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Abstract: Cardiovascular imaging is developing at a rapid pace and the newer modalities, in particu-
lar three-dimensional echocardiography, allow better analysis of heart structures. Identifying valve
lesions and grading their severity represents crucial information and nowadays is strengthened by
the introduction of new software, such as transillumination, which provide detailed morphology
descriptions. Chambers quantification has never been so rapid and accurate: machine learning algo-
rithms generate automated volume measurements, including left ventricular systolic and diastolic
function, which is extremely important for clinical decisions. This review provides an overview of
the latest innovations in the echocardiography field, and is helpful by providing a better insight into
heart diseases.
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1. Introduction

Since its introduction into clinical practice in early 2000s, three-dimensional (3D)
echocardiographic imaging has represented a major innovation in cardiovascular ultra-
sound. Like computed tomography (CT) and magnetic resonance imaging (MRI), 3D
echocardiography allows the acquisition of real-time 3D data sets with adequate spatial
and temporal resolutions. Image cropping and rotation with infinite cut planes, both on-
and off-line, generate anatomically orientated views, which are extremely useful in various
clinical settings.

The areas of application of 3D echocardiography have gradually expanded: the
analysis of geometry and function of the heart chambers [1], the evaluation of the results
of transcatheter procedures [2], and the new ways of visualizing heart valves [3] are
revolutionizing clinical day practice.

This review describes the newer modalities of transthoracic (TTE) 3D echocardiogra-
phy that may enhance valve disease characterization and heart chamber volume quantifi-
cation as well.

2. Assessment of Valve Pathologies

Echocardiography is the method of choice to evaluate patients with valve disease.
It allows the accurate assessment of severity of valve lesions, etiology, mechanisms and
anatomic lesions, left ventricle (LV) and left atrial (LA) remodeling, right chamber dimen-
sions and function and consequently defines the indication and the probability of successful
of percutaneous or surgical procedures.

Recent guidelines stated that real-time three-dimensional (RT3D) imaging modalities
are useful in the presentation of realistic views of heart valves and are ideal to investigate
the anatomy and function of each of the heart valves [1].
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2.1. Mitral Valve

In mitral valve (MV) disease, 3D imaging enhance the evaluation of all anatomic and
functional details, including subcomponents of the MV apparatus (annulus, leaflets, chor-
dae and papillary muscles). Both qualitative and quantitative evaluations of degenerative
MV disease have been substantially improved by 3D echocardiography.

In 2012, ESC guidelines [1] stated that “3DTTE and TEE assessments of mitral valve
pathology should be incorporated into routine clinical practice”. This statement was
mainly based on 3D transesophageal (TEE) data. However, in 2006 it was reported that
both 3DTTE and TEE were feasible and useful methods to identify the location of MV
prolapse [4]. Three-dimensional imaging reconstructions provided a very full description
of valve pathology in comparison with 2D techniques and represented an important added
value for MV repair planning [5]. Since then, transducers, software and hardware have
improved dramatically in terms of acquisition, temporal and spatial resolution and image
rendering. Several studies have confirmed the superiority of 3DTTE in the evaluation of
the MV apparatus as well as of the aortic (AV) and tricuspid valve (TV) [6–9].

One of the main indications for 3DTTE is the morphologic description of MV leaflets
in several diseases, mainly MV regurgitation and MV stenosis. The first studies in the
early 2000s were concentrated on the planimetry of the valve in MV stenosis [10] and
in the identification of scallop lesions in MV prolapse [1,4,5,11]. Using 3D analysis soft-
ware, nowadays incorporated on-line in the majority of ultrasound units, it is possible
to perform a multiplane reconstruction from the dataset and generate a perfectly aligned
cross-sectional image of the MV at the leaflet tips. Considering stenotic MV almost like a
funnel-shaped structure, the valve area is at its minimum at that level and it represents the
true anatomical MV area [12].

The evaluation of MV morphology and identification of scallop lesion is fundamental
in patients with MV prolapse. In a routine TTE, a comprehensive evaluation contributes
to the diagnosis, prognosis and surgical timing of severe degenerative MV regurgitation:
heart chamber dimensions and function, detailed MV morphology, site and severity of
the regurgitation, pulmonary systolic pressure [13,14]. In this regard, 3DTTE concur in
the evaluation of heart chamber volume and function in MV disease. Several papers
showed that 3D echocardiography is superior in comparison with the corresponding 2D
techniques in the description of MV pathology. In particular, since RT3D has a similar
accuracy of 2DTEE, this technique may be integrated in the standard 2D examination
and should be regarded as an important tool in the decision process for MV repair [1,4].
Gutierrez et al., with the first commercial RT3D transducer, emphasized that segmental
analysis in mitral prolapse can be performed as accurately as 2DTEE [6]. False negatives
tend to appear around the anterolateral commissure, whereas false positives tend to appear
around the posteromedial commissure. The highest accuracy was reached in central
scallops. Tamborini et al. [11] not only confirmed these data but also demonstrated that
RT3D TTE is a feasible, not time-consuming, non-invasive useful method in order to identify
the location of simple and complex lesions in patients with MV prolapse undergoing MV
repair. Therefore, this technique should be regarded as an important adjunct to standard
2D examination in recognizing all the components of MV leaflets and may facilitate the
prediction of surgical procedures. This has been very recently confirmed, showing that
a pre-operative 3DTTE may also predict whether cases with MV prolapse will undergo
simple or complex surgical repair procedures, with a potential impact on long-term residual
regurgitation [15].

Moreover, 3DTTE diagnostic accuracy is still improving thanks to new transduc-
ers, software and transillumination (TI) techniques [16]. Comprehensive mitral valve
reconstructions help to identify chordal rupture and cleft recognition as well as scallop
identification [17]. TI is a new tool that improves visualization of cardiac structures due to
shadow effects achieved by using a virtual light source. This method is user friendly: a
touch screen allows operators to change the light source orientation, creating a 3D recon-
struction that markedly emphasize a shadow effect. Thus, the most relevant innovation
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is the perception of depth, which is notably improved with its use. TI and the new trans-
parency mode may help to clearly delineate pathologic areas such as prolapsed valve leaflet
scallops empowering a clear distinction of cardiac and extra-cardiac structures (Figure 1).

Figure 1. Transillumination techniques in mitral valve prolapse. (A): Four-chamber view showing
(arrow and area of interest included in the 2 yellow lines) how to visualize the surgical view of the
MV; (B): example of visualization of a chordal rupture (arrow) from the surgical view; (C): loculated
P2 prolapse (arrow); (D): large P2 prolapse (arrow); (E,F) early- and mid- systolic frames of a P2
prolapse associated with a cleft P2/P3 (arrow).

Starting from the morphology and dimensions of the valve annulus, 3DTTE has been
proposed as an ideal method to analyze the mitral, tricuspid and aortic annula. The MV
annulus has been studied in patients with organic or functional mitral regurgitation and
after surgical and percutaneous procedures [18–20].

2.2. Tricuspid Valve

The evaluation of TV leaflets is limited by the standard 2DTTE. It is rarely possible to
simultaneously visualize the three leaflets and their recognition needs a very accurate and
comprehensive evaluation from different views. By contrast, 3DTTE is generally easy and
has the unique capability of obtaining a simultaneous visualization of the three leaflets,
commissures and their attachment to the annulus. Badano et al. demonstrated the clinical
utility of 3DTTE in the assessment of functional TV regurgitation [8,9], combining 3D
data on valve morphology and dynamics, TV annulus and 3D regurgitant jet evaluation.
Functional regurgitation of the TV may also be related to cardiac implantable electronic
device (lead-induced regurgitation). Specifically, while a correct commissure position
of the lead does not interfere with leaflet motion, lead interference may cause severe
regurgitation due to adherent, impinging or entangled mechanisms [21]. Recently it has
been demonstrated that 2DTTE and 2DTEE measurements underestimated TV annulus
dimensions in all echo views compared to 3D values, irrespective of the 3D method [22].
No differences were found between 3DTTE and 3DTEE and, for practical reasons, 3DTTE
may be proposed as an ideal method to measure the TV annulus, particularly in patients
undergoing MV surgery. In fact, all structures with an oval shape, or with the typical
saddle shape, may be better examined with a 3D approach. A quantitative 3D evaluation
of the annulus (major and minor diameters as well as annulus area) is more accurate than
a 2D evaluation. From a clinical point of view, tricuspid cut-off for TV repair, in patient
undergoing isolated or combined surgery (for example in MV patients), may largely benefit
from a 3D-based analysis.

Several other pathologies may benefit from 3DTTE diagnosis such as tricuspid en-
docarditis, valve tumors, congenital and acquired pathologies. Figure 2 shows several
examples of different pathologies that may benefit from 3DTTE evaluation, and Figure 3
displays the potential use in a case of the bicuspid aortic valve.
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Figure 2. Three examples of cases in whom transthoracic 3D echocardiography (3DTTE) was par-
ticularly useful: (A) left ventricle (LV) myxoma, (B) Tricuspid valve fibroelastoma and (C) precise
localization of a pacemaker lead crossing the tricuspid valve.
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2.3. Aortic Valve

Although quantitatively less relevant than the contribution offered for evaluation of
morphology and function of atrioventricular valves, 3D echocardiography, especially from
the transesophageal approach, has become critical for evaluation of the anatomy of the
aortic valve [23]. In aortic stenosis it is mainly used for correct characterization of the LV
outflow tract, which is crucial for estimating the prosthesis size for transcatheter valve
implantation procedures [24]. Several articles showed that also 3DTTE, besides 3DTEE and
CT, is accurate in the measurements of this oval shape structure [25,26].

In aortic insufficiency, 3DTTE is used to define the anatomy of the valve, the mecha-
nism of insufficiency, and to indicate the need for eventual reconstructive surgery [27].

2.4. Grading the Severity of Valve Lesions

Accurate quantification of mitral, aortic and tricuspid regurgitation is important
for decisions regarding surgery and predicting risk. Current guidelines [28] propose
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integration of specific, supportive, and quantitative echocardiographic features to classify
the severity of MR and other valves. These methods include vena contracta width (VCW),
regurgitant volume (RVol) and fraction (RF), and effective regurgitant orifice area (EROA).
Although these quantitative techniques can be accurate and reproducible in single centers,
there can be significant interobserver variability among centers.

Recent technological advances in 3DTTE and 3DTEE have provided new tools for MR
quantification. As concerns 3DTTE, images are generally acquired from the apical view
with settings similar to the standard 2D Doppler approach. Newer ultrasound systems will
allow real-time optimization of the 3D color Doppler in live 3D mode or single heart-beat
full-volume mode, but the acquisition should still be gated. End-expiratory breath-hold is
desirable for gated acquisitions, and all 3D volumes should be checked perpendicular to
the ultrasound sweep plane to ensure that stitching artifacts are absent.

3D VCA measurements by TEE is superior to the 2D PISA method in determination of
regurgitation severity in multiple native and prosthetic valves. However, new methods for
automated quantification of regurgitant jets are still under evaluation and probably will
very soon be available in clinical practice [29].

In the near future, we may also foresee that the “true hole” of the regurgitant lesion
may be reconstructed from 3D data sets [30]. In order to assist in a more accurate and non
time-consuming approach for regurgitant quantification, automated color jet evaluation
and/or quantitative 3D assessment of stroke volumes, as performed in MRI, will largely be
used.

Table 1 shows comparisons among 2D and 3D modalities regarding assessment of
valve morphology and function.

Table 1. Head to head comparison of 2D and 3D modalities in valve morphology assessment.

2DTTE 2DTEE 3DTTE
(Standard)

3DTTE
(Advanced *) 3DTEE

Feasibility (all valves) +++ ++++ +++ ++++ ++++

Training and communication ++ ++ +++ ++++ ++++

Accuracy in MV morphology assessment vs. surgical
inspection ++ +++ +++ +++ ++++

Accuracy in MV cleft and chordal rupture assessment
vs. surgical inspection ++ +++ ++ +++ ++++

Accuracy in TV morphology assessment ++ ++ +++ ++++ +++

Accuracy in annulus quantification (Ao, MV and TV) ++ ++ +++ ++++ ++++

MV and TV regurgitant jet quantification +++ +++ +++ +++ ++++

Accuracy in Ao morphology assessment ++ ++++ ++ +++ ++++

Usefulness in percutaneous procedure assessment + +++ ++ ++ ++++

TTE = transthoracic echocardiography; TEE = transesophageal echocardiography; MV = mitral valve; TV = tricuspid valve; Ao = aortic
valve; * advanced 3DTTE includes transillumination and transparency. + = scale of peculiar abilities.

2.5. Left Ventricular Volumetric and Functional Assessment

In left heart valve disease, LV and LA evaluation is crucial for the diagnosis, prog-
nosis and timing of surgery or for percutaneous procedures. Indeed, both in aortic and
mitral stenotic or regurgitant lesions, clinical and therapeutic decision are based not only
in severity of the lesion but also on LV dimensions and systolic function and LA dimen-
sions [13,14,28]. In MV regurgitation (MR), surgery is recommended for asymptomatic
patients with chronic severe primary MR and LV dysfunction (left ventricle ejection frac-
tion (LVEF) 30% to 60% and/or left ventricular end-systolic diameter (LVESD) > 40 mm).
Asymptomatic patients with severe aortic regurgitation and an impairment of LV function
(LVEF < 50%; LV diastolic diameter > 70 mm or left ventricular end-systolic diameter
(LVESD) > 50 mm) go towards a worse outcome reason that surgery should be pursued
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when these cut-offs are reached or even earlier [31–33]. In aortic stenosis, surgery should be
considered in symptomatic and even asymptomatic patients with low-flow, low-gradient
aortic stenosis and reduced ejection fraction without contractile reserve, particularly when
CT calcium scoring confirms severe aortic stenosis [34–38].

Therefore, as from these quoted guidelines, M-mode diameters and 2D biplane LV vol-
umes were considered the standard method for the assessment of surgical timing. Recently
3D echocardiography, tissue Doppler and strain rate imaging have been proposed as useful
techniques, particularly in patients with borderline LVEF, where they may help in the deci-
sion for surgery [39–42]. In this field 3D echocardiography moved rapidly from complex
and off-line LV and LA volume calculation to semiautomated and automated methods
and, in the last few years, to deep learning calculations [43–48]. In valve diseases, LA
volume measurements are very useful, and LA size and function parameters are associated
with adverse outcomes. Moreover, recent data suggest that phasic LA function also hold
prognostic information [49–52]. 3DTTE provides more accurate and reproducible quan-
tification of LA volumes than 2DTTE when compared with CMR reference standards [53].
New machine learning 3D methods implemented in commercial ultrasound units allow
accurate and rapid measurements of LA volume and function [54]. Correlation between
automated volumes and CMR are excellent with minimal bias [55].

Moreover, after launching the acquired 3DE dataset (after a few seconds’ acquisition
from the 4-chamber view), the examiner has immediately (about 30 s) automated chambers
assessment on the display. LA and LV contours on 4-, 3-, and 2-chamber cut-planes are
extracted from the 3DE datasets, providing the ideal recognition of the 2 cavities and LV/LA
reciprocal volumetric changes throughout the cardiac cycle. All measurements are also
included in the display (LVEF, LA and LV volumes and function). The different phases of
the cardiac cycle are identified using maximum and minimum values of the volume curves
and their first time-derivative LV and LA curves [56]. In the case of improper borders
detection, manual corrections are easily performed [57]. Finally, 3D echocardiography
analysis of LV mass using novel ML-based algorithm is feasible, fast, and accurate and may
thus facilitate the incorporation of 3DE measurements of LV mass into clinical practice [58].

Thus, a comprehensive TTE may include not only all 2D echo and Doppler parameters
but also 3D evaluation of valve morphology and 3D measurements of left heart cham-
bers [59]. Figure 4 shows echo findings in a patient with severe MV regurgitation in whom
3D automated calculations of LV and LA volume and function have been applied.

Figure 4. Dynamic automated evaluation of the LV and LA volumes and function. After launching the acquired 3DE dataset
(A), the examiner has immediately on the display LV and LA with automated recognition of the 2 cavities (B) and LV/LA
reciprocal volumetric changes, throughout the cardiac cycle, with all measurements and functional curves (C).
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2.6. Right Ventricular Assessment

Right ventricular (RV) dimensions and function are known to be of clinical importance
in many cardiac diseases. The 3DTTE determined RV ejection fraction (RVEF) was indepen-
dently associated with cardiac outcomes in patients with diverse backgrounds including
valve disease [60]. RVEF offered incremental value over clinical risk factors and the other
echocardiographic parameters including LV systolic and diastolic function for predicting
future adverse outcome. Nowadays, the normal reference values of RV volume and func-
tion by 3DTTE have been established [61]. Several papers assessed the feasibility, accuracy
and additional clinical value over 2DTTE in different valve diseases [62–68]. In clinical
practice, 3DTTE with new automated software may easily acquire in a few seconds images
from an adapted 4-chamber view and can obtain volumes, RVEF, global and free wall RV
strain, TAPSE and fractional area change [69].

We recently demonstrated that patients undergoing MV surgery and TV annuloplasty
with an increased TV annulus dimensions and a marked right chambers remodeling, proba-
bly had an advanced stage of the disease [70]. The 3D echocardiography may better define
the right chamber’s overload and RV function as well as TV annulus morphology and
may be proposed as an ideal method to quantify parameters useful for define timing of
TV annuloplasty. This is also crucial in severe tricuspid regurgitation, both primary and
secondary to left heart valve disease. In these cases, severity of the TV lesion should be
correlated to the TR annulus dimensions and right atrium and RV volumes. As previously
discussed in annulus and leaflet morphology sections, 3DTTE may better cover TV charac-
teristic adding also hemodynamic consequences of the disease in terms of RV volumes and
function (Figure 5).

Figure 5. Acquisition and reconstruction of the right ventricle (RV). (A): adapted 4-chamber view for acquisition of the
entire RV cavity; (B): reconstruction on the display of the RV cast (cine loops) and all measurements (RV volumes and
function). (C): magnification of the RV cast and morphology of inflow, outflow and apex of the RV.

Table 2 shows comparisons among 2D and 3D modalities regarding cardiac chamber
quantification and function.

Table 2. Head to head comparison of 2D and 3D modalities in the assessment of heart chambers volumes and function.

2DTTE 2DTEE 3DTTE
(Standard)

3DTTE
(Advanced *) 3DTEE

Feasibility of acquisition/measurements +++ ++ +++ ++++ ++

Time for acquisition/measurements ++ ++ +++ ++++ ++

Accuracy in LV volume quantification vs. MRI ++ ++ +++ ++++ ++

Accuracy in LV Ejection fraction vs. MRI ++ + +++ ++++ +

Reproducibility of LV quantification ++ ++ +++ ++++ ++

Accuracy in RV volume quantification vs. MRI + ++ +++ ++++ ++

Accuracy in RV ejection fraction vs. MRI + + +++ ++++ +

Reproducibility in RV quantification + + +++ ++++ ++

Accuracy in LA quantification vs. MRI ++ + +++ ++++ ++

TTE = transthoracic echocardiography; TEE = transesophageal echocardiography; MRI = magnetic resonance imaging; LV = left ventricle;
RV = right ventricle; LA = left atrium. * advanced 3DTTE includes machine-learning software. + = scale of peculiar abilities.
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3. Conclusions

Imaging of the heart and related structures has progressively evolved over the last few
years. Three-dimensional (3D) echocardiography has come a long way from its debut and
represents the most useful innovation in cardiovascular ultrasound. Its use can be helpful
for gaining a better insight into valve diseases and for rapid and accurate volumes and
function assessment. Further improvements of the image quality and resolution associated
with the use of artificial intelligence techniques, for automated quantitative analysis of the
data, will allow 3DTTE to reduce analysis time and make quantitative assessments more
objective and reproducible.

Author Contributions: Conceptualization, G.I. and M.P. (Mauro Pepi); methodology, G.T.; soft-ware,
M.P. (Marco Penso); validation, G.I.; formal analysis, M.P. (Mauro Pepi), S.G.A., M.M. and P.G.;
investigation, G.I., V.M. and L.F.; data curation, A.G.; writing—original draft preparation, M.P. and
G.I.; writing—review and editing, G.I.; supervision, M.M., M.P. (Mauro Pepi), P.G. and G.T.; project
administration and funding acquisition, M.P. (Mauro Pepi). All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lang, R.M.; Badano, L.P.; Tsang, W.; Adams, D.H.; Agricola, E.; Buck, T.; Faletra, F.F.; Franke, A.; Hung, J.; Pérez de Isla,

L.; et al. EAE/ASE Reccomendations for image acquisition and display using three-dimensional echocardiography. J. Am. Soc.
Echocardiogr. 2012, 25, 3–46. [CrossRef] [PubMed]

2. Zamorano, J.L.; Badano, L.P.; Bruce, C.; Chan, K.L.; Gonçalves, A.; Hahn, R.T.; Keane, M.G.; La Canna, G.; Monaghan, M.J.;
Nihoyannopoulos, P.; et al. EAE/ASE recommendations for the use of echocardiography in new transcatheter interventions for
valvular heart disease. J. Am. Soc. Echocardiogr. 2011, 24, 937–965. [CrossRef] [PubMed]

3. Lang, R.M.; Addetia, K.; Narang, A.; Mor-Avi, V. 3-Dimensional Echocardiography: Latest Developments and Future Directions.
JACC Cardiovasc. Imaging 2018, 11, 1854–1878. [CrossRef] [PubMed]

4. Pepi, M.; Tamborini, G.; Maltagliati, A.; Galli, C.; Sisillo, E.; Salvi, L.; Naliato, M.; Porqueddu, M.; Parolari, A.; Zanobini, M.; et al.
Head-to-head comparison of two-dimensional and three-dimensional transthoracic and transesophageal echocardiography in the
localization of mitral valve prolapse. J. Am. Coll. Cardiol. 2006, 48, 2524–2530. [CrossRef]

5. Pepi, M.; Tamborini, G.; Pontone, G.; Andreini, D.; Berna, G.; DEVita, S.; Maltagliati, A. Initial experience with a new on-line
transthoracic three-dimensional technique: Assessment of feasibility and of diagnostic potential. It. Heart. J. 2003, 4, 544–550.

6. Gutiérrez-Chico, J.L.; Gómez, J.L.Z.; Rodrigo-López, J.L.; Mataix, L.; de Isla, L.P.; Carlos Almería-Valera, M.D.; Adalia Aubele,
M.D.; Macaya-Miguel, C. Accuracy of real-time 3-dimensional echocardiography in the assessment of mitral prolapse. Is trans-
esophageal echocardiography still mandatory? Am. Heart J. 2008, 155, 694–698. [CrossRef]

7. Addetia, K.; Yamat, M.; Mediratta, A.; Medvedofsky, D.; Patel, M.; Ferrara, P.; Mor-Avi, V.; Lang, R.M. Comprehensive two-
dimensional interrogation of the tricuspid valve using knowledge derived from three-dimensional echocardiography. J. Am. Soc.
Echocardiogr. 2016, 29, 74–82. [CrossRef]

8. Badano, L.P.; Agricola, E.; Perez de Isla, L.; Gianfagna, P.; Zamorano, J.L. Evaluation of the tricuspid valve morphology and
function by transthoracic real-time three-dimensional echocardiography. Eur. J. Echocardiogr. 2009, 10, 477–484. [CrossRef]

9. Badano, L.P.; Hahn, R.; Rodríguez-Zanella, H.; Araiza Garaygordobil, D.; Ochoa-Jimenez, R.C.; Muraru, D. Morphological
Assessment of the Tricuspid Apparatus and Grading Regurgitation Severity in Patients with Functional Tricuspid Regurgitation
Thinking Outside the Box. J. Am. Coll. Cardiol. Img. 2019, 12, 652–664. [CrossRef]

10. Zamorano, J.; de Agustín, J.A. Three-dimensional echocardiography for assessment of mitral valve stenosis. Curr. Opin. Cardiol.
2009, 24, 415–419. [CrossRef]

11. Tamborini, G.; Muratori, M.; Maltagliati, A.; Galli, C.A.; Naliato, M.; Zanobini, M.; Alamanni, F.; Salvi, L.; Sisillo, E.; Fiorentini,
C.; et al. Pre-operative transthoracic real-time three-dimensional echocardiography in patients undergoing mitral valve repair:
Accuracy in cases with simple vs. complex prolapse lesions. Eur. J. Echocardiogr. 2010, 11, 778–785. [CrossRef] [PubMed]

12. Gianstefani, S.; Monaghan, M.J. Accurate assessment of the true mitral valve area in rheumatic mitral stenosis. Heart 2013, 99,
219–221. [CrossRef] [PubMed]

13. Nishimura, R.A.; Otto, C.M.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P., III; Guyton, R.A.; O’Gara, P.T.; Ruiz, C.E.; Skubas, N.J.;
Sorajja, P.; et al. Thomas. 2014 AHA/ACC guideline for the management of patients with valvular heart disease: Executive
summary: A report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines. J. Am.
Coll. Cardiol. 2014, 63, 2438–2488. [CrossRef] [PubMed]

14. Cimino, S.; Guarracino, F.; Valenti, V.; Frati, G.; Sciarretta, S.; Miraldi, F.; Agati, L.; Greco, E. Echocardiography and Correction of
Mitral Regurgitation: An Unbreakable Link. Cardiology 2020, 145, 110–120. [CrossRef] [PubMed]

http://doi.org/10.1016/j.echo.2011.11.010
http://www.ncbi.nlm.nih.gov/pubmed/22183020
http://doi.org/10.1016/j.echo.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21867869
http://doi.org/10.1016/j.jcmg.2018.06.024
http://www.ncbi.nlm.nih.gov/pubmed/30522687
http://doi.org/10.1016/j.jacc.2006.02.079
http://doi.org/10.1016/j.ahj.2007.10.045
http://doi.org/10.1016/j.echo.2015.08.017
http://doi.org/10.1093/ejechocard/jep044
http://doi.org/10.1016/j.jcmg.2018.09.029
http://doi.org/10.1097/HCO.0b013e32832e165b
http://doi.org/10.1093/ejechocard/jeq066
http://www.ncbi.nlm.nih.gov/pubmed/20488814
http://doi.org/10.1136/heartjnl-2012-303064
http://www.ncbi.nlm.nih.gov/pubmed/23242833
http://doi.org/10.1016/j.jacc.2014.02.537
http://www.ncbi.nlm.nih.gov/pubmed/24603192
http://doi.org/10.1159/000504248
http://www.ncbi.nlm.nih.gov/pubmed/31794963


J. Clin. Med. 2021, 10, 408 9 of 11

15. Tamborini, G.; Mantegazza, V.; Penso, M.; Muratori, M.; Fusini, L.; Ali, S.G.; Cefalù, C.; Italiano, G.; Volpato, V.; Gripari, P.; et al.
Predictive Value of Pre-Operative 2D and 3D Transthoracic Echocardiography in Patients Undergoing Mitral Valve Repair:
Long Term Follow Up of Mitral Valve Regurgitation Recurrence and Heart Chamber Remodeling. J. Cardiovasc. Dev. Dis. 2020,
7, 46. [CrossRef]

16. Genovese, D.; Addetia, K.; Kebed, K.; Kruse, E.; Yamat, M.; Narang, A.; Patel, A.R.; Badano, L.P.; Muraru, D.; Gonçalves, A.; et al.
First Clinical Experience With 3-Dimensional Echocardiographic Transillumination Rendering. JACC Cardiovasc. Imaging 2019, 12,
1868–1871. [CrossRef]

17. Volpato, V.; Mantegazza, V.; Tamborini, G.; Muratori, M.; Gripari, P.; Andreini, D.; Fusini, L.; Ghulam Alù, S.; Cefalù, C.; Italiano,
G.; et al. Diagnostic Accuracy of Transillumination in Mitral Valve Prolapse: Side-by-Side Comparison of Standard Transthoracic
Three-Dimensional Echocardiography against Surgical Findings. J. Am. Soc. Echocardiogr. 2020, 20, 30549-6. [CrossRef]

18. Caiani, E.G.; Fusini, L.; Veronesi, F.; Tamborini, G.; Maffessanti, F.; Gripari, P.; Corsi, C.; Naliato, M.; Zanobini, M.; Alamanni,
F.; et al. Quantification of mitral annulus dynamic morphology in patients with mitral valve prolapse undergoing repair and
annuloplasty during a 6-month follow-up. Eur. J. Echocardiogr. 2011, 12, 375–383. [CrossRef]

19. Grewal, J.; Suri, R.; Mankad, S.; Tanaka, A.; Mahoney, D.W.; Schaff, H.V.; Fletcher , A., Jr.; Sarano, M.E. Mitral annular
dynamics in myxomatous valve disease: New insights with real-time 3-dimensional echocardiography. Circulation 2010, 121,
1423–1431. [CrossRef]

20. Sharma, R.; Mann, J.; Drummond, L.; Livesey, S.A.; Simpson, I.A. The evaluation of real-time 3-dimensional transthoracic
echocardiography for the preoperative functional assessment of patients with mitral valve prolapse: A comparison with
2-dimensional transesophageal echocardiography. J. Am. Soc. Echocardiogr. 2007, 20, 934–940. [CrossRef]

21. Addetia, K.; Harb, S.C.; Hahn, R.T.; Kapadia, S.; Lang, R.M. Cardiac Implantable Electronic Device Lead-Induced Tricuspid
Regurgitation. JACC Cardiovasc. Imaging 2019, 12, 622–636. [CrossRef] [PubMed]

22. Volpato, V.; Lang, R.M.; Yamat, M.; Veronesi, F.; Weinert, L.; Tamborini, G.; Muratori, M.; Fusini, L.; Pepi, M.; Genovese, D.; et al.
A Echocardiographic Assessment of the Tricuspid Annulus: The Effects of the Third Dimension and Measurement Methodology.
J. Am. Soc. Echocardiogr. 2019, 32, 238–247. [CrossRef] [PubMed]

23. Muraru, D.; Badano, L.P.; Vannan, M.; Iliceto, S. Assessment of aortic valve complex by three-dimensional echocardiog-
raphy: A framework for its effective application in clinical practice. Eur. Heart J. Cardiovasc. Imaging 2012, 13, 541–555.
[CrossRef] [PubMed]

24. Tamborini, G.; Fusini, L.; Muratori, M.; Cefalù, C.; Gripari, P.; Ali, S.G.; Pontone, G.; Andreini, D.; Bartorelli, A.L.; Alamanni,
F.; et al. Feasibility and accuracy of three-dimensional transthoracic echocardiography vs. multidetector computed tomography
in the evaluation of aortic valve annulus in patient candidates to transcatheter aortic valve implantation. Eur. Heart J. Cardiovasc.
Imaging 2014, 15, 1316–1323. [CrossRef] [PubMed]

25. Prihadi, E.A.; van Rosendael, P.J.; Vollema, E.M.; Bax, J.J.; Delgado, V.; Ajmone Marsan, N. Feasibility, accuracy, and repro-
ducibility of aortic annular and root sizing for transcatheter aortic valve replacement using novel automated three-dimensional
echocardiographic software: Comparison with multi-detector row computed tomography. J. Am. Soc. Echocardiogr. 2018, 31,
505–514.e3. [CrossRef]

26. Hahn, R.T.; Pibarot, P. Accurate measurement of left ventricular outflow tract diameter: Comment on the updated recommenda-
tions for the echocardiographic assessment of aortic valve stenosis. J. Am. Soc. Echocardiogr. 2017, 30, 1038–1041. [CrossRef]

27. Chacon, M.M.; Markin, N.W.; Shillcutt, S.K. 3D Geometry of the aortic valve: The future of aortic valve repair or just another
measurement? J. Cardiothorac. Vasc. Anesth. 2017, 31, 1301–1303. [CrossRef]

28. Baumgartner, H.; Falk, V.; Bax, J.J.; De Bonis, M.; Hamm, C.; Holm, P.J.; Iung, B.; Lancellotti, P.; Lansac, E.; Muñoz, D.R.; et al.
2017 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. Heart J. 2017, 38, 2739–2791. [CrossRef]

29. Zamorano, J.L.; Gonçalves, A. Three dimensional echocardiography for quantification of valvular heart disease. Heart 2013, 99,
811–818. [CrossRef]

30. Sotaquirá, M.; Pepi, M.; Tamborini, G.; Caiani, E.G. Anatomical Regurgitant Orifice Detection and Quantification from 3-D
Echocardiographic Images. Ultrasound Med. Biol. 2017, 43, 1048–1057. [CrossRef]

31. Rosenhek, R.; Rader, F.; Klaar, U.; Gabriel, H.; Krejc, M.; Kalbeck, D.; Schemper, M.; Maurer, G.; Baumgartner, H. Outcome of
watchful waiting in asymptomatic severe mitral regurgitation. Circulation 2006, 113, 2238–2244. [CrossRef] [PubMed]

32. Kang, D.H.; Kim, J.H.; Rim, J.H.; Kim, M.J.; Yun, S.C.; Song, J.M.; Song, H.; Choi, K.J.; Song, J.K.; Lee, J.W. Comparison of early
surgery versus conventional treatment in asymptomatic severe mitral regurgitation. Circulation 2009, 119, 797–804. [CrossRef]
[PubMed]

33. Zilberszac, R.; Heinze, G.; Binder, T.; Laufer, G.; Gabriel, H.; Rosenhek, R. Long-term outcome of active surveillance in severe but
asymptomatic primary mitral regurgitation. JACC Cardiovasc. Imaging 2018, 11, 1213–1221. [CrossRef] [PubMed]

34. Vandvik, P.O.; Otto, C.M.; Siemieniuk, R.A.; Bagur, R.; Guyatt, G.H.; Lytvyn, L.; Whitlock, R.; Vartdal, T.; Brieger, D.; Aertgeerts,
B.; et al. Transcatheter or surgical aortic valve replacement for patients with severe, symptomatic, aortic stenosis at low to
intermediate surgical risk: A clinical practice guideline. BMJ 2016, 354, i5085. [CrossRef]

35. Kang, D.H.; Park, S.J.; Rim, J.H.; Yun, S.C.; Kim, D.H.; Song, J.M.; Choo, S.J.; Park, S.W.; Song, J.K.; Lee, J.W.; et al. Early surgery
versus conventional treatment in asymptomatic very severe aortic stenosis. Circulation 2010, 121, 1502–1509. [CrossRef] [PubMed]

http://doi.org/10.3390/jcdd7040046
http://doi.org/10.1016/j.jcmg.2018.12.012
http://doi.org/10.1016/j.echo.2020.08.017
http://doi.org/10.1093/ejechocard/jer016
http://doi.org/10.1161/CIRCULATIONAHA.109.901181
http://doi.org/10.1016/j.echo.2007.01.028
http://doi.org/10.1016/j.jcmg.2018.09.028
http://www.ncbi.nlm.nih.gov/pubmed/30947905
http://doi.org/10.1016/j.echo.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30459122
http://doi.org/10.1093/ehjci/jes075
http://www.ncbi.nlm.nih.gov/pubmed/22518051
http://doi.org/10.1093/ehjci/jeu157
http://www.ncbi.nlm.nih.gov/pubmed/25187619
http://doi.org/10.1016/j.echo.2017.10.003
http://doi.org/10.1016/j.echo.2017.06.002
http://doi.org/10.1053/j.jvca.2017.04.009
http://doi.org/10.1093/eurheartj/ehx391
http://doi.org/10.1136/heartjnl-2012-302046
http://doi.org/10.1016/j.ultrasmedbio.2016.12.017
http://doi.org/10.1161/CIRCULATIONAHA.105.599175
http://www.ncbi.nlm.nih.gov/pubmed/16651470
http://doi.org/10.1161/CIRCULATIONAHA.108.802314
http://www.ncbi.nlm.nih.gov/pubmed/19188506
http://doi.org/10.1016/j.jcmg.2018.05.014
http://www.ncbi.nlm.nih.gov/pubmed/30031699
http://doi.org/10.1136/bmj.i5085
http://doi.org/10.1161/CIRCULATIONAHA.109.909903
http://www.ncbi.nlm.nih.gov/pubmed/20308614


J. Clin. Med. 2021, 10, 408 10 of 11

36. Lindman, B.R.; Dweck, M.R.; Lancellotti, P.; Généreux, P.; Piérard, L.A.; O’Gara, P.T.; Bonow, R.O. Management of Asymptomatic
Severe Aortic Stenosis: Evolving Concepts in Timing of Valve Replacement. JACC Cardiovasc. Imaging 2020, 13, 481–493.
[CrossRef] [PubMed]

37. Clavel, M.A.; Pibarot, P.; Messika-Zeitoun, D.; Capoulade, R.; Malouf, J.; Aggarval, S.; Araoz, P.A.; Michelena, H.I.; Cueff, C.;
Larose, E.; et al. Impact of aortic valve calcification, as measured by MDCT, on survival in patients with aortic stenosis: Results of
an international registry study. J. Am. Coll. Cardiol. 2014, 64, 1202–1213. [CrossRef] [PubMed]

38. Pawade, T.; Clavel, M.A.; Tribouilloy, C.; Dreyfus, J.; Mathieu, T.; Tastet, L.; Renard, C.; Gun, M.; Jenkins, W.S.A.; Macron,
L.; et al. Computed Tomography Aortic Valve Calcium Scoring in Patients with Aortic Stenosis. Circ. Cardiovasc. Imaging 2018,
11, e007146. [CrossRef]

39. Song, Y.; Lee, S.; Kwak, Y.L.; Shim, C.Y.; Chang, B.C.; Shim, J.K. Tissue Doppler imaging predicts left ventricular reverse
remodeling after surgery for mitral regurgitation. Ann. Thorac. Surg. 2013, 96, 2109–2115. [CrossRef]

40. Florescu, M.; Benea, D.C.; Rimbas, R.C.; Cerin, G.; Diena, M.; Lanzzillo, G.; Enescu, O.A.; Cinteza, M.; Vinereanu, D. Myocardial
systolic velocities and deformation assessed by speckle tracking for early detection of left ventricular dysfunction in asymptomatic
patients with severe primary mitral regurgitation. Echocardiography 2012, 29, 326–333. [CrossRef]

41. Mascle, S.; Schnell, F.; Thebault, C.; Corbineau, H.; Laurent, M.; Hamonic, S.; Veillard, D.; Mabo, P.; Leguerrier, A.; Donal, E.
Predictive value of global longitudinal strain in a surgical population of organic mitral regurgitation. J. Am. Soc. Echocardiogr.
2012, 25, 766–772. [CrossRef] [PubMed]

42. Zoghbi, W.A.; Adams, D.; Bonow, R.O.; Enriquez-Sarano, M.; Foster, E.; Grayburn, P.A.; Hahn, R.T.; Han, Y.; Hung, J.; Lang,
R.M.; et al. Recommendations for Noninvasive Evaluation of Native Valvular Regurgitation: A Report from the American
Society of Echocardiography Developed in Collaboration with the Society for Cardiovascular Magnetic Resonance. J. Am. Soc.
Echocardiogr. 2017, 30, 303–371. [CrossRef] [PubMed]

43. Chang, S.A.; Lee, S.C.; Kim, E.Y.; Hahm, S.H.; Jang, S.Y.; Park, S.J.; Choi, J.O.; Park, S.W.; Choe, Y.H.; Oh, J.K. Feasibility of
single-beat full-volume capture real-time three-dimensional echocardiography and auto-contouring algorithm for quantification
of left ventricular volume: Validation with cardiac magnetic resonance imaging. J. Am. Soc. Echocardiogr. 2011, 24, 853–859.
[CrossRef] [PubMed]

44. Asch, F.M.; Poilvert, N.; Abraham, T.; Jankowski, M.; Cleve, J.; Adams, M.; Romano, N.; Hong, H.; Mor-Avi, V.; Martin, R.P.; et al.
Automated Echocardiographic Quantification of Left Ventricular Ejection Fraction Without Volume Measurements Using a
Machine Learning Algorithm Mimicking a Human Expert. Circ Cardiovasc. Imaging 2019, 12, e009303. [CrossRef] [PubMed]

45. Levy, F.; Dan Schouver, E.; Iacuzio, L.; Civaia, F.; Rusek, S.; Dommerc, C.; Marechaux, S.; Dora, V.; Tribouilloy, C.; Dreyfusa, G.
Performance of new automated transthoracic three-dimensional echocardiographic software for left ventricular volumes and
function assessment in routine clinical practice: Comparison with 3 Tesla cardiac magnetic resonance. Arch. Cardiovasc. Dis. 2017,
110, 580–589. [CrossRef] [PubMed]

46. Jacobs, L.D.; Salgo, I.S.; Goonewardena, S.; Weinert, L.; Coon, P.; Bardo, D.; Gerard, O.; Allain, P.; Zamorano, J.L.; de Isla, L.P.; et al.
Rapid online quantification of left ventricular volume from real-time three-dimensional echocardiographic data. Eur. Heart J.
2006, 27, 460–468. [CrossRef]

47. Tsang, W.; Salgo, I.S.; Medvedofsky, D.; Takeuchi, M.; Prater, D.; Weinert, L.; Yamat, M.; Mor-Avi, V.; Patel, A.R.; Lang, R.M.
Transthoracic 3D echocardiographic left heart chamber quantification using an automated adaptive analytics algorithm. JACC.
Cardiovasc. Imaging 2016, 9, 769–782. [CrossRef]

48. Medvedofsky, D.; Mor-Avi, V.; Amzulescu, M.; Fernandez-Golfin, C.; Hinojar, R.; Monaghan, M.J.; Otani, K.; Reiken, J.; Takeuchi,
M.; Tsang, W.; et al. Three-dimensional echocardiographic quantification of the left-heart chambers using an automated adaptive
analytics algorithm: Multicenter validation study. Eur. Heart J. Cardiovasc. Imaging 2018, 19, 47–58. [CrossRef]

49. Sabharwal, N.; Cemin, R.; Rajan, K.; Hickman, M.; Lahiri, A.; Senior, R. Usefulness of left atrial volume as a predictor of mortality
in patients with ischemic cardiomyopathy. Am. J. Cardiol. 2004, 94, 760–763. [CrossRef]

50. Ristow, B.; Ali, S.; Whooley, M.A.; Schiller, N.B. Usefulness of left atrial volume index to predict heart failure hospitalization and
mortality in ambulatory patients with coronary heart disease and comparison to left ventricular ejection fraction (from the Heart
and Soul Study). Am. J. Cardiol. 2008, 102, 70–76. [CrossRef]

51. Lim, T.K.; Dwivedi, G.; Hayat, S.; Majumdar, S.; Senior, R. Independent value of left atrial volume index for the prediction of
mortality in patients with suspected heart failure referred from the community. Heart 2009, 95, 1172–1178. [CrossRef] [PubMed]

52. Yang, W.I.; Shim, C.Y.; Kim, Y.J.; Kim, S.A.; Rhee, S.J.; Choi, E.Y.; Choi, D.; Jang, Y.; Chung, N.; Cho, S.Y.; et al. Left atrial
volume index: A predictor of adverse outcome in patients with hypertrophic cardiomyopathy. J. Am. Soc. Echocardiogr. 2009, 22,
1338–1343. [CrossRef] [PubMed]

53. Mor-Avi, V.; Yodwut, C.; Jenkins, C.; Kühl, H.; Nesser, H.J.; Marwick, T.H.; Franke, A.; Weinert, L.; Niel, J.; Steringer-Mascherbauer,
R.; et al. Real-time 3D echocardiographic quantification of left atrial volume: Multicenter study for validation with CMR. JACC
Cardiovasc. Imaging 2012, 5, 769–777. [CrossRef] [PubMed]

54. Patel, D.A.; Lavie, C.J.; Milani, R.V.; Ventura, H.O. Left atrial volume index predictive of mortality independent of left ventricular
geometry in a large clinical cohort with preserved ejection fraction. Mayo. Clin. Proc. 2011, 86, 730–737. [CrossRef]

http://doi.org/10.1016/j.jcmg.2019.01.036
http://www.ncbi.nlm.nih.gov/pubmed/31202751
http://doi.org/10.1016/j.jacc.2014.05.066
http://www.ncbi.nlm.nih.gov/pubmed/25236511
http://doi.org/10.1161/CIRCIMAGING.117.007146
http://doi.org/10.1016/j.athoracsur.2013.06.087
http://doi.org/10.1111/j.1540-8175.2011.01563.x
http://doi.org/10.1016/j.echo.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22609096
http://doi.org/10.1016/j.echo.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28314623
http://doi.org/10.1016/j.echo.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21645992
http://doi.org/10.1161/CIRCIMAGING.119.009303
http://www.ncbi.nlm.nih.gov/pubmed/31522550
http://doi.org/10.1016/j.acvd.2016.12.015
http://www.ncbi.nlm.nih.gov/pubmed/28566200
http://doi.org/10.1093/eurheartj/ehi666
http://doi.org/10.1016/j.jcmg.2015.12.020
http://doi.org/10.1093/ehjci/jew328
http://doi.org/10.1016/j.amjcard.2004.05.060
http://doi.org/10.1016/j.amjcard.2008.02.099
http://doi.org/10.1136/hrt.2008.151043
http://www.ncbi.nlm.nih.gov/pubmed/19359264
http://doi.org/10.1016/j.echo.2009.09.016
http://www.ncbi.nlm.nih.gov/pubmed/19879733
http://doi.org/10.1016/j.jcmg.2012.05.011
http://www.ncbi.nlm.nih.gov/pubmed/22897989
http://doi.org/10.4065/mcp.2010.0682


J. Clin. Med. 2021, 10, 408 11 of 11

55. Tamborini, G.; Piazzese, C.; Lang, R.M.; Muratori, M.; Chiorino, E.; Mapelli, M.; Fusini, L.; Ali, S.G.; Gripari, P.; Pontone, G.; et al.
Feasibility and accuracy of automated software for transthoracic three-dimensional left ventricular volume and function analysis:
Comparisons with two-dimensional echocardiography, three-dimensional transthoracic manual method, and cardiac magnetic
resonance imaging. J. Am. Soc. Echocardiogr. 2017, 30, 1049–1058.

56. Narang, A.; Mor-Avi, V.; Prado, A.; Volpato, V.; Prater, D.; Tamborini, G.; Fusini, L.; Pepi, M.; Goyal, N.; Addetia, K.; et al.
Machine learning based automated dynamic quantification of left heart chamber volumes. Eur. Heart J. Cardiovasc. Imaging 2019,
20, 541–549. [CrossRef]

57. Mor-Avi, V.; Jenkins, C.; Kühl, H.P.; Nesser, H.J.; Marwick, T.; Franke, A.; Ebner, C.; Freed, B.H.; Steringer-Mascherbauer, R.;
Pollard, H.; et al. Real-time 3-dimensional echocardiographic quantification of left ventricular volumes: Multicenter study
for validation with magnetic resonance imaging and investigation of sources of error. JACC Cardiovasc. Imaging 2008, 1,
413–423. [CrossRef]

58. Volpato, V.; Mor-Avi, V.; Narang, A.; Prater, D.; Gonçalves, A.; Tamborini, G.; Fusini, L.; Pepi, M.; Patel, A.R.; Lang, R.M.
Automated, machine learning-based, 3D echocardiographic quantification of left ventricular mass. Echocardiography 2019, 36,
312–319. [CrossRef]

59. Lang, R.; Badano, L.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.; Foster, E.; Goldstein Kuznetsova, T.;
Lancellotti, P.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imaging
2015, 16, 233–271. [CrossRef]

60. Nagata, Y.; Wu, V.C.; Kado, Y.; Otani, K.; Lin, F.C.; Otsuji, Y.; Negishi, K.; Takeuchi, M. Prognostic Value of Right Ventricular
Ejection Fraction Assessed by Transthoracic 3D Echocardiography. Circ. Cardiovasc. Imaging 2017, 10, e005384. [CrossRef]

61. Tamborini, G.; Ajmone Marsan, N.; Gripari, P.; Maffessanti, F.; Brusoni, D.; Muratori, M.; Caiani, E.; Fiorentini, C.; Pepi,
M. Reference values for right ventricular volumes and ejection fraction with real-time three-dimensional echocardiography:
Evaluation in a large series of normal subjects. J. Am. Soc. Echocardiogr. 2010, 23, 109–115. [CrossRef] [PubMed]

62. Gopal, A.S.; Chukwu, E.O.; Iwuchukwu, C.J.; Katz, A.S.; Toole, R.S.; Schapiro, W.; Reichek, N. Normal values of right ventricular
size and function by real-time 3-dimensional echocardiography: Comparison with cardiac magnetic resonance imaging. J. Am.
Soc. Echocardiogr. 2007, 20, 445–455. [CrossRef]

63. Sugeng, L.; Mor-Avi, V.; Weinert, L.; Niel, J.; Ebner, C.; Steringer-Mascherbauer, R.; Bartolles, R.; Baumann, R.; Schummers, G.;
Lang, R.M.; et al. Multimodality comparison of quantitative volumetric analysis of the right ventricle. JACC Cardiovasc. Imaging
2010, 3, 10–18. [CrossRef] [PubMed]

64. Maffessanti, F.; Muraru, D.; Esposito, R.; Gripari, P.; Ermacora, D.; Santoro, C.; Tamborini, G.; Galderisi, M.; Pepi, M.; Badano,
L.P. Age-, body size-, and sex-specific reference values for right ventricular volumes and ejection fraction by three-dimensional
echocardiography: A multicenter echocardiographic study in 507 healthy volunteers. Circ. Cardiovasc. Imaging 2013, 6, 700–710.
[CrossRef] [PubMed]

65. Tamborini, G.; Muratori, M.; Brusono, D.; Celesate, F.; Maffessanti, F.; Caiani, E.; Alamanni, F.; Pepi, M. Is right ventricular
systolic function reduced after cardiac surgery? A two- and theree-dimensional echocardiographic study. Eur. J. Echocardiogr.
2009, 10, 630–634. [CrossRef]

66. Tamborini, G.; Brusoni, D.; Torres Molina, J.; Galli, C.; Maltagliati, A.; Muratori, M.; Susini, F.; Colombo, C.; Maffessanti, F.;
Pepi, M. Feasibility of a new generation three-dimensional echocardiography for right ventricular volumetric and functional
measurements. Am. J. Cardiol. 2008, 102, 499–505. [CrossRef] [PubMed]

67. Tamborini, G.; Cefalù, C.; Celeste, F.; Fusini, L.; Garlaschè, A.; Muratori, M.; Ghulam Ali, S.; Gripari, P.; Berna, G.; Pepi, M.
Multi-parametric "on board" evaluation of right ventricular function using three-dimensional echocardiography: Feasibility
and comparison to traditional two-and three dimensional echocardiographic measurements. Int. J. Cardiovasc. Imaging 2019, 35,
275–284. [CrossRef]

68. Fernández-Golfín, C.; Zamorano, J.L. Three-Dimensional Echocardiography and Right Ventricular Function: The Beauty and the
Beast? Circ. Cardiovasc. Imaging 2017, 10, e006099. [CrossRef]

69. Genovese, D.; Rashedi, N.; Weinert, L.; Narang, A.; Addetia, K.; Patel, A.R.; Prater, D.; Gonçalves, A.; Mor-Avi, V.; Lang, R.M.
Machine Learning-Based Three-Dimensional Echocardiographic Quantification of Right Ventricular Size and Function: Validation
Against Cardiac Magnetic Resonance. J. Am. Soc. Echocardiogr. 2019, 32, 969–977. [CrossRef]

70. Tamborini, G.; Fusini, L.; Muratori, M.; Gripari, P.; Ghulam Ali, S.; Fiorentini, C.; Pepi, M. Right heart chamber geometry and
tricuspid annulus morphology in patients undergoing mitral valve repair with and without tricuspid valve annuloplasty. Int. J.
Cardiovasc. Imaging 2016, 32, 885–894. [CrossRef]

http://doi.org/10.1093/ehjci/jey137
http://doi.org/10.1016/j.jcmg.2008.02.009
http://doi.org/10.1111/echo.14234
http://doi.org/10.1093/ehjci/jev014
http://doi.org/10.1161/CIRCIMAGING.116.005384
http://doi.org/10.1016/j.echo.2009.11.026
http://www.ncbi.nlm.nih.gov/pubmed/20152691
http://doi.org/10.1016/j.echo.2006.10.027
http://doi.org/10.1016/j.jcmg.2009.09.017
http://www.ncbi.nlm.nih.gov/pubmed/20129525
http://doi.org/10.1161/CIRCIMAGING.113.000706
http://www.ncbi.nlm.nih.gov/pubmed/23811752
http://doi.org/10.1093/ejechocard/jep015
http://doi.org/10.1016/j.amjcard.2008.03.084
http://www.ncbi.nlm.nih.gov/pubmed/18678314
http://doi.org/10.1007/s10554-018-1496-9
http://doi.org/10.1161/CIRCIMAGING.117.006099
http://doi.org/10.1016/j.echo.2019.04.001
http://doi.org/10.1007/s10554-016-0846-8

	Introduction 
	Assessment of Valve Pathologies 
	Mitral Valve 
	Tricuspid Valve 
	Aortic Valve 
	Grading the Severity of Valve Lesions 
	Left Ventricular Volumetric and Functional Assessment 
	Right Ventricular Assessment 

	Conclusions 
	References

