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Although right ventricular (RV) failure is the main cause of death in patients with pulmonary arterial hypertension (PAH), there is insufficient
data about the effects of PAH treatment on RV geometry and function mainly because the RV assessment has been hampered by its complex
crescentic shape, large infundibulum, and its trabecular nature. Echocardiography is a widely available imaging technique particularly suitable
for follow-up studies, because of its non-invasive nature, low cost, and lack of ionizing radiation or radioactive agent. Real-time three-dimen-
sional echocardiography (RT3DE) has been shown to be accurate in assessing RV and left ventricular (LV) volumes, stroke volumes, and
ejection fractions in comparison with cardiac magnetic resonance imaging. In this review, we describe RV structural and functional
changes which occur in patients with PAH and strengths and weaknesses of current non-invasive imaging techniques to assess them.
Finally, we describe an ongoing multicentre, prospective observational study involving seven centres expert in treating patients with PAH
from four different countries. Investigators will use conventional and advanced echo parameters from RT3DE and speckle-tracking echocar-
diography to assess the extent of LV and RV remodelling before symptom onset and during pharmacological treatment in patients with PAH.
Seventy patients who will survive for at least 1 year will be recruited. All the participating institutions will perform comprehensive standard
2D and Doppler as well as RT3DE examinations with a pre-defined imaging protocol. Measurements will be performed at the core echo-
cardiography laboratory by experienced observers who will be unaware of each patient’s treatment assignment and whether the examination
was a baseline or a follow-up study. Enrolment duration is expected to be 1 year.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Right ventricle † Right ventricular function † Right ventricular remodelling † Speckle tracking † Treatment †

Therapy † Echocardiography † Three-dimensional echocardiography † Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a progressive and
seriously debilitating disease characterized by pathological lesions
of the pulmonary arteries progressing from early medial hypertro-
phy to end-stage plexiform fibrosis and leading to an increase in
pulmonary artery pressure that may exceed systemic levels.

Although pulmonary pressure rise is the distinctive characteristic
of this disease, the level of pulmonary artery pressure itself has
only modest prognostic significance in patients with PAH. It is
rather the ability of the right ventricle (RV) to cope with the pro-
gressive increase in pulmonary arterial pressure that mainly
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determines both the patients’ functional capacity and survival.1 –4

However, in patients with PAH, RV dysfunction has not received
the same scientific interest as the mechanisms of PAH.

Thus, the aims of our paper are: (i) to review the alterations of
cardiac morphology and function associated with PAH; (ii) to
outline the strengths and weaknesses of currently available non-
invasive imaging technologies (mainly echocardiography) in assessing
RV size and function; and (iii) to present a study protocol aimed at
assessing the extent of RV remodelling that occurs in asymptomatic
patients with PAH and in those treated with current disease-targeted
therapies.

Right ventricle in pulmonary
hypertension
The geometry of the normal RV is complex. It consists of an
inflow (sinus) and an outflow (conus) portions separated by
the crista supraventricularis. It is crescent shaped in cross-section,
formed by the concave RV free wall opposite to the convex
interventricular septum. Functionally, the RV pumps the same
stroke volume as the left ventricle (LV), but using 25% of the
stroke work because of the low resistance of the pulmonary vas-
culature. Therefore, the RV wall is thinner and more compliant
than the LV wall. Normal RV contraction acts in a sequential
manner, as a peristaltic wave directed from inflow to infundibu-
lum. Spatially, RV wall deformation consists of three components
(inward, longitudinal, and circumferential traction due to LV con-
traction), of which longitudinal shortening is the major contribu-
tor to the overall RV performance.5 Right ventricular free wall
and interventricular septum contribute equally to RV perform-
ance. Right ventricle is closely connected to the LV: they share
a wall (interventricular septum); the RV free wall is attached to
the anterior and posterior interventricular septum; and they
have mutually encircling epicardial fibres and share the same
intrapericardial space.

Significant morphological and functional adaptative changes of
the RV develop in patients affected by PAH.6

The first adaptation that occurs is myocardial hypertrophy,7 fol-
lowed by progressive contractile impairment. Possible mechanisms
involved in the progression of RV myocardial contractile dysfunc-
tion include: ischaemia,8 changes in gene expression of the sarco-
mere proteins,9 and activation of myocardial renin–angiotensin
system.10 However, afterload mismatch remains the main determi-
nant of RV dysfunction in patients with PAH.

Right ventricle dilatation occurs in order to compensate a
reduced fractional shortening by an increase in preload, so that
stroke volume is maintained. As contractile dysfunction progresses,
RV failure occurs and it is characterized by high RV filling pressures,
diastolic dysfunction,11 and reduced cardiac output. The decrease
in cardiac output is also due to the functional tricuspid regurgita-
tion caused by tricuspid annular dilatation and impaired leaflet
coaptation. Augmented RV volume is the result of chamber
remodelling, owing to the increase in cardiac myocyte length as
a consequence of newly synthesized sarcomeres assembled in
series. With hypertrophy and dilatation, the RV progressively
becomes more spherical, its cross-sectional area enlarges, and

the interventricular septum flattens, causing also LV diastolic
dysfunction.12

Diastolic dysfunction is the most frequent type of LV impairment
in patients with PAH. Usually, patients with PAH show a delayed
relaxation pattern of LV filling and a small end-diastolic LV
volume.12 The reduced LV end-diastolic volume contributes to
the decrease in stroke volume.13 Although reduction of LV ejec-
tion fraction may occur in patients with PAH, it is a rather uncom-
mon finding.

The exact mechanisms leading to the development of RV failure
in patients with PAH are still unclear. Several mechanisms have
been hypothesized: RV myocardial ischaemia, microvascular endo-
thelial cell dysfunction, and myocyte apoptosis. In severe end-stage
PAH, the RV changes its shape from the normal conformation to a
more spherical one,14,15 and RV wall stress increases because RV
wall thickness does not increase proportionally.16

Imaging the right ventricle and
assessing its geometry and
function
A variety of two-dimensional echocardiographic (2DE) measure-
ments and Doppler parameters have been described for the
assessment of RV dimensions and function, although none so far
has demonstrated superiority over cardiac catheterization or
cardiac magnetic resonance (CMR). Major challenges for RV
assessment by conventional 2DE derive from (i) complex asym-
metric geometry; (ii) heavily trabeculated inner contour with
poor endocardial definition; (iii) separate inflow and outflow
which may be adequately visualized only from separate views;
(iv) load-dependency and lower accuracy of most conventional
echo parameters in comparison with invasive measures.17

Probably the best non-invasive correlates of RV function are
ejection fraction (EF) and RV volumes, but these parameters are
rather difficult to accurately obtain by conventional echocardio-
graphic methods. Cardiac magnetic resonance is currently the
most reliable non-invasive tool for this purpose, mostly due to
its unique spatial resolution and 3D imaging capacity. Cardiac mag-
netic resonance is, however, inapplicable in certain patients (e.g.
with claustrophobia or implanted metallic devices). In addition,
its wide use is precluded by cost, long scan and analysis time,
limited availability, and dedicated expertise. Moreover, CMR has
limited ability to assess load-independent parameters (such as
myocardial contractility) in patients with long-standing pressure
overloaded RV.18

Unfortunately, echocardiographic assessment of RV in clinical
practice is rather elusive and mostly qualitative. A multiparameter
approach to compensate for each other flaws is time-consuming
and not clinically feasible.

Recent recommendations from the 4th World Symposium on
PAH from Dana Point, California19 underline that a PAH-targeted
therapy guided by RV function correlates may be superior to the
traditional strategies outlined by previous guidelines.20 Therefore,
there is a compelling need for non-invasive assessment of accurate,
simple, and reproducible parameters of RV geometry and function:
(i) to outline the subtle changes in early disease stages or the
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response to treatment in order to guide specific therapy; (ii) to
compare measurements between patients or serially within a
given patient; and (iii) to improve communication between
clinicians.

The following paragraphs briefly review the various echocardio-
graphic parameters proposed for RV geometry and function
assessment, for an increased awareness of their pitfalls and of
the obvious need for newer techniques to complement standard
approaches.

Right ventricular linear dimensions
Right ventricle free wall thickness and dimensions can be easily
measured from parasternal, apical four-chamber, or subcostal
view. Cut-off values of RV diameters21 may identify RV dilation
independently or relatively to LV size. However, relative compari-
son to LV size may be misleading when LV dilation coexists. Right
ventricular diameters are inherently 1D estimates and cannot
describe by themselves the complex shape of RV. Although
M-mode measurements are time-saving, widely applicable, and
practical, even for less experienced operators, they are highly
dependent on image quality, insonation angle, and load. Diameter
measurement inconsistency is even higher when performed
regardless of the respiratory phase. In addition, significant variabil-
ity related to probe or patient position during examination renders
them unreliable to identify mild RV abnormalities. For instance,
simply rolling patient from supine to left lateral position increases
measured RV diameter up to 40%.22 Of note, progressive RV
dilation is also accompanied by changes in heart position and by
rotation in the thorax, which impact on the interpretation of
serial measurements.

Right ventricular areas and right
ventricular fractional area change
In patients with a dilated RV, the four-chamber view often displays
a foreshortened cavity, since it often fails defining anatomical land-
marks for the RV and may not intersect the RV crescent at its
maximal dimension. Right ventricular area measurements are
grossly affected by inherent manual tracing pitfalls, particularly in
PAH patients with hypertrophied, heavily trabeculated RV.
Although significantly correlated with angiographically measured
RV volumes,23 there is a significant overlap of the four-chamber
view diameters and areas between normal and volume
overloaded RV.22 Right ventricular fractional area change
(RVFAC) is calculated from the RV end-diastolic and end-systolic
areas measured from four-chamber view as: RVFAC ¼ 100 �
(RV end-diastolic area 2 RV end-systolic area)/RV end-diastolic
area. The RVFAC is a rather simple method of assessing RV func-
tion that has been shown to correlate well with CMR data.21

When compared with other 2DE measures of RV systolic function
[including tricuspid annular plane systolic excursion (TAPSE) and
transversal fractional shortening], FAC was best correlated with
CMR-determined EF.24 Suboptimal RV endocardial definition,
especially at the anterior RV wall, limits the accuracy and reprodu-
cibility of RVFAC.25,26

Right ventricular ejection fraction and
right ventricular volumes by
two-dimensional echocardiography
In clinical practice, probably the most intuitive parameters of RV
size and contractile function are RV volumes and RVEF, same as
for LV quantitation. Right ventricular ejection fraction is widely
used as a noninvasive measure of RV performance, despite its well-
known load dependency. Several methods are used to assess RV
volumes and EF, including 2DE and real-time three-dimensional
echocardiography (RT3DE), radionuclide angiography, and CMR.
Selection of the best method and interpretation of its results
hamper the adequate use of these indices.27 Depending on the
type of modality used to assess the RV, EF can vary from 40 to
76%. Currently, magnetic resonance imaging (MRI) is the gold stan-
dard for calculating RV volumes and EF. Cardiac MRI has shown
that normal RVEF is 61+ 7%, ranging from 47 to 76%.17

Several methods have been used to calculate RV volumes, such
as the Simpson’s method and the area–length method assuming
the RV to be an ellipsoid or a pyramid. Four-chamber RV area
and maximal short-axis diameter offered the best estimation of
RV volumes with 2DE.21 Volumes derived from calculations
based on 2D measurements (diameters and areas) are based on
geometric assumptions which are inaccurate in describing the
complex RV shape. This explains the variable correlation of
different RV models with angiographic or radionuclide studies.
Difficulties in obtaining two standardized orthogonal RV views
and failure to include the RV infundibulum (which may account
for up to 25% of RV volume) are additional causes for 2DE limit-
ations.22 Image quality and operator experience may further impact
on the results.

Tricuspid annular plane systolic excursion
This is a simple M-Mode measure from the apical four-chamber
view of the longitudinal excursion of the lateral tricuspid annulus
towards the RV apex, with demonstrated prognostic value in
PAH.26 Tricuspid annular plane systolic excursion is used as a cor-
relate of RV systolic function, since longitudinal displacement of RV
base accounts for the greater proportion of total RV volume
change28 in comparison with radial shortening in normal ventricles.
A reasonable correlation between TAPSE and RVEF assessed by
radionuclide angiography was found.29

However, TAPSE ignores the outlet portion and the septal con-
tribution to RV ejection,30 which may become important to main-
tain overall RV function,25 especially when the longitudinal
component decreases. In fact, TAPSE in patients after mitral
valve repair surgery was discrepantly reduced in contrast with
unchanged RVEF measured by RT3DE, demonstrating its reduced
accuracy to estimate true RV performance after cardiac
surgery.31 Although simple, widely available, and feasible also in
patients with poorly visualized RV endocardial borders, TAPSE is
1D and angle-dependent. Regional RV myocardial abnormalities
are also neglected when using TAPSE as a single measure. Since
it is measured with external reference point, it also takes into
account the overall heart motion and not only the longitudinal
excursion of RV base.22 Moreover, its load dependency needs to
be considered in case of significant tricuspid regurgitation, when
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RV base active excursion may inaccurately reflect overall RV con-
tractile function. Not only RV but also LV systolic performance
may influence TAPSE value due to ventricular interdependence.32

Eccentricity index
Eccentricity index (EI) described by Ryan et al.33 is a relatively
easy-to-use measure of septal shift towards LV in overloaded RV.
Eccentricity index is calculated on routine 2D short-axis view of
LV and may discriminate between RV volume overload and
pressure overload states. A high EI is an important echocardio-
graphic predictor of mortality in PAH.34 Improvement in EI is
seen with PAH-targeted treatment.13 However, there is the
problem of different level measurements impacting on the
results. Again, slightly off-axis images can result in artefactually flat-
tened septum, giving rise to wrong EI. Other possible problem is
identifying end-diastole and end-systole, which could also affect
the measurements for EI.33

Myocardial performance (Tei) index
Myocardial performance index (MPI) is calculated from time inter-
vals obtained from Doppler recordings of tricuspid and pulmonary
flow. It incorporates both measures of systolic and diastolic function,
so it represents an estimate of global RV performance independent
of geometric assumptions. The normal value of this index for the RV
is 0.28+0.04 and increases with increasing RV dysfunction.17 A sig-
nificant advantage is that MPI is relatively independent of RV loading
conditions and heart rate. Moreover, its prognostic value was ascer-
tained in PAH patients35 and its accuracy was also demonstrated in
congenital heart disease,36 myocardial infarction,37 and chronic res-
piratory diseases.38 The calculation of this index based on short
intervals requires very good quality Doppler tracings with special
care for optimal visualization of isovolumic event timing. Shortcom-
ings derive from its calculation based on different cardiac cycle
measurements and being adversely affected by rhythm and conduc-
tion disturbances. In addition, the Tei index may suffer a ‘pseudonor-
malization’ effect due to a shortened isovolumic relaxation time
when increased right atrial pressure coexists.30 Yet, colour-tissue
Doppler enables the time measurements to be obtained from the
same cardiac cycle in a more practical and time-saving manner.

Since newer echocardiographic technologies have been made
available, novel indices of RV dimensions and function have been
proposed and tested.

Tissue Doppler myocardial velocities
Right ventricular free wall sampling allows quantitative assessment
of both RV systolic and diastolic function. Myocardial systolic vel-
ocity (S) by pulsed tissue Doppler imaging (TDI) is a relatively
simple and accurate non-invasive correlate of RV systolic function,
although several cut-off values have been described to predict RV
systolic dysfunction in various studies (,9.5–11.5 cm/s).39–42 It is
important to mention that peak S-wave value with pulsed TDI and
with colour-TDI cannot be used interchangeably, since the former
measures peak myocardial velocities, whereas the latter measures
mean myocardial velocities, which are �20% lower.5 Tissue
Doppler imaging velocities may also be affected by overall
cardiac motion and by tethering of the adjacent segments. Poor

spatial resolution due to active systolic motion of RV base is pro-
blematic for the RV.

Isovolumic myocardial acceleration is a new TDI-derived par-
ameter, less affected by preload or afterload. It is calculated by
dividing the maximal isovolumic myocardial velocity by the
time-to-peak velocity.43 It was the most reliable contractility
index among various velocity parameters in an experimental
study.44 Further validation of this new index is warranted for clini-
cal use.17

Right ventricular deformation imaging
Tissue Doppler imaging has been extensively studied and validated
for its ability to quantify myocardial deformation. Myocardial strain
represents the percentage of myocardial fibre shortening and
hence this could be used as a ‘true’ segmental systolic perform-
ance, being less dependent on preload. Strain and strain-rate
abnormalities of RV are seen in pulmonary hypertension, as well
as in amyloidosis, congenital heart diseases, and arrhythmogenic
RV dysplasia. Doppler-derived strain and strain-rate may identify
subtle changes in response to vasodilator treatment45 and may
outline early signs of RV involvement in the PAH course. Draw-
backs of the TDI method are angle-dependency, 1D estimation,
and low signal-to-noise ratio. It requires a high frame rate, for
which separate wall imaging is usually accomplished with pulsed
TDI. In contrast, colour TDI may facilitate simultaneous segmental
recordings for comparative analysis of event timings.

Speckle-tracking echocardiography (STE) is a relatively new,
non-invasive method for the assessment of myocardial defor-
mation from grey-scale 2DE images. The unique speckle pattern
in each region represents a ‘fingerprint’ which can be tracked
frame-by-frame throughout the cardiac cycle and consequently
derive myocardial deformation in 2D. Therefore, this technique
has a great promise in assessing regional and global RV deformation
in different directions, i.e. longitudinal, radial, and circumferential, in
terms of both amplitude and timing (Figure 1). However, STE has
been criticized for its lower temporal resolution and dependence
on optimal image quality. Recently, this new method demonstrated
its value to outline changes in RV systolic function, as assessed by
2D strain and strain-rate, in proportion to the severity of pulmon-
ary pressure rise in PAH patients.46 Also, it proved to be sensitive
enough to detect early alterations of RV function in patients with
systemic sclerosis and normal pulmonary pressures.47

Real-time three-dimensional
echocardiography
Complex anatomy is ideally displayed using 3D reconstruction
techniques. Therefore, the assessment of RV volume and function
for clinical use may represent the most justified application of
RT3DE, as the awareness of 2DE drawbacks in this regard and
the advancements in ultrasound technology are fastly growing.

Accurate volume analysis independent of RV size and shape,
without foreshortened views and geometric assumptions ensure
the superiority of RT3DE for RV quantitation over the convention-
al echocardiographic methods. Good correlation between RT3DE
and CMR for calculating RV volumes and EF was reported.48

Compared with CMR data, RV volumes calculated from 3D
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echocardiography showed significantly better agreement and
lower intra- and interobserver variability than 2D echocardiogra-
phy.49 Real-time three-dimensional echocardiography enables
unique views to outline and better understand particular causes
of pulmonary hypertension, such as septal defects or complex con-
genital pathology.50 Real-time three-dimensional echocardiography
quantitation of RV end-diastolic volume was recently demon-
strated to be feasible and superior to 2DE-derived value in the
subset of PAH patients.51 The capability to complement RV assess-
ment with geometric data on tricuspid valve tenting in tricuspid
regurgitation secondary to pulmonary hypertension confirms the
unique value of RT3DE to comprehensively address PAH
patients.52

Wide-angle full-volume acquisitions to accommodate enlarged
RVs are presently feasible with good image quality in a time-saving
manner. The apical approach is generally used to acquire full-
volumetric data sets from four to seven ECG-triggered subvo-
lumes. However, a key advantage of RT3DE is the ability to
acquire full-volume RV data sets from any traditional parasternal,
apical, or subcostal view to fit each patient’s best imaging
window. Then, post-processing analysis with electronic cropping,
slicing, rotating, and translating tools allows the identification of
pre-defined RV views to start quantitative analysis workflow.
Current semi-automated softwares for offline analysis of RV
based on RT3DE data sets use border-detection algorithms to
obtain a dynamic surface-rendered RV cast which enables the

evaluation of RV geometry and contraction from any perspective
(Figure 2). Qualitative assessment is complemented by time–
volume curve display and a panel of quantitative data derived
from actual volumetric measurements and not simple calculations.
Digitally archived 3D data sets may also be post-processed retro-
spectively for comparison during serial follow-up.

Yet, no imaging technique is ideal and RT3DE makes no excep-
tion. Patient’s inability to cooperate for breathhold, arrhythmias,
the larger footprint and size of matrix-array transducer, depen-
dence on optimal acoustic quality, and need for specific training
are among the most incriminated drawbacks of this method. To
date, limited data are available regarding normal reference values
for RV volumes and EF using RT3DE49 and further extensive
studies are required in this area.

Study protocol
Currently, several disease-targeted therapies are available such as
endothelin receptor antagonists (ERA), phosphodiesterase-5
inhibitors, and prostacyclins that improve exercise capacity and
cardiopulmonary haemodynamics, as shown in several large-scale
clinical trials.53 Two studies have shown that compared with
placebo, short-term treatment with bosentan13 or prostacyclin54

prevented further enlargement of RV area. However, there is a
lack of available data on the effect of long-term treatment of
PAH on RV function and geometry.1,55

Figure 1 Longitudinal strain of the right ventricular free-wall assessed using the speckle-tracking modality. Apical four-chamber ‘quad’ view. (A)
Tracked apical loop with colour coding of the three myocardial segments. (B) Average segmental strain graphically displaced. Each colour line cor-
responds to the same colour-coded myocardial segment. (C) Colour display of peak systolic strain. Colour scale shown on the right corner. (D)
M-mode representation of peak systolic strain. Myocardial segments are colour-coded, strain colour scale same as in (C ).
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Real-time three-dimensional echocardiography has been shown
to be accurate in assessing RV and LV volumes, stroke volumes,
and EFs in comparison with CMR imaging.48

Methods

Study objectives
The study has five main objectives:

(i) to investigate the effect of treatment on RV and LV remodelling
and function using RT3DE (treated arm);

(ii) to assess the effect of treatment on RV and LV myocardial func-
tion using STE to measure maximal longitudinal 2D strain (treated
arm);

(iii) to correlate results obtained from RT3DE and STE with changes
in New York Heart Association (NYHA) functional class, 6 min
walk test (6MWT), quality of life (QoL), and cardiac biomarkers
in PAH patients (both treated and non-treated arms);

(iv) to compare results obtained from RT3DE and STE with conven-
tional 2DE and Doppler indices of RV and LV function (both
treated and non-treated arms);

(v) to assess the relationship between RV geometry and function
with patient’s clinical status irrespective of being in the disease-
targeted group (treated arm) or in the conventional treatment
group (non-treated arm).

Study design
This is a multicentre, prospective observational study involving
seven centres: three Italian (Udine, Trieste, and Padua), two
British (Bath and London), one Belgian (Liege), and one Romanian
(Bucharest). All these centres are expert in treating patients with
PAH. According to the current recommendations, PAH will be
defined as a mean pulmonary artery pressure .25 mmHg at rest
in the setting of a normal pulmonary arterial wedge pressure
�15 mm Hg.19,56 Two distinct groups of patients will be evaluated:
Group 1 (treated arm), those in whom active therapy is required
(ERA, phosphodiesterase-5 inhibitors, prostacyclins or, if acute
vasoreactivity has been demonstrated, calcium channel blockers);
and Group 2 (non-treated arm), patients with confirmed PAH at
cardiac catheterization, but, for any reason (low functional class,
contraindications, or patient refusal to assume targeted therapies),
will receive only supportive therapy (i.e. patients on any or in com-
bination with oxygen/diuretics/digoxin/anticoagulants). Treatment
will be prescribed according to clinical criteria by the clinician
taking care of the patient.3

Seventy patients in the treated arm (�10 per centre) who will
survive for at least 1 year will be recruited. This sample volume will
give a 90% power of showing a �15% increase in the RV MPI (an echo-
cardiographic parameter which is independently correlated with survi-
val in patients with PAH35). The study inclusion and exclusion criteria
are summarized in Table 1.

Figure 2 Real-time three-dimensional echocardiographic assessment of right ventricular volumes and ejection fraction. The right ventricular
analysis programme displays three orthogonal planes: sagittal (A), coronal (B), and four-chamber (C). Results of three-dimensional right ventri-
cular reconstruction are shown in (D).
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Study protocol
Patients with PAH confirmed by cardiac catheterization, who agree to
be enrolled, will undergo the following evaluation before starting
therapy:

(i) clinical evaluation including clinical examination, NYHA functional
class assessment, Borg dyspnoea score,57 Euro QoL question-
naire, and a 6MWT;58

(ii) resting electrocardiogram;
(iii) blood sampling for N-terminal pro-brain natriuretic peptide and

troponin;
(iv) a representative 2DE, Doppler, and RT3DE study.

All clinical and echocardiographic examinations will be repeated at
3, 6, and 12 months on patients recruited to the treated arm for PAH.
Patients in the non-treated arm for PAH will undergo the same evalu-
ation at 6 and 12 months (Figure 3).

Two-dimensional and Doppler echocardiography
A comprehensive transthoracic 2D and Doppler echocardiography will
be performed using second-harmonic imaging from parasternal and
apical windows, with the patient in the left lateral position. Loops
from three cardiac cycles will be acquired during breathhold. Particular
attention will be paid to avoid foreshortening of apical views. Apical
views of the LV and RV will be recorded with the sampling frequency
of 60–80 Hz and sector width adjusted accordingly for subsequent
analysis using STE (frame rate 60–80/s). Loops and tracings will be digi-
tally stored for offline analysis.

Tissue velocity imaging
Pulsed tissue velocity imaging (TVI) will be performed using spectral
pulsed-Doppler signal filters, adjusting the Nyquist limit to15–20 cm/
s and using the minimal optimal gain. In the apical four-chamber
view, a 5 mm pulsed Doppler sample volume will be placed at the
level of the lateral mitral annulus and lateral tricuspid annulus. The
apical view will be chosen to obtain a quantitative assessment of the
regional wall motion almost simultaneously to the Doppler inflow
and outflow and to minimize the insonation angle between the
Doppler beam and the longitudinal wall motion. Pulsed TVI is charac-
terized by a myocardial systolic wave (Sm) and two diastolic waves—
early (Em) and atrial (Am). The myocardial peak velocity Sm (cm/s)
and the time from Q-wave to Sm onset (ms) will be measured as sys-
tolic indices. Em and Am peak velocities (cm/s) and the Em/Am and E/Em

ratios will be determined as diastolic measurements.59

Real-time three-dimensional echocardiography
Harmonic RT3DE will be performed from the apical window immedi-
ately following 2DE and Doppler imaging, using a matrix-array transdu-
cer to obtain two pyramidal data sets with standard sector field and
line density in the full-volume acquisition mode: one containing the
entire LV cavity and a second one containing the RV cavity. In the full-
volume acquisition mode, four wedges will be obtained over four con-
secutive cardiac cycles during a breathhold with electrocardiographic
gating. Data sets will be digitally stored for offline analysis.

The ECG, respiratory rate, and blood pressure will be recorded
throughout the imaging process for quantitative evaluation of echocar-
diographic data.

Echocardiographic image analysis
Recordings will be analysed at the core echocardiography laboratory
by experienced observers who will be unaware of each patient’s treat-
ment assignment and whether the examination was at baseline or
during follow-up. Two-dimensional echocardiography and Doppler
measurements will be made on three representative beats and the
results will be averaged. All heart chamber dimension measurements
will be indexed to body surface area calculated using the DuBois
method.

Table 1 Summary of the inclusion and exclusion
criteria

All the following criteria need to be fulfilled for study inclusion:

Idiopathic PAH, associated with collagen vascular disease or due to
chronic thrombo-embolic disease not suitable for
thromboendarterectomy

A resting mean pulmonary artery pressure .25 mmHg at rest on
right heart catheterization

Sinus rhythm

Age .18 years

Adequate acoustic window for speckle-tracking analysis and
possibility to acquire 3D data sets for both right and left ventricular
volume assessment

Any of the following criteria excludes the patient from the study:

Patients on active treatment for PAH or PAH secondary to
congenital heart disease

Patients who are severely disabled and will not be able to complete
the study

Significant lung disease as shown by FVC , 70% predicted or FEV1/
FVC , 50%

HIV, portopulmonary hypertension, haemolytic anaemia associated
PAH, anorexigen associated PAH

WHO Group 2 PAH as evidenced by pulmonary wedge pressure
.15 mmHg or elevated LV end-diastolic pressure

WHO Group 5 PAH

Life expectancy ,1 year due to severe PAH or any other forms of
terminal disease

Pregnant women

Refusal to give informed consent

Figure 3 Study protocol. PAH, pulmonary artery hypertension.
White boxes indicate clinical evaluation with NYHA class, quality
of life assessment, cardiac troponin and N-terminal pro-brain
natriuretic peptide dosage, 6 min walk test, and comprehensive
two-dimensional and Doppler echocardiographic study perform-
ance; dashed boxes indicate three- and two-dimensional strain
echocardiography.
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Echocardiographic variables
The following echocardiographic variables will be measured:

(i) left ventricular end-diastolic and end-systolic volumes;21

(ii) right ventricular fractional area change;21

(iii) tricuspid annular plane systolic excursion;60

(iv) eccentricity index will be calculated by the method of Ryan
et al.;33

(v) maximal diameter and inspiratory collapse of the inferior vena
cava during respiration will be measured from subcostal images
to obtain an estimated right atrial pressure;61

(vi) pericardial effusion size will be determined from parasternal long-
and short-axis views. Effusions will be graded and assigned a
score as follows: absent (score ¼ 0), trace (score ¼ 1; separation
of pericardial layers in both systole and diastole), small (score ¼
2; diastolic separation ,1 cm), moderate (score ¼ 3; diastolic
separation of 1–2 cm), or large (score ¼ 4; diastolic separation
.2 cm);54

(vii) linear RV dimensions will be taken as per previously published
guidelines.21

Doppler parameters
The following Doppler parameters will be measured:

(i) right ventricular (pulmonary artery) acceleration time;62

(ii) right ventricular ejection time will be measured from the RV
outflow pulsed-wave Doppler signal as the interval from the
onset of forward flow to pulmonic valve closure;

(iii) Doppler LV and RV indices, as global measures of LV and RV func-
tion, respectively, will be calculated as described by Tei et al.63

(iv) peak tricuspid regurgitant jet velocity;64

(v) cardiac output will be calculated from pulsed-wave Doppler
recordings of the LV outflow tract velocity profile;

(vi) left ventricular filling will be assessed from pulsed-wave Doppler
mitral inflow signals. Quantification will include measurements of
mitral E- and A-wave peak velocities, and the E-wave deceleration
time.

Two-dimensional speckle-tracking image analysis
Speckle-tracking analysis will be carried out using a commercially avail-
able echo analysis software (EchoPAC, BT08, GE Healthcare, Horten,
Norway) equipped with Automatic Function Imaging analysis package.
The software allows automated identification of natural acoustic
markers within the myocardium65,66 and subsequent tracking of their
movements during the cardiac cycle. After manual marking of suben-
docardium, the endocardial and epicardial LV and RV borders will be
automatically tracked and delineated. After manual adjustment (if
necessary) or approval of the computer-generated myocardial wall
delineation, the automated speckle-tracking analysis will be performed
in the apical views, in which the LV myocardium will be automatically
divided into six regions of interest (ROI) and the RV into three ROI
(Figure 1). For each ROI thus identified, maximal longitudinal strain
during cardiac cycle will be obtained.

Real-time three-dimensional echocardiographic right
ventricular analysis
Real-time three-dimensional echocardiography RV analysis will be
undertaken with a commercially available offline system (4D
RV-Function 1.1, TomTec Imaging Systems GmbH, Unterschleissheim,
Germany). Each RV volume data set will be imported into the appli-
cation and manipulated by rotating, angulating, and slicing in any of
the three displayed orthogonal planes, which will simultaneously
reset views in the other two planes. A central reference point will

be selected by moving through any plane. Secondary rotation is also
possible. In this way, the clearest possible views will be obtained to
start the full-volume analysis. All images will be viewed in sagittal (to
outline the tricuspid valve in the best possible view), four-chamber
(to outline the apex), and coronal (to outline the RV outflow tract)
views, in the best possible view containing a full-volume set
(Figure 2). Contrast, zoom, shading, and colour will be used to
improve delineation of the endocardium. The end-diastolic and end-
systolic frames are chosen in all views by visual inspection of cine
loops. The endocardial border of the RV has to be drawn in end-
diastole and at end-systole in every plane (sagittal, coronal, and four-
chamber views); dependent on the quality of the data set, 5 up to
12 points will be sufficient for subsequent automatic contour detec-
tion. Three-dimensional images will be generated with the possibility
for manual correction in every frame of the cardiac cycle (Figure 4).
The interventricular septum will be excluded from RV volume assess-
ment. Trabeculations will be included in the endocardial rim, but the
apical component of the RV moderator band will be excluded from
the cavity.

Real-time three-dimensional echocardiographic left
ventricular analysis
Left ventricular volumes and EF will be measured with dedicated offline
computers and software (4D LV analysis 2.6, TomTec Imaging Systems
GmbH). The data set will be aligned in two orthogonal planes along
the long axis of the single ventricle with clear depiction of the atrio-
ventricular valve (Figure 4). Brightness and contrast will be adjusted
to optimize signal-to-noise ratio. End-diastole will be chosen as the
largest chamber size and/or the frame before mitral valve closure. End-
systole will be chosen as the smallest chamber size and/or the frame
before mitral valve opening. Using still and motion frames, the endo-
cardial and epicardial borders will be identified and manually traced
in sequential cross-sectional planes.

Statistical methods
The null hypothesis of the study is that in patients enrolled in the
treated arm, there will be no change in echocardiographic and
Doppler parameters of RV geometry and function from the baseline.
Right ventricular Doppler MPI has been considered the primary par-
ameter because of favourable changes shown in a previous pharma-
cological trial in patients with PAH13 and its correlation with
survival in these patients.35 As a consequence, the sample size of
the study was based on these changes. The changes from baseline
to treatment values of each echocardiographic and Doppler par-
ameter will be calculated for individual patients in whom technically
adequate studies will be available at baseline, 3, 6 months, and 1 year.
Statistical analysis will be based on the intention-to-treat population
(full analysis set). Continuous data will be expressed as mean+ SD.
Baseline data will be compared by means of the x2 test for categorical
variables and unpaired t-test for continuous variables. Analysis of var-
iance with the Tukey post hoc test will be used to analyse repeated
measures. Multiple stepwise regression analyses will be performed
to identify among the echocardiographic and Doppler parameters
the predictors of the increase in the 6 min walking distance or of
the QoL score improvement. Statistically significant variables in uni-
variate analysis will be entered in the multivariate models. A value
of P , 0.05 will be considered statistically significant. Statistical ana-
lyses will be performed using SPSS 13.0 (Chicago, IL, USA) for
Windows.
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Discussion
The present study has been designed to provide additional infor-
mation that may help in understanding the pathophysiology of
PAH and PAH-targeted treatment effects on RV geometry and
function. Compared with current literature, this study presents
many innovative aspects, summarized as follows:

(i) relatively long follow-up (up to 1 year);
(ii) use of RT3DE to assess changes in size and function of RV and

LV;
(iii) assessment of RV geometry and function in PAH patients in

NYHA class I and II;
(iv) assessment of RV myocardial function in PAH patients and its

changes with and without therapy using 2D STE;
(v) explore the relationship between changes in RV and LV func-

tion during therapy, if any, with changes in patient functional
class.
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