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Abstract Speckle tracking echocardiography (STE) has
recently applied as imaging technique to accurately eval-
uate right ventricular (RV) function. STE provides a non-
Doppler, angle-independent and objective quantification of
RV myocardial deformation. Data regarding feasibility,
accuracy and clinical applications of RV strain are rapidly
gathering, especially in the setting of heart failure patients.
This review describes the fundamental concepts of RV—
STE and discusses its emerging clinical applications,
focusing on the useful of this technique in the clinical
management of patients with advanced heart failure.
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Background

The physiological importance of the right ventricle (RV)
has been always underestimated; the RV was considered
mainly as a conduit, whereas its contractile performance
was thought to be hemodynamically unimportant. In real-
ity, the RV plays an important role in the morbidity and
mortality of patients presenting with signs and symptoms
of cardiopulmonary disease [1, 2].

Right ventricle function is strongly associated with
clinical outcomes in many conditions, and the evaluation of
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RV structure and function in patients with cardiopulmo-
nary disorders is an essential component of clinical man-
agement [3].

Recently, a number of studies have provided evidence
that right ventricular ejection fraction is an independent
prognostic factor in patients with moderate to severe heart
failure (HF) [4]; in patients with moderate or advanced
heart failure, RV dysfunction has been shown to predict a
reduced exercise capacity, autonomic imbalance and short-
term survival [5]. Moreover, the status of the RV is often
determinant in the success of using left ventricular assist
devices (LVADs), in patients with end-stage heart failure
[6-9].

Although there have been significant improvements in
cardiac imaging, the systematic assessment of right heart
function is not uniformly carried out because several fac-
tors contribute to the challenges of RV assessment: the
complex geometry of the RV, the limited definition of RV
endocardial surface caused by the trabeculated myocar-
dium, the retrosternal position of the RV that limits echo-
cardiographic imaging windows and the marked load
dependence of indices of RV function [10].

In clinical practice, echocardiography is the mainstay of
evaluation of RV structure and function. Due to its wide-
spread availability, echocardiography is used as the first-
line imaging modality for assessment of RV size and RV
function [10].

However, the quantitative assessment of RV size and
function is often difficult, because of the complex shape
that appears triangular when viewed from the side and
crescent shaped when viewed in cross section [10].

Among the various echocardiographic parameters of RV
systolic function proposed, RV fractional area change [11],
the systolic velocity (S*) [12, 13] of the tricuspid annulus
by tissue Doppler and the M-mode measurement of
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tricuspid annulus displacement (TAPSE) [14, 15] toward
apex during ventricular systole are easy to obtain, repro-
ducible and have been validated in patients with HF, but
remain only a regional approach to the complex shape of
RV [16].

Recently, the RV systolic function can be more easily
studied thanks to a non-Doppler echocardiographic tech-
nology, called speckle tracking echocardiography (STE),
that has been proposed as an alternative approach to define
RV longitudinal function, enabling the quantification of
myocardial deformation from standard bidimensional echo-
images, without the problem of angle dependence [17].
Born as a technique for the study of left ventricle (LV) [18—
20] and left atrial deformation [21-24], its application has
been recently extended for the analysis of RV systolic
function [25-28].

Herein, we present an overview about the technological
aspects, the advantages, the limitations and the emerging
clinical applications of STE applied for the analysis of RV
function.

Speckle tracking echocardiography

The right ventricular longitudinal strain, deriving from
application of the analysis of myocardial deformation using
STE at RV chamber, as shown by recent studies, presents
considerable feasibility and reproducibility [25, 26].

Methods

Two-dimensional strain imaging is an echocardiographic
technique that uses standard B-mode images for speckle
tracking analysis. The speckle pattern (acoustic backscatter
generated by the reflected ultrasound beam) is followed
frame by frame, using a statistical approach based on the
detection of the best matching area. The displacement of
this speckled pattern is considered to follow myocardial
movement, and a change between speckles is assumed to
represent myocardial deformation [17].

Although this new technique was introduced for the
exclusive analysis of LV function, several studies have
recently extended its applicability to other cardiac cham-
ber, the left atrium and right ventricle.

For speckle tracking analysis of right chamber, apical
four-chamber view images were obtained using conven-
tional two-dimensional gray-scale echocardiography, stor-
ing the images at end-expiration and with a stable ECG
recording. Care was taken to obtain the best visualization
of RV, from base to apex, and a more reliable delineation
of the endocardial border, always remaining in a four-
chamber view. Three consecutive heart cycles are recorded
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and averaged. The frame rate is set between 60 and 80
frames per second; these settings are recommended to
combine temporal resolution with adequate spatial defini-
tion and to enhance the feasibility of the frame-to-frame
tracking technique [17].

Recordings are processed using an acoustic-tracking
software (Echo Pac, GE, USA), allowing off-line semi-
automated analysis of speckle-based strain.

To calculate RV global strain, endocardial border is
manually traced in four-chamber view, thus delineating a
region of interest (ROI), composed by 6 segments. Then,
after the segmental tracking quality analysis and the
eventual manual adjustment of the ROI, the longitudinal
strain curves are generated by the software for each RV
segment. The global right ventricle longitudinal strain
(global RVLS) peak was calculated by averaging values
observed in all RV segments (Fig. 1).

Right ventricular free-wall strain was derived by a
precise and manually delineation of the endocardial border
of the only free wall, obtaining a ROI, divided in 3 seg-
ments, basal, medial and apical. The corresponding strain
curves, generated by the software, allowed to calculate RV
longitudinal strain for each free-wall segment, while the
dashed curve, which represents the average value of the
strain curves of other segments, was used to evaluate free-
wall RVLS; this kind of measurement could accurately
performed only on separated workstation (Echopac, GE)
(Fig. 2).

The time to peak longitudinal strain (TPLS) was also
measured as the average of all 6 segments (global TPLS);
the temporal pattern of RV mechanical contraction was
evaluated as the time needed to reach peak strain TPLS
using the beginning of the QRS complex as a reference
point.

In patients in whom some segments were excluded
because it was not possible to achieve adequate tracking,
RVLS and TPLS were calculated by averaging values
measured in the remaining segments.

Recent methodological study has reported the feasibil-
ity, the reference values and the reproducibility of RVLS
measured by STE in normal patients and in patients with
RV dysfunction (Table 1); [25].

In patients with RV dysfunction, there is a significantly
greater RV dyssynchrony that the standard echocardiographic
parameters are not able to highlight for their regional nature.
In a simultaneous echocardiographic-catheterization study
[26], we have previously demonstrated the close negative
correlation between RVLS and RV stroke work index
(RVSWI), which is the hemodynamic parameter usually used
to evaluate RV function in patients waiting for heart trans-
plant; in particular, free-wall RVLS demonstrated the highest
diagnostic accuracy to predict a depressed RVSWI. It may
due to the fact that the free wall reflects better the function of
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Fig. 2 Free wall right ventricular longitudinal strain (RVLS) measurements

right ventricle than global RVLS. Indeed, the interventricular ~ Advantages and limitations

septum is shared by both ventricles, and its strain pattern is

also influenced by LV systolic function; so we could  The assessment of RV strain by STE represents a relatively
hypothesize that RV systolic performance appears to be clo-  rapid and easy-to-perform technique to explore RV func-
sely assessed by free-wall RVLS. tion, due to its semi-automated nature and to its off-line
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Table 1 Global and regional RV longitudinal strain values in normal subjects and in patients with RV dysfunction with or without pulmonary

hypertension

Normal subjects

RV dysfunction
(PAPs < 35 mmHg)

RV dysfunction
(PAPs > 35 mmHg)

RV global longitudinal strain (%) —30.0 to —17.7
Basal free wall —43.2 to —14.9
Mid free wall —40.9 to —20.1
Apical free wall —39.01 to —13.1
Basal septum —26.8to —12.5
Mid septum —273to —12.7
Apical septum —33.6to —=9.7

RV free-wall longitudinal strain (%) —37.7 to —19.8

—14.4 + 34 —12.7+£ 3.6
—188 £ 7.3 —18.6 £ 7.2
—193 £ 5.7 —162 £ 63
—173 £ 6.2 —15.4 £ 6.0
—10.3 £ 4.9 —8.6 53

—9.2 437 =77 +42
—11.5 £ 4.7 -95+70

RV right ventricular

processing. In fact, in contrast to Doppler-derived param-
eters, speckle tracking has the advantage of being angle-
independent, and to be less affected by reverberations, side
lobes and drop out artifacts [17].

In particular, Tissue Doppler imaging measures myo-
cardial velocities and allows quantitative assessment of RV
systolic and diastolic function but can guarantee only a
restricted regional evaluation to the complex RV shape and
reflects merely the systolic motion of a single point of the
tricuspid annulus, disregarding the contribution of the mid-
apical free-wall segments. Moreover, velocity-based
assessment of myocardial deformation has limitations
based on alignment of the Doppler signal, the sensitivity to
signal noise and the fact that any derived data are unidi-
rectional along the signal line. This has led to the
increasing replacement of these techniques with speckle
tracking techniques, which tracks ultrasound reflectors
within tissue that behave like tags placed on the myocar-
dium [29].

In fact, the recent development of STE allows a precise
assessment of RV deformation profile during an entire
cardiac cycle, closely following RV systolic mechanic
during the ejection phase; this technique is not only a
reliable mean of measuring global RV function but the
measurement of RVLS guarantees also the study of
regional RV function.

Considering the limitations of classical indices of RV
function, speckle-tracking-derived strain has overcome
also TAPSE and RV-FAC, allowing the regional analysis
of RV contractility. Furthermore, it identifies discrete and
localized loses in contractility that are still insufficient to
affect global systolic function and thus has potential
diagnostic and prognostic implications. Rather than the
rough estimates of global RV function provided by RV-
FAC, we can now look at the right ventricle at the regional
level and obtain more information concerning the patho-
physiologic mechanisms leading to RV failure [25].
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Although both magnetic resonance imaging and three-
dimensional echocardiography have emerged as techniques
that would overcome the geometric limitations of standard
two-dimensional echocardiography, they are currently
limited by their cost and availability [30]; thus, STE still
represents a non-invasive, advantageous and user-friendly
technique that can potentially enlarge our knowledge on
RV function.

Nonetheless, intrinsic limitations of speckle tracking
must be listened, including strict frame rate dependency,
potential errors in epicardial/endocardial border tracing in
subjects with suboptimal image quality and the need for an
appropriate learning curve to achieve adequate experience
in using analysis software. In fact, the potential difficulty of
obtaining a region of interest close enough to the effective
shape of right ventricle and the risk of contamination by
signal components arising from structures surrounding the
RV should be considered.

Moreover, RV strain was assessed only in the 4-chamber
view of the 6 segments of the right ventricle, but RV
longitudinal function measured in the inlet chamber
accounts for about 80 % of RV function [31].

Lastly, because a dedicated software for RV strain
analysis has not yet been released, the analysis is per-
formed using a software created for the LV; for this reason,
it is mandatory to be careful in the endocardial border
delineation, in order to minimize the risk of artifacts.

More recently, the advent of three-dimensional (3D)
speckle tracking echocardiography has the potential to
overcome the limitations of 2D STE for the assessment of
LV global and regional systolic function. Studies have
demonstrated that it provides more accurate and convenient
assessment of LV function and has been shown to be useful
in the detection of subclinical LV dysfunction in patients
with heart failure and hypertension [32].

In fact, respect to 2D speckle tracking, 3D STE tracks
the motion of speckles within the scan volume instead of
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artificially dividing the myocardial displacement vector
into three directions. As a result, 3D STE is free of geo-
metric assumptions and speckles’ moving out of the
scanning plane, allowing a more complete and accurate
assessment of myocardial deformation in all three spatial
dimensions by avoiding of out-of-plane motion, but it has
been validated for the quantification of LV volumes and
LV wall motion in ischemic heart disease in adult. None-
theless, so far data are not present regarding its use in the
analysis of RV function [33].

Clinical applications

The assessment of RV systolic function and pulmonary
hypertension in patients with HF is of great clinical
importance not only for diagnostic purposes but also for
prognostication.

In this overview, we have decided to focus on this
specific pathologic condition in which RV strain imaging
may be helpful in clinical management of patients with
only a mention to the recent application of RV strain
analysis in patients affected by arrhythmogenic right ven-
tricular cardiomyopathy.

Right ventricular deformation analysis and heart failure

Right ventricular systolic dysfunction is a strong indicator
of a poor prognosis among patients with congestive HF
who are refractory to medical therapy. Assessment of RV
systolic function in patients with HF provides comple-
mentary information with high power to stratify prognosis
[34, 35].

To the best of our knowledge, the study of Meris et al.
[25] was the first one concerning patients with RV dys-
function associated with LV dysfunction, the most frequent
scenario in clinical practice; they found that RV strain
accurately identified reduced global RV function and that a
global longitudinal strain cut-off value of —19 % can be
considered a useful means of differentiating normal and
impaired right ventricles.

Moreover, in this study, the magnitude of RV strain was
further reduced in those patients with pulmonary hyper-
tension; when each RV segment was considered individu-
ally, there was a clear trend toward less regional
longitudinal strain in patients with RV dysfunction and
pulmonary hypertension than in those without pulmonary
hypertension, showing significantly greater RV dyssyn-
chrony in the presence of pulmonary hypertension in line
with the previous findings of Kalogeropoulos et al. [11].

The standard criterion to assess RV systolic function in
patients waiting for a heart transplant remains the right-side
heart catheterization procedure, and the hemodynamic gold
standard parameter usually used to evaluate RV function is

the RVSWI, which represents the effective work of RV
against pulmonary pressures during cardiac cycles.

In patients with advanced systolic HF referred for car-
diac transplant, it has been demonstrated a strong inverse
correlation between RVSWI and RVLS, especially with
free-wall RVLS [26]. Thus, the longitudinal function of RV
appeared essential in determining RV output; in particular,
the strongest correlation found between free-wall RVLS
and RVSWI can be justified by the fact that free wall
reflects better the function of right ventricle, considering
that the motion of interventricular septum in this particular
patient setting is mostly influenced by LV dysfunction.
Recently, a prospective study has demonstrated that among
patients referred for heart transplantation, free-wall RVLS
is a stronger predictor of outcome than LV longitudinal
strain and other conventional parameters, providing a
stronger prognostic stratification [36].

Right ventricular deformation analysis and left ventricular
assist device

In patients with refractory end-stage HF, the status of RV is
also determinant in the success of using LVAD [37—-40].

Use of implantable LVADs in the treatment for end-
stage HF has recently gained broader application, not only
as a bridge to heart transplantation but also as destination
therapy, for patients who are not transplantation candidates
[41].

One of the main and life-threatening complications
inherent following the implant of LVAD is RV failure,
manifested by the need for inotropic and/or nitric oxide
support >14 days after LVAD implant and/or the need for
right-sided mechanical circulatory support. RV failure is a
major contributor of significant morbidity and mortality
after LVAD placement. The complex pathophysiology of
RV failure, which could potentially be related to RV
myocardial dysfunction, interventricular dependence and
RV afterload, has led to inconsistencies in predicting risk
factors for RV dysfunction. Several strategies have evolved
over the years of experience with mechanical circulatory
support that have aimed to avoid as well as reduce the
incidence of RV failure. It is imperative that patients who
definitely need biventricular support are identified. Despite
the numerous risk factors identified in many studies as well
as the development of risk factor profile scores, this con-
tinues to be a challenging problem [42].

It is well recognized that where RV dysfunction is
present before LVAD implant, overt postoperative RV
failure may occur in the postimplant period [37].

As a consequence, better preoperative identification of
risks factors for RV failure should lead to improved
selection of patients.
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Recently, by extrapolation, we were able to show in a small
number of patients undergone LVAD implant the predictive
role of RVLS, observing patients with advanced HF before
and after LVAD implant [27]; in this study, we observed that
those patients who presented a depressed RVLS value at the
preoperative echocardiographic evaluation showed a worse
prognosis, with development of RV failure, instead patients
that presented higher values of RVLS showed progressive
improvement in RV deformation.

Also, a recent study of Grant et al. [46] has demonstrated
that clinical evaluation and standard preprocedural echocar-
diographic RV measurements seemed insufficient for pre-
dicting RV failure in patient undergoing LVAD implantation,
showing that there was a significant difference in peak strain
between patients with and without RV failure. Therefore, this
study confirmed that reduced RVLS is associated with an
increased risk of RV failure among patients undergoing
LVAD implantation, showing that RVLS was incremental to
the Michigan risk score as a predictor of RV failure.

Thus, even if this new echocardiographic technique
requires additional validation, it has already gained wide
applications; in fact, also the American Society of Echo-
cardiography has recently proposed its use in this particular
setting of patients with advanced heart failure, treated with
LVAD implantation as bridge to transplantation or as
destination therapy (Fig. 3); [43].

Right ventricular deformation analysis
and arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy is a
heritable disease characterized by the fibro-fatty replace-
ment of RV myocardium leading to RV failure and
arrhythmias.

The identification of RV abnormalities using echocar-
diography is still a major challenge because of the geo-
metric shape of the RV and the patchy involvement of the
right ventricular wall with subtle abnormalities at an early
stage.
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Fig. 3 ROC curves describing the diagnostic accuracy of Michigan
Score, Michigan Score + RV strain, Michigan Score + Subjective
RV function evaluation in predicting RV failure after LVAD implant.
Adapted from Rasalingam et al. [43]

STE has broadened the utility of echocardiography in
detecting and understanding the effect of contraction
abnormalities of the heart, sometimes in subclinical phase
of disease.

Prasaka et al. [47] have demonstrated that the value of
RV strain was significantly lower than in controls, even in
the subset of patients with ARVD with apparently normal
right ventricles by conventional echocardiography, show-
ing that a peak RV strain <18 % best identify patients with
ARVD.

More recently, Aneq et al. [48] have demonstrated that
longitudinal speckle derived strain is reduced in the right as
well as in the left ventricular walls, confirming the biven-
tricular involvement of AVRC.

In conclusion, strain analysis is superior to conventional
echocardiographic parameters in identifying ARVD and
may have potential clinical value in the assessment of
patients with suspected ARVD in the diagnostic workup.

Conclusion

Right ventricular function carries important clinical and
prognosis implications in many setting of patients. Con-
sidering the limitations of classical echocardiographic
indices, this new parameter of RVLS provides more
detailed information about regional and global RV
mechanics and may have important clinical implications
for non-invasive evaluation of RV systolic function, per-
mitting to identify patients with subclinical RV
dysfunction.
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Moreover, the assessment of RV systolic function in

patients with HF provides complementary information with
high power to stratify prognosis and may be considered a
promising non-invasive parameter to identify patients at
higher risk among HF patients.

However, further prospective studies are necessary to

better define its role in the intensive management of
patients and the potential of this new imaging technique of
STE to the analysis of RV function in patients with
advanced HF and in LVAD therapy and also in the specific
setting of ARVC.
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