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Abstract: 
Background: Mitral valve apparatus is complex and involves the mitral annulus, the leaflets, the chordae tendinae, the papillary muscles as well as the left atrial and ventricular myocardium. Secondary mitral regurgitation is consequence of regional or global left ventricle remodeling due to an acute myocardial infarction (75% of cases) or idiopathic dilated cardiomyopathy (25% of cases). It is associated with an increase in mortality and poor outcome. There is a potential survival benefit deriving from the reduction in the degree of severity of mitral regurgitation. So the correction of the valve defect can change the clinical course and prognosis of the patient.
The rationale for mitral valve treatment depends on the mitral regurgitation mechanism. Therefore, it is essential to identify and understand the pathophysiology of the mitral valve regurgitation. 
Aim of the study: The aim of this review is to describe the crucial role of transthoracic and trans-esophageal echocardiography, in particular with 3D echocardiography, for the assessment of the severity of secondary mitral regurgitation, anatomy and hemodynamic changes in the left ventricle. Moreover, the concept that the mitral valve has no organic lesions has been abandoned. The echocardiography must allow a complete anatomical and functional evaluation of each component of the mitral valve complex, also useful to the surgeon in choosing the best surgical approach to repair the valve. 
Conclusions: Echocardiography is the first-line imaging modality for a better selection of patients, according to geometrical modifications of mitral apparatus and left ventricle viability, especially in preoperative phase. 



1. Introduction: 
Secondary mitral regurgitation (SMR) is defined as a disease of the left ventricle (LV). Occasionally, it can be related to isolated left atrial dilatation, generally related to atrial fibrillation. Often is secondary to LV remodeling.
The mitral complex, composed by annulus, anterior and posterior leaflets, chordae tendinae, papillary muscles and left atrial and ventricular wall, has been traditionally addressed as a bystander in this context. Neverthless its integrity has been recently challenged by the evidence of compensatory mechanisms occuring to oppose adverse anatomic and physiological changes in the LV.1
SMR confers an adverse prognosis independently from patients characteristics and grade of LV dysfunction.2,3 Furthermore, the COAPT trial has recently given proof of a potential survival benefit deriving from the reduction of a severe mitral regurgitation (MR).4 For these reasons, a comprehensive evaluation of clinical and echocardiographic features seems essential to select patients in which a correction of the valve defect can change the clinical course. 
Quantification of severe SMR is primary based on qualitative and quantitative echocardiographic measurements. Among these, current recommendations use a cut-off value of regurgitant fraction of at least 50% which usually correspond to an effective regurgitant orifice area (EROA) of 0.4 cm2. However, calculation of EROA is rich in potential pitfalls, leading to a high inter-observer variability, even when performed by experts.5 As a matter of fact, its measurement entails several geometrical assumptions (i.e. a single non-eccentric regurgitant jet through a perfectly circular orifice), which are rarely followed in the case of SMR. As a result, US and European guidelines6,7, both published in 2017, suggest different reference values of EROA for severe MR determination, respectively 0.4 cm2 and 0.2 cm2. Even if less specific, the latter has been showed to confer unfavorable effects on clinical outcomes. 
Moreover, a new MR classification comes from the evidence of a linear association between EROA and LV end-diastolic volume (LVEDV) and distinguish proportionate and disproportionate MR in respect of the relationship between the entity of MR and the degree of LV enlargement. While proportionate MR may respond better to the optimization of medical therapy aimed at reducing of the LV volume, disproportionate MR may benefit from valve repair.8 
That said, a sterile numerical evaluation of such a complex disease jeopardizes the correct identification of the driving mechanism since, in this context, LV dysfunction should represent the primary cause rather than the consequence of the regurgitation. An integrative approach, including a qualitative characterization of the mitral apparatus, rely on the detection of typical anatomical abnormalities, resulting from complex physio-pathological changes occuring in the left heart. These alterations are described in more detail below, according to the primary cause of heart disease.

2. Ischemic mitral regurgitation 
SMR clinically manifests up to 12% of patients immediately after myocardial infarction (MI) and 24% of patients with systolic HF of either ischemic or non-ischemic origin.2,9,10
Chronic ischemic MR remains one of the most complex and unresolved aspect in the management of ischemic heart disease. It’s associated with an increased mortality, independently of the degree of ventricular dysfunction. Mortality is directly related to the severity of MR, expressed in terms of EROA of ≥ 20 mm2 and a regurgitant volume of ≥ 30 mL/beat, with the proximal isovelocity  surface area (PISA) method.11
MI causes complex geometric alterations which affect the anatomy and function of the valve and sub-valvular apparatus. Mitral leaflet tethering is the main lesion of SMR and results in a restriction of systolic leaflet motion (Carpentier type IIIb), due to the displacement of papillary muscles (PM) along a posterior, apical or lateral vector.12,13 PM displacement, in turn, moves the chordae tendineae away from the coaptation line. 
Primum movens is an abnormal regional wall motion, followed by localized remodeling, rather than a global LV dysfunction/dilatation. 
Annular dilation only plays an additional role. Indeed, patients with isolated mitral annular dilation in the absence of ventricular abnormalities show less MR than those with dilated cardiomyopathy, even after correction for annulus size.14 In addition, the mitral leaflet face each other at the pars rugosa for about 8 mm (“coaptation reserve”). In this way, they tolerate an increase in the annular area of up to 80%, without significant or important MR.
On the other hand, SMR can be reduced by the elongation/reshaping of the PM, due to fibrosis, through a reduction in leaflet tethering forces.15
Progressive global LV remodeling and reduction of LV contractility result in annular dysfunction and reduction of intra-ventricular pressure, resulting in insufficient LV generated closing forces. All this worsens the degree of MR.
In addition, mitral valve leaflets undergo fibrotic remodeling, as a compensatory mechanism to reduce the degree of MR: stresses imposed by increased leaflet tethering and mitral annular dilatation cause activation of fibroblasts in the spongiosa, with production of amorphous white substance and new connective fibers.1 They're dynamic structures, not passive. Therefore, this explains why today the term “functional” MR has been abandoned, based on the erroneous concept that the valve has no organic lesions (Figure 1).
Finally, the presence of left bundle branch block can exacerbate ischemic MR due to reduced closing forces, delayed lateral wall contraction and dyssynchronous anterior PM contraction.16,17
Although the mechanism of ischemic MR is understood, the echocardiographic picture of ischemic MR is not homogeneous, in terms of geometrical alterations of the mitral valve, global and local remodeling of the LV.
 
2.1 Echocardiographic evaluation of anatomical mitral valve remodeling
2.1.1 Mitral annulus
The normal mitral annulus is elliptical and saddle shaped, with its highest point near the aortic root anteriorly and near the posterior LV wall posteriorly, and its low points located at the anterior and posterior commissure sides. This is important for the maintenance of normal leaflet stress.18 The distribution of stress on the leaflets varies with shape of the annulus and their angle of curvature. A normal mitral annulus reduces peak leaflet stress during systole, by increasing the leaflet curvature. 
There are two major components that contribute to the curvature of leaflets: the leaflet billowing and the saddle shape of annulus.19 In SMR a planar annulus is subject to greater tension, especially in vulnerable areas (Figure 2). 
After MI the mitral annulus undergoes ischemic remodeling that varies between the acute and chronic phases. Ryan and colleagues 20 have demonstrated that one hour after acute MI, LVEDV and LV end-systolic volumes (LVESV) increase by 37.6% and 60.5%, respectively. At the same time, the annulus has an overall height reduction of 31% and an increase in the inter-commissural diameter of 23.1%. After 8 weeks MR becomes more severe. 
Therefore, in the acute phase the increase in the area of the annulus is primarily determined by the planarization (reduction in height) which determines an increase in the inter-commissural distance. In the chronic phase there is a progressive ventricular remodeling, the ischemic MR becomes more severe, the end-diastolic and end-systolic volume increase. The increase in the area of the annulus is due to dilation alone.
The parameters to be evaluated on 2D echocardiography 21 to assess mitral annulus deformation are: mid-systolic mitral annular dimension measured in the apical 4- and 2-chamber views (with transthoracic echocardiography) (TTE) or in the mid-esophageal (ME) long axis view and ME mitral commissural view (with trans-esophageal echocardiography) (TEE); the end-systolic mitral annular area, obtained from its diameters using an elliptical assumption (area: d1 X d2 X /4) 22 or mitral valve (MV) planimetric area obtained from basal short axis view; coaptation depth (distance between the mitral annulus and the leaflet coaptation point) and tenting area (region between the annulus and the MV leaflets body) with 2D TTE in the apical 4-chamber view. They are considered as indicators for MR severity and valve repair feasibility. For example, annulus diameter > 37 mm, a coaptation distance > 1 cm, a systolic tenting area > 2.5 cm2 are related with high probability of treatment failure (Figure 3).
Also the diameter is compared with the length of the anterior leaflet measured in diastole: annular dilatation is present when the ratio annulus/anterior leaflet is 1.3.23
3D echocardiography 24 provides accurate evaluation of mitral annulus dimensions and dynamics. Tenting volume shape can be reconstructed through offline analysis from 3D-acquired data sets. The tenting volume (volume between the MV leaflets and the annular plane in mid-systole), is closely related to MR severity and is a good indicator of tethering severity. Moreover, 3D tenting volume correlates better with EROA.
In addition, after MI, the mitral annulus undergoes regional and global deformation, which alter its geometry as well as the function. These alterations are heterogeneous and depend on the infarct region and infarct size. The initial annular dilation involves the posterior portion, with subsequent increase in the anterior-posterior (or septal-lateral) diameter. Mitral annulus becomes more circular. More severe annular dilatations involve also the anterior portion, with increase of the inter-commissural diameter. 
Area, height and circumference of the annulus quantified from the 3-D echocardiography, are more altered in case of anterior MI. In addition, the impaired systolic function of the LV, often present in anterior MI, causes loss of annular contraction (Figure 4). 25
2.1.2 Mitral Leaflets
Leaflet area can increase as a result of tethering. The heterogeneous remodeling of leaflets in relation to the required closure area is a relevant factor that impacts the degree of MR. 
Echocardiography enables precise identification of leaflet configuration at mid-systole. 2D TTE/TEE permits to measure coaptation length at the central level (A2 – P2) (a measure of coaptation reserve) and to evaluate anterior and posterior leaflet angles. In particular, posterior angle between the plane of annulus and posterior leaflet (PL), is very useful to the surgeon because patients with previous posterior infarction (asymmetric tenting) with a PL angle > 45° (indicating high PL restriction), should be considered poor candidates for MV repair, and concomitant or alternative procedures should be contemplated, for example posterior PM relocation or leaflet augmentation.26–29 In this setting, imaging could show the so called “seagull sign”, due to the traction on the anterior leaflet (AL) by tethering on secondary chordae.30–32 In this case the surgeon could add the “cut and transfer technique” to the annuloplasty tp relief thetering on Al and improve its systolic motion for better coaptation. Other sub-annular technique such as papillary muscle relocation could be used to relief thetering. (Figure 5).33
Echocardiography based three-dimensional reconstructions of the mitral leaflets provided new insight into the mechanisms of functional MR, in particular by demonstrating the capacity of adaptation of the mitral leaflets, which can actively reshape in response to mechanical stretch, therefore compensating for LV dilatation. This compensatory remodeling can explain at least in part why some people have variable severity of MR despite similar degree of LV remodeling.
The 3D datasets are obtained from the apical window (TTE) or a ME view centered on the MV (TEE). Preoperatively, the measurement by 3D echo of the surface of the AL can help to define the size of the annular ring. Anterior leaflet must be longer than the antero-posterior diameter of the annulus, and undersized anuloplasty will have a beneficial effect, because restricted PL forces AL to cover whole mitral orifice alone.34
Finally, the leaflet area/closure area and leaflet area/annular area ratio are assessed as measures of leaflet remodeling. The closure area, representing the minimal surface that needs to be covered by the leaflets to prevent MR, is traced in mid-systole. These ratios are more reduced in significant MR. They indicate inadequate reshaping of the leaflets in response to LV dilatation.35,36

2.1.3 Fibrous skeleton
In chronic ischemic MR fibrous perimeter increases.37 This corresponds to the inter-trigone distance. Generally, it is said that inter-trigonal distance is part of the fibrous skeleton of the heart and therefore is fixed and does not dilate. This concept is based on 2D echocardiography. Today we know that fibrotic remodeling, in response to the stress (connected to both MR and MI), can lead to an enlargement of the fibrous perimeter. The inter-trigonal distance can be evaluated with 3D reconstructions in echocardiography, as well as in computed tomography and magnetic resonance imaging.

2.2 Echocardiographic evaluation of LV remodeling
Different degrees of valve incompetence might occur according to the extent of the ischemia and to several other factors as ventricular afterload and dissynchrony. Such a different infarct site might play an important role in determining different tethering pattern.

2.2.1 Local LV remodeling
An inferior and/or posterior MI with approximately normal LV systolic function, results in local remodeling of the posterior wall and subsequently of the posterior PM. 
Since each PM supplies chordae to both leaflets, consequentially a posterior displacement of only one PM invariably exerts traction on both leaflets.38 In this case PL is drawn more posteriorly than apically. AL is tethered, too.
Secondary to localized LV remodeling, 2D echocardiography shows the coaptation point moves posteriorly, creating the asymmetric tethering shape. It results in the appearance of predominant restriction of PL motion (typically in the region of the posterior-medial scallop P3) and so called ‘‘hockey stick configuration’’ of the AL, which is due to tethered strut chordae, which exert forces at the body of AL (saving the distal portion of AL). 
A two-chamber view from the trans-gastric position (TEE), perpendicular to the sub-valvular apparatus permits to measure the length of the chordae and the distances between the head of the PM and the mitral annulus. With 3D TEE, the PM displacement can be better valuated.
In addition, the study of the tethering pattern with imaging includes the direction of the regurgitating flow, visualized by Color-Doppler 39: a posterior jet (P2–P3) is usually associated with eccentric point of coaptation. 
Finally, the echocardiographer can measure, with 2D echo, two other local LV remodeling indexes: posterior papillary-fibrosa distance (between the PM head and the fixed inter-valvular fibrosa) in long axis view and inter-papillary muscle distance (IPD) (from body to body of PM), measured in end-systole from the parasternal short axis view. IPD > 2 cm predicts failure of restrictive anuloplasty, indicating the need for a procedure complementary to anuloplasty.40

2.2.2 Global LV remodeling
A large MI (such as an inferior-postero-lateral or anterior MI with reduced LV systolic function) can lead to increased LV dilation and increased stress of the systolic and diastolic wall. LV reshapes itself towards a spherical configuration, becoming dysfunctional. 
All this to echocardiography translates into symmetrical tethering: there is apical and medio-lateral tethering in addition to the posterior component, with a predominant apical tethering of both leaflets (with also restrictive movement of the distal AL). So the coaptation point of the MV is moved apically and at Color-Doppler the MR jet direction is central.
The echocardiographer can evaluate several indexes of global LV remodeling. LVEDV, LVESV and ejection fractions (EF) are determined preferably with the 3D echo or alternatively with the 2D biplane Simpson’s method in apical two- and four-chamber views.
The wall motion score index (WMSI) is calculated according to a 17 segment model. A dysfunctional LV shows a higher WMSI on the echocardiogram. 
In the case of a trans-mural infarction it will also be possible to evaluate parameters such as hyper-echogenic segments, severe reduction in segmental strain and diastolic thickness < 5.5 mm.16
The LV sphericity index (LVSI) is assessed by its short-to- long axis dimension ratio in the end-systolic apical 4-chamber view. SMR is more present in LV that loose its own elliptical shape. When LVSI is equal to 1, the LV same as a sphere. Therefore, it is a good parameter to follow the reverse LV remodeling.
Finally, reduced myocardial contractility and global LV dyssynchrony result in reduced intraventricular pressure.41 Since the systolic leaflet movement is restricted by the displacement of the PMs, the reduced intraventricular pressure worsens the MR, especially in proto- and tele-systole. It is possible to assess the global mitral closing forces by measuring LV maximal dP/dT with continuous wave Doppler.

3. Non-ischemic mitral regurgitation
Patients with non-ischemic dilated cardiomyopathy (DCM) are frequently affected by SMR occurring as a result of multifactorial left atrioventricular dysfunction and maleficent remodeling. The effect of volume overload in a primary failing ventricle leads to a complex interplay between competing geometric and hemodynamic factors, all of these ending with the distortion of MV apparatus and regurgitation. Long-standing SMR begets further LV dilatation and volume overload, resulting in a vicious cycle. SMR in patients with non-ischemic DCM is associated with poor survival, hospitalization for HF, cardiac death, and a composite end point of death, HF hospitalization, and cardiac transplant, and even patients with mild SMR experience an increased all-cause mortality.2,42
3.1 Echocardiographic evaluation of anatomical mitral valve remodeling
3.1.1 Mitral annulus
Progressive primary global ventricular remodeling leads to mitral annulus dilatation with insufficient mitral leaflet adaptation to the chronic tethering.43 As in ischemic DCM, significant annular circularization might be one of the contributing factors to cause significant SMR in non-ischemic DCM.44 However, while ischemic SMR is more often associated with annulus asymmetric dilatation, in non-ischemic SMR global LV remodeling leads to symmetric annulus enlargement.45
As the annulus enlarges, it loses its motility, becoming progressively unable to modify its shape throughout the cardiac cycle. In a real-time 3D echocardiography analysis, the annular displacement was found to be decreased in patients with non-ischemic DCM more than in ischemic DCM.46
3.1.2 Mitral Leaflet 
As in ischemic cardiomyopathy, the displacement of PM and distortion of their normal anatomic orientation in a geometrically altered LV causes tension to the chordal apparatus, augmented tethering forces and restriction of leaflets motion during systole.
On the basis of anatomic knowledge that each PM distributes the chordae only to the ipsilateral half of both leaflets, the geometry of the MV related to bilateral PM displacement (global LV dysfunction) would be different from that related to unilateral PM displacement (ischemic regional LV dysfunction). In ischemic DCM, the pattern of MV deformation from its medial to the lateral side is asymmetrical, with significant tethering of both leaflets and funnel shaped deformity on the medial side, but significant tethering of only the PL and prolapse-like deformity on the lateral side. The latter might develop as a result of preserved or excessive motion of the non tethered, lateral side of the AL because of an increase of the resistance surface area of the AL exposed to transmitral systolic pressure, in conjunction with a slightly less restricted lateral side of the PL. 
In contrast, MV deformation is almost symmetrical in DCM-MR with significant tethering of both leaflets on both sides, showing funnel-shaped deformity over the entire valve surface and the coaptation point moved towards the apex.44
All these derangements progressively lead to deformation of mitral apparatus, whose reliable indicators are tenting area and coaptation depth.47 Both coaptation depth and tenting area have been found significantly increased among ischemic DCM patients reflecting a more pronounced deformation of mitral valve apparatus compared to non-ischemic DCM, with coaptation depth being the strongest independent predictor of ERO.48 Moreover, data show that SMR became more severe in ischemic DCM with the same increment of tenting area as in non-ischaemic DCM.44 A possible explanation of the greater sub-valvular remodeling in ischemic DCM lies in the difference evidenced in Tissue doppler myocardial systolic annular velocities when compared to non-ischemic LV dysfunction. According to Papadopoulou et al., despite similar EF, ischemic patients exhibit lower systolic and diastolic mitral annular velocities, which could explain their higher tenting area values.49 
3.2. Echocardiographic evaluation of Global LV remodeling
While ischemic cardiomyopathy is usually characterized by a local remodeling, a global dysfunction is distinctive of a primary failing ventricle. 
Transition to pathologic remodeling is heralded by progressive ventricular dilatation and loss of LV original elliptical shape, which leads to symmetrical PMs displacement. 
However, PMs have not only an altered geometry, but also impaired function. In fact, among patients affected by non-ischemic DCM, Tissue Doppler regional wall-motion evaluation revealed a correlation between decreased myocardial systolic velocities in anterolateral PM attaching site i.e. mid-lateral wall and higher ERO. In contrast, a similar negative correlation was observed between myocardial velocities in mid-inferior wall supporting the posteromedial PM and ERO in patients with ischemic DCM.48
Furthermore, PM thickness is larger in non-ischemic DCM as in ischemic DCM.46 
A strong indicator of LV global remodeling is LVSI, which is the major determinant of SMR severity in a series of patients affected by non-ischemic DCM. Concurrently, data show a lack of correlation between EF and mitral regurgitation area in the same series. Thus, is the LV global remodeling that mainly determines MR.47 
4. Conclusions
Factors determining SMR severity differ in ischaemic and non-ischaemic DCM. In non-ischaemic DCM, LVSI related to global LV remodeling is the major determinants of the severity of SMR. On the other hand, ischemic MR is associated with coaptation depth, an index of mitral deformity caused by asymmetrical PM displacement.
Today pre-surgical echocardiography remains the first-line imaging modality for a better selection of patients with SMR. It must allow a complete anatomical and functional evaluation of each component of the MV complex. 
Especially real-time 3D TTE and TEE provide a complete anatomic view and is the method of choice when this is available. It is particularly useful in the dialogue between the echocardiographer and the surgeon: the ‘en face’ view seen from the left atrium perspective is identical to the surgical view in the operating room. 
Therefore, echocardiography helps the surgeon to a proper valve correction: SMR demands a different surgical approach in concomitant to restrictive anuloplasty. Indeed, isolated restrictive anuloplasty will be performed in Type I meanwhile add sub-annular techniques (as chordal cut and transfer, posterior PM relocation or approximation, posterior LV plication, LV reshape) for patients with severe Type IIIb.
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Figure legend
Figure 1. Ischemic mitral regurgitation pathophysiology.
Figure 2. Saddle shape annulus permits a normal stress on the leaflets. Flat annulus increase stress on the leaflets belly.
Figure 3. Several predictive preoperative parameters evaluated by echo before mitral valve annuloplasty. Interpapillary distance, sphericity index, coaptation depth, tenting area, seagull sign, posterior angle. 
Figure 4. Anatomical changes of mitral valve apparatus: differences between inferior and anterior myocardial infarction.SMR: secondary mitral regurgitation. MI: myocardial infarction. ROA: regurgitant orifice area. LV: left ventricle. EDVI: end-diastolic volume index. EDSVI: end-systolic volume index.
Figure 5. TOE images of symmetric tethering. TTE of asymmetric tenting.
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