
Citation: Ji, M.; Zhang, L.; Gao, L.;

Lin, Y.; He, Q.; Xie, M.; Li, Y.

Application of Speckle Tracking

Echocardiography for Evaluating

Ventricular Function after

Transcatheter Pulmonary Valve

Replacement. Diagnostics 2024, 14, 88.

https://doi.org/10.3390/

diagnostics14010088

Academic Editors: Corina

Maria Vasile, Xavier Iriart

and Eliza Elena Cintezǎ
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Abstract: Pulmonary regurgitation usually leads to right heart dilatation and eventually right heart
dysfunction, which is associated with a poor prognosis. Transcatheter pulmonary valve replacement
is a developing treatment for pulmonary valve dysfunction that can take the place of traditional
surgery and make up for the shortcomings of a large injury. Echocardiography plays a significant
role in assessing ventricular function; however, conventional echocardiographic parameters have
several limitations. Speckle tracking echocardiography has been regarded as a more accurate tool for
quantifying cardiac function than conventional echocardiography. Therefore, the aim of this review
was to summarize the application of speckle tracking echocardiography for evaluating right and left
ventricular functions in patients after transcatheter pulmonary valve replacement.

Keywords: speckle tracking echocardiography; transcatheter pulmonary valve replacement

1. Introduction

Pulmonary regurgitation (PR) is a common complication in patients with various
cardiovascular diseases, especially in repaired tetralogy of Fallot (TOF) patients, and is asso-
ciated with a poor prognosis, including the dilatation of the right ventricular outflow tract
(RVOT), right ventricular (RV) dysfunction, tricuspid regurgitation, arrhythmia, sudden
death, and other conditions [1–6]. An earlier study found that approximately 40% of these
patients required a pulmonary valve replacement (PVR) thirty-five years after a repaired
TOF [1]. Long-term PR after a repaired TOF is an important determinant of postoperative
cardiovascular death, and therefore prompt interventions in PR can alter the natural course
of this disease. PVR is recommended by the American College of Cardiology, the American
Heart Association, and the European Society of Cardiology for symptomatic patients with
moderate or severe PRs after TOF repair [7,8].

The lifespan of a prosthetic pulmonary valve that has been surgically replaced, how-
ever, is constrained, and patients frequently require several PVR procedures over their
lives, which increases complications and decreases survival rates [9,10]. The first successful
transcatheter pulmonary valve replacement (TPVR) was reported by Bonhoeffer et al. in
2000 [11]. The Melody (Medtronic, Minneapolis, MN, USA) and the SAPIEN platforms
(Edwards Lifesciences, Irvine, CA, USA) are the currently widely used balloon-expandable
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systems for TPVR. TPVR is an option to enhance cardiac function and extend life in these
patients, and can address the drawbacks of surgical PVR, including significant injury,
high risk, and multiple complications. For individuals who are high risk or have surgical
contraindications, TPVR offers a procedure with notable success and less trauma, and
it has been considered as a substitute for PVR [9,12]. In addition, TPVR can improve
the symptoms of patients, reverse ventricular remodeling, improve cardiac function, and
postpone and reduce the times of open-heart operations. Therefore, it can extend the
life of conduits that are surgically implanted from the RV to the pulmonary artery (PA)
and potentially extend the life expectancy of these patients [9,10]. Although studies have
shown that PVR and TPVR have the same perioperative mortality rates, mid-term mortality,
and reintervention rate, TPVR has a lower incidence of perioperative complications and
shorter hospital stay [13,14]. The 2020 European Society of Cardiology guideline for the
management of congenital heart disease indicates that TPVR is preferred in patients with a
suitable anatomy [15]. Currently, there are more than twenty-thousand TPVR applications
worldwide [16]. The accurate measurement of the changes in ventricle function during a
postoperative follow-up session is essential for developing treatment strategies and en-
hancing prognoses since ventricle function after TPVR is closely associated with outcomes.
The majority of previous studies have demonstrated that the evaluation of left ventricular
(LV) function is the core part of the clinical management of cardiovascular disease and is
of great significance to guide treatment and predict clinical outcomes [17–20]. Likewise,
an increasing body of research has shown that the early detection of RV dysfunction is
able to predict the adverse outcomes of numerous cardiovascular diseases [21–24]. The
assessment of biventricular function should be considered in clinical practice since the left
and right ventricles form a unit that is closely connected by superficial myofibers, the inter-
ventricular septum (IVS), and pericardium [25,26]. Cardiac magnetic resonance imaging
(CMR) is regarded as the “gold standard” of ventricular function evaluations; however, its
widespread application is hampered by the inherent disadvantages, including high cost,
longer scan time, and contraindications of metal implants [22,27–29]. In clinical practice,
echocardiography is frequently utilized to evaluate cardiac function due to its availability,
practicality, and lower cost. As a result, echocardiography is usually considered as the first
choice for patients after TPVR during the postoperative follow-up period [30,31]. However,
conventional echocardiography has certain limitations for evaluating RV function due to its
complex three-dimensional geometry. Speckle tracking echocardiography (STE), which has
recently come into existence, offers a novel approach for precisely determining biventricular
performance. STE can overcome the defects of angle dependency of tissue Doppler imaging
(TDI) and detect subclinical ventricular dysfunction in the early stage, which proves its
superiority over traditional echocardiography parameters [17,32–35]. Consequently, the
aim of this review is to summarize the application of STE for assessing the biventricular
function in patients after TPVR.

2. The Influence of Severe PR on Ventricular Structure and Function

The normal flow from the right atrium and abnormal flow from PR flow into the right
ventricle together during diastole in patients with PRs, increasing the RV volume load and
perhaps contributing to RV dilation. In the meantime, the blood flow in PA also increases.
Both the RV pressure load and the ventricular wall tension increase during an RV ejection
when PR is combined with pulmonary hypertension, which can aggravate RV dilation and
result in RV hypertrophy.

The RV systolic function is initially preserved in patients with chronic PRs. This stage
can last for several years, and lots of patients remain relatively free of symptoms. However,
with the progress of PR, several studies show a close relationship between the severity
of PR and RV end-diastolic volume [36]. Chronic severe PR finally leads to a decrease
in RV function, systolic ventricular deterioration, and the establishment of myocardial
fibrosis, which can convert RV dysfunction into something irreversible. On account of the
close relationship between the right and left ventricles, RV contractile dysfunction further
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results in LV systolic dysfunction [37,38]. Davlouros et al. indicated that LV contractile
dysfunction was related to RV dysfunction in patients with a repaired TOF, which suggested
the existence of an unfavorable ventricular-ventricular interaction [39].

3. Two-Dimensional Echocardiography and Tissue Doppler Imaging

The altered systolic and diastolic parameters of two-dimensional (2D) echocardiogra-
phy and TDI suggest that long-term and severe PRs lead to a number of adverse changes in
myocardial function (Table 1). PR usually contributes to a reduced RV fractional area change
(RVFAC), tricuspid annular plane systolic excursion (TAPSE), RV TDI S′, and increased RV
end-diastolic diameter (RVEDD). Long-term RV dysfunction frequently accompanies LV
dysfunction in patients with a PR, which is usually demonstrated as a reduced LV ejection
fraction (LVEF) and LV TDI S′, and increased LV end-diastolic diameter (LVEDD) [30,40,41].

Table 1. Changes in echocardiographic parameters in patients with long-term and severe pulmonary
regurgitations as measured by two-dimensional echocardiography and tissue Doppler imaging.

Two-Dimensional
Echocardiographic

Parameters

Effects of Long-Term
and Severe PRs TDI Parameters Effects of Long-Term

and Severe PRs

RV Parameters

RVFAC ↓ TDI S′ ↓
TAPSE ↓ TDI RV strain ↓
RVEDD ↑ TDI RV strain rate ↓

LV Parameters

LVEF ↓ TDI S′ ↓
LVEDD ↑ TDI LV strain ↓

TDI LV strain rate ↓
2D = two dimensional; PR = pulmonary regurgitation; TDI = tissue Doppler imaging; RV = right ventri-
cle; RVFAC = right ventricular fractional area change; TAPSE = tricuspid annular plane systolic excursion;
RVEDD = right ventricular end-diastolic diameter; LV = left ventricle; LVEF = left ventricular ejection fraction;
LVEDD = left ventricular end-diastolic diameter

TDI allows for a more accurate time definition and reflects myocardial velocities,
strain, and strain rate, which can provide significant information about cardiac function.
Strain measurements based on the myocardial velocity gradient can estimate the strain rate,
and therefore strain can be calculated as the temporal integral of the strain rate. Strain and
strain rate are measured in the apical view with a favorable myocardial movement along
the ultrasound beam [42]. TDI has high frame rates, which is helpful for detecting rapid
changes in deformations and tracking the deformation in patients with rapid heart rates [43].
In addition, the advantages of TDI also include simplicity, high spatial resolution, and fast
sampling, so it can be widely used in clinical and scientific research [44–50]. However, TDI
also has several limitations that involve angle dependency, influenced by the preload and
afterload, a low signal-to-noise ratio, and the evaluation of motion information confined to
myocardial segments that move along the direction of the ultrasound beam [51]. Reduced
myocardial function has been demonstrated by a lower myocardial tissue velocity, strain,
and strain rate in patients with severe PRs [52].

4. Speckle Tracking Echocardiography
4.1. General

STE is an advanced quantitative echocardiographic technique that assesses myocardial
function by analyzing the motion of speckles that are created through the interaction
of an ultrasound with myocardial fibers [53,54]. The endocardium and epicardium are
delineated first during the STE analysis, and then the myocardial deformation is evaluated
through tracking the motion of speckles during systole and diastole [55]. Myocardial
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strain measured by STE includes two components of myocardial movement velocity and
direction to quantitatively analyze the contractile functions of each segment, which can
detect cardiac dysfunction more precisely and sensitively [17]. Myocardial strain, which
comprises the spatial components of global and regional myocardial strains in longitudinal,
circumferential, and radial directions, is defined as the percentage change in the length of
a myocardial segment relative to its initial length at the end diastole [56]. The strain rate
is typically used to measure the velocity of cardiac deformation [55,57]. Due to the fact
that STE is based on standard 2D or 3D echocardiography methods rather than Doppler
echocardiography, and has the main benefit of angle independence, it has been utilized to
assess myocardial function more frequently in recent years. Also, strain rate measurements
show a reduced load dependence. In addition, they have low interobserver variabilities
and are not susceptible to respiratory movements or heartbeat [34,49,54,58–62].

4.2. Strain Parameters

The myocardial shortening of the ventricular length from the base to the apex is
referred to as the longitudinal strain (LS). The radial strain (RS) reflects a radial myocardial
deformation in the short-axis view during systole. In the same manner as the RS, the
circumferential strain (CS) is a deformation measured along the circular perimeter; however,
the CS curve is often negative [63].

LV shortens longitudinally and circumferentially, but thickens radially during sys-
tole [64]. The LV global longitudinal strain (LVGLS), which overcomes the impact of
regional noise and is less impacted by geometrical confounders [65], is obtained from the
average of LS values from all LV segments in the standard, apical, long, two-chamber
and four-chamber views. Previous investigations have demonstrated that the LVGLS can
provide superior diagnostic and prognostic information over conventional echocardiog-
raphy parameters, LV global circumferential strain (LVGCS), and LV global radial strain
(LVGRS) [66], and, therefore, the LVGLS is considered as a notably robust and sensitive
systolic function indicator [64,67–71]. The 2D-STE analysis for the left ventricle is shown
in Figure 1A.
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The right ventricle is composed of longitudinal inner and outer myocardium fibers
and lacks circumferential middle myocardium fibers. Hence, the RV longitudinal strain
(RVLS) contributes most to the overall RV contraction. An abnormal RVLS, which usually
appears in subclinical RV systolic dysfunction, can provide prior sensitivity over the
RV circumferential strain (RVCS) and RV radial strain (RVRS) and contribute to offering
critical prognostic information in various cardiovascular diseases [22,34,72]. The RV global
longitudinal strain (RVGLS) is calculated as the average of the six RV segments, while
RV free wall longitudinal strain (RVFWLS) is calculated as the average of three segments,
involving basal, middle, and apical segments, of the RV free wall [35,73–75]. The 2D-STE
analysis for the right ventricle is shown in Figure 1B. Recently, the published guidelines of
the ASE and the European Association of Cardiovascular Imaging (EACVI) recommended
a normal value only for the RVFWLS, for the reason that the RVGLS could be influenced by
the LV systolic function [76].

4.3. Two-Dimensional Speckle Tracking Echocardiography

The 2D-STE method based on 2D gray-scale imaging at a high frame rate can iden-
tify a myocardial deformation along the direction of the ultrasound beam, both in the
circumferential and radial directions, with the advantages of easy operation and high
repeatability [77]. However, 2D-STE has several intrinsic limitations. At first, a good image
quality is necessary for an accurate strain analysis, which facilitates the precise defini-
tion and tracing of the endocardial border. Furthermore, 2D-STE based on 2D imaging
is also limited by the out-of-plane motion of speckles because cardiac motion is 3D in
nature [78–81].

4.4. Three-Dimensional Speckle Tracking Echocardiography

Recently, three-dimensional speckle-tracking echocardiography (3D-STE) that can
track myocardial movement in three-dimensional volume was introduced as a novel
echocardiographic technique. The 3D-STE method based on real-time full-volume scanning
is free of geometric assumptions and overcomes the shortcomings of the out-of-plane
motion of speckles in the 2D-STE method [82,83]. Although the 2D-STE method for
ventricular strain is a widely accepted echocardiographic technology for evaluating LV
and RV functions and detecting subclinical ventricular abnormalities, 3D-STE allows a
more detailed and realistic evaluation in a shorter period of time, which involves the
simultaneous assessment of volume, strain, and rotation of the ventricle [84]. The 3D-STE
method can calculate strain values in all directions at the same time, which can quantify
myocardial deformation more accurately and evaluate cardiac function more objectively
and comprehensively [34,85–89]. Additionally, compared with 2D-STE, 3D-STE has been
demonstrated to be better related to CMR, which is usually regarded as the standard
non-invasive technique for evaluating myocardial strain [83,90,91]. However, the clinical
application of 3D-STE is limited by its low temporal and spatial resolution and dependence
on image quality [55,92,93]. The 3D-STE analyses for the left and right ventricles are shown
in Figures 2 and 3, respectively.



Diagnostics 2024, 14, 88 6 of 15

Diagnostics 2024, 14, x FOR PEER REVIEW 6 of 18 
 

 

echocardiographic technique. The 3D-STE method based on real-time full-volume 
scanning is free of geometric assumptions and overcomes the shortcomings of the out-of-
plane motion of speckles in the 2D-STE method [82,83]. Although the 2D-STE method for 
ventricular strain is a widely accepted echocardiographic technology for evaluating LV 
and RV functions and detecting subclinical ventricular abnormalities, 3D-STE allows a 
more detailed and realistic evaluation in a shorter period of time, which involves the 
simultaneous assessment of volume, strain, and rotation of the ventricle [84]. The 3D-STE 
method can calculate strain values in all directions at the same time, which can quantify 
myocardial deformation more accurately and evaluate cardiac function more objectively 
and comprehensively [34,85-89]. Additionally, compared with 2D-STE, 3D-STE has been 
demonstrated to be better related to CMR, which is usually regarded as the standard non-
invasive technique for evaluating myocardial strain [83,90,91]. However, the clinical 
application of 3D-STE is limited by its low temporal and spatial resolution and 
dependence on image quality [55,92,93]. The 3D-STE analyses for the left and right 
ventricles are shown in Figures 2 and 3, respectively. 

 

 

Figure 2. Left ventricular global longitudinal strain using three-dimensional speckle tracking 
echocardiography. (A) Setting reference points; (B, C) left ventricular endocardial border tracking; 
(D) left ventricular global longitudinal strain is automatically generated. 

Figure 2. Left ventricular global longitudinal strain using three-dimensional speckle tracking echocar-
diography. (A) Setting reference points; (B,C) left ventricular endocardial border tracking; (D) left
ventricular global longitudinal strain is automatically generated.

Diagnostics 2024, 14, x FOR PEER REVIEW 7 of 18 
 

 

 

 

Figure 3. Longitudinal strain of right ventricular free wall and septum using three-dimensional 
speckle tracking echocardiography. (A) Setting reference points; (B, C) right ventricular endocardial 
border tracking; (D) longitudinal strain of right ventricular free wall and septum are automatically 
generated. 

5. The Application of Speckle Tracking Echocardiography in Patients after TPVR 
5.1. The Global Longitudinal Strain and Strain Rate of the Right Ventricle 

The RV volume overload caused by PR can be relieved by TPVR, which can improve 
cardiac function before discharge. The current findings regarding RVLS and the 
longitudinal strain rate of RV (RVLSR) derived from 2D-STE after TPVR are depicted in 
Table 2. Moiduddin et al. [52] used 2D-STE to study four patients with simple PRs and six 
patients with PR and pulmonary stenosis (PS) after repaired TOFs, and they found that 
RVFWLS increased and RVEDD significantly decreased, while other conventional 
echocardiographic parameters of RV function did not differ before being discharged 
compared with the baseline values. This study demonstrated that RV overload could be 
alleviated by TPVR, which led to an improved RV function. 

Chowdhury et al. [94] carried out a study by 2D-STE in twenty-four patients with 
PRs as the indication of TPVRs: twenty-two patients with severe PRs, one patient with a 
mild PR, and one patient with a moderate PR. Additionally, most of the patients were 
combined with PSs of varying degrees. RVGLS, RV global longitudinal strain rate 
(RVGLSR), RVFWLS, and RV free wall longitudinal strain rate (RVFWLSR) showed 
varying degrees of improvements one month after TPVR. However, RVFAC, TAPSE, and 
other conventional echocardiographic parameters of RV were not different after TPVR 
compared with the preoperative values. Chowdhury et al. also regarded the ventilatory 
efficiency derived from exercise testing, the minute ventilation [V  ]/carbon dioxide 
production [V ] slope, as the predictive indicator of mortality. Statistically significant 
improvements in RVGLS, RVGLSR, RVFWLS, RVFWLSR, the RV global early diastolic 
global longitudinal strain rate (RVGLSRe), and RV free-wall early diastolic global 
longitudinal strain rate (RVFWLSRe) were detected at the 6-month follow-up session, 
while no significant changes were noted in the traditional echocardiographic parameters 
of RV systolic or diastolic functions. The change in V /V  was only significantly related 
to the changes in RVGLS, RVGLSRe, RVFWLS, and RVFWLSRe. The significant 
relationship with percentage change in V /V  was only noted in the percentage changes 

Figure 3. Longitudinal strain of right ventricular free wall and septum using three-dimensional
speckle tracking echocardiography. (A) Setting reference points; (B,C) right ventricular endo-
cardial border tracking; (D) longitudinal strain of right ventricular free wall and septum are
automatically generated.

5. The Application of Speckle Tracking Echocardiography in Patients after TPVR
5.1. The Global Longitudinal Strain and Strain Rate of the Right Ventricle

The RV volume overload caused by PR can be relieved by TPVR, which can improve
cardiac function before discharge. The current findings regarding RVLS and the longitu-
dinal strain rate of RV (RVLSR) derived from 2D-STE after TPVR are depicted in Table 2.
Moiduddin et al. [52] used 2D-STE to study four patients with simple PRs and six patients
with PR and pulmonary stenosis (PS) after repaired TOFs, and they found that RVFWLS
increased and RVEDD significantly decreased, while other conventional echocardiographic
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parameters of RV function did not differ before being discharged compared with the base-
line values. This study demonstrated that RV overload could be alleviated by TPVR, which
led to an improved RV function.

Chowdhury et al. [94] carried out a study by 2D-STE in twenty-four patients with
PRs as the indication of TPVRs: twenty-two patients with severe PRs, one patient with a
mild PR, and one patient with a moderate PR. Additionally, most of the patients were com-
bined with PSs of varying degrees. RVGLS, RV global longitudinal strain rate (RVGLSR),
RVFWLS, and RV free wall longitudinal strain rate (RVFWLSR) showed varying degrees of
improvements one month after TPVR. However, RVFAC, TAPSE, and other conventional
echocardiographic parameters of RV were not different after TPVR compared with the
preoperative values. Chowdhury et al. also regarded the ventilatory efficiency derived
from exercise testing, the minute ventilation [VE]/carbon dioxide production [VCO2 ] slope,
as the predictive indicator of mortality. Statistically significant improvements in RVGLS,
RVGLSR, RVFWLS, RVFWLSR, the RV global early diastolic global longitudinal strain rate
(RVGLSRe), and RV free-wall early diastolic global longitudinal strain rate (RVFWLSRe)
were detected at the 6-month follow-up session, while no significant changes were noted
in the traditional echocardiographic parameters of RV systolic or diastolic functions. The
change in VE/VCO2 was only significantly related to the changes in RVGLS, RVGLSRe,
RVFWLS, and RVFWLSRe. The significant relationship with percentage change in VE/VCO2

was only noted in the percentage changes in RVGLSRe, RVFWLSRe, and tricuspid valve
inflow Doppler A velocity on multiple variable regressions. In addition, the patients with
lower RVGLS and RVFWLS values before TPVR showed the most obvious improvement in
VE/VCO2 postoperatively. And only RVGLS and RVFWLS before TPVR were closely corre-
lated with the percentage change in VE/VCO2 after TPVR in the univariate and multivariate
analyses. The improvements in RVGLS, RVGLSRe, RVFWLS, and RVFWLSRe indicated
that STE could detect subclinical dysfunctions before the irreversible deterioration of RV
function early; additionally, abnormal RVGLS and RVFWLS before TPVR contributed to
predicting the prognosis after TPVR.

In another study by Moiduddin et al. [40], 2D-STE was applied to investigate the
RVGLS in nine patients with a variant of TOF and one patient with complicated LV outflow
tract obstruction requiring a Ross and RV pulmonary atresia conduit. The indications
for TPVR were PR in six cases, PS in two cases, and PR combined with PS in two cases.
The RV late diastolic global longitudinal strain rate (RVGLSRa) immediately significantly
improved before discharge after TPVR compared with these parameters before TPVR,
while RVGLS and RVGLSR remained stable three months after TPVR compared with
discharge. And, at six months after TPVR, the RV systolic global longitudinal strain rates
(RVGLSRs) were significantly decreased compared with those before discharge. As the
degree of PR decreased after TPVR, the RV stroke output decreased rapidly, and therefore
RVGLS and RVGLSR dramatically decreased in patients with TPVRs due to PR [95]. And,
with the ventricular remodeling and recovery of cardiac function, RVGLS and RVGLSR
returned to baseline levels at the 6-month follow-up session. On the contrary, in patients
with TPVRs due to PS, RV stiffness was reduced due to decreased PA resistance and
RV end-diastolic pressure after TPVR, resulting in significant improvements in RVGLS
and RVGLSR. However, possibly because RV remodeling and function were affected by
childhood hypoxia and multiple previous operations, RVGLS and RVGLSR returned to the
baseline levels again after six months of follow-up treatment. The changes in the strain
parameters in the PR group combined with the PS group were between those in the PR and
PS groups.

Chowdhury et al. [96] also conducted another study by 2D-STE, and they demon-
strated that the traditional echocardiographic parameters of RV function and RVGLSRe
were not obviously changed, while RVGLS and RVGLSR improved at six months after
TPVR. The tricuspid TDI E’ velocity increased rapidly after TPVR, returned to the pre-
operative level one month after surgery, and remained relatively stable at six months
after TPVR.
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Table 2. RV, LV, and IVS longitudinal strains and strain rates after TPVR.

Study N Age (Y) Diagnosis TPVR
Indication Follow Up RVLS (%) RVLSR (s−1) LVLS (%) LVLSR (s−1) IVSLS (%) IVSLSR (s−1)

Moiduddin et al. [52] 10 15.56 ± 2.22 TOF: 7
Other: 3

PR: 4
PR+PS: 6 pre-discharge RVFWLS: −23.4 ± 6.2 −2.1 ± 0.7 −20.0 ± 11.2 −1.5 ± 0.5 −15.6 ± 6.7 −1.13 ± 0.5

Chowdhury et al. [94] 24 32.3 ± 17.0 TOF: 12
Other: 12

PR: 7
PR+PS: 17

1 month RVGLS: −17.8 ± 0.6
RVFWLS: −19.1 ± 4.8

RVGLSR: −1.03 ± 0.05
RVGLSRe: 1.12± 0.09

RVFWLSR: −1.11 ± 0.30
RVFWLSR: 1.27 ± 0.61

LVGLS: −18.0 ± 1.1 LVGLSR: −1.11 ± 0.08
LVGLSRe: 1.30 ± 1.10 −15.9 ± 2.9 −0.93 ± 0.27

6-month RVGLS: −19.6 ± 0.9
RVFWLS: −21.9 ± 6.2

RVGLSR: −1.16 ± 0.08
RVGLSRe: 1.31± 0.10

RVFWLSR: −1.31 ± 0.68
RVFWLSRe: 1.43 ± 0.64

LVGLS:
−18.2 ± 0.9

LVGLSR: −1.06 ± 0.15
LVGLSRe: 1.32 ± 0.09 −17.8 ± 5.4 −1.05 ± 0.42

Chowdhury et al. [96] 24 32.3 ± 17.0 TOF: 12
Other: 12

PR: 7
PR+PS: 17 6-month −19.6 −1.16 −18.2 - - -

Moiduddin et al. [40] 10 24.4 ± 7.6 TOF: 9
Other: 1

PR: 6
PS: 2

PR+PS: 2

pre-discharge

RVGLS: −17.13 ± 2.71
basal: −19.71 ± 5.18
mid: −15.96 ± 5.45

apical: −16.96 ± 6.65

RVGLSRs: −0.97 ± 0.22
RVGLSRe: 1.05 ± 0.32
RVGLSRa: 0.61 ± 0.14

LVGLS: −19.23 ± 1.49
basal: −22.87 ± 5.09
mid: −18.64 ± 3.68

apical: −19.64 ± 4.69

LVGLSRs: −1.06 ± 0.10
LVGLSRe: 1.23 ± 0.32
LVGLSRa: 0.63 ± 0.21

basal: −17.83 ± 3.73
mid: −20.55 ± 2.19

apical: −20.27 ± 4.27
-

3-month

RVGLS: −16.96 ± 5.17
basal: −20.27 ± 5.60
mid: −15.55 ± 7.57

apical: −16.22 ± 9.21

RVGLSRs: −0.87 ± 0.28
RVGLSRe: 1.03 ± 0.36
RVGLSRa: 0.49 ± 0.29

LVGLS: −14.72 ± 3.62
basal: −19.67 ± 10.46
mid: −12.29 ± 5.64

apical: −15.20 ± 6.89

LVGLSRs: −0.84 ± 0.16
LVGLSRe: 1.11 ± 0.44
LVGLSRa: 0.29 ± 0.28

basal: −15.41 ± 3.16
mid: −17.77 ± 3.47

apical: −15.71 ± 3.99
-

6-month

RVGLS: −16.95 ± 4.20
basal: −20.97 ± 7.68
mid: −15.04 ± 7.02

apical: −16.49 ± 5.88

RVGLSRs: −0.83 ± 0.22
RVGLSRe: 1.08 ± 0.28
RVGLSRa: 0.52 ± 0.21

LVGLS: −17.18 ± 3.08
basal: −24.72 ± 9.31
mid: −14.00 ± 6.60

apical: −17.10 ± 3.92

LVGLSRs: −0.94 ± 0.23
LVGLSRe: 1.23 ± 0.28
LVGLSRa: 0.50 ± 0.15

basal: −16.09 ± 5.47
mid: −18.66 ± 3.33

apical: −18.23 ± 6.20
-

Hasan et al. [41] 20 18 TOF: 13
Other: 7

PR+
obstructed

RVOT
conduit: 9
obstructed

RVOT
conduit: 11

6-month

RVGLS: −17.0
(−12, −22) a;

−18.8 (−13, −24) b

RV lateral wall strain:
−18.3 (−6.8, −28.3) a;
−18.6 (−11, −32) b

-

LVGLS: −18.6
(−14.6, −22.0) a;

−20.8 (−15.4, −23.0) b

LV lateral wall strain:
−20.3 (−16.7, −25) a;
−22.3 (−18.5,1 −27) b

- −16.6 (−11, −21) a;
−17.2 (−12.3, −23.0) b -

Values are mean ± standard deviation, median, or median (minimum, maximum). a at rest; b during exercise. TPVR = transcatheter pulmonary valve replacement; RVLS = right ventricle
longitudinal strain; RVLSR = right ventricle longitudinal strain rate; LVLS = left ventricle interventricular septum; LVLSR = left ventricle longitudinal strain rate; IVSLS = interventricular
septum longitudinal strain; IVSLSR = interventricular septum longitudinal strain rate; TOF = tetralogy of Fallot; PR = pulmonary regurgitation; PS = pulmonary stenosis; RVFWLS = right
ventricular free wall longitudinal strain; RVGLS = right ventricular global longitudinal strain; RVGLSR = right ventricular global longitudinal strain rate; RVGLSRe = right ventricular
early diastolic global longitudinal strain rate; RVFWLSR = right ventricular free wall longitudinal strain rate; RVFWLSRe = right ventricular early diastolic free wall longitudinal strain
rate; LVGLS = left ventricular global longitudinal strain; LVGLSR = left ventricular global longitudinal strain rate; LVGLSRe = left ventricular early diastolic global longitudinal strain
rate; RVGLSRs = right ventricular systolic global longitudinal strain rate; RVGLSRa = right ventricular late diastolic global longitudinal strain rate; LVGLSRs = left ventricular systolic
global longitudinal strain rate; LVGLSRa = left ventricular late diastolic global longitudinal strain rate; and RVOT = right ventricular outflow tract.
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Hasan et al. [41] applied 2D-STE to evaluate ventricular function in twenty patients
with an obstructed right ventricular outflow tract (RVOT) conduit during exercise and at
rest before and six months after TPVR. RVGLS severely decreased at baseline rest compared
with the controls, who significantly improved at rest six months after TPVR. In addition,
RVGLS during exercise modestly increased compared with the rest state after TPVR. The
increases in RVFWLS and RVGLS during exercise and at rest after TPVR indicated an
improvement in the RV systolic function. This study also showed that higher RV strain
values before the intervention were associated with higher RV strain values after TPVR,
suggesting that the better RV function before TPVR could be related to the benefit of
removing obstructions to the RV function after TPVR, which could help determine the
timing of early interventions in patients with RVOT obstructions.

The improvements in ventricular strain parameters at six months after TPVR were
earlier than that of conventional echocardiographic parameters, suggesting that the strain
parameters derived from STE were more sensitive in assessing the improvement in cardiac
function after TPVR. The abnormal RVGLS before TPVR was a predictor of improved
prognosis after TPVR. The application of STE to evaluate RV function before and after
TPVRs has potential clinical value. At the same time, STE could contribute to determining
the optimal timing of interventions for patients with RVOT obstructions. Therefore, the
STE strain analysis is of great significance for patients who plan to undergo TPVR.

5.2. The Global Longitudinal Strain and Strain Rate of the Left Ventricle

As the biventricle is a tightly connected unit, RV dysfunction can affect LV function.
Therefore, the evaluation of LV performance also plays a significant role in patients after
TPVR. The current findings regarding LVGLS and the global longitudinal strain rate of LV
(LVGLSR) derived from 2D-STE after TPVR are depicted in Table 2.

The STE analysis is more sensitive to detect the improvement of myocardial sys-
tolic function when there is no significant change in the myocardial contractile velocity
evaluated by TDI. The study [94] applied by 2D-STE demonstrated that the LVGLS and
LVGLSR improved one month after TPVR. However, other conventional echocardiographic
parameters of LV function were not different after TPVR compared with the preoperative
values. They conducted a further study [96] on the sample and found that the traditional
echocardiographic parameters of LV function, LVGLSR, and LVGLSRe were not obviously
changed; however, LVGLS improved at six months after TPVR. In addition, the TDI param-
eters of cardiac systolic function, including tricuspid annulus E’ and lateral mitral annulus
E/E’, presented no significant differences. Therefore, they demonstrated that TDI was
more load dependent than STE in assessing the LV systolic function and volume-loaded
right ventricle [97–100]. The improvements in the strain and strain rate of the left and
right ventricles between pre-operation and one month after TPVR can be explained by the
autoregulatory mechanisms accompanying loading changes [101].

In the abovementioned study by Moiduddin et al. [40], they also confirmed that
LVGLS immediately significantly improved before discharge after TPVR compared with
these parameters before TPVR. However, compared with discharge, there were significant
decreases in the LVGLS, LV systolic global longitudinal strain rate (LVGLSRs), and LV late
diastolic global longitudinal strain rate (LVGLSRa) at three and six months after TPVR.

5.3. The Regional Longitudinal Strain Values of the Left and Right Ventricles

RVGLS is defined as the average of the six RV segments; in addition, the LV lateral
wall and IVS can also be divided into three segments: basal, middle, and apical. Therefore,
several studies have elaborated the changes in the regional longitudinal strain of the left
and right ventricles in patients after TPVR, and the current findings are shown in Table 2.

The study by Moiduddin et al. [52] showed that the IVS longitudinal strain (IVSLS) and
IVS longitudinal strain rate (IVSLSR) increased, while the LVGLS and other conventional
echocardiographic parameters of the LV did not obviously change before being discharged
after TPVR. Additionally, the increases in IVSLS and IVSLSR indicated that the RV function
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could be affected by IVS, which was in accord with the viewpoints proposed by several
researchers that IVS had a compensatory impact on the impaired RV free wall function [102].

In the abovementioned study by Moiduddin et al. [40], they also investigate regional
biventricular longitudinal strains in nine patients. And there were significant decreases in
the longitudinal strains of each segment of IVS and the middle segment of the left ventricle
(LV-mid) at three months after TPVR compared with discharge, while the longitudinal
strain and strain rate of RV for each segment remained stable. They also found that
the longitudinal strains of IVS-mid, LV-mid, and RV-basal segments were significantly
decreased at six months after TPVRs compared with those before discharge. In this study,
the longitudinal strain of each segment of IVS improved evidently, while the regional RV
function did not improve, and the longitudinal strain of RV-basal segment was significantly
reduced in the whole cohort. This indicated that cardiac function could be improved by
an interventricular interaction after TPVR relieved RV volume overload, and the rapid
improvement of the IVS strain could compensate for the impaired function of the RV-basal
segment. In addition, the strain assessment was closely related to ventricular load status
and geometry, and therefore the use of strain parameters to evaluate ventricular function
must be interpreted in the context of ventricular load status and geometry [103–105].

Hasan et al. [41] also showed the regional longitudinal strains of left and right ven-
triclels at baseline and six months after TPVR. They showed that the RV lateral wall and
IVS median peak longitudinal strain severely decreased, and the IVS longitudinal strain
moderately decreased at baseline rest compared with the controls. The RV lateral wall, LV
lateral wall, and IVS median peak longitudinal strain significantly improved during rest six
months after TPVR. The RV lateral wall and IVS median peak longitudinal strain signifi-
cantly improved during exercise after TPVR. In addition, the IVS and LV lateral wall median
peak longitudinal strains during exercise were higher compared with the corresponding
strain values at rest before TPVR, while the LV lateral wall median peak longitudinal strain
during exercise modestly increased compared with the rest state after TPVR.

6. Conclusions

TPVR can overcome the shortcomings of traditional surgical PVR, reduce the risk of
sudden death, and improve the quality of life for patients with PRs. STE is able to sensi-
tively and accurately assess the changes in ventricular function during follow-up sessions,
contributing to creating clinical treatment plans and improving outcomes. At present, most
studies focus on the application of 2D-STE to evaluate the changes in ventricular function
within six months after TPVR, while 3D-STE, as a new technology to evaluate ventricular
function, can overcome the limitations of 2D-STE. Therefore, 3D-STE should be considered
as a vital tool during follow-up treatment after TPVR in future studies so that the changes
in the biventricular function in patients after TPVR can be more accurately evaluated and a
reference for clinical decision making can be provided.
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1. Cuypers, J.A.; Menting, M.E.; Konings, E.E.; Opić, P.; Utens, E.M.; Helbing, W.A.; Witsenburg, M.; van den Bosch, A.E.;

Ouhlous, M.; van Domburg, R.T.; et al. Unnatural history of tetralogy of Fallot: Prospective follow-up of 40 years after surgical
correction. Circulation 2014, 130, 1944–1953. [CrossRef] [PubMed]

2. Hickey, E.J.; Veldtman, G.; Bradley, T.J.; Gengsakul, A.; Manlhiot, C.; Williams, W.G.; Webb, G.D.; McCrindle, B.W. Late risk of
outcomes for adults with repaired tetralogy of Fallot from an inception cohort spanning four decades. Eur. J. Cardiothorac. Surg.
2009, 35, 156–164, discussion 164. [CrossRef] [PubMed]

3. Schamberger, M.S.; Hurwitz, R.A. Course of right and left ventricular function in patients with pulmonary insufficiency after
repair of Tetralogy of Fallot. Pediatr. Cardiol. 2000, 21, 244–248. [CrossRef] [PubMed]

4. Gatzoulis, M.A.; Balaji, S.; Webber, S.A.; Siu, S.C.; Hokanson, J.S.; Poile, C.; Rosenthal, M.; Nakazawa, M.; Moller, J.H.;
Gillette, P.C.; et al. Risk factors for arrhythmia and sudden cardiac death late after repair of tetralogy of Fallot: A multicentre
study. Lancet Br. Ed. 2000, 356, 975–981. [CrossRef] [PubMed]

5. Mikhail, A.; Labbio, G.D.; Darwish, A.; Kadem, L. How pulmonary valve regurgitation after tetralogy of fallot repair changes the
flow dynamics in the right ventricle: An in vitro study. Med. Eng. Phys. 2020, 83, 48–55. [CrossRef] [PubMed]

6. Mauger, C.A.; Govil, S.; Chabiniok, R.; Gilbert, K.; Hegde, S.; Hussain, T.; McCulloch, A.D.; Occleshaw, C.J.; Omens, J.;
Perry, J.C.; et al. Right-left ventricular shape variations in tetralogy of Fallot: Associations with pulmonary regurgitation.
J. Cardiovasc. Magn. Reson. 2021, 23, 105. [CrossRef] [PubMed]

7. Baumgartner, H.; Bonhoeffer, P.; De Groot, N.M.; de Haan, F.; Deanfield, J.E.; Galie, N.; Gatzoulis, M.A.; Gohlke-Baerwolf, C.;
Kaemmerer, H.; Kilner, P.; et al. ESC Guidelines for the management of grown-up congenital heart disease (new version 2010).
Eur. Heart J. 2010, 31, 2915–2957. [CrossRef]

8. Stout, K.K.; Daniels, C.J.; Aboulhosn, J.A.; Bozkurt, B.; Broberg, C.S.; Colman, J.M.; Crumb, S.R.; Dearani, J.A.; Fuller, S.;
Gurvitz, M.; et al. 2018 AHA/ACC Guideline for the Management of Adults with Congenital Heart Disease: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2019,
73, e81–e192. [CrossRef]

9. Suradi, H.S.; Hijazi, Z.M. Percutaneous pulmonary valve implantation. Glob. Cardiol. Sci. Pract. 2015, 2015, 23. [CrossRef]
10. Alkashkari, W.; Albugami, S.; Abbadi, M.; Niyazi, A.; Alsubei, A.; Hijazi, Z.M. Transcatheter pulmonary valve replacement in

pediatric patients. Expert Rev. Med. Devices 2020, 17, 541–554. [CrossRef]
11. Bonhoeffer, P.; Boudjemline, Y.; Saliba, Z.; Merckx, J.; Aggoun, Y.; Bonnet, D.; Acar, P.; Le Bidois, J.; Sidi, D.; Kachaner, J.

Percutaneous replacement of pulmonary valve in a right-ventricle to pulmonary-artery prosthetic conduit with valve dysfunction.
Lancet 2000, 356, 1403–1405. [CrossRef] [PubMed]

12. Jalal, Z.; Valdeolmillos, E.; Malekzadeh-Milani, S.; Eicken, A.; Georgiev, S.; Hofbeck, M.; Sieverding, L.; Gewillig, M.; Ovaert, C.;
Bouvaist, H.; et al. Mid-Term Outcomes Following Percutaneous Pulmonary Valve Implantation Using the “Folded Melody
Valve” Technique. Circ. Cardiovasc. Interv. 2021, 14, e009707. [CrossRef] [PubMed]

13. Hribernik, I.; Thomson, J.; Ho, A.; English, K.; Van Doorn, C.; Jaber, O.; Bentham, J. Comparative analysis of surgical and
percutaneous pulmonary valve implants over a 20-year period. Eur. J. Cardiothorac. Surg. 2022, 61, 572–579. [CrossRef] [PubMed]

14. Georgiev, S.; Ewert, P.; Eicken, A.; Hager, A.; Hörer, J.; Cleuziou, J.; Meierhofer, C.; Tanase, D. Munich Comparative Study:
Prospective Long-Term Outcome of the Transcatheter Melody Valve Versus Surgical Pulmonary Bioprosthesis With Up to 12
Years of Follow-Up. Circ. Cardiovasc. Interv. 2020, 13, e008963. [CrossRef]

15. Baumgartner, H.; De Backer, J.; Babu-Narayan, S.V.; Budts, W.; Chessa, M.; Diller, G.P.; Lung, B.; Kluin, J.; Lang, I.M.;
Meijboom, F.; et al. 2020 ESC Guidelines for the management of adult congenital heart disease. Eur. Heart J. 2021,
42, 563–645. [CrossRef]

16. Asian expert consensus statement on transcatheter pulmonary valve replacement. Chin. J. Interv. Cardiol. 2023, 31, 404–412.
[CrossRef]

17. Luis, S.A.; Chan, J.; Pellikka, P.A. Echocardiographic Assessment of Left Ventricular Systolic Function: An Overview of
Contemporary Techniques, Including Speckle-Tracking Echocardiography. Mayo Clin. Proc. 2019, 94, 125–138. [CrossRef]

18. Badano, L.P.; Muraru, D.; Ciambellotti, F.; Caravita, S.; Guida, V.; Tomaselli, M.; Parati, G. Assessment of left ventricular diastolic
function by three-dimensional transthoracic echocardiography. Echocardiography 2020, 37, 1951–1956. [CrossRef]

19. Liu, S.; Wang, Y.; Li, J.; Li, G.; Kong, F.; Mu, L.; Jia, D.; Li, Y.; Yang, J.; Ma, C. Incremental Value of Three-dimensional Speckle-
tracking Echocardiography for Evaluating Left Ventricular Systolic Function in Patients with Coronary Slow Flow. Curr. Probl.
Cardiol. 2022, 47, 100928. [CrossRef]

20. Kopetz, V.; Kennedy, J.; Heresztyn, T.; Stafford, I.; Willoughby, S.R.; Beltrame, J.F. Endothelial function, oxidative stress and
inflammatory studies in chronic coronary slow flow phenomenon patients. Cardiology 2012, 121, 197–203. [CrossRef]

21. Houard, L.; Benaets, M.B.; de Meester de Ravenstein, C.; Rousseau, M.F.; Ahn, S.A.; Amzulescu, M.S.; Roy, C.; Slimani, A.;
Vancraeynest, D.; Pasquet, A.; et al. Additional Prognostic Value of 2D Right Ventricular Speckle-Tracking Strain for Prediction
of Survival in Heart Failure and Reduced Ejection Fraction: A Comparative Study With Cardiac Magnetic Resonance. JACC
Cardiovasc. Imaging 2019, 12, 2373–2385. [CrossRef] [PubMed]

22. Iacoviello, M.; Citarelli, G.; Antoncecchi, V.; Romito, R.; Monitillo, F.; Leone, M.; Puzzovivo, A.; Lattarulo, M.S.; Rizzo, C.;
Caldarola, P.; et al. Right Ventricular Longitudinal Strain Measures Independently Predict Chronic Heart Failure Mortality.
Echocardiogr.-J. Cardiovasc. Ultrasound Allied Tech. 2016, 33, 992–1000. [CrossRef] [PubMed]

https://doi.org/10.1161/CIRCULATIONAHA.114.009454
https://www.ncbi.nlm.nih.gov/pubmed/25341442
https://doi.org/10.1016/j.ejcts.2008.06.050
https://www.ncbi.nlm.nih.gov/pubmed/18848456
https://doi.org/10.1007/s002460010050
https://www.ncbi.nlm.nih.gov/pubmed/10818184
https://doi.org/10.1016/S0140-6736(00)02714-8
https://www.ncbi.nlm.nih.gov/pubmed/11041398
https://doi.org/10.1016/j.medengphy.2020.07.014
https://www.ncbi.nlm.nih.gov/pubmed/32807347
https://doi.org/10.1186/s12968-021-00780-x
https://www.ncbi.nlm.nih.gov/pubmed/34615541
https://doi.org/10.1016/j.repce.2012.05.004
https://doi.org/10.1016/j.jacc.2018.08.1029
https://doi.org/10.5339/gcsp.2015.23
https://doi.org/10.1080/17434440.2020.1775578
https://doi.org/10.1016/S0140-6736(00)02844-0
https://www.ncbi.nlm.nih.gov/pubmed/11052583
https://doi.org/10.1161/CIRCINTERVENTIONS.120.009707
https://www.ncbi.nlm.nih.gov/pubmed/33726503
https://doi.org/10.1093/ejcts/ezab368
https://www.ncbi.nlm.nih.gov/pubmed/34406369
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008963
https://doi.org/10.1093/eurheartj/ehaa554
https://doi.org/10.3969/j.issn.1004-8812.2023.06.002
https://doi.org/10.1016/j.mayocp.2018.07.017
https://doi.org/10.1111/echo.14782
https://doi.org/10.1016/j.cpcardiol.2021.100928
https://doi.org/10.1159/000336948
https://doi.org/10.1016/j.jcmg.2018.11.028
https://www.ncbi.nlm.nih.gov/pubmed/30772232
https://doi.org/10.1111/echo.13199
https://www.ncbi.nlm.nih.gov/pubmed/26864642


Diagnostics 2024, 14, 88 12 of 15

23. Dufendach, K.A.; Zhu, T.; Castrillon, C.D.; Hong, Y.; Countouris, M.E.; Hickey, G.; Keebler, M.; Thoma, F.W.; Kilic, A. Pre-implant
right ventricular free wall strain predicts post-LVAD right heart failure. J. Card. Surg. 2021, 36, 1996–2003. [CrossRef] [PubMed]

24. Smolarek, D.; Gruchała, M.; Sobiczewski, W. Echocardiographic evaluation of right ventricular systolic function: The traditional
and innovative approach. Cardiol. J. 2017, 24, 563–572. [CrossRef] [PubMed]

25. Visser, L.C. Right Ventricular Function: Imaging Techniques. Vet. Clin. N. Am. Small Anim. Pract. 2017, 47, 989–1003. [CrossRef]
[PubMed]

26. Potus, F.; Martin, A.Y.; Snetsinger, B.; Archer, S.L. Biventricular Assessment of Cardiac Function and Pressure-Volume Loops by
Closed-Chest Catheterization in Mice. J. Vis. Exp. 2020, 160, e61088. [CrossRef]

27. Tian, F.; Zhang, L.; Xie, Y.; Zhang, Y.; Zhu, S.; Wu, C.; Sun, W.; Li, M.; Gao, Y.; Wang, B.; et al. 3-Dimensional Versus 2-Dimensional
Speckle-Tracking Echocardiography for Right Ventricular Myocardial Fibrosis in Patients With End-Stage Heart Failure. JACC
Cardiovasc. Imaging 2021, 14, 1309–1320. [CrossRef]

28. Kawel-Boehm, N.; Hetzel, S.J.; Ambale-Venkatesh, B.; Captur, G.; Francois, C.J.; Jerosch-Herold, M.; Salerno, M.; Teague, S.D.;
Valsangiacomo-Buechel, E.; van der Geest, R.J.; et al. Reference ranges (“normal values”) for cardiovascular magnetic resonance
(CMR) in adults and children: 2020 update. J. Cardiovasc. Magn. Reson. 2020, 22, 87. [CrossRef]

29. Carigi, S.; De Gennaro, L.; Gentile, P.; De Maria, R.; Di Giannuario, G.; Khoury, G.; Polizzi, V.; Gori, M.; Orso, F.; Tinti, M.D.; et al.
Ten questions on cardiac magnetic resonance in patients with heart failure: From etiological diagnosis to prognostic stratification.
G. Ital. Cardiol. 2022, 23, 912–923. [CrossRef]

30. Pagourelias, E.D.; Daraban, A.M.; Mada, R.O.; Duchenne, J.; Mirea, O.; Cools, B.; Heying, R.; Boshoff, D.; Bogaert, J.;
Budts, W.; et al. Right ventricular remodelling after transcatheter pulmonary valve implantation. Catheter. Cardiovasc. In-
terv. 2017, 90, 407–417. [CrossRef]

31. Zhang, X.L.; Peng, Y. Echocardiographic Assessment Progress of Pulmonary Regurgitation after Surgical Repair of Tetralogy of
Fallot. Adv. Cardiovasc. Dis. 2018, 39, 316–319. [CrossRef]

32. Vijiiac, A.; Onciul, S.; Guzu, C.; Scarlatescu, A.; Petre, I.; Zamfir, D.; Onut, R.; Deaconu, S.; Dorobantu, M. Forgotten No More-The
Role of Right Ventricular Dysfunction in Heart Failure with Reduced Ejection Fraction: An Echocardiographic Perspective.
Diagnostics 2021, 11, 548. [CrossRef] [PubMed]

33. Sciaccaluga, C.; D’Ascenzi, F.; Mandoli, G.E.; Rizzo, L.; Sisti, N.; Carrucola, C.; Cameli, P.; Bigio, E.; Mondillo, S.; Cameli, M.
Traditional and Novel Imaging of Right Ventricular Function in Patients with Heart Failure and Reduced Ejection Fraction. Curr.
Heart Fail. Rep. 2020, 17, 28–33. [CrossRef] [PubMed]

34. Li, Y.; Wang, T.; Haines, P.; Li, M.; Wu, W.; Liu, M.; Chen, Y.; Jin, Q.; Xie, Y.; Wang, J.; et al. Prognostic Value of Right
Ventricular Two-Dimensional and Three-Dimensional Speckle-Tracking Strain in Pulmonary Arterial Hypertension: Superiority
of Longitudinal Strain over Circumferential and Radial Strain. J. Am. Soc. Echocardiogr. 2020, 33, 985–994.e981. [CrossRef]
[PubMed]

35. Landzaat, J.W.D.; van Heerebeek, L.; Jonkman, N.H.; van der Bijl, E.M.; Riezebos, R.K. The quest for determination of standard
reference values of right ventricular longitudinal systolic strain: A systematic review and meta-analysis. J. Echocardiogr. 2022,
21, 1–15. [CrossRef]

36. Helbing, W.A.; de Roos, A. Clinical applications of cardiac magnetic resonance imaging after repair of tetralogy of Fallot. Pediatr.
Cardiol. 2000, 21, 70–79. [CrossRef] [PubMed]

37. Meca Aguirrezabalaga, J.A.; Silva Guisasola, J.; Díaz Méndez, R.; Escalera Veizaga, A.E.; Hernández-Vaquero Panizo, D.
Pulmonary regurgitation after repaired tetralogy of Fallot: Surgical versus percutaneous treatment. Ann. Transl. Med. 2020, 8, 967.
[CrossRef] [PubMed]

38. Tatewaki, H.; Shiose, A. Pulmonary valve replacement after repaired Tetralogy of Fallot. Gen. Thorac. Cardiovasc. Surg. 2018,
66, 509–515. [CrossRef]

39. Davlouros, P.A.; Kilner, P.J.; Hornung, T.S.; Li, W.; Francis, J.M.; Moon, J.C.; Smith, G.C.; Tat, T.; Pennell, D.J.; Gatzoulis, M.A.
Right ventricular function in adults with repaired tetralogy of Fallot assessed with cardiovascular magnetic resonance imaging:
Detrimental role of right ventricular outflow aneurysms or akinesia and adverse right-to-left ventricular interaction. J. Am. Coll.
Cardiol. 2002, 40, 2044–2052. [CrossRef]

40. Moiduddin, N.; Texter, K.M.; Cheatham, J.P.; Chisolm, J.L.; Kovalchin, J.P.; Nicholson, L.; Belfrage, K.M.; Janevski, I.; Cua, C.L.
Strain Echocardiographic Assessment of Ventricular Function after Percutaneous Pulmonary Valve Implantation. Congenit. Heart
Dis. 2012, 7, 361–371. [CrossRef]

41. Hasan, B.S.; Lunze, F.I.; Chen, M.H.; Brown, D.W.; Boudreau, M.J.; Rhodes, J.; McElhinney, D.B. Effects of Transcatheter
Pulmonary Valve Replacement on the Hemodynamic and Ventricular Response to Exercise in Patients With Obstructed Right
Ventricle-to-Pulmonary Artery Conduits. Jacc-Cardiovasc. Interv. 2014, 7, 530–542. [CrossRef] [PubMed]

42. Opdahl, A.; Helle-Valle, T.; Skulstad, H.; Smiseth, O.A. Strain, Strain Rate, Torsion, and Twist: Echocardiographic Evaluation.
Curr. Cardiol. Rep. 2015, 17, 15. [CrossRef] [PubMed]

43. Halvorsrød, M.I.; Kiss, G.; Dahlslett, T.; Støylen, A.; Grenne, B. Automated tissue Doppler imaging for identification of occluded
coronary artery in patients with suspected non-ST-elevation myocardial infarction. Int. J. Cardiovasc. Imaging 2023, 39, 757–766.
[CrossRef] [PubMed]

44. Gao, L.; Zheng, J.R.; Cao, Y.; Cen, Y.N. Research of Quantitative Tissue Doppler Imaging on Assessing Left Ventricular Function
in Patients with Early Stage Type2 Diabetes. Chin. J. Ultrasound Med. 2018, 34, 150–152. [CrossRef]

https://doi.org/10.1111/jocs.15479
https://www.ncbi.nlm.nih.gov/pubmed/33834522
https://doi.org/10.5603/CJ.a2017.0051
https://www.ncbi.nlm.nih.gov/pubmed/28497844
https://doi.org/10.1016/j.cvsm.2017.04.004
https://www.ncbi.nlm.nih.gov/pubmed/28647111
https://doi.org/10.3791/61088
https://doi.org/10.1016/j.jcmg.2021.01.015
https://doi.org/10.1186/s12968-020-00683-3
https://doi.org/10.1714/3913.38958
https://doi.org/10.1002/ccd.26966
https://doi.org/10.16806/j.cnki.issn.1004-3934.2018.03.004
https://doi.org/10.3390/diagnostics11030548
https://www.ncbi.nlm.nih.gov/pubmed/33808566
https://doi.org/10.1007/s11897-020-00455-1
https://www.ncbi.nlm.nih.gov/pubmed/32130642
https://doi.org/10.1016/j.echo.2020.03.015
https://www.ncbi.nlm.nih.gov/pubmed/32532643
https://doi.org/10.1007/s12574-022-00592-7
https://doi.org/10.1007/s002469910009
https://www.ncbi.nlm.nih.gov/pubmed/10672616
https://doi.org/10.21037/atm.2020.03.81
https://www.ncbi.nlm.nih.gov/pubmed/32953767
https://doi.org/10.1007/s11748-018-0931-0
https://doi.org/10.1016/S0735-1097(02)02566-4
https://doi.org/10.1111/j.1747-0803.2012.00680.x
https://doi.org/10.1016/j.jcin.2014.02.006
https://www.ncbi.nlm.nih.gov/pubmed/24852806
https://doi.org/10.1007/s11886-015-0568-x
https://www.ncbi.nlm.nih.gov/pubmed/25676830
https://doi.org/10.1007/s10554-022-02786-7
https://www.ncbi.nlm.nih.gov/pubmed/36715881
https://doi.org/10.3969/j.issn.1002-0101.2018.02.018


Diagnostics 2024, 14, 88 13 of 15

45. Shang, Z.J.; Cong, T.; Sun, Y.H.; Wang, K.; Zhang, S.L. Assessment of right ventricular systolic function in patients with mitral
stenosis using tissue Doppler imaging and strain rate imaging. J. Dalian Med. Univ. 2014, 36, 57–61. [CrossRef]

46. Lin, N. Advances in Research in Right Heart Diseases with Echocardiography. Adv. Cardiovasc. Dis. 2013, 34, 702–707. [CrossRef]
47. Pokharel, P.; Fujikura, K.; Bella, J.N. Clinical applications and prognostic implications of strain and strain rate imaging. Expert

Rev. Cardiovasc. Ther. 2015, 13, 853–866. [CrossRef] [PubMed]
48. Venkatachalam, S.; Wu, G.; Ahmad, M. Echocardiographic assessment of the right ventricle in the current era: Application in

clinical practice. Echocardiography 2017, 34, 1930–1947. [CrossRef]
49. Ikonomidis, I.; Aboyans, V.; Blacher, J.; Brodmann, M.; Brutsaert, D.L.; Chirinos, J.A.; De Carlo, M.; Delgado, V.; Lancellotti, P.;

Lekakis, J.; et al. The role of ventricular–arterial coupling in cardiac disease and heart failure: Assessment, clinical implications
and therapeutic interventions. A consensus document of the European Society of Cardiology Working Group on Aorta &
Peripheral Vascular Diseases, European Association of Cardiovascular Imaging, and Heart Failure Association. Eur. J. Heart Fail.
2019, 21, 402–424. [CrossRef]

50. Van Daele, C.M.; Chirinos, J.A.; De Buyzere, M.L.; Gillebert, T.C.; Rietzschel, E.R. Feasibility and agreement of a novel combined
echocardiographic method to measure global longitudinal strain and strain rate compared to speckle tracking and tissue Doppler
imaging. Acta Cardiol. 2020, 75, 191–199. [CrossRef]
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