraction [70, 71] as well as any evidence for RV apical fibrosis of apical fatty
infiltration. However it is expensive, of limited availability and is not feasible in heart failure
patients, commonly seen in our daily practice, with implantable devices. In addition, most
patients with heart failure and fluid retention find it difficult to lie flat for significant length of
time in a clostrophobic tube. However, MRI is of great value particularly in patients with
complex congenital heart disease. The use of radionuclide angiography requires injection of
radioactive agents and has a low spatial resolution. This technique suffers from attenuation
artifacts, and differentiation between the RV and right atrium may be difficult [72-74].
Moreover, contrast angiography is invasive and requires contrast injection in potentially
haemodynamically unstable patients. First-pass ventriculography has been used historically to
assess RV ejection fraction but RV volumes cannot be assessed by this method. With the
introduction of single-photon emission computed tomography (SPECT), used with blood pool
tracers, both assessment of RV ejection fraction and volumes were made possible [75] at the
expense of significant radiation. Echocardiographic measurements of size and estimates of
function of the left ventricle are widely used clinically and are known to be of diagnostic as well
as prognostic importance in patients with cardiac disease. However, assessment of the right
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heart using echocardiography is challenging due to the complex anatomy as well as the heavy
trabeculations which make measurement of RV volumes difficult.

VI. Echocardiographic techniques for assessing RV

M-mode echocardiography
A simple and very attractive tool for measuring systolic long axis motion of the RV free wall or
TAPSE is the two dimensional guided M-mode [76, 77] which has been shown to correlate with
ejection fraction derived by radionuclide angiography [78]. Moreover, it has been demonstrated
to be valuable in ischaemic heart disease and cardiomyopathy [53]. The main limitation of this
method is that it only represents the inflow segments, thus excluding the RV outflow tract and
septal contribution to the overall function of the right heart. Furthermore, in patients with
dilated cavity and volume overloaded right ventricle, TAPSE can erroneously overestimate right
ventricular function. Additional measurements of the RVOT such as the fractional shortening,
adds great value to the overall performance of the RV and has been found to correlate better
with pulmonary artery systolic pressure (PASP) compared to long axis [79]. Figure 4 A and B
show the measurements of RVOT fractional shortening and TAPSE.



Figure 4. Measurement of RVOT fractional shortening (fs%, panel A and TAPSE, panel B. RVOTd:
RVOT diastolic diameter; RVOTs: RVOT systolic diameter
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Two dimensional echocardiography
Two-dimensional echocardiography (2DE) remains the most widely available technique, but the
complex and three dimensional structure of the RV as well as its heavy trabeculations make the
measurement of RV volume difficult. Consequently, evaluation of the RV by 2DE is most
commonly qualitative rather than quantitative and this is of limited value in the assessment of
the right heart function over time, and in comparing it with MRI volume measurements. Figure
5 A and B show two 2D echocardiographic views, inflow and outflow tracts, which can be used to
assess RV function.



Figure 5. Panel A: The RV viewed from apical four-chamber view with the RA (right atrium) and the
inflow tract of the RV. Panel B: The RV is viewed from parasternal short axis view with RV outflow tract
visualised. (A) - annular level; (B) - basal level; (M) - mid level; (Ap) - apical level.



One useful method used in clinical practice to calculate volume and ejection fraction is the
Simpson’s formula which is based on mathematical assumptions of RV geometry, therefore
subject to inaccuracies. Furthermore, right ventricular area can be measured from the apical
views and the calculated area change which reflects global and regional wall motion can be
measured manually and with edge detection, from the RV end-diastolic and end-systolic areas
[21, 80, 81]. From the subcostal view, pericardial effusion can be visualised as well as its effect
on the RV free wall and from the same view, measuring the diameter of the IVC and the degree
of collapsibility during normal breathing or sniff test, right atrial pressure can be estimated.
Estimation of RAP is an ongoing topic of discussion and several measures [29] as well as a fixed
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value of 7 or 10 mmHg in patients without right heart failure has been proposed [82]. However,
inferior vena cava diameter and collapsibility is probably the most commonly used now [83].

Spectral Doppler echocardiography
The peak retrograde trans-tricuspid pressure drop can be obtained by measuring the peak
tricuspid regurgitant velocity using continuous wave (CW) Doppler (Figure 6). The pressure
drop or gradient ∆P is calculated from the flow velocity (V) using the modified Bernoulli
formula, ∆P = 4V2. The pressure drop is clinically taken as a good estimate of peak systolic
pulmonary artery pressure. The trans-pulmonary valve flow can be obtained using Pulse-wave
(PW) Doppler with the sample placed proximal to the pulmonary leaflets and RV filling
velocities or tricuspid inflow, consisting of early (E) and late filling components (A), with the
sample volume placed at the tips of the tricuspid valve leaflets. From these two Doppler
waveforms, IVCT, IVRT, pulmonary ejection time (ET) as well as filling time (FT) can all be
measured accordingly (Figure 7). A new method to assess overall RV function is Tei or
myocardial performance index (MPI). This can be achieved by dividing the total isovolumic time
(the sum of the isovolumic contraction and isovolumic relaxation) by the pulmonary ejection
time. This index has been found to correlate with pulmonary pressures [84] and can be used for
early detection of RV dysfunction in different diseases [85, 86]. The advantage of using this
method is that it is reproducible and it avoids the geometric assumptions and limitations of the
complex RV geometry. Its main limitation is with increased right atrial pressure, MPI falls due
to shortened IVRT [43]. Moreover, it is unreliable when RV ejection time is measured with
differing R-R intervals, as in atrial fibrillation. Right atrial filling properties can be assessed
from the hepatic venous flow. Finally, relative pulmonary pre-ejection time to that of aortic preejection time reflects the degree of ventricular dyssynchrony.



14


Figure 6. Measurement of peak tricuspid regurgitant velocity (TRV) and TR duration.






Figure 7. Schematic diagram showing E and A filling components as well as measurement of FT, IVCT,
ET and IVRT.
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Myocardial Doppler tissue imaging
Doppler tissue imaging (DTI) is a robust technique used to assess RV myocardial function by
reflecting RV free wall systolic and diastolic myocardial velocities in a reproducible way. This
method, is available on most modern ultrasound systems and provide information on
myocardial motion throughout the cardiac cycle [87, 88]. DTI detects low velocities with high
amplitudes in contrast to spectral pulsed Doppler echocardiography which detects high
velocities with low amplitudes. Furthermore, DTI is less preload dependent compared to the
traditional pulsed Doppler technique [89]. Longitudinal RV velocities from Doppler tissue
imaging are best recorded at positions showed above in figure 5A, i.e. at positions A, B and M.
Pulsed DTI which has a high temporal resolution is simple and more robust to use [90]. The
main downfall of this technique is poor spatial resolution due to movement of the heart, whilst
the sample volume is fixed and only registers tricuspid annulus motion. It is also limited in
measuring apical velocities from the apical long axis projection. One-dimensional strain from
colour-coded DTI is an alternative approach of myocardial motion and can be used off-line,
therefore suitable during exercise and stress echocardiography. However, it only provides mean
values compared to pulsed DTI which, on the other hand, provides peak velocities. The
limitation of colour DTI is the lower temporal resolution, but a frame rate above 100 f/s is
considered acceptable for measuring time intervals [91]. Using pulsed or colour DTI the systolic
(s’), early diastolic (e’) and late atrial diastolic (a’) velocities can reasonably be measured as well
as IVCT, IVRT and ET (figure 8).
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Figure 8. Pulsed DTI showing measurement of s’, e’, a’, IVCT, IVRT and ET)

Two-dimensional strain and strain rate (Speckle tracking)
Strain is defined as the percentage change in myocardial deformation and its derivative, strain
rate represents the rate of change of deformation of a myocardium segment over time. Strain
and strain rate imaging are used to measure regional and global contractile function using frame
by frame tracking of unique speckles in the myocardium. This technique has been validated by
ultrasonomicrometry in the longitudinal direction and rotation and it has been widely applied to
the LV and most recently used in the assessment of RV in pulmonary hypertension [92]. Its
main advantage is that it is angle independent and it can track in two or even three dimensions.
Furthermore, it provides segmental as well as global assessment of the myocardium and it
possesses an improved signal to noise ratio. On the other hand, the main disadvantage is that
there is a lack of normal range for segmental and global measurements. Speckle tracking
imaging depends very much on the image quality and drop-outs and reverberations can affect
tracking as well as too low or high frame rates. A frame rate between 50 to 80 frames per second
is considered ideal for this technique [92, 93].
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Real-time 3D echocardiography
Three dimensional echocardiography (3DE) has been developed for the last 15 years and
ventricular volume, mass and function can all be accurately assessed as well as a more complete
view of the valves can be obtained using such technique. The contrast resolution and penetration
have been improved with the newly developed matrix array transducer, consisting of 3,000
firing elements, which is part of the third generation echocardiographic machines. 3D
echocardiography has the potential advantage in determining RV volumes and image
reconstruction can be performed both off line and also on-line [94-96]. Moreover, 3DE
overcomes the geometric limitations of 2D techniques, potentially allowing volume assessment
without the use of any geometrical assumption. 3DE overcomes some of the disadvantages of
cardiac magnetic resonance (CMR) as it can routinely be used for serial imaging, particularly at
the bed-side. On the other hand, 3D echocardiography has a limitation with respect to data
acquisition in patients with arrhythmias, including atrial fibrillation and frequent extra-systoles,
because acquisition of 5 consecutive stable heart beats is necessary for image reconstruction.
The endocardial definition is sometimes difficult to discern in the RV, assessed by 3DE, owing to
artifacts and the abundant aberrant papillary muscles. The poor lateral resolution in right
ventricular cavity dilatation adds to the limitation of using 3DE to assess RV.

VII. Assessment of pulmonary hypertension

Estimation of peak and mean pulmonary artery systolic pressure
Pulmonary hypertension is considered when PASP exceeds 36 mmHg [97] or mean pulmonary
artery pressure (MPAP) exceeding 25mmHg [98]. PASP can be assessed invasively by right
heart catheterisation (RHC) in order to obtain direct measurement of right sided pressure.
However, Doppler Echocardiography has now made it possible to measure such pressures noninvasively [98]. This can be achieved by measuring the peak tricuspid regurgitant velocity
obtained by continuous wave Doppler and applying the equation below:
PASP = 4 x (peak TR velocity)2 + RAP
The above technique has been shown to correlate with peak pulmonary artery pressure,
obtained invasively [82]. It is important to note that determination of pulmonary artery (PA)
pressure by Doppler echocardiography relies on the variability of right atrial pressure rather
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than direct measurement of PA systolic pressure. However, a rise in RAP, due to significant
tricuspid regurgitation or a stiff ventricle, can result in underestimation of the retrograde
pressure drop across the tricuspid valve. The mean pulmonary artery pressure can be estimated
using the following equations below, from (1) PASP, (2) from the diastolic retrograde pressure
drop across the pulmonary valve, which can be obtained from the pulmonary regurgitation (PR)
CW Doppler velocities and which has been shown to correlate with invasive measurements [99]
and (3) pulmonary artery acceleration time (PAcT) which is measured from the onset to peak
RV ejection spectral Doppler signal.
(1) MPAP = PASP *0.61+2, [100].
(2) MPAP = 4*PRedpd2 + RAP, where edpd = early diastole peak pressure drop, [101, 102].
(3) MPAP = 79-0.45*(PAcT) [103, 104]
It has been found before that a value of PAcT of less than 105 ms is suggestive of pulmonary
hypertension [105, 106]. Prolonged isovolumic relaxation time measured from pulsed tissue
Doppler imaging (> 75ms corrected to heart rate) accurately identified patients with PASP >
40mmHg, a marker that has proved the best in predicting patients with pulmonary
hypertension [107, 108].

Pulmonary vascular resistance
In severe cardiac failure and hyperkinetic circulation, estimation of PVR is usually
recommended to avoid any possible errors in assessing the degree of PH [109]. Below are two
equations which have been developed over the years to calculate PVR and a value exceeding 3
woods units (WU) is considered abnormal.
(1) PVR = TRpv/PA VTI*10+0.61, [110].
pv = peak velocity and PA VTI = pulmonary artery velocity time integral.
(2) PVR = (MPAPecho-PCWP) /CO, [111]
PCWP (pulmonary capillary wedge pressure) was estimated as 10mmHg. The stroke volume
(SV) was calculated using the equation: 0.78 x (LVOT diameter) ² x (LVOT velocity time
integral) [112]. Cardiac output (CO) was calculated as the stroke volume x heart rate.
The main limitation of Lindqvist et al. equation is the accurate estimation of PCWP, which
reflects left atrial pressure, in patients with raised pre-capillary pressures.
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One dimensional strain from colour-coded DTI has been shown to be modestly useful in
estimating PVR [113] and also to assess the dyssynchrony between the RV and septal segment
being shown to determine disease severity [114]. Moreover, myocardial strain and strain rate
have been found to be related to the pulmonary pressures and PVR and also to patients’ exercise
capacity assessed by 6 minutes walk distance (6MWT) [115].

Eccentricity index
Eccentricity index is measured as the ratio of the minor axis of the LV parallel to the septum, to
the minor-axis perpendicular to the septum. This index is measured at end-diastole and endsystole. In a purely pressure-loaded RV, there is flattening of the interventricular septum in endsystole, which results in a D-shaped left ventricle, consistent with significant pulmonary
hypertension. When the RV enlarges the LV decreases in volume giving an abnormal
eccentricity index, i.e. the antero-posterior dimension becomes larger than the septo-lateral
dimension which makes the LV cavity D-shaped. LV diastolic function is altered by such
abnormal shape as long as myocardial function is preserved [116], which is shown by Doppler as
reduced E/A ratio, prolonged deceleration and isovolumic relaxation time.
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AIMS AND OBJECTIVES
The aim and objectives of this thesis was to conduct the following studies in an attempt to
provide answers for a number of outstanding clinical questions.

1. Differential right ventricular regional function and the effect of

pulmonary hypertension: 3D echo study.
It is known that right ventricular function is an integral part of the overall cardiac function
having to deliver an optimum stroke volume to the left heart. As described in the introduction
section various components of RV cavity, including the inflow, apical and outflow compartments
contribute to its overall systolic function. Anatomical studies have demonstrated clear
differences between the three RV compartments, not only in their orientation but also
myocardial fibre architecture [7, 11, 117-119]. This fact justifies considering the three
compartments in detail when describing overall RV function. The three dimensional nature and
complex anatomy of the RV make 3D echocardiography and MRI ideal tools for assessing its size
and function [120]. Echocardiographic 3D studies have shown RV cavity to be globally impaired
in various diseases including pulmonary hypertension. We aimed in this study to assess the
normal differential function of the three compartments of the RV and determine their response
to left ventricular (LV) failure with and without secondary PH. Furthermore, we aimed to
identify the exact determinants of RV peak ejection.

2. Organised right ventricular remodelling in aortic stenosis even after
valve replacement
It is known that severe aortic stenosis (AS) causes hypertrophic response of the myocardium due
to left ventricular pressure overload. Aortic valve replacement (AVR) results in LV mass
regression and improved, even if partially, systolic and diastolic function over the few months
after surgery [121-123]. However, the impact of critical AS and AVR on global and segmental
right ventricular function remains undetermined. RV function has been shown to fall
significantly after cardiac surgery, AVR and coronary bypass [124, 125], and to be the main
predictor of exercise capacity after surgery and in heart failure [78, 126-128]. It has been shown
that exercise capacity is subnormal after AVR for AS, irrespective of LV ejection fraction [129].
Also, although AVR normalises resting LV longitudinal function, the residual compromised
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myocardial function reserve remains an exercise limiting step, irrespective of post-operative
closure of the pericardium, [129]. The aim of this study was to assess the pattern and extent of
regional RV disturbances in patients with severe AS and its mid-term response to AVR, which
could explain the limitation of exercise.

3. Global and regional right ventricular disturbances in patients with
pulmonary hypertension and normal left ventricular function
Pulmonary hypertension (PH) as previously discussed, is a serious clinical condition which is
known to be progressive and to result in significant damage to the right heart function. PH
which imposes pressure overload on the RV, through elevated pulmonary artery pressure can
cause premature death in severe cases [130]. It is known that long standing and severe PH can
result in intractable and potentially irreversible RV damage, even after lung transplantation
[131]. Recent advances have lead to improvement in therapy for certain groups of patients as
medical treatment of pre-capillary PH (pulmonary arterial hypertension (PAH) by endothelin
receptor antagonists, PDE5 inhibitors and prostacyclins resulted in significant fall in pulmonary
resistance but questionable recovery of RV function [132]. The aim of this study was to assess
the extent of global and regional RV dysfunction in a group of PH patients, of different
aetiologies, and normal left ventricular function.
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SUBJECTS AND METHODS

I. Study populations
Study 1
Forty five individuals with good acoustic window underwent two dimensional, and three
dimensional, echocardiographic examination, 16 of whom served as controls (age 50 ± 8 years, 9
males) had no left or right heart abnormalities based on conventional echocardiographic,
electrocardiographic or history of cardiovascular disease. The remaining 29 patients had known
heart failure due to ischaemic heart disease, based on clinical history and examination, coronary
angiogram and 2D echocardiographic evidence for LV dysfunction due to previous myocardial
infarction. Patients were divided into two groups, Group 1 ischaemic (N = 15) (age 63 ±15 years,
12 males) and Group 2 ischaemic with PH (N = 14) (age 72 ± 14 years, 9 males). No patient had
COPD, RV infarction or recent coronary revascularisation procedure, for at least one year prior
to the study. The research was conducted with the approval of the ethics committee of the Royal
Brompton and National Heart and Lung Institute, United Kingdom.
Study 2
We studied 28 patients (age 63 ± 11 years, 14 males) with severe aortic stenosis (AS) who
underwent surgical AVR, at the Heart Centre of Umeå University hospital, using Doppler
echocardiography the day before AVR and again 6 months after surgery as part of the
postoperative follow up protocol of the centre. The criteria for severe AS, were an aortic valve
area of ≤ 1.0 cm2 and/or a mean transvalvular gradient ≥ 40 mmHg. All patients underwent
cardiac cathetherisation before surgery to exclude high grade lesions, > 50% narrowing, in one
or more of the epicardial coronary arteries. Blood pressure (GE ergometer, model 900, Ergoline
GmbH, Germany) was assessed as part of the clinical evaluation at different stages. No patient
had more than mild additional valve disease or surgical procedures such as coronary artery
bypass or other valve replacement. Other exclusion criteria were signs of restrictive physiology
(E/A < 2, E wave deceleration time <130 ms or isovolumic relaxation time <40 ms), pulmonary
hypertension, i.e. PASP greater than 36 mmHg, at rest [97] or chronic obstructive lung disease.
Also, patients were excluded if they had impaired left ventricular systolic function (ejection
fraction <50%) or very poor quality image of the RV. Patients’ data were compared with 20 (age
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62 ± 15 years, 7 males) healthy individuals with a structurally normal heart and without history
of cardiovascular or systemic disease, recruited from the population of Umeå. Informed consent
was obtained from patients and controls to participate in the study, which was approved by the
local Ethics Committee of Umeå.
Study 3
We performed a cross-sectional study on 35 patients (age 67 ± 12 years, 13 males) with chronic
RV pressure overload referred to the Umeå Heart Centre, Sweden. All patients had been
diagnosed

with

PH,

confirmed

by

history

taking,

physical

examination,

Doppler

echocardiography and right heart catheterisation. PH was defined as mean pulmonary artery
pressure greater than 25 mmHg obtained from RHC [98]. No patient had severe anemia or more
than mild- moderate valve regurgitation or significantly raised left atrial pressure (LAP)
(E/e’>13) due to severe left ventricular disease that could affect RV geometry and function.
Other exclusion criteria were inability to analyze images due to poor quality acquisition of the
RV, impaired LV systolic function (EF < 50%), history of RV infarction or congenital heart
disease. Patients’ data were compared with 20 (age 62 ± 15 years, 7 males) healthy individuals
with a structurally normal heart and without history of cardiovascular or systemic disease,
recruited from the general population of Umeå. The study protocol was approved by the
Regional Ethics Committee of Umeå and all subjects signed an informed consent.

II. Methods and measurements

Techniques used to acquire echocardiograms
Study 1: Echocardiograms were obtained with the patient in the left lateral decubitus position
using the Philips Sonos 7500 systems, equipped with s3 and x3 transducers with real-time 3D
echocardiography capability for image acquisition. Views and measurements were made
according to the recommendations of the American Society of Echocardiography and European
Society of Cardiology [133]. All examinations were performed by the same investigator.
Study 2 & 3: Transthoracic Doppler echocardiographic examination was performed using Vivid
7 GE Ultrasound system equipped with a 2.5 MHz transducer, with the subject in the left lateral
decubitus position. Standard 2D parasternal and apical views were studied using conventional
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methods according to the recommendation of the American Society of Echocardiography and
European Association of Echocardiography [133]. Blood flow velocities using pulsed and
continuous wave Doppler were also obtained. All recordings were made with a simultaneous
superimposed phonocardiogram and electrocardiogram, using a sweep speed of 50 and
100mm/s, as appropriate. Examinations were performed by an experienced operator.

Three-dimensional echocardiography
Full volume ECG-gated 3D datasets were acquired from the apical window. Before data
acquisition and in order to obtain the optimum placement of the x3 transducer, live 3D-mode
imaging was used. The probe was directed laterally and anteriorly until the RV free wall and
apex, including the trabecular part, was clearly displayed in the image sector. Once the correct
images were obtained, a full volume 3D of the RV was acquired (3-4 beats) during a brief
expiratory breath-hold. To maximise the frame rate during acquisition no harmonic imaging
was used throughout. The full volume datasets were saved on the system’s hard disk then
transferred to a workstation, on a CD, for off-line analysis using commercially available 4D-RVfunction software (Tomtec 4D RV Function 1.1, Germany). After loading the dataset, three view
planes, derived from the full volume, were displayed on the screen and adjusted to obtain the
sagittal, coronal and apical 4-chamber plane (A4Ch). The end-systolic and end-diastolic frames
were adjusted automatically by the software. Landmarks were set in the centre of the tricuspid
and mitral valve in the sagittal plane. The axis line was then moved to the apical region of the LV
in the 4-chamber plane and a landmark was set in the centre of the LV in the sagittal plane. In
the 4 chamber view, initial contour started at the tricuspid annulus tracing round the ventricle
and finishing at the opposite annulus, excluding the trabecular parts. In the sagittal plane, the
endocardial border of the RV was traced and in the coronal view two separate contours were
drawn along the endocardial borders and along the border of the apex, starting at the tricuspid
annulus to the pulmonary annular area, at the end systolic and end diastolic frames, Figure 9
(A). Based on these contours of the three image planes, the software defined a dynamic tripartite
Beutel model. This model is automatically adapted to the endocardial surface of the ventricle.
The inflow compartment was created from the tracing in the 4-chamber plane and coronal plane
i.e. from the tricuspid annular ring to the proximal trabecular apical border. The apical part was
obtained from endocardial contours drawn in the sagittal plane to the apical level but tracing
around the trabeculae. The outflow tract compartment was created from the intersection point
of the perpendicular axis lines of the inflow and apex, which is located on the RVOT apical
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border, to the pulmonary annular area. For better accuracy, the contours were corrected
manually, frame by frame, in the 4-chamber plane, during systole and diastole to ensure that it
follows the movement of the tricuspid ring throughout, before the reconstruction of the final 4D
RV model. Figure 9 (B) shows a sketch of a tripartite RV model. The 4D RV model dataset
containing the inflow, outflow and apical region measurements were then exported to a
spreadsheet and tripartite graphs showing quantification of volume changes during different
phases of the cardiac cycle were then plotted, Figure 10 (A) and (B). The ejection fraction (EF %)
of the overall RV cavity was automatically generated by the software. The EF of the inflow,
outflow and apex were calculated from Figure 10 (A) by subtracting the minimum volume (endsystolic volume) from the maximum volume (end-diastolic volume) of the respective
compartment divided by the end-diastolic volume. The extent of volume change (fall or
increase) during different phases of the cardiac cycle was quantified. The rate of change of
volume at different points on the volume curves was calculated as the difference between two
consecutive volumes divided by the time difference, Figure 10 (A). The values were then plotted
against time for the inflow, outflow and apex, Figure 10 (B). The end ejection point was taken as
the smallest volume on the volume curves of Figure 10 (A).



Figure 9. (A) Initial contours drawn on the three planes. (B) Four-dimensional tripartite RV




26

A


Figure 10. (A): Example of a tripartite graph of one patient; inflow, outflow and apex volume curves.


B


Figure 10. (B): Example of a tripartite graph of one patient; rate of change of volume of the three right
ventricular compartments.
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Two-dimensional strain rate imaging (Speckle tracking)
Off-line analysis of the RV apical 4-chamber view by speckle tracking echocardiography (STE)
for 2D strain rate (SR) measurements was made using the commercially available EchoPac
analysis system (GE, version 8.0.1, US). The software is based on real time tracking of natural
acoustic markers, present in the ultrasound tissue images, which allows the derivation of 2D
strain rate (frame rate = 50 - 54 f/s) by comparing displacement of speckles in relation to one
another throughout the cardiac cycle. The inflow compartment of the RV consists of the lateral
free wall and septum. The endocardial border of the RV inflow and outflow tract were manually
traced and tracked by the software in order to determine the RV longitudinal strain rate (Figure
11 and 12), displacement and velocity of the entire traced contour. The inflow part was divided
into three segments; basal, mid-cavity and apical (Figure 11). The region of interest (ROI) of the
RV inflow compartment was both the basal and mid-cavity segments of the lateral wall for study
3, but only basal segment was used for study 2. As for the outflow tract compartment (Figure
12), the middle segment was selected in both studies (2&3) and used for analysis in all subjects
to ensure consistency of measurements. From the inflow and outflow tract segments the peak
systolic SR and peak amplitude of motion were measured. The peak systolic velocity of the basal
inflow tract was also recorded using STE. In study 2, from the apical four-chamber view, LV
cavity was traced manually from the innermost endocardial edge at end systole and the software
automatically defined the longitudinal SR throughout the cardiac cycle. Global systolic
longitudinal LV strain rate (GLSRs), which represents the mean systolic longitudinal SR of six
segments (basal, middle and apical segments of septal and lateral wall), was measured. The
systolic SR was presented as positive value in order to avoid any potential confusion when the
linear regression model was performed.
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Figure 11. Longitudinal strain rate of the base, mid and apical region of the right ventricle.





Figure 12. Longitudinal strain rate of the right ventricular outflow tract (RVOT).
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2D/M-mode echocardiography
From the parasternal long axis 2D projection, the internal LV end-diastolic and end systolic
diameters (LVEDD and LVESD) were measured and in study 2 we also measured the septal and
posterior wall thickness (IVST and PWT) at end diastole. From the apical 4-chamber view, LV
volumes were measured at end systole (LVESV) and end diastole (LVEDV) and ejection fraction
was calculated using bi-plane Simpson’s model. From the volume measurements, stroke volume
was calculated by subtracting LVESV from LVEDV. LVOT diameter was measured using the
leading edge methodology. The left atrium (LA) diameter at end systole was measured as well as
LA volume using Simpson’s bi-plane model and care was taken to exclude the pulmonary veins
during tracing. From the short axis view, RV outflow tract diameters were measured at end
diastole and end-systole using the M-mode technique. From the apical 4 chamber view we
measured the tricuspid annular diameter using leading edge methodology. From the same view
RV long axis motion using the M-mode technique with the cursor positioned at the lateral angle
of the annulus, from which TAPSE was measured. Where appropriate, the right atrial minor axis
dimension was measured in a plane perpendicular to the long axis of the right atrium, extending
from the lateral border of the RA to the inter-atrial septum.

Spectral Doppler and Doppler tissue imaging
LV filling velocities were acquired using pulsed wave (PW) Doppler recording with the sample
volume placed at the tips of the mitral valve leaflets and transmitral E and A diastolic velocities
were measured as well as E/A ratio calculated. Pulsed Doppler tissue imaging was also used to
record LV myocardial velocities with the sample volume placed at the base of the lateral wall.
The ratio (E/e’) of transmitral early diastolic velocities, to that from DTI was calculated. Semiquantitative mitral regurgitation, where appropriate, was assessed by the extent of regurgitant
jet area as a percentage of the left atrial area using Doppler imaging with colour flow mapping.
LVOT velocity time integral (VTI) was also measured from the pulsed wave recording of outflow
tract velocities. From the Doppler measurements, stroke volume was also calculated from the
equation previously described, i.e. 0.78 x (LVOT diameter) ² x (LVOT VTI). Cardiac output was
calculated as the product of stroke volume and heart rate, as previously described. Continuous
wave (CW) Doppler recording across the aortic valve was acquired to obtain the peak and mean
transvalvular pressure drop in study 2.
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RV filling was recorded with the pulsed wave Doppler sample volume positioned at the tips of
the tricuspid valve leaflets. The onset of diastole was taken from the end-ejection marked as the
onset of the pulmonary component of the second heart sound (P2) of the superimposed
phonocardiogram. The onset of RV filling was taken as the onset of early diastolic filling after
P2. Tricuspid regurgitation was obtained using the continuous wave Doppler with the cursor
placed across the tricuspid valve leaflets and the modified Bernoulli equation was used to
estimate the right ventricular - right atrial peak pressure drop. PASP was estimated using the
equation 4 x (peak TR velocity)2 + RAP as previously described. The PW Doppler of the transpulmonary flow or RV ejection velocities was also recorded with the sample volume placed 1 cm
distal to the pulmonary valve leaflets [134-136] and end ejection was taken as the pulmonary
valve closure artefact. Pulmonary ejection acceleration (PAc) was measured from the onset to
peak ejection using the provided callipers.

M-mode/Doppler timing measurements
All time measurements were taken with respect to the Q-wave of the superimposed ECG and
were corrected to heart rate.
From the M-mode recording, the time to onset and peak shortening of the basal segment were
measured. From spectral Doppler recordings, we measured the time to onset of RV filling and
total filling time as the total duration of filling, from its onset to its end, as shown in Figure 7.
Duration of TR was measured from its onset in early systole to its end in early diastole, as shown
in Figure 6. We also measured 1) IVCT, between the onset of q-wave of the ECG and the onset of
RV ejection (Figure 7); 2) time to peak RV ejection; 3) time to end RV ejection; and 4) IVRT,
between RV end ejection and onset of filling (Figure 7). The acceleration time (AccT) of the
pulmonary artery was taken as the time interval between the onset and peak RV ejection and
deceleration time (DeccT) as the time interval between peak and end-ejection.

We also

measured ejection time (ET) by subtracting the time to onset from time to end of ejection and
total isovolumic time was obtained by subtracting ET from time to onset of RV filling. RV
myocardial performance index (MPI) was calculated by dividing total isovolumic time by ET.

Strain rate timing measurements
From the inflow and outflow tract STE recordings, we measured the time to peak amplitude of
segmental shortening and the time to peak systolic SR with respect to the onset of the Q wave of
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the superimposed ECG. We used the superimposed phonocardiogram to determine the closure
time of the pulmonary and aortic valve, which reflects end-systole of RV and LV, respectively.

Three dimensional timing measurements
The four time intervals IVCT, IVRT, AccT and DeccT, measured from PW spectral Doppler
recordings were superimposed and adjusted on the 3D volume curves of Figure 10 A&B and
regional volume changes at inflow, outflow and apex were assessed. All time measurements
were made from the reference line at 0 ms from the 3D volume curves.

Cardiac catheterisation
All cardiac catheterisations where appropriate were performed by one experienced investigator.
An introducer was inserted in a medial cubital vein or in the femoral vein for venous access. A
swan-Ganz® Standard thermodilution catheter (Edwards Lifesciences) was used to perform
retrograde catheterisation. Mean right atrial pressure, systolic and end-diastolic right
ventricular pressure, pulmonary artery systolic, mean and diastolic pressures as well as
pulmonary capillary wedge pressure were measured. Blood samples for estimation of oxygen
saturation were drawn from the superior and inferior caval veins, right atrium and from the
pulmonary and femoral arteries.

Statistical analysis
Simple statistics were used in all three studies using a commercially available statistics program
(SPSS 13). Data are presented as mean ± standard deviation or as numbers. A non-parametric
Mann-Whitney test was used to compare differences between groups. Pearson’s correlations was
used to test relationships between variables, such as specific 2D and 3D variables in study 1. In
study 2 & 3, univariate correlations between ejection time and SR measurements as well as other
variables e.g. LV and RV echocardiographic indices were obtained by using the regression
model. In study 2, we included clinical data such as age and systolic blood pressure in our
analysis. The variables in the univariate regression model which reached statistical significance
were entered into a multiple regression model to determine the independent predictors of time
to peak RV ejection. The regression coefficients obtained from the univariate analysis in study 3
were also compared with Spearman correlation. Linear regression analyses were plotted to show
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certain relationships where appropriate. In study 1, there was age difference between controls
and group 1, controls and group 2. To make variables difference clear, univariate analysis of
variance using general linear model was performed with age as a covariate. A Wilcoxon test was
used to compare non-parametric variables within each group. Data points were excluded when
measurements were not possible due to poor image acquisition. A P value < 0.05 was considered
significant.

Reproducibility
Reproducibility of the analysed data were performed by repeating the measurements by the
same investigator (intra-observer) and independently by a second experienced investigator
(inter-observer) blinded to the results of the initial assessment, from 10 randomly chosen
subjects in each study. Inter-observer variability was performed 1 to 2 months after initial
assessment. In study 1, the 3D variables used to assess reproducibility were, overall RV EF, end
diastolic and systolic volumes, stroke volume and segmental inflow, outflow and apical EF. In
study 3 we assessed SR measurements from the tracings around the inflow and outflow tracts of
the RV and measuring the time from the onset of Q-wave to peak systolic SR of the base, mid
and RVOT. The same technique was used for study 2 with measurement of the time from the
onset of Q-wave to peak systolic SR of the base and RVOT only. Coefficient of variation was
calculated and presented as the ratio of the standard deviation of the variables to their
corresponding mean from the original data set for both study 1 & 2. Bland-Altman comparisons
of the variables were also used in study 1. As for study 3, LQWUDFODVVFRUUHODWLRQVREWDLQHGIURPWKH

VDPHREVHUYHUDVZHOODVWKHRWKHULQGHSHQGHQWREVHUYHUZHUHSUHVHQWHG
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RESULTS

Study 1: Differential right ventricular regional function and the effect of
pulmonary hypertension: 3D echo study.

The general characteristics of the three groups (25 patients chosen randomly) are shown in
Table 1 below. Left heart failure patients without pulmonary hypertension were classified as
group 1 and those with PH as group 2. Also, we found that RV inlet diameter (2D) correlated
with end-diastole volume (3D) (r = 0.69, p<0.001) and TAPSE (2 D) correlated with EF (3D) (r
= 0.71, p<0.001), Figure 13 (A) and (B).

Table 1. General characteristics of the three groups (25 patients)

Controls

Group 1

Group 2

P(1)

P(2)

P(3)

67 ± 3

68 ± 2

70 ± 2

0.6

0.1

0.1

45 ±9

60 ± 5

62 ± 6

< 0.001

< 0.001

0.07

36 ±5.8

31 ±4.6

< 0.001

< 0.001

0.13

10

10

Mild

7

2

Mild-moderate

3

8

31 ± 3

40 ± 5

43 ± 3

< 0.001

< 0.001

0.052

2.7±0.2

1.7±0.5

1.4±0.3

< 0.001

< 0.001

0.1

30 ± 2

31 ±3.2

51 ±6.2

0.4

< 0.001

< 0.001

Heart rate, bpm
LVEDD, mm
LVEF %

58 ± 3

Mitral regurgitation (patients)

Right ventricular inlet diameter, mm
TAPSE, cm
RVSP, mmHg

P (1) = p-value controls vs. Group1; P (2) = p-value Controls vs. Group 2; P (3) = p - value Group 1 vs.
Group2; TAPSE = tricuspid annular plane systolic excursion; LVEF = Left ventricular ejection fraction; RVSP =
Right ventricular systolic pressure; LVEDD = left ventricular end diastolic diameter.
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(A)

(B)






Figure 13. (A) Correlation between right ventricular end-diastolic volume 3D (RVEDV3D) and RV inlet
diameter 2D (RVINLET). (B) Correlation between right ventricular ejection fraction 3D (RVEF3D) and
tricuspid annular plane systolic excursion (TAPSE)
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RV regional EF and its time relations (Table 2, Figure 14 A and B)
In controls, there was no difference in EF between the inflow and outflow tract compartments,
but apical EF was significantly less than both; (inflow p<0.01 and outflow p<0.01). Group 1 and
2 had increased overall RV end-diastolic and end- systolic volume (p<0.001 for both) but overall
EF was reduced compared to controls (p<0.001 for both). Regional EF was also equally reduced
in the two patient groups compared to controls, inflow (p<0.001 for both), apical (p<0.01 for
both) and outflow tract (p<0.05 for both). While there was no difference between inflow and
outflow tract EF in the two patient groups, the apical EF was less than the two compartments
respectively, Group 1 (p<0.05 and p<0.01) and Group 2 (p<0.05 and p<0.01) (Figure 14 A). In
controls, the inflow compartment reached the minimum volume approximately 20 ms before
the outflow tract (p<0.01) and before the apex (p<0.001). In Group 1, it was only earlier than
the apical compartment (p<0.05) but not different from the outflow tract (p=NS). In Group 2,
there was no time difference between the 3 compartments (p=NS), Figure 14 B.
RV cavity time relations (Table 2)

Compared to controls, IVCT and IVRT were prolonged (p<0.01 for both). Pulmonary artery
acceleration time was shorter in Group 2 than controls (p<0.001) and Group 1 (p<0.01).
Events during individual phases of the cardiac cycle (Figure 15 A, B, C, D)
IVCT: In controls, the fall of RV inflow volume was greater than the apex and outflow tract
(p<0.001 for both). The respective fall of inflow volume in Group 1 was not different from
controls, but almost doubled in Group 2 (p<0.001).
Acceleration time: The extent of fall of inflow volume in the 2 patient Groups was significantly
reduced compared to controls (p<0.01 and p<0.05, respectively). The fall of apical volume was
reduced only in Group 2 (p<0.05).
Deceleration time: Only the inflow volume fall was reduced in Group 1 (p<0.05) vs. controls.
The respective changes in Group 2 were greater than Group 1 (p<0.01). Similar findings were
seen in the outflow tract (p<0.01) in Group 2 when compared to controls.
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IVRT: In controls, the fall of inflow volume was double the apical region (p<0.01) and 4 times
that of the outflow tract (p<0.001). These relative differences did not significantly change in
Group 1. Respective values in Group 2 were 2.4 times (p<0.001) and 3 times (p<0.001) those in
controls.
Correlation between rate of volume fall and time to peak ejection
In controls, the outflow tract was the only compartment where the rate of volume fall correlated
with the time of peak ejection, r = 0.62, p = 0.03. In Group 1, this relationship was lost and
became with the inflow compartment r = 0.61, p = 0.01. In Group 2, the highest correlation was
with the apex r=0.60, p<0.05, but not with the outflow tract.
Intra-observer and inter-observer variability (Figure 16 (A-D) and Figure 17 (AD)
For intra-observer reproducibility, the coefficient of variation was EF: 6.0%, EDV: 7.2%, ESV:
8.6%, SV: 9.9%, inflow EF: 3%, outflow EF: 7% and Apex EF: 5%. Respective values for the
inter-observer reproducibility were EF: 5.4%, EDV: 3.6%, ESV: 7.6%, and SV: 11.1%, inflow EF:
4%, outflow EF: 6% and Apex EF: 6%.
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Table 2.Echocardiographic tripartite right ventricular parameters



Age, years

Control

Group1

Group 2

(n=16)

(n=15)

(n=14)

P (1)

P (2)

P (3)

50 ± 7.7

63 ± 14.6

72 ± 14.6

0.01

<0.001

0.07

End diastolic volume, ml

78.6 ± 18.6

109.5 ± 36.0

125.6 ± 30.0

<0.01

<0.001

0.12

End systolic volume, ml

41.2 ± 11.1

74.9 ± 29.4

82.7 ± 25.5

<0.001

<0.001

0.25

Ejection fraction %

47.9 ± 5.8

32.4 ± 8.1

34.7 ± 9.2

<0.001

<0.001

0.75

Ejection fraction (I), %

50.9 ± 7.6

33.1 ± 9.0

36 ± 10.9

<0.001

<0.001

0.66

Ejection fraction (O), %

51.8 ± 9.6

40.5 ± 16.0

41.2 ± 14.2

0.03

0.05

0.92

Ejection fraction (A), %

39.4 ± 8.8

26 ± 8.5

27.8 ± 9.7

0.001

<0.01

0.65

IVCT, ms

71.9 ± 16.9

91.3 ± 23.6

103.6 ± 23.1

0.02

<0.01

0.14

AccT, ms

137.5 ± 15.3

119.3 ± 25.8

92.1 ± 27.8

0.16

0.001

0.01

DeccT, ms

164 ± 22.2

155.3 ± 40.3

177.1 ± 34.3

0.20

0.97

0.21

IVRT, ms

49.7 ± 8.3

69 ± 20.7

73.6 ± 13.4

0.01

0.01

0.76

– 67.5 ± 21.6

– 51.2 ± 22.1

–79.2 ± 31.1

0.04

0.69

0.01

– 19.3 ± 5.4

– 18.9 ± 4.0

–27.6 ± 11.0

0.83

0.06

0.01

– 28.2 ± 13.9

– 31.3 ± 9.9

– 34.7 ± 10.2

0.33

0.10

0.40

Rate of volume fall (ml/ms)
Inflow
Outflow
Apex

P (1) =p-value Controls vs. Group1; P (2) = p-value Controls vs. Group2; P (3) =p-value Group1 vs. Group2; RV = right
ventricle; AccT = acceleration time; IVRT = isovolumic relaxation time; IVCT = isovolumic contraction time; I = inflow; O =
outflow; A = apex; DeccT = deceleration time.
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(A)




(B)

Figure 14. (A) Comparison of ejection fraction of the inflow, outflow and apex in the three patient
groups. (B) Comparison of the time interval from the reference line 0 ms to the smallest volume on the 3D
volume curves in the three patients groups.
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(A)(B)






(C)(D)
Figure 15. Bar charts comparing 3D volume change in three groups of patients during (A) isovolumic
contraction time; (B) acceleration time; (C) deceleration time; (D) isovolumic relaxation time in the three
groups of patients.
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Figure 16 (A-D). Bland-Altman analysis for intravariability. RVEDV: right ventricular end-diastolic
volume; RVEF: right ventricular ejection fraction; RVESV: right ventricular end systolic volume; RVSV:
right ventricular stroke volume.
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Figure 17 (A-D). Bland-Altman analysis for intervariability. RVEDV: right ventricular end-diastolic
volume; RVEF: right ventricular ejection fraction; RVESV: right ventricular end systolic volume; RVSV:
right ventricular stroke volume.
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Study 2: Organised right ventricular remodelling in aortic stenosis even
after valve replacement

LV and RV structure and function (Table 3)
Age and heart rate were comparable between patients and controls. Twelve of the 28 patients
had additional systemic hypertension causing a slightly raised systolic blood pressure values
with respect to controls (p<0.01). Compared to controls, patients had decreased LV end
diastolic diameter (p<0.01) and ejection fraction (p<0.001), with no further change six months
after AVR. IVST and PWT were both increased in patients (p<0.001 for both) and remained
after surgery. LV E/A ratio, LA diameter and CO were not different from controls and remained
unchanged after AVR. The tricuspid annulus (p<0.01) was dilated pre-operatively as was the
RVOT in systole and diastole (p<0.001 for both) and all of these measurements remained
unchanged after AVR. RA size and PASP were comparable between controls and patients. MPI
was increased in pre-op patients (p<0.05), when compared to controls and remained
unchanged, after surgery.
RV regional, pump timing and global LV function (Table 4)
Compared to controls, there was no difference in RV longitudinal displacement at basal level
pre-operatively, but it fell significantly after surgery (p<0.05). In contrast, RVOT longitudinal
displacement (STE) was exaggerated before surgery (p<0.001) and remained unchanged
afterwards. RV inlet velocity (STE) and longitudinal SR at the base were all not different from
controls before AVR, but significantly reduced after AVR (p<0.05 for both). RVOT longitudinal
SR was normal before and remained unchanged after AVR. When compared to controls, GLSRs
was significantly reduced in patients before surgery (p<0.001) and after AVR GLSRs was
significantly increased with respect to pre-op values (p<0.001).
Timings: Compared to controls, overall RV ejection time was shorter pre-operatively (p<0.05)
and remained unchanged after surgery. Time to peak systolic SR at base and RVOT were all
short pre-operatively (p<0.05 and p<0.01) and remained unchanged post-operatively.
Respective time to peak longitudinal displacement (STE) at basal and RVOT levels were reduced
(p<0.01 and p< 0.001, respectively) and remained short after AVR.
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RV segmental vs. cavity function
In controls, CO correlated with peak RVOT displacement (STE) (r= 0.5, p=0.03), but this
relationship was lost in patients before (r=0.09, p=0.67) and after surgery (r=0.39, p=0.08).
Time to onset of RV filling correlated with TR duration in controls (r=0.7, p < 0.001) and in
patients, pre-operatively (r=0.6, p=0.001) and post-operatively (r=0.76, p < 0.001). In controls,
the time to peak ejection correlated with the time to peak SR of the RVOT (r= 0.7, p < 0.001),
(Figure 18) but not at the basal segment (r=0.19, p=0.4). In addition, it also correlated
negatively with RVOT displacement (r= -0.5, p=0.03), SBP (r= -0.45, p=0.046) and PWT (r= 0.45, p=0.048). In contrast, pre-operatively patients’ time to peak ejection correlated with the
basal time to peak SR (r=0.72, p<0.001) (figure 19) and negatively with MPI (r= -0.42, p=0.04)
but not with the RVOT (r=0.1, p=0.62). The same pattern of disturbance remained postoperatively, basal (r=0.71, p<0.001) (figure 20) and RVOT (r=0.08, p=0.7). Furthermore, in
patients, time to peak RV ejection correlated with RVOT SR (r= 0.45, p= 0.046) and negatively
with age (r= -0.4, p= 0.048) and MPI (r= -0.55, p= 0.005). In the multivariate model, time to
peak systolic SR of the RVOT in controls was the only independent predictor of time to peak RV
ejection (Beta = 0.63, p=0.004). In patients, time to peak systolic SR at the basal segment (Beta
= 0.64, p<0.001) was the strongest independent predictor of time to peak RV ejection, as
compared to MPI (Beta = -0.3, p=0.046), pre-operatively. The same applied to post-op results
with time to peak SR at base (Beta = 0.61, p<0.001) and MPI (Beta = -0.44, p=0.003).
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Table 3.LV and RV structure and function

Pre-op

Age (years)

Post-op

Controls

Severe AS

AVR (6months)

(n=20)

(n=28)

(n=28)

p(1)

p(2)

62 ±15

63 ± 11

62 ± 11

0.8

0.9

63.4 ± 8.9

68.4 ± 9.2

68.6 ± 10

0.1

0.9

SBP (mmHg)

125 ± 6

132 ± 9

133 ± 9.4

0.008

0.6

LVEDD (cm)

5 ± 0.5

4.4 ± 0.4

4.3 ± 0.7

0.001

0.7

LVESD (cm)

3 ± 0.3

2.9 ± 0.4

2.8 ± 0.4

0.6

0.4

LVEF (%)

67 ± 6

58 ± 3

59 ± 4

< 0.001

0.26

IVST (cm)

0.9 ± 0.1

1.17 ± 0.08

1.2 ± 0.1

< 0.001

0.3

PWT (cm)

0.7 ± 0.1

1.12 ± 0.08

1.1 ± 0.1

< 0.001

0.2

E/A (LV)

1.1 ± 0.3

0.9 ± 0.3

1 ± 0.4

0.05

0.05

LA diameter (cm)

3.8 ± 0.5

4 .1 ± 0.7

4.2 ± 0.7

0.27

0.6

CO (l/min)

5.3 ± 1.2

5.1 ± 1

4.9 ±1.1

0.5

0.46

TAD (cm)

3.1 ± 0.3

3.4 ± 0.4

3.5 ± 0.4

0.005

0.2

RVOT EDD (cm)

2.9 ± 0.3

3.3 ± 0.4

3.3 ± 0.3

< 0.001

0.89

RVOT ESD (cm)

1.8 ± 0.2

2.2 ± 0.4

2.2 ± 0.4

< 0.001

0.67

Right atrial size (cm)

0.4 ± 0.1

0.35 ± 0.05

0.3 ± 0.1

0.7

0.8

MPI (RV)

0.3 ± 0.1

0.45 ± 0.26

0.4 ± 0.2

0.04

0.8

PASP (mmHg)

30 ± 3.8

31 ± 3.7

31 ± 3.2

0.4

0.9

Heart rate (bpm)

LV = left ventricle; LVEF = left ventricular ejection fraction; E/A = early/late diastolic velocity; CO = cardiac
output; EDD = End diastolic diameter; ESD = End systolic diameter; RVOT = right ventricular outflow tract; p(1)
= p- value controls vs. severe AS; p(2) = p- value severe AS vs. post AVR (6 months); SBP = systolic blood
pressure; IVST = interventricular septal thickness; PWT = posterior wall thickness; MPI (RV) = right ventricular
myocardial performance index; PASP = peak pulmonary artery pressure; TAD = tricuspid annular diameter; LA
= left atrium.
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Table 4. RV regional, pump timing and global LV function

Controls

(n=20)

Pre-op

Post -op AVR

Severe AS

(6months)

(n =28)

(n=28)

p(1)

p(2)

RV (base) longitudinal D, mm

16 ± 3.5

18 ±7

14 ± 5.2

0.4

0.03

RVOT longitudinal D, mm

1.8 ±1.1

3.4 ± 1.4

3.8 ± 2.4

<0.001

0.89

RV inlet velocity, cm/s

9.9 ±1.4

9.8 ± 2

8.4 ± 1.7

0.8

0.008

RV (base) longitudinal SR, (1/s)

1.9 ± 0.5

1.8 ± 0.6

1.5 ±0.5

0.68

0.04

RVOT longitudinal SR, (1/s)

1.6 ± 0.9

1.8 ± 0.8

1.7 ± 0.7

0.6

0.76

GLSRs (LV), (1/s)

0.8 ± 0.1

0.6 ± 0.06

0.9 ± 0.1

<0.001

<0.001

Overall ejection time (PW), (ms/bpm)

6.9 ± 1.2

6 ± 0.92

5.8 ± 1.1

0.017

0.36

TSR at base, (ms/bpm)

3.7± 0.93

3.1 ± 0.86

3.2 ± 0.85

0.04

0.88

TSR at RVOT, (ms/bpm)

3.8 ±0.96

3 ± 0.92

3 ± 0.74

0.003

0.66

TPD at base, (ms/bpm)

6.6 ±1.1

5.4 ±1.3

5.4 ± 1.7

0.004

0.91

TPD at RVOT, (ms/bpm)

6.6 ±1.8

4.5 ± 1.3

4.8 ± 1.7

<0.001

0.58

RV = right ventricle; RVOT = right ventricular outflow tract; STE = Speckle tracking echocardiography; p(1) = p value controls vs. severe AS; p(2) = p - value severe AS vs. post AVR (6 months); PW = pulse wave spectral
Doppler; GLSRs (LV) = global longitudinal left ventricular strain rate; RVOT = right ventricular outflow tract; STE =
Speckle tracking echocardiography; base = basal segment; SR: strain rate; D = displacement; TSR: time to peak
SR; TPD: time to peak displacement.

Intra-observer and inter-observer variability
For intra-observer variability, the coefficient of variation was: time to peak systolic SR at RV
basal: 4.1% and OT: 1.4% segments. Respective values for the inter-observer reproducibility
were: time to peak systolic SR at RV basal: 6.6% and OT: 1.6% segments.
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Figure 18.Segmental RVOT correlation with RV ejection in normals






 Figure 19. Segmental basal correlation with RV ejection in severe AS patients
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Figure 20. Segmental correlation with RV ejection in six months post-surgery patients
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Study 3: Global and regional right ventricular disturbances in patients with
pulmonary hypertension and normal left ventricular function
The aetiology of PH is shown in Table 5 below. The 12 lead ECG analysis showed that 50 % of
the patients had QRS duration > 100ms.


Table 5. Clinical characteristics of patients

Aetiology of PH (n = 35)

Idiopathic pulmonary arterial hypertension (IPAH)
Associated pulmonary arterial hypertension (APAH)

Value

9
14

Pulmonary veno-occlusive disease (PVOD)

2

Chronic thromboembolic pulmonary hypertension (CTEPH)

7

Lung fibrosis

1

Others

2

PH: pulmonary hypertension

LV and RV structure and function (Table 6)
When compared to controls, patients had lower LVEDV (p=0.008), LVEF (p=0.02) but no
difference in LA volume (p=0.16). They also had dilated tricuspid annulus (p<0.001) and larger
RVOT (p<0.001), higher PAc (p=0.001), reduced TAPSE (p<0.001) and stroke volume
(p=0.004) but raised E/e’ ratio (p=0.04). RV MPI was significantly higher than controls
(p<0.001).
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RV myocardial function (Table 7 and 8)
In patients, RV inlet velocity (p<0.001) as well as basal and mid-cavity myocardial SR and
longitudinal displacement were all reduced (p<0.001 for all). The time to onset (p=0.007) and
peak (p=0.009) shortening of the basal segment were reduced as was that to peak basal and
mid-cavity systolic SR (p<0.001) and peak displacement (p<0.001 for both). Respective time
measurements of RVOT were also all reduced, (p=0.007 and p<0.001).
RV filling and ejection (Table 8)
In comparison with controls, patients had shorter filling time (p=0.03) and the time to peak
(p=0.001) and end (p=0.001) of RV ejection. TR duration (p=0.3) and time to onset of RV filling
(p=0.8) and to onset of RV ejection (p=0.5) were not different.
Relationship between time to peak RV ejection and cardiac function parameters
The univariate regression analysis showed the following: In controls, the time to peak RV
ejection correlated with that to peak systolic SR of the OT (r = 0.7, p<0.001), (fig. 21) but not the
base or mid-cavity segments. It also correlated with, SV (r = 0.48, p=0.032), time to peak RV
displacement at base and mid-cavity (r = 0.5, p=0.026), PAc (r = 0.56, p=0.01) and negatively
with RVOT displacement (r = -0.5, p=0.03). In contrast, patients’ time to peak RV ejection
correlated mainly with the time to mid-cavity SR (r=0.71, p<0.001), (fig. 22) and to a lesser
extent with the basal segment (r=0.39, p=0.02) but not with the OT. It also correlated negatively
with RVOT end diastolic diameter (r = -0.37, p=0.03), PAc (r = -0.4, p=0.018) and positively
with TAPSE (r = 0.52, p=0.001) and time to peak RV basal displacement (r = 0.33, p=0.049).
Similar results were obtained with the non-parametric Spearman correlation analysis. In the
multivariate model, time to peak systolic SR of the RVOT in controls was the strongest
independent predictor of time to peak RV ejection (Beta = 0.6, p=0.001), as compared to PAc
(Beta = -0.38, p=0.01). In patients, time to peak systolic SR at the mid segment (Beta = 0.65,
p=0.001) was the only independent predictor of time to peak RV ejection.
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Table 6. LV and RV structure and function

Controls (n = 20)

PHT (n = 35)

p-value

62 ± 15

67 ± 12

0.2

Heart rate, bpm

64 ± 9

75 ± 14

0.001

LVEDV, ml

96 ±14

84 ± 20

0.008

LVESV, ml

37 ± 7

35 ± 10

0.5

LA volume, ml

50 ± 8

51 ± 12

0.16

LVEF %

61 ± 2

57 ± 7

0.02

6±1

7.5 ±1.5

0.04

3 ± 0.3

4.2 ± 0.5

<0.001

RVOT EDD, cm

2.9 ± 0.3

3.7 ± 0.6

<0.001

RVOT ESD, cm

1.8 ± 0.2

3 ± 0.7

<0.001

PAc, ms·²

6.6 ± 1.4

12.2 ± 6.4

0.001

TAPSE, cm

2.7 ± 0.3

1.7 ± 0.6

<0.001

67 ± 20

<0.001

0.7 ± 0.2

<0.001

49 ± 14

0.004

Age, years

E/E' (LV)
RV inlet diameter, cm

PASP, mmHg
MPI (RV)
SV, ml

30 ± 2
0.3 ± 0.1
58 ± 9

LV = left ventricle; RV = right ventricle; TAPSE = tricuspid annular plane systolic excursion; SV: stroke volume. PASP =
pulmonary artery systolic pressure; E/E': Early LV diastolic velocity / early filling velocity from TDI; LVEF = left ventricular
ejection fraction; EDV= end-diastolic volume; ESV = end systolic volume; LA = left atrium; MPI (RV) = RV myocardial
performance index. RVOT = right ventricular outflow tract; EDD = end-diastolic diameter; ESD = end-systolic diameter;
Pac = pulmonary ejection acceleration.
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Table 7. RV intrinsic myocardial function (STE)


Controls (n = 20)

PHT (n = 35)

p- value

9.9 ± 1.4

7.5 ± 2.4

<0.001

RV (base) longitudinal strain rate, (1/s)

1.9 ± 0.5

1.3 ± 0.6

<0.001

RV (mid) longitudinal strain rate, (1/s)

1.7 ± 0.4

1 ± 0.4

<0.001

RVOT longitudinal strain rate, (1/s)

1.6 ± 0.9

1.3 ± 0.65

0.1

RV (base) longitudinal displacement (STE), mm

15.8 ± 3.6

8.5 ± 4.7

<0.001

RV (mid) longitudinal displacement (STE), mm

9 ± 3.5

4.9 ± 3.1

<0.001

1.8 ± 1.1

1.7 ± 1

0.86

Time to peak systolic strain rate at base, (ms/bpm)

3.7 ± 0.9

2.7 ± 0.9

<0.001

Time to peak systolic strain rate at mid, (ms/bpm)

3.8 ± 0.9

2.7 ± 0.9

<0.001

3.8 ± 1

3 ± 1.1

0.007

Time to peak displacement at base, (ms/bpm)

6.6 ± 1.1

5 ± 1.6

<0.001

Time to peak displacement at mid, (ms/bpm)

6.6 ± 1.1

5 ± 1.6

<0.001

Time to peak displacement at RVOT, (ms/bpm)

6.6 ± 1.8

3.7 ± 1.3

<0.001

Motion
RV inlet velocity (STE), cm/s
STE parameters

RVOT longitudinal displacement (STE), mm
Timings

Time to peak systolic strain rate at RVOT, (ms/bpm)

RVOT = right ventricular outflow tract; base = basal segment of right ventricle; mid = mid segment of right
ventricle; STE = Speckle tracking echocardiography; RV = right ventricle
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Table 8. RV pump time relations


Controls(n=20)

PHT (n=35)

P-value

RV Filling time (PW), (ms/bpm)

7.4 ± 3.6

5.2 ± 2.5

0.03

Time to peak RV ejection (PW), (ms/bpm)

3.7 ± 0.7

2.8 ± 0.9

0.001

Time to end RV ejection (PW), (ms/bpm)

6.9 ± 1.2

5.6 ± 1.4

0.001

TR duration (CW), (ms/bpm)

5.7 ± 1.3

6.4 ± 1.9

0.3

Time to onset of RV filling (PW), (ms/bpm)

7.2 ± 1.5

7±2

0.8

Time to onset of RV ejection (PW),(ms/bpm)

1.3 ± 0.2

1.2 ± 0.4

0.5

Time to onset of shortening (M-mode), (ms/bpm)

1.7 ± 0.3

1.4 ± 0.4

0.007

Time to peak shortening (M-mode), (ms/bpm)

6.6 ± 0.9

5.6 ± 1.8

0.009

RV = Right ventricle; PW = pulse wave spectral Doppler; TR = tricuspid regurgitation; CW = continuous wave

Intra-observer and inter-observer variability
For intra-observer reproducibility, the mean ± SD of time to peak SR at basal, mid-cavity and
RVOT were: 3.7 ± 13.7 ms, 10.5 ± 14.6 ms and -1.5 ± 14.8 ms, respectively. Intraclass correlation
coefficients measured by same observer were, base: 0.79 (p=0.002), mid-cavity: 0.65 (p=0.006)
and RVOT: 0.87 (p<0.001). Respective values for inter-observer reproducibility were: -12.1 ±
21.3 ms, -3.8 ± 22.4 ms and -17.7 ± 23.3 ms and intraclass correlation coefficients were, base:
0.7 (p=0.005), mid: 0.69 (p=0.01) and RVOT: 0.63 (p=0.006).
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Figure 21. Segmental RVOT correlation with RV ejection in normals






Figure 22. Segmental mid correlation with RV ejection in PH patients.
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GENERAL DISCUSSION

Global review of the right ventricle
The importance of the right ventricle as a determinant of clinical symptoms, exercise capacity,
peri-operative survival and post-operative outcome has been underestimated for a long time.
Moreover, altered left ventricular function in patients with valvular disease influences right
ventricular performance mainly by changes in afterload and also through ventricular
interaction. Ejection fraction has been used as a measure of RV function but has been found to
be dependent on loading conditions, ventricular interaction and myocardial structure. Right
heart failure is mainly a clinical diagnosis and early detection of RV dysfunction is important
and depends largely on the imaging technologies. RV function and regional wall motion can be
determined with right ventricular angiography, radionuclide ventriculography, two-dimensional
echocardiography or MRI with their own respective limitation. Due to the complex anatomy of
the RV, assessment of its function can be problematic. The right ventricle is a crescent shaped
three dimensional cavity and its transverse axis is wrapped around the LV [8]. It consists of the
inflow tract, the apical ‘trabecular’ and the outflow tract. The inflow-outflow axis angle is
significantly wider than that of the LV, an anatomical fact that requires the outflow tract to
contribute significantly to the RV overall systolic function. The difference in myocardial fibre
architecture of the pumps explains the difference in shape and dynamics of the two ventricles.
In the light of the RV anatomy it is clear that measurement of the function of the three
compartments seems to be the ideal approach. While detailed functional assessment of the
outflow tract and the apical ‘trabecular’ compartment may be difficult to assess by
echocardiography, that of the inflow tract could easily be imaged and studied by all modalities:
M-Mode, Tissue-Doppler, Speckle tracking and 3D [65]. It should be remembered that although
long axis function of the RV is a useful clinical measurement it does not reflect overall RV
function since it does not represent the other parts of the ventricle, including the RVOT, which
is the most sensitive compartment to changes in pulmonary circulation resistance and pressures
[79].
In view of the above, we carried out three studies to provide more detailed assessment of RV
compartmental function in terms of amplitude, timing, velocities and synchronicity. The studies,
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further discussed below, have provided a clearer understanding of the functional importance of
each component in health and disease.

Study 1: Differential right ventricular regional function and the effect of
pulmonary hypertension: 3D echo study.

The contribution of the three RV compartments to its overall systolic function is not
homogenous, with the apex the least contributor compared to the inflow and outflow tract. This
pattern of function seems to be present irrespective of disease status, thus suggesting a potential
additional fundamental role for the RV apex other than contraction. Its location at the relatively
wide angle of crossing of the inflow and the outflow tract axes suggest a need for less power
generation and minimum inward motion in order to allow efficient and smooth direction of
blood towards the outflow tract. Thus, the apex has an important role in maintaining the RV
intra-cavitary circulation. In addition, normally, the three RV compartments do not achieve
peak volume fall simultaneously. This differential time delay is essential for maintaining the
peristaltic RV pump function, in view of its shape. While this time delay remained maintained in
patients with ischaemic LV disease, it was virtually lost in those who had developed additional
pulmonary hypertension. This finding is of great interest because it highlights the fact that in
those patients with PH the RV loses its distinct segmental function and behaves as a single
chamber. The only way by which the RV can achieve this is by a significant change in its shape,
becoming cylindrical rather than triangular. 3D echocardiography is unique in demonstrating
such changes in pulmonary hypertension. Furthermore, this shape change was also associated
with significant functional disturbances in the form of dyssynchrony during the two isovolumic
times when compared to controls. With the significant reduction in the extent of volume fall
during acceleration and deceleration as a reflection of intrinsic myocardial dysfunction, the RV
has to use efficiently the two isovolumic phases to generate enough tension required to maintain
stroke volume. This finding is further supported by the transfer of the RV outflow tract role in
determining peak ejection to the apical region in patients with PH. Again this confirms the
complete loss of the outflow tract integrity as it functions as part of the mono-compartmental
chamber. The role of the RV inflow tract in determining peak ejection we found in the group of
ischaemic LV disease patients without PH may represent a transitional stage between the
normal and PH stages.
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The conventional appreciation of RV inflow tract long axis motion, commonly referred to as
tricuspid annulus peak systolic excursion ‘TAPSE’ using M-mode or tissue Doppler velocities, as
the sole representative of overall RV systolic function is an underestimation and an over
simplification [137] despite its close relationship to RV 3D volumes. The role of the outflow tract
in determining peak ejection is a clear proof of its essential contribution to RV function [138].
Even in the absence of 3D facilities, a simple M-mode recording of RV outflow tract diameter
and calculation of fractional shortening should add important information, particularly in
patients with pulmonary circulation dysfunction [79]. Finally, the transfer of RV outflow tract
systolic time relations to the apex in patients with PH suggests a potential benefit from electrical
re-timing ‘resynchronisation’ of that compartment as an attempt to optimise RV stroke volume.

Study 2: Organised right ventricular remodelling in aortic stenosis even
after valve replacement.
In patients with aortic stenosis, the RV is already abnormal before surgery, even in the absence
of objective evidence for secondary pulmonary hypertension, the cavity is enlarged, the overall
function is reduced but the outflow tract displacement is exaggerated. However, intrinsic RV
myocardial function, in the form of strain rate, remains preserved. These finding may reflect a
ventricular interaction phenomenon either across the interventricular septum or the
intrapericardial space. In a patient with severe AS the minimum systolic LV pressure is in the
order of 190 mmHg, which is significantly higher than what it is designed to manage normally
[139]. In these patients increased wall tension is well known [140] and our findings suggest a
transfer of that tension to the right ventricle via one or both routes mentioned above. In
addition, RV inlet function seems to be compromised in contrast to the outflow tract
displacement which becomes exaggerated, thus suggesting a compensatory mechanism. These
changes cannot be taken lightly since they were also associated with dramatic pump function
changes. The RV outflow tract loses its role in correlating with cardiac output and in
determining peak ejection time, the latter function become transferred to the basal region of the
RV. This particular finding is very similar to what we have previously reported, in study 1 & 3, on
patients with pulmonary hypertension irrespective of its aetiology. In those patients, the raised
afterload effect on RV shape makes it more cylindrical, and functionally similar to our AS
patients, despite having only regional functional disturbances and less significant shape change.
Furthermore, RV ejection time was significantly shorter than normal, a finding which can only
be explained by some degree of dyssynchrony associating the regional dysfunction. Finally,
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despite successful isolated AVR and symptomatic improvement, the RV dysfunction we found
before surgery remained unchanged up to 6 months post-operatively. These findings suggest
rather organic remodelling of the right ventricle before surgery which remains unchanged
afterwards. They may also explain the reduced exercise capacity, after AVR, we previously
reported in the same group of patients with respect to age matched controls [129]. We must also
mention that the findings we reported above were not related to the pericardium which was
closed post-operatively only in 50% of these patients [24].
This study adds to the body of knowledge that RV function is of great importance in patients
with left ventricular pathology, irrespective of its aetiology. Although our patients had what is
clinically described as isolated aortic stenosis i.e. with normal LV ejection fraction and no
coronary artery disease, RV function was before and remained after AVR significantly impaired.
Thus, in severe AS delaying valve replacement might only result in further deterioration of right
and left ventricular function, which might become irreversible and hence devaluing a successful
operation.

Study 3: Global and regional right ventricular disturbances in patients with
pulmonary hypertension and normal left ventricular function.
Raised RV afterload in the form of PH has significant effect on its function involving its three
compartments in 4 different dimensions: amplitude of motion, velocities, myocardial strain rate
and its time relations. The cavity was dilated with significantly reduced function, particularly at
the basal level, a region commonly used to reflect overall RV performance i.e. ejection fraction
[141]. This was not only in the form of reduced TAPSE but also compromised intrinsic
myocardial function as shown by SR measurements, including its early peaking. Interestingly,
the early SR timing was what determined RV peak ejection time, although in completely two
different ways between controls and patients. While in normal RVOT regional function
determined its peak ejection time, in PH patients this function was transferred to the mid RV
cavity. This suggests that RVOT does not only use its contractile function but also its gate
keeping properties, being the closest to the raised pulmonary resistance. The transfer of that
regional function to the mid RV segments suggests an evidence for RV remodeling in PH. It
must be emphasised that SR measurements were unique in showing significant differences
between patients and controls, confirming their sensitivity to even early changes in PH.
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Our findings reproduce what we previously reported, in study 1, on the changes in RV structure
and function in a different group of patients with PH, secondary to ischemic LV dysfunction and
raised LA pressure, in whom RVOT relationship with peak ejection was similarly transferred to
mid-cavity compartment [142], despite using a different echocardiographic technique, i.e. 3D
technology. Thus, it seems that irrespective of the etiology of PH, RV response and functional
changes are almost similar. Finally, the short RV filling time, in the absence of delayed filling is
consistent with additional cavity dyssynchrony as a result of either the delayed conduction
speed, commonly seen in PH patients (50% of our patients had QRS duration >100 ms) or
primary myocardial dysfunction. This suggestion is supported by the significantly raised RV
myocardial performance index in patients with respect to controls similar to what we and others
have previously shown in the left heart [143].
The impairment of RV function following long standing PH is not only structural but more
importantly functional with significant fall in intrinsic myocardial function and disturbed time
relations, consistent with significant shape change of the RV from three compartmental pump
into a more cylindrical one with different geometric properties. In view of our findings it
appears that in PH the RV loses its peristaltic function and its propelling function becomes
controlled by the mid cavity region. As an attempt to normalise RV time relations we propose
that pacing RVOT and optimising its time delay with respect to mid-cavity might improve its
ejection function and potentially patients’ clinical condition. Finally, the unique alteration of SR
timing of the RVOT suggests its clinical relevance as a potential early predictor of RV
dysfunction in PH, before the commonly used TAPSE. This finding might be of help in
identifying patients needing more aggressive PH treatment in order to stop or delay RV
progression into irreversible shape change and cavity remodelling.
Limitations of studies
In study 1, the patient sample volume we studied was small. We did not study patients with
primary idiopathic PAH since our study plan was to document normal RV function and the
effect of the commonest cause of RV dysfunction in clinical practice rather than individual
relatively rare conditions. We intentionally elected to document the most clinically applicable
findings which are likely to assist clinicians and echocardiographers to appreciate the extent of
complexity of RV function as well as the nature and severity of disturbances seen in PH. We
were unable to exclude the potential role of ventricular interaction, in PH, in affecting our
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results and the differences between groups. Finally, the strikingly low normal SV calculated
from RV volumes, as previously shown [144], with respect to PH patients highlights the
technical limitation of the 3D in assessing SV. This could be explained by the complex inlet
anatomy which results in limited endocardial delineation and suboptimal volume assessment.
This limitation is partially overcome in PH patients, in whom the RV inlet compartment is
dilated and the endocardium better delineated and hence more accurate volume estimation. We
are confident that we applied the landmarks of the three RV compartments previously
recommended by cardiac morphologists [117].
Our study 2 had some limitations. We did not have invasive pressure measurements of the right
heart, which might have helped in data interpretation but excluded the presence of secondary
pulmonary hypertension based on the normal right atrial size and the normal retrograde
pressure drop across the tricuspid valve. We did not study radial strain rate of the RVOT but
only the longitudinal SR to ease comparison with the inflow part. We did not use RV volumes to
calculate SV due to its complex geometry, but only relied on the LVOT diameter and VTI
measurements. Our suggestion of ventricular interaction via the septum or intra-pericardial
space is based on our knowledge of normal cardiac physiology particularly in aortic stenosis.
Our cohort is small, however findings were consistent.
In study 3, we did not use 3- dimensional echocardiography to assess the nature of changes in
RV geometry, which would have assisted in explaining the findings, but relied on our previously
reported interpretation of similar findings in secondary PH, in the first study. We suggested that
the short RV filling is a sign of cavity dyssynchrony but do not have additional means for
confirming this explanation, since there is no standardized means for assessing RV
dyssynchrony in such patients. We did not study radial strain rate of the RVOT but only the
longitudinal SR to ease comparison with the inflow part. We did not have the arterial blood
pressure on the patients that could account in post-capillary PH due to raised LA pressure. Our
selection criteria were a small cohort of PH patients with mixed aetiologies. However, the
present study did not allow for evaluation of the impact of a specific PH disease on the accuracy
of echocardiographic indices.
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CONCLUSIONS
1. Normal right ventricular shape and function are asymmetrical with clearly defined three
compartments of different systolic capacity and time relations. This distinct pattern is virtually
lost in patients with pulmonary hypertension, who exhibit clear evidence for gross dyssynchrony
during the two isovolumic periods. For those with deteriorating RV decompensation despite
optimal medical treatment, electrical re-timing of RV outflow tract might optimise pump
efficiency and control symptoms.

2. The right ventricle is significantly abnormal in structure and function in compensated aortic
stenosis. The cavity is dilated and regional and segmental function are quite impaired and
remain unchanged at mid-term after AVR. These findings suggest an organised remodelling
process secondary to ventricular interaction, which may also explain these patients’ reduced
exercise capacity. Thus, delaying valve replacement for aortic stenosis might result in
irreversible damage of the ventricles and less satisfactory surgical results.

3. Pulmonary hypertension has drastic effects on RV structure and intrinsic myocardial
function, significantly disturbing its ejection time relations and overall pump performance.
Early identification of such changes might help in identifying patients who need more aggressive
therapy early on in the disease process.
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(FKRFDUGLRJUDSK\DUHJLVWHUHGEUDQFKRIWKH(XURSHDQ6RFLHW\RI&DUGLRORJ\DQGWKH&DQDGLDQ
6RFLHW\RI(FKRFDUGLRJUDSK\-$P6RF(FKRFDUGLRJU
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*URVH56WUDLQ-<LSLQWRVRL75LJKWYHQWULFXODUIXQFWLRQLQYDOYXODUKHDUWGLVHDVHUHODWLRQWR
SXOPRQDU\DUWHU\SUHVVXUH-$P&ROO&DUGLRO




0RUULVRQ '$ *ROGPDQ 6 :ULJKW $/ HW DO7KH HIIHFWRI SXOPRQDU\ K\SHUWHQVLRQRQ V\VWROLF
IXQFWLRQRIWKHULJKWYHQWULFOH&KHVW




1LHQDEHU&$6SLHOPDQQ53:DVPXV*0RQW]50DWKH\'*%OHLIHOG'*5LJKWYHQWULFXODU
HMHFWLRQ IUDFWLRQ IURP HTXLOLEULXP NU\SWRQ P EORRG SRRO VFDQV D QRQLQYDVLYH SUHGLFWRU RI
SXOPRQDU\DUWHU\K\SHUWHQVLRQ(XU+HDUW-




+LUDWD 1 6DNDNLEDUD 7 6KLPD]DNL < HW DO. 3UHRSHUDWLYH DQG SRVWRSHUDWLYH ULJKW YHQWULFXODU
IXQFWLRQ GXULQJ H[HUFLVH LQ SDWLHQWV ZLWK PLWUDO VWHQRVLV - 7KRUDF &DUGLRYDVF 6XUJ





1DJHO ( 6WXEHU 0 +HVV 20 ,PSRUWDQFH RI WKH ULJKW YHQWULFOH LQ YDOYXODU KHDUW GLVHDVH (XU
+HDUW-5HYLHZ




8QWHUEHUJ55RPPLFK39RONHU:0DXVHU0.DUVFK.5(LQIOX%GHU9ROXPHQEHODVWXQJGHV
OLQNHQ9HQWULNHOVEHL$RUWHQXQG0LWUDOLQVXIIL]LHQ]DXIGLH*HRPHWULHXQG)XQNWLRQGHUUHFKWHQ
.DPPHU=.DUGLRO




9LOODUL%+HVV200HLHU&HWDO5HJUHVVLRQRIFRURQDU\DUWHU\GLPHQVLRQVDIWHUVXFFHVVIXO
DRUWLFYDOYHUHSODFHPHQW&LUFXODWLRQ




9DVVDOOL*+HVV20.URJPDQQ21HWDO.&RURQDU\DUWHU\VL]HLQPLWUDOUHJXUJLWDWLRQDQGLWV
UHJUHVVLRQDIWHUPLWUDOYDOYHVXUJHU\$P+HDUW-




%ULOOD&.RQ].+.DUVFK.56HLSHO/5LJKWYHQWULFXODUIXQFWLRQLQPLWUD9DRUWLFYDOYHGLVHDVH
ZLWKDQGZLWKRXWWULFXVSLGLQFRPSHWHQFH=.DUGLRO 6XSSO 




8QWHUEHUJ5.RQLJ69RONHU:3LHVFK%UHLIHOG%.DUVFK.5)XQNWLRQGHVUHFKWHQ9HQWULNHOV
EHL3DWLQWHQPLW0LWUDOYLWLHQ=.DUGLRO
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-XUFXW5*LXVFD67LFXOHVFX53RSD($P]XOHVFX06*KLRUJKLX,HWDO'LIIHUHQWSDWWHUQVRI
DGDSWDWLRQ RI WKH ULJKW YHQWULFOH WR SUHVVXUH RYHUORDG D FRPSDULVRQ EHWZHHQ SXOPRQDU\
K\SHUWHQVLRQDQGSXOPRQDU\VWHQRVLV-$P6RF(FKRFDUGLRJU




+HQHLQ0<9HQWULFXODUORQJD[LVIXQFWLRQ>7KHVLV@




%XUJHVV 0, %ULJKW7KRPDV 5- 5D\ 6* (FKRFDUGLRJUDJKLF HYDOXDWLRQ RI ULJKW YHQWULFXODU
IXQFWLRQ(XU-(FKRFDUGLRJU




<RVKLIXNX62WVXML<7DNDVDNL.<XJH..LVDQXNL$7R\RQDJD.HWDO3VHXGRQRUPDOL]HG
'RSSOHUWRWDOHMHFWLRQLVRYROXPH 7HL LQGH[LQSDWLHQWVZLWKULJKWYHQWULFXODUDFXWHP\RFDUGLDO
LQIDUFWLRQ$P-&DUGLRO




5LEHLUR$/LQGPDUNHU3-XKOLQ'DQQIHOW$-RKQVVRQ+-RUIHOGW/(FKRFDUGLRJUDSK\'RSSOHU
LQSXOPRQDU\HPEROLVPULJKWYHQWULFXODUG\VIXQFWLRQDVDSUHGLFWRURIPRUWDOLW\UDWH$PKHDUW-





0RUULVRQ '$ 2YLWW 7 +DPPHUPHLVWHU .( )XQFWLRQDO WULFXVSLG UHJXUJLWDWLRQ DQG ULJKW
YHQWULFXODUG\VIXQFWLRQLQSXOPRQDU\K\SHUWHQVLRQ$P-&DUGLRO




0RUULVRQ '$ /DQFDVWHU / +HQU\ 5 *ROGPDQ 6 7XUJHRQ - 5LJKWYHQWULFXODUIXQFWLRQ DW UHVW
DQGGXULQJH[HUFLVHLQDRUWLFDQGPLWUDOYDOYHGLVHDVH-$P&ROO&DUGLRO




%UDXQZDOG 16 5RVV - -U 0RUURZ $* &RQVHUYDWLYH PDQDJHPHQW RI WULFXVSLG UHJXUJLWDWLRQ LQ
SDWLHQWVXQGHUJRLQJPLWUDOYDOYHUHSODFHPHQW&LUFXODWLRQ




6LPRQ 5 2HOHUW + %RUVW +* /LFKWOHQ 35 ,QIOXHQFH RI PLWUDO YDOYH VXUJHU\ RQ WULFXVSLG
LQFRPSHWHQFHFRQFRPLWDQWZLWKPLWUDOYDOYHGLVHDVH&LUFXODWLRQ




'XUDQ&0*3RPDU-/&ROPDQ7)LJXHURD$5HYXHOWD-08EDJR-/,VWULFXVSLGYDOYHUHSDLU
QHFHVVDU\"-7KRUDF&DUGLRYDVF6XUJ
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%UH\HU5+0F&OHQDWKDQ-+0LFKDHOLV//0FOQWRVFK&/0RUURZ$*7ULFXVSLGUHJXUJLWDWLRQ
$ FRPSDULVRQ RI QRQRSHUDWLYH PDQDJHPHQW WULFXVSLG DQQXORSODVW\ DQG WULFXVSLG YDOYH
UHSODFHPHQW-7KRUDF&DUGLRYDVF6XUJ




:UDQQH % 3LQWR )- +DPPDUVWURP ( 6W *RDU )* 3XU\HDU - 3RSS 5/ $EQRUPDO ULJKW KHDUW
ILOOLQJDIWHUFDUGLDFVXUJHU\WLPHFRXUVHDQGPHFKDQLVPV%U+HDUW-




&DUU:KLWH *6 .RQ 0 .RK 7: *OHQQDQ 6 )HUGLQDQG )' 'H 6RX]D $& HW DO 5LJKW
YHQWULFXODU IXQFWLRQ DIWHU SXOPRQDU\ DXWRJUDIW UHSODFHPHQW RI WKH DRUWLF YDOYH &LUFXODWLRQ
 6XSSO ,,




+HQHLQ 0< 2¶6XOOLYDQ &$ &RDWV $- *LEVRQ '* $QJLRWHQVLQFRQYHUWLQJ HQ]\PH $&( 
LQKLELWRUV UHYHUW DEQRUPDO ULJKW YHQWULFXODU ILOOLQJ LQ SDWLHQWV ZLWK UHVWULFWLYH OHIW YHQWULFXODU
GLVHDVH-$P&ROO&DUGLRO±




5LEHLUR $ /LQGPDUNHU 3 -RKQVVRQ + -XKOLQ'DQQIHOW $ -RUIHOGW / 3XOPRQDU\ HPEROLVP D
IROORZXSVWXG\RIWKHUHODWLRQEHWZHHQWKHGHJUHHRIULJKWYHQWULFOHRYHUORDGDQG WKHH[WHQWRI
SHUIXVLRQGHIHFWV-,QWHUQ0HG




*RPH]$%LDORVWR]N\'=DMDULDV$6DQWRV(3DORPDU$0DUWLQH]0/HWDO5LJKWYHQWULFXODU
LVFKDHPLDLQSDWLHQWVZLWKSULPDU\SXOPRQDU\K\SHUWHQVLRQ-$P&ROO&DUGLRO




2 6XOOLYDQ&$'XQFDQ$'DO\&/L:2OGHUVKDZ3+HQHLQ0<'REXWDPLQHVWUHVVLQGXFHG
LVFKHPLF ULJKW YHQWULFXODU G\VIXQFWLRQ DQG LWV UHODWLRQ WR FDUGLDF RXWSXW LQ SDWLHQWV ZLWK WKUHH
YHVVHOFRURQDU\DUWHU\GLVHDVHZLWKDQJLQDOLNHV\PSWRPVAm J Cardiol




*ROGVWHLQ-$5LJKWKHDUWLVFKDHPLDSDWKRSK\VLRORJ\QDWXUDOKLVWRU\DQGFOLQLFDOPDQDJHPHQW
3URJ&DUGLRYDVF'LV




0DWWKD\5$%HUJHU+-1RQLQYDVLYHDVVHVVPHQWRIULJKWDQGOHIWYHQWULFXODUIXQFWLRQLQDFXWH
DQGFKURQLFUHVSLUDWRU\IDLOXUH&ULW&DUH0HG
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%UHQW %1 0DKOHU ' %HUJHU +- 0DWWKD\ 5$ 3\WOLN / =DUHW %/ $XJPHQWDWLRQ RI ULJKW
YHQWULFXODU SHUIRUPDQFH LQ FKURQLF REVWUXFWLYH SXOPRQDU\ GLVHDVH E\ WHUEXWDOLQH D FRPELQHG
UDGLRQXFOLGHDQGKHPRG\QDPLFVWXG\$P-&DUGLRO




%UHQW%1%HUJHU+-0DWWKD\5$0DKOHU'3\WOLN/=DUHW%/3K\VLRORJLFFRUUHODWHVRIULJKW
YHQWULFXODUHMHFWLRQIUDFWLRQ LQ FKURQLF REVWUXFWLYH SXOPRQDU\ GLVHDVH D FRPELQHG UDGLRQXFOLGH
DQGKHPRG\QDPLFVWXG\$P-FDUGLRO




0DKOHU'$%UHQW%1/RNH-=DUHW%/0DWWKD\5$5LJKWYHQWULFXODUSHUIRUPDQFHDQGFHQWUDO
FLUFXODWRU\KHPRG\QDPLFVGXULQJXSULJKWH[HUFLVHLQSDWLHQWVZLWKFKURQLFREVWUXFWLYHSXOPRQDU\
GLVHDVH$P5HY5HVSLU'LV




)ORUHD 9* )ORUHD 1' 6KDUPD 5 &RDWV $- *LEVRQ '* +RGVRQ 0( HW DO 5LJKW YHQWULFXODU
G\VIXQFWLRQLQDGXOWVHYHUHF\VWLFILEURVLV&KHVW




1DNDPXUD.0L\DKDUD<,NHGD61DLWR7$VVHVVPHQWRIULJKWYHQWULFXODUGLDVWROLFIXQFWLRQE\
SXOVHG 'RSSOHU HFKRFDUGLRJUDSK\ LQ FKURQLF SXOPRQDU\ GLVHDVH DQG SXOPRQDU\
WKURPERHPEROLVP5HVSLUDWLRQ




+RIIPDQ ' 6LVWR ' )UDWHU 5:0 1LNROLF 6' /HIWWRULJKW YHQWULFXODU LQWHUDFWLRQ ZLWK D
QRQFRQWUDFWLQJULJKWYHQWULFOH-7KRUDF&DUGLRYDVF6XUJ




/LQGTYLVW 3 &DOFXWWHHD $ +HQHLQ 0< (FKRFDUGLRJUDSK\ LQ WKH DVVHVVPHQW RI ULJKW KHDUW
IXQFWLRQ(XU-(FKRFDUGLRJU




+HQHLQ 0< *LEVRQ '* 6XSSUHVVLRQ RI OHIW YHQWULFXODU HDUO\ GLDVWROLF ILOOLQJ E\ ORQJ D[LV
DV\QFKURQ\%U+HDUW-




6OLQNHU %. *ODQW] 6$ (QGV\VWROLF DQG HQGGLDVWROLF YHQWULFXODU LQWHUDFWLRQ $P - 3K\VLRO
+




+HVV20%KDUJDYD95RVV--U6KDEHWDL57KHUROHRIWKHSHULFDUGLXPLQLQWHUDFWLRQVEHWZHHQ
WKHFDUGLDFFKDPEHUV$P+HDUW-
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+HQHLQ 0 6KHSSDUG 0 3HSSHU - 5LJE\ 0 &OLQLFDO HFKRFDUGLRJUDSK\ /RQGRQ 6SULQJHU
SS±




%H\JXL ) )XUEHU $ 'HOHSLQH 6 +HOIW * 0HW]JHU -3 *HVOLQ 3 HW DO 5RXWLQH EUHDWKKROG
JUDGLHQW HFKR 05,GHULYHG ULJKW YHQWULFXODU PDVV YROXPHV DQG IXQFWLRQ DFFXUDF\
UHSURGXFLELOLW\DQGFRKHUHQFHVWXG\,QW-&DUGLRYDVF,PDJLQJ




3LQL 5 *LDQQD]]R * 'L %0 ,QQRFHQWL ) 5HJD / &DVROR * HW DO 7UDQVWKRUDFLF WKUHH
GLPHQVLRQDOHFKRFDUGLRJUDSKLFUHFRQVWUXFWLRQRIOHIWDQGULJKWYHQWULFOHVLQYLWURYDOLGDWLRQDQG
FRPSDULVRQZLWKPDJQHWLFUHVRQDQFHLPDJLQJ$P+HDUW-




0DUYLQJ - +RLOXQG&DUOVHQ 3) &KUDHPPHU-RUJHQVHQ % *DGVEHOO 1 $UH ULJKW DQG OHIW
YHQWULFXODUHMHFWLRQIUDFWLRQVHTXDO"HMHFWLRQIUDFWLRQVLQQRUPDOVXEMHFWVDQGLQSDWLHQWVZLWKILUVW
DFXWHP\RFDUGLDOLQIDUFWLRQ&LUFXODWLRQ




'HOO¶,WDOLD /- 6WDUOLQJ 05 :DOVK 5$ %DGNH )5 /DVKHU -& %OXPKDUGW 5 9DOLGDWLRQ RI
DWWHQXDWLRQFRUUHFWHG HTXLOLEULXP UDGLRQXFOLGH DQJLRJDSKLF GHWHUPLQDWLRQV RI ULJKW YHQWULFXODU
YROXPHFRPSDULVRQZLWKFDVWYDOLGDWHGELSODQHFLQHYHQWULFXORJUDSK\&LUFXODWLRQ





0DQQR %9 ,VNDQGULDQ $6 +DNNL $+ 5LJKW YHQWULFXODU IXQFWLRQ PHWKRGRORJLF DQG FOLQLFDO
FRQGLGHUDWLRQVLQQRQLQYDVLYHVFLQWLJUDSKLFDVVHVVPHQW-$P&ROO&DUGLRO




1LFKROV.6DRXDI5$EDEQHK$$%DUVW5-5RVHQEDXP06*URFK0:HWDO9DOLGDWLRQRI
63(&7 HTXLOLEULXP UDGLRQXFOLGH DQJLRJUDSKLF ULJKW YHQWULFXODU SDUDPHWHUV E\ FDUGLDF PDJQHWLF
UHVRQDQFHLPDJLQJ-1XFO&DUGLRO




+RIIPDQQ5+DQUDWK37ULFXVSLGDQQXODUYHORFLW\PHDVXUHPHQW6LPSOHDQGDFFXUDWHVROXWLRQ
IRUDGHOLFDWHSUREOHP"(XU+HDUW-±




.DXO 6 7HL & +RSNLQV -0 6KDK 30 $VVHVVPHQW RI ULJKW YHQWULFXODU IXQFWLRQ XVLQJ WZR
GLPHQVLRQDOHFKRFDUGLRJUDSK\$P+HDUW-±
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*KLR6*DYD]]L$&DPSDQD&,QVHUUD&.OHUV\&6HEDVWLDQL5HWDO,QGHSHQGHQWDQGDGGLWLYH
SURJQRVWLFYDOXHRIULJKWYHQWULFXODUV\VWROLFIXQFWLRQDQGSXOPRQDU\DUWHU\SUHVVXUHLQSDWLHQWV
ZLWKFKURQLFKHDUWIDLOXUH-$P&ROO&DUGLRO±




/LQGTYLVW 3 +HQHLQ 0 .D]]DP ( 5LJKW YHQWULFXODU RXWIORZ WUDFW IUDFWLRQDO VKRUWHQLQJ DQ
DSSOLFDEOHPHDVXUHRIULJKWYHQWULFXODUV\VWROLFIXQFWLRQ(XU-(FKRFDUGLRJU±




)RUQL*3R]]ROL0&DQQL]]DUR*7UDYHUVL(&DOVDPLJOLD*5RVVL'HWDO$VVHVVPHQWRIULJKW
YHQWULFXODU IXQFWLRQ LQ SDWLHQWV ZLWK FRQJHVWLYH KHDUW IDLOXUH E\ HFKRFDUGLRJUDSKLF DXWRPDWHG
ERXQGDU\GHWHFWLRQ$P-&DUGLRO±




9LJQRQ3:HLQHUW/0RU$YL96SHQFHU.7%HGQDU]-/DQJ504XDQWLWDWLYHDVVHVVPHQWRI
UHJLRQDOULJKWYHQWULFXODUIXQFWLRQZLWKFRORUNLQHVLV$P-5HVSLU&ULW&DUH0HG±





&XUULH3-6HZDUG-%&KDQ./)\IH'$+DJOHU'-0DLU''HWDO&RQWLQXRXVZDYH'RSSOHU
GHWHUPLQDWLRQRIULJKWYHQWULFXODUSUHVVXUHDVLPXOWDQHRXV'RSSOHUFDWKHWHUL]DWLRQVWXG\LQ
SDWLHQWV-$P&ROO&DUGLRO




'DQLHOV /% .UXPPHQ '( %ODQFKDUG '* (FKRFDUGLRJUDSK\ LQ SXOPRQDU\ YDVFXODU GLVHDVH
&DUGLRO&OLQ




7HL & 'XMDUGLQ .6 +RGJH '2 %DLOH\ .5 0F*RRQ 0' 7DMLN $- HW DO 'RSSOHU
HFKRDUGLRJUDSKLF LQGH[ IRU DVVHVVPHQW RI JOREDO ULJKW YHQWULFXODU IXQFWLRQ - $P 6RF
(FKRFDUGLRJU




(LGHP%:7HL&2¶/HDU\3:&HWWD)6HZDUG-%1RQJHRPHWULFTXDQWLWDWLYHDVVHVVPHQWRI
ULJKWDQGOHIWYHQWULFXODUIXQFWLRQP\RFDUGLDOSHUIRUPDQFHLQGH[LQQRUPDOFKLOGUHQDQGSDWLHQWV
ZLWK(EVWHLQDQRPDO\-$P6RF(FKRFDUGLRJU±




(LGHP%:2¶/HDU\3:7HL&6HZDUG-%8VHIXOQHVVRIWKHP\RFDUGLDOSHUIRUPDQFHLQGH[IRU
DVVHVVLQJULJKWYHQWULFXODUIXQFWLRQLQFRQJHQLWDOKHDUWGLVHDVH$P-&DUGLRO±
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+DWOH / 6XWKHUODQG *5 5HJLRQDO P\RFDUGLDO IXQFWLRQ²D QHZ DSSURDFK (XU +HDUW -





,VDD] . 0XQR] GHO 5RPHUDO / /HH ( 6FKLOOHU 1% 4XDQWLWDWLRQ RI WKH PRWLRQ RI WKH FDUGLDF
EDVHLQQRUPDOVXEMHFWVE\'RSSOHUHFKRFDUGLRJUDSK\-$P6RF(FKRFDUGLRJU±




<DOFLQ).DIWDQ$0XGHUULVRJOX+.RUNPD]0()ODFKVNDPSI)*DUFLD0HWDO,V'RSSOHU
WLVVXHYHORFLW\GXULQJHDUO\OHIWYHQWULFXODUILOOLQJSUHORDGLQGHSHQGHQW"+HDUW±




0DUZLFN 7+ &OLQLFDO DSSOLFDWLRQV RI WLVVXH 'RSSOHU LPDJLQJ D SURPLVH IXOILOOHG +HDUW
±




/LQG%1RZDN-'RUSK-YDQGHU/LQGHQ-%URGLQ/$$QDO\VLVRIWHPSRUDOUHTXLUHPHQWVIRU
P\RFDUGLDOWLVVXHYHORFLW\LPDJLQJ(XU-(FKRFDUGLRJU±




3DGHOHWWL0&DPHOL0/LVL0=DFj97VLRXOSDV&%HUQD]]DOL60DFFKHULQL00RQGLOOR6
5LJKW DWULDO VSHFNOH WUDFNLQJ DQDO\VLV DV D QRYHO QRQLQYDVLYH PHWKRG IRU SXOPRQDU\
KHPRG\QDPLFV DVVHVVPHQW LQ SDWLHQWV ZLWK FKURQLF V\VWROLF KHDUW IDLOXUH (FKRFDUGLRJUDSK\





%DGDQR/3*LQJKLQD&(DVDZ-0XUDUX'*ULOOR07/DQFHOORWWL33LQDPRQWL%&RJKODQ*
0DUUD 03 3RSHVFX %$ 'H 9LWD 6 5LJKW YHQWULFOH LQ SXOPRQDU\ DUWHULDO K\SHUWHQVLRQ
KDHPRG\QDPLFVVWUXFWXUDOFKDQJHVLPDJLQJDQGSURSRVDORIDVWXG\SURWRFRODLPHGWRDVVHVVUH
PRGHOOLQJDQGWUHDWPHQWHIIHFWV(XU-(FKRFDUGLRJU




3DSDYDVVLOLRX '3 3DUNV :- +RSNLQV ./ )\IH '$ 7KUHH GLPHQVLRQDO HFKRFDUGLRJUDSKLF
PHDVXUHPHQW RI ULJKW YHQWULFXODU YROXPH LQ FKLOGUHQ ZLWK FRQJHQLWDO KHDUW GLVHDVH YDOLGDWHG E\
PDJQHWLFUHVRQDQFHLPDJLQJ-$P6RF(FKRFDUGLRJU±




-LDQJ/6LX6&+DQGVFKXPDFKHU0'/XLV*XHUHUUR-9D]TXH]GH3UDGD-$.LQJ0(HWDO
7KUHHGLPHQVLRQDO HFKRFDUGLRJUDSK\ ,Q YLYR YDOLGDWLRQ IRU ULJKW YHQWULFXODU YROXPH DQG
IXQFWLRQ&LUFXODWLRQ±
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.MDHUJDDUG - 6RJDDUG 3 +DVVDJHU & 4XDQWLWDWLYH HFKRFDUGLRJUDSKLF DQDO\VLV RI WKH ULJKW
YHQWULFOHLQKHDOWK\LQGLYLGXDOV-$P6RF(FKRFDUGLRJU±





*DOLH17RUELFNL$%DUVW5HWDO*XLGHOLQHVDQGGLDJQRVLVDQGWUHDWPHQWRISXOPRQDU\
DUWHULDOK\SHUWHQVLRQ5HY(VS&DUGLRO




*DOLH1+RHSHU00+XPEHUW07RUELFNL$9DFKLHU\-/%DUEHUD-$HWDO*XLGHOLQHVIRUWKH
GLDJQRVLV DQG WUHDWPHQW RI SXOPRQDU\ K\SHUWHQVLRQ WKH 7DVN )RUFH IRU WKH 'LDJQRVLV DQG
7UHDWPHQW RI 3XOPRQDU\ +\SHUWHQVLRQ RI WKH (XURSHDQ 6RFLHW\ RI &DUGLRORJ\ (6&  DQG WKH
(XURSHDQ 5HVSLUDWRU\ 6RFLHW\ (56  HQGRUVHG E\ WKH ,QWHUQDWLRQDO 6RFLHW\ RI +HDUW DQG /XQJ
7UDQVSODQWDWLRQ ,6+/7 (XU+HDUW-




&HOHUPDMHU '6 0DUZLFN 7 (FKRFDUGLRJUDSKLF DQG ULJKW KHDUW FDWKHWHUL]DWLRQ WHFKQLTXHV LQ
SDWLHQWVZLWKSXOPRQDU\DUWHULDOK\SHUWHQVLRQ,QW-&DUGLRO




&KHPOD ' &DVWHODLQ 9 +XPEHUW 0 +pEHUW -/ 6LPRQQHDX * /HFDUSHQWLHU < HW DO 1HZ
IRUPXODIRUSUHGLFWLQJPHDQSXOPRQDU\DUWHU\SUHVVXUHXVLQJV\VWROLFSXOPRQDU\DUWHU\SUHVVXUH
&KHVW




/ySH]&DQGDOHV$'RKL.5DMDJRSDODQ1(GHOPDQ.*XO\DV\%%D]D]5 'HILQLQJQRUPDO
YDULDEOHVRIULJKWYHQWULFXODUVL]HDQGIXQFWLRQLQSXOPRQDU\K\SHUWHQVLRQDQHFKRFDUGLRJUDSKLF
VWXG\3RVWJUDG0HG-




=RJKEL :$ (QULTXH]6DUDQR 0 )RVWHU ( *UD\EXUQ 3$ .UDIW &' /HYLQH 5$
1LKR\DQQRSRXORV32WWR&04XLQRQHV0$5DNRZVNL+6WHZDUW:-:DJJRQHU$:HLVVPDQ
1- 5HFRPPHQGDWLRQV IRU HYDOXDWLRQ RI WKH VHYHULW\ RI QDWLYH YDOYXODU UHJXUJLWDWLRQ ZLWK WZR
GLPHQVLRQDODQG'RSSOHUHFKRFDUGLRJUDSK\-$P6RF(FKRFDUGLRJU




'DEHVWDQL$0DKDQ**DUGLQ-07DNHQDND.%XUQ&$OOILH$HWDO(YDOXDWLRQRISXOPRQDU\
DUWHU\SUHVVXUHDQGUHVLVWDQFHE\SXOVHG'RSSOHUHFKRFDUGLRJUDSK\$P-&DUGLRO±
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+DWOH / $QJHOVHQ %$ 7URPVGDO $ 1RQLQYDVLYH HVWLPDWLRQ RI SXOPRQDU\ DUWHU\ V\VWROLF
SUHVVXUHZLWK'RSSOHUXOWUDVRXQG%U+HDUW-±




.LWDEDWDNH $ ,QRXH 0 $VDR 0 0DVX\DPD 7 7DQRXFKL - 0RULWD 7 HW DO 1RQLQYDVLYH
HYDOXDWLRQRISXOPRQDU\K\SHUWHQVLRQE\DSXOVHG'RSSOHUWHFKQLTXH&LUFXODWLRQ




6WHLQ 3' 6DEEDK +1 $QEH '7 0DU]LOOL 0 3HUIRUPDQFH RI WKH IDLOLQJ DQG QRQIDLOLQJ ULJKW
YHQWULFOHRISDWLHQWVZLWKSXOPRQDU\K\SHUWHQVLRQ$P-&DUGLRO




=LPEDUUD&DEULWD,5XLVDQFKH]&*UDSVD-'DZVRQ'1RUWK%3LQWR)-HWDO9DOLGDWLRQRIWKH
LVRYROXPHWULFUHOD[DWLRQWLPHIRUWKHHVWLPDWLRQRISXOPRQDU\V\VWROLFDUWHULDOEORRGSUHVVXUHLQ
FKURQLFSXOPRQDU\K\SHUWHQVLRQ(XU+HDUW-&DUGLRYDVF,PDJLQJ




%UpFKRW 1 *DPERWWL / /DILWWH 6 5RXGDXW 5 8VHIXOQHVV RI ULJKW YHQWULFXODU LVRYROXPLF
UHOD[DWLRQWLPHLQSUHGLFWLQJV\VWROLFSXOPRQDU\DUWHU\SUHVVXUH(XU-(FKRFDUGLRJU




/LQGTYLVW 3 +HQHLQ 0< 5LJKW YHQWULFXODU IXQFWLRQ LQ SXOPRQDU\ K\SHUWHQVLRQ ,PDJLQJ 0HG
±




$EEDV$()RUWXLQ)'6FKLOOHU1%$SSOHWRQ&30RUHQR&$/HVWHU6-$VLPSOHPHWKRGIRU
QRQLQYDVLYHHVWLPDWLRQRISXOPRQDU\YDVFXODUUHVLVWDQFH-$P&ROO&DUGLRO




/LQGTYLVW 3 6RGHUEHUJ 6*RQ]DOH] 0&7RVVDYDLQHQ ( +HQHLQ 0< (FKRFDUGLRJUDSK\ EDVHG
HVWLPDWLRQ RI SXOPRQDU\ YDVFXODU UHVLVWDQFH LQ SDWLHQWV ZLWK SXOPRQDU\ K\SHUWHQVLRQ D
VLPXOWDQHRXV 'RSSOHU HFKRFDUGLRJUDSK\ DQG FDUGLDF FDWKHWHUL]DWLRQ VWXG\ (XU - (FKRFDUGLRJU





4XLQRQHV 0$ 2WWR &0 6WRGGDUG 0 :DJJRQHU $ =RJKEL :$ 5HFRPPHQGDWLRQV IRU
TXDQWLILFDWLRQRI'RSSOHUHFKRFDUGLRJUDSK\DUHSRUWIURPWKH'RSSOHU4XDQWLILFDWLRQ7DVN)RUFH
RIWKH1RPHQFODWXUHDQG6WDQGDUGV&RPPLWWHHRIWKH$PHULFDQ6RFLHW\RI(FKRFDUGLRJUDSK\-
$P6RF(FKRFDUGLRJU
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5DMDJRSDODQ16LPRQ0$6KDK+0DWKLHU0$/RSH]&DQGDOHV$8WLOLW\RIULJKWYHQWULFXODU
WLVVXH 'RSSOHU LPDJLQJ FRUUHODWLRQ ZLWK ULJKW KHDUW FDWKHWHUL]DWLRQ (FKRFDUGLRJUDSK\





/RSH]&DQGDOHV $ 'RKL . 5DMDJRSDODQ 1 6XIIROHWWR 0 0XUDOL 6 *RUFVDQ - HW DO 5LJKW
YHQWULFXODU G\VV\QFKURQ\ LQ SDWLHQWV ZLWK SXOPRQDU\ K\SHUWHQVLRQ LV DVVRFLDWHG ZLWK GLVHDVH
VHYHULW\DQGIXQFWLRQDOFODVV&DUGLRYDVF8OWUDVRXQG




)XNXGD<7DQDND+6XJL\DPD'5\R.2QLVKL7)XNX\D+HWDO8WLOLW\RIULJKWYHQWULFXODU
IUHHZDOOVSHFNOHWUDFNLQJVWUDLQIRUHYDOXDWLRQRIULJKWYHQWULFXODUSHUIRUPDQFHLQSDWLHQWVZLWK
SXOPRQDU\K\SHUWHQVLRQ-$P6RF(FKRFDUGLRJU2FW




.DVQHU0:HVWHUPDQQ'6WHHQGLMN3'URVH63ROOHU:6FKXOWKHLVV+3HWDO/9'\VIXQFWLRQ
,QGXFHG E\ D 1RQVHYHUH ,GLRSDWKLF 3XOPRQDU\ $UWHULDO +\SHUWHQVLRQ $ 3UHVVXUH9ROXPH
5HODWLRQVKLS6WXG\$P-5HVSLU&ULW&DUH0HG




$QGHUVRQ5++R6<:KDWLVDYHQWULFOH"$QQ7KRUDFLF6XUJ




$QGHUVRQ5+5D]DYL57D\ORU$0&DUGLDFDQDWRP\UHYLVLWHG-$QDW




%RGKH\1.%HHUEDXP36DULNRXFK6HWDO)XQFWLRQDODQDO\VLVRIWKHFRPSRQHQWVRIWKHULJKW
YHQWULFOHLQWKHVHWWLQJRIWHWUDORJ\RI)DOORW&LUF&DUGLRYDVF,PDJLQJ±




+RUWRQ.'0HHFH5:+LOO-&$VVHVVPHQWRIWKHULJKWYHQWULFOHE\HFKRFDUGLRJUDSK\DSULPHU
IRUFDUGLDFVRQRJUDSKHUV-$P6RF(FKRFDUGLRJU




6KDUPD8&%DUHQEUXJ33RNKDUHO6'DVVHQ:53LQWR<00DHVVHQ-*6\VWHPDWLFUHYLHZRI
WKH RXWFRPH RI DRUWLF YDOYH UHSODFHPHQW LQ SDWLHQWV ZLWK DRUWLF VWHQRVLV $QQ 7KRUDF 6XUJ
±




,ZDKDVKL 1 1DNDWDQL 6 .DQ]DNL + +DVHJDZD 7 $EH + .LWDND]H 0 $FXWH LPSURYHPHQW LQ
P\RFDUGLDOIXQFWLRQDVVHVVHGE\P\RFDUGLDOVWUDLQDQGVWUDLQUDWHDIWHUDRUWLFYDOYHUHSODFHPHQW
IRUDRUWLFVWHQRVLV-$P6RF(FKRFDUGLRJU±
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/LQGTYLVW 3 %DMUDNWDUL * 0ROOH 5 3DOPHULQL ( +ROPJUHQ $ 0RQGLOOR 6 HW DO 9DOYH
UHSODFHPHQW IRU DRUWLF VWHQRVLV QRUPDOL]HV VXEHQGRFDUGLDO IXQFWLRQ LQ SDWLHQWV ZLWK QRUPDO
HMHFWLRQIUDFWLRQ(XU-(FKRFDUGLRJU±




0DVORZ$'5HJDQ006FKZDUW]&%HUW$6LQJK$,QRWURSHVLPSURYHULJKWKHDUWIXQFWLRQLQ
SDWLHQWVXQGHUJRLQJDRUWLFYDOYHUHSODFHPHQWIRUDRUWLFVWHQRVLV$QHVWK$QDOJ




5RVKDQDOL ) <RXVHIQLD 0$ 0DQGHJDU 0+ 5D\DW]DGHK + $OLQHMDG 6 'HFUHDVHG ULJKW
YHQWULFXODUIXQFWLRQDIWHUFRURQDU\DUWHU\E\SDVVJUDIWLQJ7H[+HDUW,QVW-




6XQ-3-DPHV.%<DQJ;66RODQNKL16KDK06$UKHDUW./HWDO&RPSDULVRQRIPRUWDOLW\
UDWHV DQG SURJUHVVLRQ RI OHIW YHQWULFXODU G\VIXQFWLRQ LQ SDWLHQWV ZLWK LGLRSDWKLF GLODWHG
FDUGLRP\RSDWK\ DQG GLODWHG YHUVXV QRQGLODWHG ULJKW YHQWULFXODU FDYLWLHV $P - &DUGLRO





3DWHO $5 'XEUH\ 6: 0HQGHV /$ 6NLQQHU 0 &XSSOHV $ )DON 5+ HW DO 5LJKW YHQWULFXODU
GLODWDWLRQ LQ SULPDU\ DP\ORLGRVLV DQ LQGHSHQGHQW SUHGLFWRU RI VXUYLYDO $P - &DUGLRO 





'H*URRWH30LOODLUH$)RXFKHU+RVVHLQ&1XJXH20DUFKDQGLVH;'XFORX[*HWDO5LJKW
YHQWULFXODU HMHFWLRQ IUDFWLRQ LV DQ LQGHSHQGHQW SUHGLFWRU RI VXUYLYDO LQ SDWLHQWV ZLWK PRGHUDWH
KHDUWIDLOXUH-$P&ROO&DUGLRO




=KDR<+HQHLQ0<0RUQHU6*XVWDYVVRQ6+ROPJUHQ$/LQTYLVW35HVLGXDOFRPSURPLVHG
P\RFDUGLDOFRQWUDFWLOHUHVHUYHDIWHUYDOYHUHSODFHPHQWIRUDRUWLFVWHQRVLVEur Heart J Cardiovasc
Imaging




6DWR77VXMLQR,2KLUD+2\DPD0DQDEH1<DPDGD$,WR<0HWDO9DOLGDWLRQVWXG\RQWKH
DFFXUDF\RIHFKRFDUGLRJUDSKLFPHDVXUHPHQWVRIULJKWYHQWULFXODUV\VWROLFIXQFWLRQLQSXOPRQDU\
K\SHUWHQVLRQ-$P6RF(FKRFDUGLRJU
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%LUNV(-<DFRXE0+$Q\DQZX$6PLWK55%DQQHU15.KDJKDQL$7UDQVSODQWDWLRQXVLQJ
KHDUWV IURP SULPDU\ SXOPRQDU\ K\SHUWHQVLYH GRQRUV IRU UHFLSLHQWV ZLWK D KLJK SXOPRQDU\
YDVFXODUUHVLVWDQFH-+HDUW/XQJ7UDQVSODQW




6WHLURSRXORV37UDNDGD*%RXURV' &XUUHQWSKDUPDFRORJLFDOWUHDWPHQWRISXOPRQDU\DUWHULDO
K\SHUWHQVLRQCurr Clin Pharmacol5HYLHZ




/DQJ 50 %LHULJ 0 'HYHUHX[ 5% )ODFKVNDPSI )$ )RVWHU ( 3HOOLNND 3$ HW DO
5HFRPPHQGDWLRQV IRU FKDPEHU TXDQWLILFDWLRQ D UHSRUW IURP WKH $PHULFDQ 6RFLHW\ RI
(FKRFDUGLRJUDSK\¶V *XLGHOLQHV DQG 6WDQGDUGV &RPPLWWHH DQG &KDPEHU TXDQWLILFDWLRQ :ULWLQJ
*URXSGHYHORSHGLQFRQMXQFWLRQZLWKWKH(XURSHDQ$VVRFLDWLRQRI(FKRFDUGLRJUDSK\DEUDQFK
RIWKH(XURSHDQ6RFLHW\RI&DUGLRORJ\-$P6RF(FKRFDUGLRJU




5HGLQJWRQ$13HQQ\' 5LJE\0/+D\HV$ $QWHJUDGHGLDVWROLFSXOPRQDU\ DUWHU\IORZDVD
PDUNHU RI ULJKW YHQWULFXODU UHVWULFWLRQ DIWHU FRPSOHWH UHSDLU RI SXOPRQDU\ DWUHVLD ZLWK LQWDFW
YHQWULFXODUVHSWXPDQGFULWLFDOSXOPRQDU\YDOYHVWHQRVLV&DUGLRO<RXQJ




&XOOHQ 6 6KRUH ' 5HGLQJWRQ $1 &KDUDFWHULVDWLRQ RI ULJKW YHQWULFXODU GLDVWROLF SHUIRUPDQFH
DIWHU FRPSOHWH UHSDLU RI WHWUDOORJ\ RI )DOORW 5HVWULFWLYH SK\VLRORJ\ SUHGLFWV VORZ SRVWRSHUDWLYH
UHFRYHU\&LUFXODWLRQ




.LVDQXNL$7HL&2WVXML<1DWVXJRH..DZD]RH<$ULPD6HWDO'RSSOHUHFKRFDUGLRJUDSKLF
GRFXPHQWDWLRQRIGLDVWROLFSXOPRQDU\DUWHU\IRUZDUGIORZ$P-&DUGLRO




:DKO $ 3UD] ) 6FKZHU]PDQQ 0 HW DO $VVHVVPHQW RI ULJKW YHQWULFXODU V\VWROLF IXQFWLRQ
&RPSDULVRQ EHWZHHQ FDUGLDF PDJQHWLF UHVRQDQFH GHULYHG HMHFWLRQ IUDFWLRQ DQG SXOVHGZDYH
WLVVXH'RSSOHULPDJLQJRIWKHWULFXVSLGDQQXOXV,QW-&DUGLRO




8HELQJ$*LEVRQ'*%DEX1DUD\DQ69HWDO5LJKWYHQWULFXODUPHFKDQLFVDQG456GXUDWLRQLQ
LQ SDWLHQWV ZLWK UHSDLUHG WHWUDORJ\ RI )DOORW LPSOLFDWLRQV RI LQIXQGLEXODU GLVHDVH &LUFXODWLRQ
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.UD\HQEXHKO+3+HVV205LWWHU00RQUDG(6+RSSHOHU+/HIWYHQWULFXODUV\VWROLFIXQFWLRQ
LQDRUWLFVWHQRVLV(XU+HDUW-




3HWHUVRQ ./ 7VXML - -RKQVRQ $ 'L'RQQD - /H:LQWHU 0 'LDVWROLF OHIW YHQWULFXODU SUHVVXUH
YROXPH DQG VWUHVVVWUDLQ UHODWLRQV LQ SDWLHQWV ZLWK YDOYXODU DRUWLF VWHQRVLV DQG OHIW YHQWULFXODU
K\SHUWURSK\&LUFXODWLRQ




.MDHUJDDUG - 3HWHUVHQ &/ .MDHU $ 6FKDDGW %. 2K -. +DVVDJHU &  (YDOXDWLRQ RI ULJKW
YHQWULFXODU YROXPH DQG IXQFWLRQ E\ ' DQG ' HFKRFDUGLRJUDSK\ FRPSDUHG WR 05, (XU -
(FKRFDUGLRJU




&DOFXWWHHD $ &KXQJ 5 /LQTYLVW 3 +RGVRQ 0 +HQHLQ 0< 'LIIHUHQWLDO 5LJKW YHQWULFXODU
UHJLRQDOIXQFWLRQDQGWKHHIIHFWRISXOPRQDU\K\SHUWHQVLRQ:WKUHHGLPHQVLRQDOHFKRVWXG\.+HDUW





'XQFDQ$0/LP (&ODJXH -*LEVRQ '*+HQHLQ0< &RPSDULVRQ RI VHJPHQWDO DQG JOREDO
PDUNHUVRIG\VV\QFKURQ\LQSUHGLFWLQJFOLQLFDOUHVSRQVHWRFDUGLDFUHV\QFKURQL]DWLRQ(XU+HDUW-





0RU$YL 9 6XJHQJ / /LQGQHU -5 ,PDJLQJ WKH )RUJRWWHQ &KDPEHU ,V WKH 'HYLO LQ WKH
%RXQGDU\"-$P6RF(FKRFDUGLRJU
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7DEOH&OLQLFDOFKDUDFWHULVWLFVRISDWLHQWV


Aetiology of PH (n = 35)

Idiopathic pulmonary arterial hypertension (IPAH)
Associated pulmonary arterial hypertension (APAH)

Value

9
14

Pulmonary veno-occlusive disease (PVOD)

2

Chronic thromboembolic pulmonary hypertension (CTEPH)

7

Lung fibrosis

1

Others

2

PH : pulmonary hypertension


























7DEOH/9DQG59VWUXFWXUHDQGIXQFWLRQ


Controls

PHT

(n = 20)

(n = 35)

p-value

62 ± 15

67 ± 12

0.2

64 ± 9

75 ± 14

0.001

LVEDV, ml

96 ± 14

84 ± 20

0.008

LVESV, ml

37 ± 7

35 ± 10

0.5

LA volume, ml

50 ± 8

51 ± 12

0.16

LVEF %

61 ± 2

57 ± 7

0.02

E/E' (LV)

6 ± 1

7.5 ± 1.5

0.04

RV inlet diameter, cm

3 ± 0.3

4.2 ± 0.5

< 0.001

RVOT end diastolic diameter, cm

2.9 ± 0.3

3.7 ± 0.6

< 0.001

RVOT end systolic diameter, cm

1.8 ± 0.2

3 ± 0.7

< 0.001

Pulmonary ejection acceleration (PAc), ms·²

6.6 ± 1.4

12.2 ± 6.4

0.001

TAPSE, cm

2.7 ± 0.3

1.7 ± 0.6

< 0.001

30 ± 2

67 ± 20

< 0.001

0.3 ± 0.1

0.7 ± 0.2

< 0.001

58 ± 9

49 ± 14

Age, years
Heart rate, bpm

PASP, mmHg
MPI (RV)
SV, ml

0.004

LV = left ventricle; RV = right ventricle; TAPSE = tricuspid annular plane systolic excursion; SV: stroke volume.
PASP, mmHg = pulmonary artery systolic pressure; E/E': Early LV diastolic velocity / early filling velocity from TDI.
LVEF = left ventricular ejection fraction; EDV = end-diastolic volume; ESV = end systolic volume; LA = left atrium
MPI (RV) = RV myocardial performance index.











7DEOH59LQWULQVLFP\RFDUGLDOIXQFWLRQ 67( 

Controls (n = 20)

PHT (n = 35)

p value

9.9 ± 1.4

7.5 ± 2.4

<0.001

RV (base) longitudinal strain rate, (1/s)

1.9 ± 0.5

1.3 ± 0.6

<0.001

RV (mid) longitudinal strain rate, (1/s)

1.7 ± 0.4

1 ± 0.4

<0.001

RVOT longitudinal strain rate, (1/s)

1.6 ± 0.9

1.3 ± 0.65

0.1

RV (base) longitudinal displacement (STE), mm

15.8 ± 3.6

8.5 ± 4.7

<0.001

RV (mid) longitudinal displacement (STE), mm

9 ± 3.5

4.9 ± 3.1

<0.001

1.8 ± 1.1

1.7 ± 1

0.86

Time to peak systolic strain rate at base, (ms/bpm)

3.7 ± 0.9

2.7 ± 0.9

<0.001

Time to peak systolic strain rate at mid, (ms/bpm)

3.8 ± 0.9

2.7 ± 0.9

<0.001

3.8 ± 1

3 ± 1.1

0.007

Time to peak displacement at base, (ms/bpm)

6.6 ± 1.1

5 ± 1.6

<0.001

Time to peak displacement at mid, (ms/bpm)

6.6 ± 1.1

5 ± 1.6

<0.001

Time to peak displacement at RVOT, (ms/bpm)

6.6 ± 1.8

3.7 ± 1.3

<0.001

Motion
RV inlet velocity (STE), cm/s
STE parameters

RVOT longitudinal displacement (STE), mm
Timings

Time to peak systolic strain rate at RVOT, (ms/bpm)

RVOT = right ventricular outflow tract; base = basal segment of right ventricle; mid = mid segment of right
ventricle; STE = Speckle tracking echocardiography; RV = right ventricle
















7DEOH59SXPSWLPHUHODWLRQV

Controls(n = 20)

PHT (n=35)

P value

RV Filling time (PW), (ms/bpm)

7.4 ± 3.6

5.2 ± 2.5

0.03

Time to peak RV ejection (PW), (ms/bpm)

3.7 ± 0.7

2.8 ± 0.9

0.001

Time to end RV ejection (PW), (ms/bpm)

6.9 ± 1.2

5.6 ± 1.4

0.001

TR duration (CW), (ms/bpm)

5.7 ± 1.3

6.4 ± 1.9

0.3

Time to onset of RV filling (PW), (ms/bpm)

7.2 ± 1.5

7±2

0.8

Time to onset of RV ejection (PW),(ms/bpm)

1.3 ± 0.2

1.2 ± 0.4

0.5

Time to onset of shortening (M-mode), (ms/bpm)

1.7 ± 0.3

1.4 ± 0.4

0.007

Time to peak shortening (M-mode), (ms/bpm)

6.6 ± 0.9

5.6 ± 1.8

0.009

RV = Right ventricle; PW = pulse wave spectral Doppler; TR = tricuspid regurgitation;
CW = continuous wave
























)LJXUH/RQJLWXGLQDOVWUDLQUDWHRIWKHEDVHPLGDQGDSLFDOUHJLRQRIWKHULJKWYHQWULFOH



















)LJXUH/RQJLWXGLQDOVWUDLQUDWHRIWKHULJKWYHQWULFXODURXWIORZWUDFW 5927 























)LJXUH6HJPHQWDO5927FRUUHODWLRQZLWK59HMHFWLRQLQQRUPDOV




















)LJXUH6HJPHQWDOPLGFRUUHODWLRQZLWK59HMHFWLRQLQ3+SDWLHQWV
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