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 review

Advances in echocardiography: insights 
into the mitral valve and implications for 
surgical and percutaneous repair

Why do we need a more accurate 
& quantitative imaging of the mitral 
valve apparatus?
Mitral valve (MV) prolapse, with a prevalence 
of approximately 2–3% [1], is the most frequent 
etiology of mitral regurgitation (MR) in indus-
trialized countries [2,3]. Since the 1970s, MV 
repair has become preferential to replacement 
and, nowadays, this approach is considered the 
optimal surgical treatment in the overwhelming 
majority of patients with MV prolapse [4].

Recent studies underlined the importance of 
early surgical intervention to preserve long-term 
left ventricular (LV) function in severe MR [4,5], 
and the early correction of MR is recommended 
even in asymptomatic patients, when deemed 
feasible, with a high likelihood of successful 
repair. A noninvasive preoperative assessment 
of MV anatomy is fundamental to define the 
feasibility of surgical repair in differentiating 
simple from complex lesions and to define the 
best surgical strategy.

Functional etiology is another common cause 
of MV insufficiency. Functional MR is known 
to occur in patients with systolic LV dysfunc-
tion, either ischemic or idiopathic, with structur-
ally normal MV leaflets. Mitral annulus (MA) 
dilatation, tethering of MV leaflets secondary 
to LV dilatation with outward displacement 
of papillary muscles, together with a reduced 
systolic transmitral pressure gradient hamper-
ing the correct coaptation of MV leaflets, have 
been identified as mechanisms of functional MR 
[6]. Real-time 3D (RT3D) echocardiography 

largely contributed to the understanding of these 
complex mechanisms.

In recent years, there has been an increas-
ing interest towards nonsurgical solutions to 
severe MR, with the MitraClip® system (Abbott 
Vascular, Inc., CA, USA) being the most well 
established. The clear delineation of intracar-
diac anatomy and the accurate evaluation of the 
mechanisms underlying MR are crucial aspects 
in percutaneous MV repair (PMVR). Currently, 
these tasks cannot be accomplished by the use 
of fluoroscopy and cineangiography without the 
addition of transesophageal echocardiography 
(TEE) [7]. The central role of echocardio graphy 
in PMVR, and in structural interventional 
procedures in general, has gained even more 
strength with the availability of advanced scan-
ners capable of simultaneous biplane or RT3D 
imaging. This is particularly important during 
interventional procedures in the cardiac catheter-
ization laboratory, where immediate qualitative 
and quantitative feedback is fundamental.

New echocardiographic methods for 
MV evaluation
Recent guidelines stated that RT3D echocardio-
graphy is the ideal imaging modality for inter-
rogating the anatomy and function of each of 
the individual components of the MV apparatus 
including MA, leaflets, chordae and papillary 
muscles [8,9]. Both qualitative and quantita-
tive evaluation of valvular heart disease can be 
improved by 3D echocardiography [10–12]. 3D 
evaluation may be easily integrated into standard 
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2D examination in the qualitative assessment 
of morphology of the MV [13]. Indeed, the pos-
sibility of visualizing MV leaflets, commissures, 
MA calcifications and subvalvular structures 
from different and unique planes, from both 
the atrium or ventricle, with access to en face 
views, facilitates the understanding of this com-
plex apparatus. Recently, Hien et al. showed that 
both experienced and less well-trained echo-
cardiographers achieved better results when 
using 3D TEE rather than traditional 2D TEE 
in the localization of MV prolapse and in the 
identification of ruptured chordae [14]. Further-
more, they demonstrated that the benefits of 
the additional dimension is greater in the less 
experienced echocardiographer, as the true-life 
en face display of the MV is self-explanatory 
and reduces the need for mental reconstruction 
and interpretation of multiple 2D planes. This 
advantage is even more evident when examining 
complex prolapse. Indeed, RT3D transthoracic 
echocardiography (TTE) and TEE allow the 
accurate morphological and functional assess-
ment of the MV in its complexity, and recent 
data have demonstrated that 3D techniques are 
superior to the corresponding 2D approaches 
in the description of MV pathology [14–16]. In 
addition, as the accuracy of RT3D TTE is com-
parable to that of 2D TEE, this technique may 
be an invaluable additional tool to the standard 
2D TTE examination.

3D echocardiography has further improved 
our knowledge of MV prolapse, differentiating 
two forms: fibroelastic deficiency (FED) and 
Barlow’s disease (BD). Carpentier described 
the FED condition asassociated with a fibrillin 
deficiency, often leading to the rupture of one or 
more chordae, usually involving the middle scal-
lop of the posterior leaflet [17]. By contrast, BD is 
characterized by diffuse excess tissue. Moreover, 
valve size is generally quite large with myxo-
matous alterations affecting multiple scallops, 
resulting in floppy, thickened and distended 
leaflets. Diffuse chordal elongation, in addi-
tion to chordal rupture, is very common in BD 
patients as opposed to a simple isolated chordal 
rupture in FED. Severe MA dilatation with 
varying degrees of calcification may be observed, 
and subvalvular fibrosis and calcification of the 
papillary muscles, usually the anterior, may 
occur. In terms of epidemiology, patients with 
BD are generally younger at the time of surgi-
cal referral. All of these morphologic character-
istics of MV may be well visualized by RT3D 
echo cardiography. A TEE study with a method 
for the static assessment of the MV leaflet and 

annulus not only showed differences in FED and 
BD before surgery, but also provided the descrip-
tion of immediate postoperative changes after 
MV repair (Figure 1) [18].

In terms of accuracy, RT3D TTE has recently 
been investigated versus surgical inspection in a 
consecutive series of 200 cases [19]. Overall, per-
formance of the method was high (sensitivity: 
92.5%; specificity: 96%; and accuracy: 95%). 
Sensitivity of RT3D TTE was slightly lower for 
the anterolateral commissure, lateral posterior 
(P1) and anterior (A1) scallops, while specificity 
was very high in all segments. The accuracy was 
very high in both simple and complex lesions (98 
and 93%, respectively), even if slightly lower in 
complex lesions. All of these data were in agree-
ment with previous findings [13,15,20]. Regarding 
RT3D TEE, there is already a substantial body 
of literature demonstrating the additional value 
of 3D over 2D echocardiography in the evalua-
tion of patients with MV prolapse [15,21–23], with 
an accuracy of 90–95% in both simple and com-
plex cases [13,15,19,20]. Grewal et al. underlined 
the importance of the method, particularly in 
cases with complex lesions [24]. Very recently, 
La Canna et al. demonstrated that RT3D TEE 
provided more accurate mapping of MV pro-
lapse than 2D and 3D TTE imaging, adding 
quantitative recognition of dominant and sec-
ondary lesions and MV details in a large series 
of cases [25]. Table 1 summarizes the main stud-
ies demonstrating the advantages of 3D versus 
2D echocardiography in the evaluation of MV 
prolapse.

Regarding functional MV regurgitation, 
Watanabe et al. clearly demonstrated the altera-
tions induced in MV leaflets and annulus by 
ischemic MR [26,27], using a dedicated soft-
ware for 3D image processing [28]. The tenting 
length was longer and tenting volume was larger 
in patients with ischemic MR than in controls 
and the maximum tenting site was located in 
anterior leaflet. Otsuji et al. first described in an 
animal model that LV dysfunction, even when 
severe, fails to produce important MR without 
LV dilatation [29]. Using 3D echocardiographic-
based models, geometric changes, including an 
increased distance over which the MV leaflets 
are tethered from the papillary muscles to the 
anterior MA ring and increased MA areas, were 
demonstrated. Other studies showed that func-
tional MR is associated with MA dilatation 
and reduced cyclic variation in MA shape and 
area [30,31].

From a clinical point of view, Ben Zekry et al. 
compared 2D and 3D TTE and TEE in patients 
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with MR and showed that RT3D TEE had the 
advantage of better localizing the underlying 
mechanisms [32]. Moreover, in a RT3D TEE 
study, Saito et al. demonstrated that coapta-
tion length at each region is related to papil-
lary muscle displacement and that the obtained 
measures of coaptation are associated with MR 
severity [28].

Regarding MA evaluation, 2D echocardio-
graphy only allows a suboptimal assessment 
of this structure as the MA is saddle shaped, 
with higher points in the anterior and posterior 
regions, it is oval and its morphology may be 
markedly affected in several pathologic condi-
tions [33]. The complex oval shape of the MA 
can be better appreciated by RT3D imaging, 
especially from the 3D surgical view of the MV.

Implications for MV surgery & MV 
percutaneous repair
The work of the heart team in the operating 
room and during interventional procedures has 
been greatly influenced by the new imaging 
modalities, especially by RT3D echocardio-
graphy. Cardiac surgeons, anesthesiologists and 
cardiologists are greatly facilitated in evaluat-
ing and discussing morphologic data by means 
of a direct 3D visualization of cardiac struc-
tures, avoiding cumbersome and potentially 
misleading mental reconstruction from several 
2D views. Therefore, RT3D echocardiography 
facilitates training and communication not 
only between experts and nonexperts, but also 
between different specialists [21].

Guidelines on the management of valvular 
heart diseases underlined how MV repair should 
be considered, even in asymptomatic patients, 
when the likelihood of a successful repair is high 
and in the presence of a low operative risk [4,5]. It 
is clear that the likelihood of a durable and safe 
MV repair strongly depends on the anatomy of 
the MV and, similarly, the complexity of surgical 
procedures directly related to the complexity of 
MV lesions. In a recent paper, the relationship 
between the extent of MV lesions and the com-
plexity of the surgical procedures has been inves-
tigated [19]. The results clearly demonstrated that 
simple lesions, as assessed by RT3D echocardio-
graphy, are very likely to be treated with simple 
techniques, while in almost half of the patients 
with complex lesions, complex surgical repair 
was performed by the surgeon. Thus, an accu-
rate preoperative RT3D TTE evaluation, even-
tually using ad hoc postprocessing software, may 
facilitate surgical planning allowing a tailored 
approach to each case. While the contribution 

of 3D echocardiography in the diagnosis of MV 
insufficiency and in the assessment of the surgi-
cal repair outcome is clear, its role in monitor-
ing surgical procedures is still an open issue and 
there is little evidence supporting its usefulness. 
Gripari et al. investigated the role of RT3D TEE 
in the routine monitoring of cardiac surgery 
and demonstrated that this imaging modality 
facilitates the intraoperative monitoring, with an 
additional clinical value in more than a third of 
the patients undergoing MV repair, allowing an 
optimal definition of the scallops with an impact 
on the repair strategy [21].

MV annuloplasty can be categorized as com-
plete or partial annuloplasty, as suture versus 
ring annuloplasty, and as rigid versus flexible 
ring annuloplasty. Partial and suture annulo-
plasty may be useful in children owing to the 
potential for the unsutured annulus to grow and 
avoid mitral stenosis. In the case of myxomatous 
MV prolapse, similarly good results have been 
reported using rigid or flexible rings. Flexible 
rings have the potential advantage of allow-
ing the base of the left ventricle to contract, 
whereas rigid rings are more resistant to central 
leakage in patients with LV dilation. Caiani 
et al. investigated, by RT3D TTE, the changes 
in MA dynamics and the long-term effects 
induced by annuloplasty in MV organic prolapse 

Ao Ao

Figure 1. Mitral valve quantitative analysis. 
Example of 3D transesophageal 
echocardiography (surgical view in top panels) 
and corresponding reconstruction of mitral 
annulus and leaflet reconstruction (bottom 
panels) in patients with (A) fibroelastic 
deficiency or (B) Barlow’s disease. The 3D 
representations clearly show the morphology of 
the mitral valve and the prolapsing scallops: an 
isolated P2 scallop in (A) and diffuse prolapse 
with redundant tissue in (B). 
Ao: Aortic valve.
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undergoing repair using either an incomplete 
flexible band or a complete semi-rigid ring [34]. 
Both rings showed similar dynamic adaptation 
and, at 6 months, the MA area changes dur-
ing the cardiac cycle were reduced compared 
with controls, independently of the implanted 
prosthetic ring. Thus, the main factor affect-
ing MA function is the undersizing due to the 
ring, which restricts MA geometry and limits 
the natural MA motion [34].

Even though most of the investigations based 
on RT3D echocardiography were focused on 
MV morphology, Veronesi et al. investigated, 
using custom software, the relationship between 
MV and the aortic annulus [35]. They demon-
strated that, in patients with MR, the dynamic 
mitral–aortic coupling was preserved despite the 
altered morphology and function of the MV. In 
these patients, MV repair with annuloplasty led 
to smaller and less pulsatile MA, with altered 
spatial displacement of the MV–aortic annulus 
complex.

Implications for percutaneous 
MV repair
Despite surgical correction of MR demonstrat-
ing optimal outcomes in terms of efficiency, 
safety and residual MR, this option is not often 
feasible in high-risk patients. According to the 
results of the EuroHeart survey, approximately 
half of the symptomatic patients with severe MR 

are denied surgery, and the likelihood of sur-
gery denial increases with LV dysfunction, age 
and the presence of comorbidities, and is higher 
in functional than in degenerative MR [3,36]. 
Therefore, several interventional options have 
been investigated during the last decade. Chiam 
and Ruiz classified the proposed technologies 
into those targeting the chordae, leaflets or MA, 
both indirectly via the coronary sinus or directly 
through an edge-to-edge repair [37]. Among the 
latter, the MitraClip system is the more diffused 
and studied, and it is currently under CE mark 
in Europe and under investigation in the USA 
and parts of Asia. The MitraClip system mim-
ics the surgical MV repair procedure introduced 
by Alfieri et al., who treated a patient with an 
anterior prolapse by placing a pledgeted stitch 
to approximate the middle portions of the MV 
leaflets, creating a double orifice MV and suc-
cessfully reducing the MR [38]. The EVEREST 
trials (I and II) and other pivotal studies estab-
lished the feasibility, safety and hemodynamic 
improvement of the MitraClip system in the 
large majority of patients, despite this being 
less effective at reducing MR than conven-
tional surgery and thus having a higher rate of 
reintervention and/or surgical operation [39–44].

As for all other structural interventions, 
such as transcatheter aortic valve implantation 
or percutaneous MV commissurotomy, edge-
to-edge PMVR requires a clear delineation of 

Table 1. Advantage of 3d versus 2d echocardiography in the assessment of mitral valve prolapse.

study (year) Cases Methods results ref.

Pepi et al. (2006) 112 patients with MV 
prolapse and severe MR 
undergoing MV repair

2D and 3D TTE, and 2D and 3D TEE 
(reconstruction) vs surgical 
inspection

3D TEE was superior on description of 
pathology and 95% accuracy

[15]

Tamborini et al. 
(2010)

200 patients undergoing 
preoperative 3D TEE for 
MV repair

3D TTE and 2D TEE vs surgical 
inspection

3D TTE allowed an accurate 
identification (95% accuracy) in both 
simple and complex MV lesions

[19]

Grewal et al. (2009) 42 patients with MV repair 2D TEE and 3D TEE vs surgical 
inspection

3D TEE superior for P1, A2, A3 scallops 
and bileaflet disease

[24]

La Canna et al. 
(2011)

222 consecutive patients 
undergoing MV repair

2D and 3D TEE vs surgical inspection 3D TEE provided accurate mapping of 
MV prolapse, allowing the recognition of 
dominant and secondary lesions

[25]

Garcia-Orta et al. 
(2007)

81 patients with severe MR 
undergoing MV repair

2D and 3D TEE (reconstruction) vs 
surgical inspection

3D TEE better in A1 defects and 
commissures

[74]

Sugeng et al. (2006) 211 patients referred for 
3D TEE

Real-time 3D TEE MV scallop visualization of MV was 
85–91% by 3D TEE

[75]

Altiok et al. (2012) 39 patients undergoing 
MitraClip® implantation 
(Abbott Vascular, Inc., 
CA, USA) 

2D and 3D TEE (with color Doppler) 
pre- and post-implantation of the 
MitraClip

3D TEE allowed the evaluation of the 
morphological and functional changes 
induced by PMVR

[49]

Hien et al. (2013) Experts vs beginners in the 
evaluation of MV prolapse 
localization

3D vs 2D TEE, multicenter study  
15 experts vs 21 less well trained 
echocardiographers

Inexperienced echocardiographers 
benefit from the 3D technology more 
than expert operators

[14]

MR: Mitral regurgitation; MV: Mitral valve; PMVR: Percutaneous mitral valve repair; TEE: Transesophageal echocardiography; TTE: Transthoracic echocardiography.
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intracardiac anatomy to allow a safe and long-
lasting procedural success. Currently, these 
aspects cannot be investigated by fluoroscopy 
and cineangiography and, thus, echocardio-
graphy is fundamental in PMVR. Echocardio-
graphy largely contributes in each phase of the 
procedure, including patient selection, the suc-
cessful delivering and positioning of the device, 
as well as the early and follow-up evaluation of 
the procedural outcome.

Proper patient selection is of critical impor-
tance for the success of PMVR and, beyond 
clinical aspects, detailed TTE and TEE exam-
ination should be performed in all the candidates 
to determine not only the MR mechanism and 
severity, but also the structural and anatomic 
suitability for the procedure. Inclusion criteria 
require that the MR jet originates by the central 
scallops of the MV (A2 to P2 scallops) and not 
at the commissures. For patients with functional 
MR, the coaptation length must be at least 2 mm 
and the coaptation depth less than 11 mm. For 
patients with flail leaflet, the flail gap must be 
10 mm and the flail width 15 mm. In addition, 
calcification of the grasping area of the leaflets 
constitutes a contraindication to the procedure 
because of the potential risk of embolization. Pre-
liminary data suggest the feasibility of a system-
atic screening of candidates for MitraClip based 
on TTE and propose a new diagnostic work-up 
in patient selection using TTE as the first-line 
imaging technique [45]. This would increase the 
number of evaluated patients and to widen the 
referral network towards hospitals experienced in 
PMVR. The results of this preliminary protocol 
should be confirmed by larger studies.

Regarding the procedural guidance, echo-
cardiography is the primary imaging modality 
used at all stages of the MitraClip procedure, 
complementing the role of cinefluoroscopy. The 
main steps of echocardiographic monitoring and 
guidance include: transeptal catheterization; 
advancing the clip delivery system towards the 
mitral leaflets; positioning the clip above the 
regurgitant orifice and orienting the clip arms; 
entry into the left ventricle and pullback to grasp 
the leaflets; assessment of MR and MV area 
before deployment of the device; evaluation of 
the need for a second clip; and final assessment 
and detection of complications.

RT3D TEE greatly facilitates all the proce-
dural steps, in particular the positioning of the 
clip above the MR jet and the orientation of the 
clip arms as it provides an en face view of the MV 
leaflets and of the approaching clip. Using RT3D 
TEE, it is also possible to observe the repaired 

valve en face from both atrial and ventricular per-
spectives, documenting the eccentricity, if any, 
of the dual orifices created by the device. Biner 
et al. demonstrated that combined 2D and 3D 
TEE imaging was associated with a shorter time 
to first clip deployment and with a general reduc-
tion in the total procedure time when compared 
with traditional 2D TEE guidance [46]. They 
also stressed that RT3D TEE is valuable in deter-
mining the precise orientation of the clip arms, 
guiding the interventional cardiologist until the 
clip is positioned perpendicularly between the 
two central scallops, without the need for mult-
ple verifications and cross-checks of multiple 2D 
planes. Moreover, the use of 3D color Doppler 
could allow for better identification of the site 
of origin and the degree of any residual MR. 
These observations are crucial when a second clip 
has to be implanted. In this regard, Armstrong 
et al. identified thickened anterior mitral leaflet 
and more severe MR to be the echocardiographic 
predictors associated with a higher likelihood of 
a dual-clips procedure [47].

RT3D TEE data of 55 patients acquired dur-
ing the MitraClip procedure immediately before 
and after clip placement have been recently 
published with the aim of assessing changes in 
annulus diameter and area [48]. The results dem-
onstrated that MitraClip can produce immedi-
ate reductions in MA size and tenting in func-
tional MR. By contrast, similar changes were 
not observed in organic MR, and this different 
pattern of remodeling between the two etiologies 
of MR may be important to improve procedural 
strategies and could influence the outcome.

Altiok et al. analyzed the procedural effects 
of PMVR by 2D and 3D TEE in 39 cases 
[49], demonstrating a significant reduction of 
MR volume after the procedure. The unique 
visualization of the MV by 3D TEE indirectly 
confirmed the arbitrarily applied exclusion 
criteria for MV area as all the patients with a 
prepro cedural MV area <4.1 cm2 had MV dia-
stolic mean pressure gradient ≥5 mmHg after 
edge-to-edge repair. Moreover, the MitraClip 
was less effective in patients with enlarged pre-
procedural MA, which is in agreement with the 
previously published surgical reports showing 
that the edge-to-edge repair is less effective in 
presence of significant MA dilation. Similar 
findings were also reported by Scandura et al., 
who demonstrated that the MitraClip system 
led to left cardiac chamber reverse remodel-
ing, with significant improvement in LV size 
and function, similarly to what was observed 
in surgical restoration [50]. All of these results 
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support the importance of 3D imaging for pre-
procedural patient selection and prediction of 
procedural effectiveness.

other imaging modalities
Cardiovascular magnetic resonance (CMR) 
could be used to accurately assess MR severity 
and its influence on LV volumes and function. In 
the case of isolated MR, evaluation of jet severity 
via CMR could be performed as the difference 
between the LV stroke volume and the antero-
grade aortic flow, or the difference between 
left and right ventricular stroke volumes [67]. 
As these approaches do not rely on the direct 
assessment of the regurgitant jet, CMR is suitable 
for quantifying multiple or eccentric regurgitant 
jets [68]. Recently, several studies have explored 
the potential of CMR in the evaluation of MA 
and leaflets in the setting of MV prolapse [69–71]. 
Despite results clearly showing the feasibility of 
a CMR-based assessment using the same echo-
cardiographic criteria and the incremental value 
of this technique in the evaluation of myocar-
dial viability, larger clinical studies are needed 
to better define the role of CMR in the clinical 
management of patients with MV prolapse.

Advances in computed tomography have sub-
stantially improved the temporal resolution of 
this technique to the point that it can now be 
applied to quantify the severity of MR [67,72] and 
in the diagnosis of MV prolapse [73]. However, 
radiation exposure in computed tomography 
is still a concern and the use of this imaging 
modality is not recommended for the direct 
assessment of MV prolapse [73].

Conclusion
3D echocardiography is a relatively simple 
imaging modality that offers several advan-
tages over traditional 2D echocardiography 
in the examination of the MV. Its capabil-
ity to image and represent the MV apparatus 
in its intrinsic 3D nature has improved our 
understanding of normal and abnormal MV. 
A substantial body of literature evidences the 
advantages of RT3D echocardiography over 
conventional 2D echocardiography, under-
lining the benefits during the diagnostic phase, 
as well as during interventional and surgical 
procedures.

Future perspective
This section discusses a series of fields where 
echocardiography, especially when performed 
in 3D, could potentially have an impact on 
interventional MV repair. It is worth noting 

that most, but not all, of these foreseen inno-
vations derive from previous investigations on 
surgical MV repair and are expected to evolve 
into solutions that address the limitations of the 
percutaneous approach.

First of all, while revising the literature on 
PMVR, it is clear that additional efforts are 
needed to identify the best candidates for the 
procedure. Indeed, while the criteria adopted in 
the EVEREST trials should ensure the safe and 
long-lasting positioning of the device, Volker 
et al. performed the MitraClip procedure in 
patients not fulfilling the abovementioned crite-
ria and demonstrated that, when performed by 
experienced and skilled operators, the procedure 
could be as safe as in those cases compliant with 
the EVEREST criteria [51]. Regarding the benefit 
that 3D echocardiography methods could intro-
duce in the patient-selection phase, one should 
consider the amount of data that, during recent 
years, have proven the accuracy and usefulness of 
the 3D modality in the setting of MV evaluation 
[11,16,18,52–54]. The adoption of the 3D modality 
in the standard 2D protocol could allow not only 
a better characterization of the 3D morpho logy 
of the prolapsing scallops, presence of ruptured 
chordae and thickened leaflet, but also to accu-
rately image the left-side cardiac chambers. This 
approach will allow a more detailed and compre-
hensive view of the MV and cardiac chambers, 
and also refinement of the EVEREST criteria. 
This second task should take into account an 
accurate postprocedural evaluation of the out-
come, ideally in a long-term follow-up. Further-
more, recent innovations in 3D echocardio-
graphic equipment led to the development of a 
novel approach for the quantitative evaluation of 
MR on the basis of 3D color Doppler data sets 
[55–58]. This aspect is of particular relevance not 
only during patient selection for the evaluation 
of native MR, but it would constitute the first 
quantitative and reliable methods for the direct 
assessment of residual MR. Indeed, the double 
orifice morphology of the postprocedural MV 
only allows a qualitative evaluation of the MR 
and this new 3D-based technique would defi-
nitely facilitate the assessment of the procedural 
results.

Regarding outcome evaluation, RT3D echo-
cardiography could potentially introduce benefits 
beyond the well-known more accurate evalua-
tion of LV volumes and function, as previously 
demonstrated in the setting of surgical MV 
repair. Maffessanti et al. developed an algorithm 
for the evaluation of 3D LV shape analysis [59], 
and applied the methodology to asymptomatic 
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patients referred early to surgical MV repair [60]. 
They demonstrated that, despite the evidence 
of preoperative LV systolic dysfunction, the left 
ventricle has already remodeled towards a more 
globular and less conical morphology compared 
with controls. A normalization of the same shape 
indices, describing a reverse remodeling process, 
was observed in the mid-term follow-up. The 
application of this morphological analysis, com-
pletely based on RT3D echocardiography and 
otherwise unfeasible, to the settings of PMVR 
would add important information during patient 
selection but also in outcome evaluation phases. 
Encouraging results on positive reverse LV 
remodeling following PMVR have been proven 
by Scandura et al., who demonstrated a substan-
tial reduction of LV end-diastolic and -systolic 
volumes 6 months after MitraClip implantation, 

which was associated with a significant improve-
ment in LV ejection fraction and decrease in LV 
sphericity, as evaluated by 2D TTE [50].

Several ongoing protocols aim at describing 
the alterations that the MA experiences after 
PMVR, and at correlating morphological and 
clinical outcomes. Furthermore, the high spa-
tial and temporal resolutions of RT3D TEE 
made this technique the ideal basis to accu-
rately describe the dynamic behavior of the MA 
throughout the cardiac cycle [34,52,54]. Moreover, 
the high quality of the latest generation of RT3D 
TEE equipment allowed to derive not only a 
model of the MA but also of the leaflet surface 
[18,52,53]. Evaluation of leaflet morphology is of 
particular importance in the setting of the Mitra-
Clip, as the device could alter the physiological 
stress of the leaflet, as previously demonstrated 
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Figure 2. The workflow to obtain detailed information on patient-specific fluid dynamics after the MitraClip® procedure 
(Abbott Vascular, Inc., CA, UsA). (A) 3D TTE and TEE are the starting point to build (B) patient-specific models of the left-side cardiac 
chambers, but also of the peculiar double orifice morphology of the mitral valve after percutaneous edge-to-edge repair. These models 
can be further refined and, using other echocardiography-derived parameters such as pulmonary pressure, transvalvular flow velocity and 
pressure gradient, used as boundary conditions in finite element models to accurately estimate the flow across the valve and in the left 
ventricle. (C) The streamline in a patient-specific model of a single MitraClip patient (top) and the velocity profile, as estimated at 
different cross-sections of the left ventricle (bottom). 
TEE: Transesophageal echocardiography; TTE: Transthoracic echocardiography.
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in the relationship between MA shape and leaf-
let stress [61,62]. All of these new methodologies 
require a time-consuming manual interaction 
and, thus, their applicability is now limited to the 
research field. Preliminary data for the creation 
of a 3D MV model directly from a 3D data set, 
requiring minimal user interaction, have been 
reported [63–66]. Of note, the methods proposed 
by Sotaquira et al. are the first that are able to 
quantify local MV thickness, which is consid-
ered one of the major determinants of MitraClip 
detachment [63].

Although the clinical usefulness of these 
parameters needs to be further supported by 
evidences in the setting of PMVR, Altiok et al. 
have already demonstrated the potential of pre-
procedural quantitative assessment of the MV 
by TEE as a predictor of the effectiveness of the 
MitraClip, as they found that less than 50% of 
MR reduction is associated with larger annuli 
[49]. Finally, the fascinating results concerning 
the reciprocal behavior of the MA and aortic 
annulus reported in healthy subjects could be 
investigated before and after PMVR, to study 

whether the presence of the device stiffens the 
mitral–aortic valve complex [34].

Beyond physiological and clinical potentials, 
in the near future, all of these 3D parameters 
and models could be integrated into a patient-
specific model of the MV, via finite element 
modeling, allowing a preprocedural evalua-
tion of the effects of PMVR [65]. This virtual 
approach, summarized in Figure 2, will make it 
possible to evaluate how the clip positioning 
will influence the left-side fluid dynamics, and 
to simulate and compare different procedural 
strategies.
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