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 I know that it’s noise  
You will be hurled  
Away by its might  
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Let the world not tempt  
Your golden innocence 
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α  Anterior mitral leaflet tethering angle 
αEX  Anterior mitral leaflet excursion angle 
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AML Anterior mitral leaflet 
ALPM Anterolateral papillary muscle 
ALPM-LS Anterolateral papillary muscle longitudinal strain 
ALPM-WMSI Anterolateral papillary muscle wall motion score index 
AUG Area under the curve 
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IVCT Isovolumetric contraction time of left ventricle 
IVRT Isovolumetric relaxation time of left ventricle 
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LA  Left atrium 
LAD  Left atrial diameter 
LAEF  Left atrial ejection fraction 
LAVCONTR Contraction left atrial volume 
LAVMAX Maximum left atrial volume 
LAVMIN Minimum left atrial volume 
LAVp Left atrial volume prior to atrial contraction 
LAVP-EMPT Passive-emptying left atrial volume 
LAVRES Reservoir left atrial volume 
LV  Left ventricle 
LVEF Left ventricular ejection fraction 
LVGRR Left ventricular geometrical reverse remodeling 
LVR  Left ventricular remodeling 
LVRR Left ventricular reverse remodeling 
MPI  Myocardial performance index 
MR  Mitral regurgitation 
MV  Mitral valve 
NYHA New York Heart Association 
PISA  Proximal isovelocity surface area  
PM  Papillary muscle 
PML  Posterior mitral leaflet 
PMPM Posteromedial papillary muscle 
PMPM-LS Posteromedial papillary muscle longitudinal strain 
PMPM-WMSI Posteromedial papillary muscle wall motion score index 
RA  Restrictive annuloplasty 
ROC  Receiver operating characteristic curve 
RF  Regurgitant fraction  
RV  Regurgitant volume  
SID  Sphericity index (diastolic) 
SIS   Sphericity index (systolic) 
SR  Strain rate 
SRA  Peak late diastolic strain rate 
SRE   Peak early diastolic strain rate 
SRP  Peak systolic strain rate 
2D-STE Two-dimensional speckle tracking echocardiography  
TA  Tenting area  
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TEE  Transesophageal echocardiography 
TTE  Transthoracic echocardiography  
UMRA Undersized mitral ring annuloplasty 
WMSI Wall motion score index 
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Chronic ischemic mitral regurgitation (CIMR) is a functional insufficiency of the mitral 
valve (MV) related to changes in the geometry and performance of the left ventricular 
wall as a result from ischemic heart disease1, 2. The last few decades CIMR has been 
treated by restrictive annuloplasty (RA), combined with coronary bypass grafting 
(CABG)3. However, despite the enthusiasm for low perioperative mortality rate, high 
initial surgical success rate (no residual mitral regurgitation - MR) and the positive 
effects on survival and functional symptomatic status4-7, an increasing number of stud-
ies have clearly demonstrated that RA is subject to variable rates of recurrence of MR4, 

8-10. Mechanisms for the recurrence were described by several authors and progressive 
left ventricular adverse remodeling (LVR), local or global, seems to be the crowbar to 
distort the balance of valve closure, causing recurrence of MR11, 12. However, recent 
studies have confirmed that some patients with CIMR may benefit from RA6, 7. To se-
lect which patient will benefit from RA the search for preoperative predictors of recur-
rent MR goes on. 

Definition of chronic ischemic mitral regurgitation (CIMR) 

The mitral valve complex can be described by five anatomical structures that are in-
volved in the normal function of the mitral valve: 1) the mitral annulus, 2) mitral leaf-
lets, 3) the chordae tendineae, 4) the papillary muscles and 5) the left ventricle. In 
mitral valve disease, each of these anatomical structures can be involved separately or 
contemporarily, causing MR, mitral stenosis (MS) or a combination of MR and MS. For 
the definition of CIMR it is important to stress the presence of the three indispensable 
components of MR: functional, ischemic and chronic. 
1. The mechanism of MR is functional, in contrast to organic MR (OMR): Functional 

mitral regurgitation (FMR) means that the mitral leaflets and chordae tendineae 
are primarily not involved in the cause of the disease. The closure of the MV is in-
sufficient because of dysfunction of the annulus, the papillary muscles and the 
left ventricle. FMR can be defined as type I or type IIIb leaflet dysfunction follow-
ing Carpentier’s classification13. (FIGURE 1) 
However, in a later discussion, second-order chordae cutting will be described as 
one of the surgical treatment options for functional MR14, but this should not give 
the suggestion that the FMR process originates from dysfunction of the chordae. 
In contrast, if the mitral leaflets and chordae are affected by infective, rheumatic, 
degenerative (Barlow’s disease and fibroelastic deficiency - FED) or rarely trau-
matic disease, and do cause the insufficiency of the MV closure, this is defined as 
OMR. In patients with MR arising from rheumatic disease, the mitral annulus, mi-
tral leaflets, chordae and tip of papillary muscle are affected, leading to mitral 
leaflet retraction - type IIIa leaflet dysfunction - following Carpentier’s classifica-
tion15. In Barlow’s disease, mitral leaflets and chordae present lesions of myxoid 
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degeneration, which often affects the entire valve, including leaflet thickening, 
large redundant leaflets, chordal elongation or rupture and annular dilatation16. 
In contrast to Barlow’s disease, patients with MR due to FED have a lack of con-
nective tissue as the pathological mechanism that triggers leaflet and chordal 
thinning and eventual chordal rupture17, usually leading to prolapse of a single 
leaflet segment18. Finally, OMR can result from traumatic mitral disease, mostly 
affecting one of the PMs and requiring emergency intervention19, or infective mi-
tral disease, characterized by structural injury to one or more compounds of the 
MV complex20.  

 

 
Figure 1. Mitral valve regurgitation: Classification of Carpentier13 

 
2. The etiology of MR is ischemic heart disease, in contrast to non-ischemic (idio-

pathic) heart disease. Ischemic mitral regurgitation (IMR) is a condition where mi-
tral insufficiency is caused by coronary artery disease. Sequels of ischemia affect 
the left ventricular muscles, leading to failure of proper MV closure (this subject 
will be elucidated further in this thesis). In contrast, in patients with non-ischemic 
cardiomyopathies, also referred to as idiopathic cardiomyopathy, MR originates 
from a multifactorial etiology and can be provoked by genetic factors21, viral dis-
ease22, medication (chemotherapy23), alcohol abuse24, drugs (e.g. cocaine25) and 
even in the postpartum period. Finally, it is important to distinguish IMR from MR 
which was originally caused by an organic etiology (OMR) but that can fortuitous-
ly be associated with coronary artery disease.  

 
3. The presentation of MR is chronic, in contrast to acute MR. Chronic mitral regurgi-

tation (CMR) excludes regurgitation which is mostly the consequence of acute 
papillary muscle rupture caused by acute myocardial infarction (MI) 26, 27 or trau-
matic mitral injury19. On very rare occasions, acute MR is described with intact 
papillary muscles and is based only on systolic leaflet restriction. These cases are 
reported after inferior acute myocardial infarction, leading to cardiogenic shock.28 

Type I Type IIIa Type IIIbType II
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Acute ischemic mitral insufficiency is a life threatening disease, requiring emer-
gency intervention26-28.  

Prevalence and incidence CIMR  

The prevalence of CIMR is difficult to calculate as a result of the heterogeneity of study 
data: the differences related to interval between MI and the occurrence of MR, the 
reported techniques to diagnose (ventriculography versus echocardiography) and 
quantify MR (semi-quantitative versus quantitative assessment) and the study charac-
teristics (observational, cohorts, etc.). This is illustrated by the varying incidence that 
has been reported on IMR during cardiac catheterization. Hickey et al. reported a 19% 
incidence of post-infarct IMR (3% moderate to severe)29 among 11.748 patients with 
significant coronary artery disease, an incidence that was comparable with the findings 
of Lamas et al (19.4% overall and 4.5% moderate or severe MR)30. The incidence in the 
study by Tcheng et al. was higher, showing a 50% presence of moderately severe to 
severe MR31. In the latter study, which comprised 1.480 subjects and was performed 
within a 6-hour interval after the MI, MR was associated with a mortality of 24% at 30 
days, 42% at 6 months and 52% at 1 year (CI, 38% to 66%). Other studies were based 
on semi-quantitative echocardiographic measurements and reported a 6 - 12 % inci-
dence of moderate or severe MR in patients with ischemic heart disease32, 33. 

When assuming the presence of moderate or severe IMR to be 8% of the ischemic 
patients, an estimation of IMR prevalence can be made since American statistical data 
show a 7% (16,3 million patients) prevalence of coronary heart disease among the 
American adults (> 20 years old)34. By calculating, we found a presence of moderate or 
severe IMR in 1.3 million adults (> 20 years old) in the United States. IMR has a preva-
lence of 1.1% in the adult American population.  

Outcome of patients with CIMR, without valve treatment 

As demonstrated by Felker et al35, ischemic cardiomyopathy should be considered as 
an isolated entity that is associated with a poorer outcome than a non-ischemic one36, 

37. Indeed, it has been considered the main cause of heart failure, being the underlying 
cause in nearly 70% of patients with heart failure38. 

Patel et al retrospectively studied 558 patients with advanced heart failure (NYHA 
class III or IV, EF < 35%), with ischemic etiology in 71% of the patients (the remainder 
had idiopathic cardiomyopathy)39. Moderate or severe MR was found in 39% of the 
patients. The authors concluded that NYHA class was correlated with the severity of 
MR and despite a significantly higher mortality in MR patients compared to those 
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without, MR was not an independent risk factor of death. Moreover, the ischemic 
etiology was defined as an independent mortality risk factor.  

When concentrating on the ischemic patient population, the natural history of pa-
tients with CIMR results in a poorer prognosis compared to patients with ischemic 
heart disease but without MR1, 30. Recent studies of patients with CIMR showed a 5-
year survival of 60% - 62% when mild or moderate MR and 23% -  40% when severe 
MR was present33, 40. Tcheng et al. reported the outcome of patients that were diag-
nosed with IMR, early after the MI (< 6 hours interval). The patients in the study had a 
1-year survival of 48%, 78% and 89% depending of their presentation with severe, mild 
or moderate and trivial MR, respectively31. These authors concluded that despite acute 
reperfusion by emergency balloon angioplasty, the high mortality in severe IMR pa-
tients could not be reduced to levels experienced by patients with lesser degrees of 
MR, and valvular competence could not be restored. This suggests that LV remodeling 
is not being reconverted by only treatment of coronary ischemia. Di Mauro et al. con-
firmed the findings of Tcheng and colleagues in a surgical population by studying the 
outcome of isolated CABG in 140 propensity-matched ischemic patients (mean EF 27%) 
with and without moderate or severe MR41. They concluded that moderate IMR has an 
important negative impact on either survival or quality of life of patients with severely 
impaired LV function whenever they are treated by CABG alone. Additionally, they 
propounded that their data could not demonstrate a better outcome after concomi-
tant MV treatment. Although, studying a patient population with different characteris-
tics than the group of Di Mauro, Kang et al. addressed this consideration comparing 
IMR patients undergoing PCI (NYHA mean 2,27 + 1.01; EF mean 40 + 12%) or CABG (in 
57% with mitral annuloplasty: NYHA mean 2.60 + 0.82; EF mean 35 + 11%). These au-
thors concluded that surgical revascularization with concomitant mitral annuloplasty 
was associated with improved long-term event-free survival compared to CABG alone 
or PCI42. 

Pathophysiology of CIMR  

The normal mitral valve function 

To understand normal MV function during the cardiac cycle, the physiological phases 
of diastole and systole will be briefly described in relation to the MV opening and clo-
sure. Mitral valve closure can be described as the coaptation of the anterior mitral 
leaflet (AML) and the posterior mitral leaflet (PML), a counter-pressure of the free 
edges of both leaflets. It is important to stress that the leaflet opening is primarily 
dictated by the pressure gradient between the left atrium and ventricle, while the 
normal mitral leaflet closure is a result of a three-dimensional leaflet interaction, 
based on a delicate balance between two forces: the leaflet closing forces (to induce 
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leaflet coaptation) and the leaflet tethering forces (to prevent leaflet prolapse). The 
three-dimensional interaction of leaflets is a simplification of the reality since synchro-
nization of papillary muscle contraction (the timing) acts as the fourth-dimension for 
MV closure43. 

The cardiac cycle 
Diastole can be divided in four phases: 1) the isovolumetric relaxation phase, during 
which the ventricular pressure rapidly declines without a significant change in volume, 
is the interval between the aortic valve closure and the opening of the MV; 2) the rap-
id-filling phase of the LV immediately after opening of the MV, 3) the slow-filling phase 
when passive filling pressure of the LV increases, and 4) the atrial contraction phase 
until the MV closure. Systole can be divided in two phases: 1) the isovolumetric con-
traction of the LV, during which the ventricular pressure rapidly increases without 
significant changes in volume; and, 2) the ejection phase, which starts with the open-
ing of the aortic valve and stops when the aortic valve closes, when the pressure in the 
aorta exceeds the pressure in the LV. The MV opens when the left atrial pressure ex-
ceeds the left ventricular pressure after isovolumetric ventricular relaxation. The MV 
closes when the pressure in the filled LV exceeds the pressure in the LA.  
 
The flow over the MV  
Flow over the MV can be described in two phases: 1) early diastolic flow is initially 
recognized as high blood flow during the last phase of ventricular relaxation, but later 
slows down when the pressure in the LV increases by passive elements affecting pro-
gressive filling of the LV and stiffness of the LV myocardium; and, 2) the late diastolic 
flow which is caused by the left atrial contraction and decreases by progressive filling 
pressure of the LV and stops with the closure of the MV. 

The left atrial function 
For the functional evaluation of the MV, the contribution of the left atrial wall can be 
described as the sixth compound of the MV complex: this is in terms of contraction, 
relaxation and dilatation44. To understand the left atrial function (which is subject of 
Chapter 8 in patients with IMR), the flow over the MV and the phases of global LA 
function are reported.  

For left atrial global function, three phases can be described: 1) the reservoir 
phase, during which filling proceeds from the pulmonary veins, contemporaneous with 
ventricular systole (isovolumetric LV contraction and ejection) and isovolumetric LV 
relaxation; 2) the conduit phase starts when the MV opens and is characterized by 
passive flow from pulmonary veins down a pressure gradient initiated by LV relaxation; 
and, 3) the active contractile phase (booster pump function), during which the atrium 
contracts and expels blood into the LV in late diastole, until closure of the MV. 
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Components of the mitral valve complex 
Mitral regurgitation occurs during the systolic phase of the cardiac cycle. Because of 
the complicated structure of the mitral valve (mitral valve complex), and the dynamic 
interaction of the compounds during the cardiac cycle, the normal mitral valve is de-
scribed. 

The mitral leaflets. Mitral valve closure can be described as the coaptation of the 
anterior mitral leaflet (AML) and the posterior mitral leaflet (PML), a counter-pressure 
of the free edges of both leaflets. Both MV leaflets are noticeably different in structure 
and are referred to as the anterior (aortic) and posterior (mural) leaflets. The PML is 
small but extends two-thirds around the left atrioventricular junction within the inlet 
portion of the ventricle. In adults, the PML has indentations (sometimes called “clefts”) 
that generally form three scallops (segments) along the elongated free edge. Usually, 
these indentations do not extend all the way through the leaflet to the annulus. Car-
pentier’s nomenclature describes the most lateral segment as P1 (adjacent to the an-
terolateral commissure), P2 is central and the most medial is P3 (adjacent to the 
posteromedial commissure)13. The semicircular AML is much broader than the PML, 
comprising one third of the annular circumference with a clear and rough zone. The 
distinguishing feature of this leaflet is the fibrous continuity with the left and non-
coronary cusps of the aortic valve and with the interleaflet triangle between the aortic 
cusps that abuts onto the membranous septum. The AML is also divided arbitrarily into 
three regions labeled A1, A2 and A3 corresponding to the adjacent regions of the PML. 
From the attachment point of each leaflet at the annulus to the free edge, the leaflet is 
described as having basal, clear and rough zones. The basal zone is described as the 
area where the leaflet connects to the atrioventricular junction. The thin central por-
tion of the leaflet is the clear zone. The thick rough zone at the free edge of the leaflet 
is the main area of chordal attachment and the region of coaptation.  

The mitral annulus is a saddle shaped, anatomical inhomogeneous structure with 
fibrous and muscular portions. The fibrous portion is in continuity with the aortic root 
and sustains the attachment of the AML from the anterior to the posterior trigone. 
Contributing to MV closure, three geometrical changes are described in the mitral 
annulus: the aortic-mitral hinge angle, the mitral annular orifice area and the mitral 
annular shape. 
A. During the isovolumetric contraction of the LV (the pre-ejection phase), the aortic-

mitral hinge angle increases, leading to a reduction of the septal-lateral mitral ori-
fice and the total mitral area, facilitating the coaptation of the mitral leaflets. 
Consistent with the mean ventricular pressure curve, the aortic-mitral hinge an-
gle decreases during isovolumetric relaxation, resulting in a minimal angle at the 
end of diastole45. Timek et al. reported that the aortic-mitral flexion increases 
with enhanced contractility46. 

B. The mitral valve area changes during the cardiac cycle. In an animal study in 1971 
Tsakiris et al. reported annular reduction during pre-systole47. These findings 
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were confirmed by Ormiston et al., who examined 11 healthy subjects using 
echocardiography48. They measured a maximum mitral area at the end of diastole 
and a maximum area of reduction throughout the cardiac cycle of 26%. Timek et 
al. noted that the mitral annular reduction was closely linked to the left atrial dy-
namics49. They found that rapid atrial pacing resulted in a greater mitral annular 
area and left atrial volume reduction (both entirely during diastole). In a real-time 
echocardiographic human study, Kwan et al. reported that the annular size in-
creases during systole after presystolic annular narrowing during the isovolumet-
ric LV contraction. The size increases in particular in the anteroposterior direction 
and reaches a maximum during late diastole50. This was consistent with the earli-
er findings of Pai et al51. At that time other studies, in contrast, showed decreased 
MV area during systole52-54, however these results were disputed by Kwan et al. 
since they were based on calculations of 2D area projections. It should be noted 
that whether the mitral annulus contracts or dilates during systole also depends 
on the definition of LV systole. Since the mitral annulus is the narrowest during 
isovolumetric LV contraction, it depends on whether systole includes the ejection 
phase with or without isovolumetric contractions. 

C. The mitral annulus is a non-planer and saddle shaped ring with the two highest 
points situated around the middle of the AML and PML attachment and the lower 
points at the commissures55. Kwan et al. showed that the non-planer shape de-
creases during systole (becomes flatter), without losing the saddle shape50. The 
rationale for this shape is that the annulus should be able to compensate for the 
fact that the leaflet length along its attachment remains constant, while the cir-
cumference of the annulus changes. Another mechanical consideration is that the 
saddle shape of the annulus, sustaining the leaflet attachments, acts as a dynamic 
counter-force to oppose the fast increase of LV pressure during isovolumetric 
contraction.  

The chordae tendineae originate from the tip of the papillary muscles and insert at 
the mitral valve leaflets at three levels: at the free edge (the primary or marginal 
chordae), at the leaflet body (the secondary chords, which are thicker than the primary 
chordae) and at the annular insertion of the leaflets (the tertiary chords – only present 
at the posterior leaflet). A necropsy study in 100 human hearts shows a unique config-
uration of chordal anatomy in each heart56. Stress and tension on the chordae change 
during the cardiac cycle in a complex way, which has been extensively studied by Ritch-
ie et al.57 

The papillary muscles are located anterolaterally and posteromedially in the LV, 
mostly in the middle third. Variations in PM anatomy are described, supporting 1 to 5 
bellies with different forms (conical, flat topped, grooved, etc.), configurations (V, Y, H) 
and arrangements (parallel, interlinked, etc.)56. In necropsy studies, the arrangement 
of the arterial vasculature in the PM was related to the gross morphologic characteris-
tics of the PM: varying between a “fingerlike” PM with one central artery (without 
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clear collateral vessels from the adjacent myocardium) and a “sessile” PM with a seg-
mental vascular blood supply from multiple arterial branches penetrating from the 
adjacent myocardium58. Considering the coronary anatomy in three main arteries (the 
right, the anterior descending and the circumflex coronary artery), the PMs had blood 
supply from two coronary arteries in 71% (ALPM) and 37% (PMPM) and were supplied 
by a single vessel in 29% (ALPM) and 63% (PMPM)59. As a clinical consequence, myo-
cardial infarction may cause papillary muscle dysfunction and MR when the blood 
supply is provided by one rather than two vessels, as is more frequently the case with 
the posterior rather than the anterior PM60. 

The function of the PMs has been well described by Joudinaud et al., by referring 
to the shock absorbers of the mitral valve complex61. During LV contraction, which is a 
concentric movement and shortening of the LV cavity, the distance between the apical 
segments of the ventricular wall and base of the heart decreases, as earlier described 
in the “descent to the base”62. At that moment, papillary muscle contraction has to 
compensate for the reduction of apicobasal LV shortening to maintain the distance 
from the annulus to the tips of the PMs stable and to prevent leaflet prolapse61. 

The left ventricle. The contribution of the ventricle to incomplete MV closure is 
complex and embraces mainly three different, but each influencing, characteristics: 1) 
left ventricular function which refers to wall motion abnormalities and reduced con-
tractility; 2) left ventricular dimensions which refers to LV dilatation with volume in-
crease; and 3) LV geometrical shape, which mainly refers to the position of the PMs in 
the LV. The latter can be locally presented by PM displacement or can be globally man-
ifested and expressed as the sphericity of the LV.  

The vicious circle of CIMR 

The pathophysiologic background of CIMR is a self-maintaining mechanism leading to 
heart failure and death. It is clearly explained by the vicious circle that starts with local-
ized or general ischemia and ensues with MR and left ventricular (LV) remodeling. 
(FIGURE 2)  

Acute myocardial infarction (MI) causes LV wall motion abnormalities and reduced 
contractility (LV function) at one hand and displacement of the papillary muscle(s) 
away from the MV annulus on the other hand (local LV geometrical changes). The 
alteration of geometrical relationships between the ventricle and MV is known as local 
LV remodeling (local LVR)2. Local LV remodeling contributes to MR since increased 
tension of the chordae tendineae hinder mitral leaflet closure. Chronic volume over-
load (by impaired LV function with decreased stroke volume), the subsequent in-
creased wall stress and subendocardial ischemia contribute to global left ventricular 
remodeling (GLVR)63. GLVR causes further tethering on the mitral leaflets, which con-
tributes to MR and consequently further LV volume overload and LV dilatation. Ven-
tricular dilatation will viciously amplify the global LV remodeling by increased wall 



C H A P T E R  1  

20 

stress and subendocardial ischemia. Finally, ventricular function will deteriorate due to 
the global LV remodeling, leading to heart failure and death.  
 
 

 
Figure 2. Vicious circle of CIMR 

 
Although CIMR presents with incomplete mitral leaflet closure due to restriction of 
leaflet motion, it is caused by apical and posterior papillary muscle displacement and 
wall motion abnormalities in the ischemic ventricle2, 64. Apparently, the combined 
muscular revascularization with downsizing of the mitral annulus to restore the mitral 
leaflet coaptation is not a sufficient therapy to restore the geometrical LV changes in 
all the patients with CIMR. This finding suggests that we have to differentiate patients 
with CIMR since not all the valves can be restored by restrictive annuloplasty. This is 
proven by the fact that MR in ischemic MR is a disease of the ventricle, not of the valve 
itself.  

Historical notes in understanding the mechanism of ischemic mitral insufficiency 

In 1963, Burch et al. proposed a possible role for papillary muscle dysfunction in the 
etiology of IMR65. They suggested that failure of papillary muscle shortening in systole, 
due to sequelae of ischemia, aborted the counter- tension on the mitral leaflets during 
the systolic LV closing forces (isovolumetric LV contraction). MR was caused by bulging 
of the leaflets (prolapse) into the left atrium. However, experimental studies have 
shown that isolated anterior or posterior papillary muscle dysfunction or combined 
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papillary muscle dysfunction does not cause MR in a normal contracting left ventricle66, 

67. This observation was confirmed by Mittal et al. who reported a dog experiment 
showing that MR only occurred when the papillary muscle and adjacent LV wall where 
injured68. Burch et al. also addressed the theory that dysfunction of the LV wall was 
involved in creating mitral regurgitation65, 69. In this model, they alternatively postulat-
ed systolic restriction of the mitral leaflet motion. Normally, the distance between the 
papillary muscle tips and the mitral annulus remains stable throughout the cardiac 
cycle, while considerable dynamic changes occur in the distance between the apex and 
mitral annulus61. Burch et al. reported that the ischemic aneurysmatic deformation of 
the LV wall, adjacent to the papillary muscles, causes a posterior and outward dis-
placement of PMs in relation to the MV. By increasing the distance between the papil-
lary muscle tips and mitral annulus, the mitral leaflets were drawn into the LV, restrict-
ing their motion towards closure65, 69. Interesting in this respect was the experimental 
finding of Mittal et al., that injury to the PM (by ethanol injection) did not produce 
acute MR, but that MR occurred in the chronic phase with PM scarring and retrac-
tion68. This study suggests that ischemic MR, without PM rupture, does not appear 
acutely, but later when muscular scarring inhibits muscle contraction. Later, Jouan et 
al. observed that in occasional patients with MI, mitral leaflet prolapse was found 
based on PM anatomy, resembling PM elongation70. They reported that incomplete 
PM rupture could mimic PM elongation. Whether the PM elongation represented a 
late sequel of incomplete PM rupture or whether it could be a primary lesion due to a 
distension of a scarred PM submitted to excess tension remains debatable. 

Godley at al. introduced the terminology of “incomplete mitral leaflet closure“ 
(IMLC), based on a two-dimensional echocardiographic study in post infarct patients in 
whom they observed MR as a result of mitral leaflet tethering71. They found that pa-
tients with IMLC demonstrated dyskinetic wall motion in the region immediately sur-
rounding one of the papillary muscles and that the posteromedial papillary muscle was 
primarily affected. 

In a later study on dysfunction of the PM, Kisanuki et al. investigated the fractional 
shortening between end-diastolic PM length and end-systolic PM length by 2D echo-
cardiocardiographic imaging from an apical view (longitudinal visualization of the 
PMs)72. The authors found that in patients with prior myocardial infarctions, a signifi-
cant decrease in fractional shortening was observed in proportion to the severity of 
left ventricular wall motion abnormalities at the site of papillary muscle implantation. 
Moderate or severe mitral regurgitation was significantly more frequent in patients 
with combined anterior and posterior papillary muscle dysfunction than in those with 
isolated anterior or posterior dysfunction or with normal function of both papillary 
muscles. This study already suggested the idea that ischemic MR has a higher inci-
dence in patients with a more extended ischemic involvement of the left ventricle than 
in patients with isolated regional infarctions. 
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In a canine experiment Kaul et al. reported that neither reducing PM arterial perfusion 
nor reducing adjacent LV wall perfusion - nor the combination of both - produced MR. 
In contrast, global LV hypoperfusion, despite continued selective PM arterial perfusion 
with visible thickening and intact adjacent LV wall, caused MR. The severity of MR was 
directly correlated with global LV dysfunction73. This theory was confirmed by Dent et 
al. who reported that the extent of mitral leaflet excursion was determined by global 
LV function and not by papillary muscle dysfunction .  74

However, in an in vivo canine model, Otsuji et al. failed to demonstrate MR by cre-
ating pharmacologically global LV contractile dysfunction (ejection fraction <20%) 
without LV dilatation (LV expansion was limited through pericardial restraint). By open-
ing the pericardium, moderate MR was created, accompanying significant LV dilata-
tion. Mitral regurgitant volume and orifice area did not correlate with LV ejection frac-
tion and dP/dt (global function) but did correlate with changes in the distance of the 
PM tips to mitral annulus as the only independent predictor of MR75.  

The existence of action (LV contraction) and counter-action (PM contraction) to 
stabilize the tethering length (distance from PM tips to the mitral annulus) seems to be 
indispensable to obtain MV closure. This explains the experimental findings of Messas 
et al. showing that MR, created by a limited inferobasal MI and LV wall bulging, disap-
peared by making the adjacent PM acutely ischemic, causing passive, “paralytic” PM 
elongation in response to ventricular closing forces76. This study was confirmed by 
Khankirawatana et al. who demonstrated a strong correlation between preserved PM 
contraction (by tissue Doppler imaging) and MR (increased leaflet tenting) in patients 
with diminished LV contraction77.  

Proceeding with the findings of Kaul et al. and Dent et al.73, 74, correlating MR to 
global LV dysfunction, He at al. described an in vitro model of excised porcine mitral 
valves to distinguish LV contractile dysfunction (function) from LV dilatation (dimen-
sions and geometry) in creating functional MR78. By changing the geometry of the 
mitral leaflet attachments in a direction that would increase leaflet tension (at both 
the papillary muscle and annular ends of the mitral orifice) they were able to cause 
functional mitral regurgitation. On the other hand, they demonstrated a variation of 
the regurgitant orifice area depending on the transmitral pressure, generated by ven-
tricular contraction (LV function), even though the papillary muscle and annular geom-
etry were preset in each stage of the study78. This study emphasizes the competing 
nature of tethering forces opposing coaptation and the transmitral pressure promoting 
it (the balance of forces). Besides dilatation, LV geometry was further defined by sphe-
ricity of the LV, with a potential displacement of the PMs posteriorly and laterally, 
which was confirmed by 3D echocardiography75. Several authors have correlated MR 
with LV sphericity79-81. In a later study, presented by Yiu et al., valvular tenting was 
addressed to local LV remodeling (apical and posterior displacement of PMs) and was 
independent of global LV remodeling2. 
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Localized remodeling of LV segments was the interest of further research. After the 
reports of clinical improvement of heart failure (HF) by cardiac resynchronization ther-
apy (CRT) in patients with HF and left bundle branch block (LBBB)82, 83, the effect on MR 
was investigated. Kanzaki et al. reported that CRT significantly and immediately re-
duced MR. They contributed this success to the improved coordinated timing of me-
chanical activation of the PM sites43. This finding concentrated further research on the 
dyssynchrony between the activation of the PM in patients with CIMR, and has be-
come the basis of the studies presented in this thesis. 

Contribution of individual components of the mitral valve complex to CIMR 

MR occurs during the systolic phase of the cardiac cycle. Because of the complicated 
structure of the mitral valve (mitral valve complex), the dynamic interaction of the 
compounds during systole will be discussed and pathophysiological changes resulting 
in CIMR will be elucidated. 

The mitral leaflets  
In patients with CIMR, the leaflets of the mitral valve are structurally not involved in 
the etiology of MR, but their function during systole (leaflet coaptation) is hindered by 
tethering forces. 

The mitral annulus  
Contributing to MV closure, three geometrical changes are described in the mitral 
annulus: the aortic-mitral hinge angle, the mitral annular orifice area and the mitral 
annular shape. 
A) The aortic-mitral flexion increases with enhanced contractility46. As a conse-

quence, in patients with ischemic heart disease and impaired LV contractile func-
tion, this preset condition of proper mitral valve closure is hampered.  

B) In functional MR, the mitral annulus dilates and shows lack of area reduc-
tion52, 84, 85. Although annular dilatation clearly contributes to failure of leaflet co-
aptation, it is not the dilation itself that causes MR. In a comparison of two pa-
tient groups with similar dilation of the mitral annulus, but with different patho-
logical substrate (lone atrial fibrillation and dilated cardiomyopathy), MR was only 
present in case of LV dilatation86. Because of the anatomic structure of the mitral 
annulus, it was believed that annulus dilatation was solitarily restricted to the 
posterior, muscular, annulus and not present in the fibrous part. Conversely, Ah-
mad et al. found that in IMR patients, annular dilatation was mainly caused by an 
increase in anterior and posterior annular perimeters, which was accompanied by 
an increase in the intertrigonal distance and a restriction of annular motion84. 
Similar observations were made by Watanabe et al87. In a chronic ischemic sheep 
model, Tibayan et al. were able to evoke dilation of the fibrous annular part85. 
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C) Several authors report that in patients with IMR, the saddle shape of the mitral 
annulus flattens 84, 87. It is unclear whether this evolution is caused by annular or 
ventricular dilatation. It is clear that by losing the saddle shape of the mitral 
valve, MR will progress. This is the reason why several authors suggest non-planer 
annuloplasty rings for mitral valve repair in IMR87. 

Some authors describe a fourth geometrical change of the mitral annulus, apicobasal 
annular motion52, 88, in accordance with “descent to the base” (DB), which was first 
described by Simonson et al. to quantify left ventricular function62. DB describes a 
systolic excursion of the mitral annulus to the apex, which decreases when left ven-
tricular function deteriorates. The apex is nearly stationary, moving a few millimeters 
in the same direction as the base. In healthy individuals the descent of the base is 1.0 
to 1.5 cm. Similar findings are shown for apicobasal motion measurements, with the 
largest atrial excursion of the mitral annulus during the pre-ejection phase. It is evident 
that apicobasal motion is a reproduction of LV function, saddle shape motion and 
hinge angle variation. It is at the end of the isovolumetric LV contraction that the mi-
tral valve has the smallest annulus, the highest aortic-mitral hinge angle, the most 
distinct saddle shape and highest position into the left atrium. 

The chordae tendineae  
Studying the function of the chordae tendineae in IMR, Messas et al. reported in an 
ischemic animal study, a reduction of MR by cutting the secondary chordae of the AML 
without causing prolapse 89. In a CIMR study, the same group reported in a chronic 
follow-up study a reduction of MR and decreased progression of global LV remodeling 
(stable EF but declined increase of LV volumes compared to controls) by cutting sec-
ondary chordae at AML or both leaflets90. These results conflictied with the earlier 
findings of Rodriguez et al., demonstrating a decline in LV function following second-
order chordal cutting91, 92. However, the latter authors studied the interaction between 
the second-order chordae of the AML and the LV geometry and function in an acute 
ischemic open chest sheep model; chordal cutting was performed off-pump by passing 
an electrocautery radiofrequency current through a wire which was pre experimental 
operatively encircled around the second-order chordae and exteriorized through the 
LV wall. The study limitation in this small animal group (n=8) was that changes in LV 
function could have been caused by collateral damage to the endocardial LV surface 
from the electrocautery current or perhaps mechanical “tugging” on the second-order 
chordae during transection. Moreover, in this off-pump model, chordal cutting was not 
always restricted to the second-order chordae, but primary chordae were accidentally 
involved. The concern of chordal presence originated from the studies on the physio-
logical function of the second-order chordae. In porcine studies, van Rijk-Zwikker et 
al.93 found that the AML second-order chordae remained taut during the cardiac cycle 
and Lomholt et al.94 reported that the forces on the second-order chordae were 3-fold 
higher than those on the first-order chordae (0.7N versus 0.2N). 
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The papillary muscles 
Tanimoto et al. studied the prevalence of papillary muscle infarction (by early and late 
gadolinium-enhanced MRI) in patients with acute MI and correlated these data with 
the coronary lesions (by coronary angiography) and the occurrence and severity of MR 
(by echocardiography)95. In 40% of the patients PM infarction was diagnosed: 77% in 
the PMPM and 26% in the ALPM. PM infarction was encountered significantly more 
frequent in patients with left circumflex (78%) and right coronary artery (48%) lesions 
compared with left anterior descending artery lesions (13%). Patients with PMPM 
infarction presented more frequently with MR than patients with ALPM infarction. 
However, the presence of PM infarction was not associated with the presence and 
severity of MR in the acute phase and based on the late MRI Tanimoto et al. concluded 
that it was the size of the myocardial infarction (and not the presence of PM infarction) 
that affected the LV remodeling (defined as increased LV EDV > 15%) and thus MR. The 
limitation of this study was the follow-up time of 8 months, and the long-term data on 
progressive local LV remodeling are not available.  

Messas et al. reported in an experimental ovine study the paradoxical reduction of 
MR, which was initially created by a limited inferobasal myocardial infarction with local 
LV wall bulging, by inducing ischemia to the adjacent PM76. Uemura et al. confirmed 
these findings in a clinical setting. They reported an attenuation of ischemic MR due to 
PMPM dysfunction (by strain rate imaging) in patients with localized basal inferior LV 
remodeling96. 

Recent studies have demonstrated the beneficial effect of cardiac resynchro-
nization therapy (CRT), showing the immediate reduction of functional mitral regurgi-
tation (FMR)43, 97, 98, due to the improved coordinated timing of mechanical activation 
of PM insertion sites and the remote decrease of FMR secondary to LV reverse remod-
eling43 . This can be understood since dyssynchrony causes an uncoordinated regional 
LV mechanical activation, altering uncoordinated mitral leaflet motion and tethering. 
Moreover, the improper timing of the AV relaxation and contraction cycle causes a 
positive pressure gradient between the left atrium and left ventricle, which effects MV 
closure. Finally, dyssynchrony will decrease LV contraction efficiency, causing lower 
closing forces and supporting mitral leaflet tenting99. Papillary muscle systolic dyssyn-
chrony and IMR will be discussed in Chapter 4 in relation to the recurrence of MR100, in 
Chapter 5 as a predictor of recurrent MR in patients with ischemic dilated cardiomyo-
pathy and severely impaired LV function101 and in Chapter 6 in relation to the symmet-
ric tethering pattern of the mitral valve102. 

The left ventricle 
The contribution of the ventricle to incomplete MV closure is complex and embraces 
mainly three different, but each influencing, characteristics: 1) left ventricular function; 
2) left ventricular dimensions; and 3) LV geometrical shape (locally or globally). 
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Obviously, these ventricular determinants do not have an independent relationship to 
themselves2 as clearly described in the section on the pathophysiology of CIMR and 
the vicious circle in this thesis. 

In vitro and animal studies have aimed to differentiate between the ventricular de-
terminants and their contribution to MR78, 103, 104. To distinguish LV geometry from 
function, He et al concluded that geometrical change - by displacing the papillary mus-
cles of excised porcine mitral valves (in vitro) in a direction that would increase leaflet 
tension - was sufficient to create MR. The contribution of LV function was shown since 
they could measure a variation of regurgitant orifice area depending on the exposition 
of the valve to alternating transmitral pressure (mimicking LV function), despite the 
preset papillary muscle and annular geometry in each stage of the study78. Liel-Cohen 
et al.104 tested the impact of local LV remodeling in a chronic ischemic sheep model by 
ligation of the circumflex artery with consequent displacement of PM posteriorly and 
inferolaterally and the occurrence of MR by tethering of the leaflets. They reduced MR 
by off-pump plication of the bulging infarction region, while LV function, global end-
systolic volume and mitral area remained stable. They concluded that the only inde-
pendent predictor for MR was the tethering distance of the PM to the annulus104. Tent-
ing was particularly determined by outward movement of the papillary muscle that 
was well demonstrated in both the acute and chronic ischemic models of Otsuji et al.75, 

105 Finally, Kono et al. created a canine animal model to test the impact of local LV 
geometrics103 and global LV remodeling79 on the occurrence of ischemic MR. After 
creating acute local myocardial ischemia by injecting microspheres in the circumflex 
artery, acute MR occurred which completely subsided within 3 weeks. The temporary 
hypokinesia of the ventricular segment overlying the papillary muscle, leading to re-
traction of the mitral leaflets toward the apex, appeared to be a sufficient condition 
for incomplete leaflet coaptation103. Subsequently, the same group created a canine 
chronic heart failure model (by alternately injecting microspheres in the anterior de-
scending and circumflex coronary artery). After 12 weeks, dogs developed MR, pre-
ceded by increased sphericity of the left ventricle. Remarkably, the other determinants 
contributing to MR (LV volumes, mitral annulus dilatation and wall motion abnormali-
ties) occurred later in time, demonstrating that global LV remodeling is the primary 
cause of functional mitral insufficiency in chronic ischemic myocardial disease79.  

Reports on the association between mitral regurgitation and the location of myo-
cardial infarction are conflicting. While some have reported that MR was associated 
with inferior infarction60, other studies reported a higher prevalence of MR in anterior 
myocardial infarction106 or showed no difference. Perhaps the higher prevalence in 
anterior infarctions occurred in those with larger areas of ischemia and subsequently 
global dysfunction. This can be abstracted from the difference in anatomical blood 
supply to both PMs, where the ALPM is mostly supplied by two vessels, with the con-
sequent need of larger ischemic regions to cause ALPM dysfunction and MR, while on 
the contrary the PMPM is mostly supplied by one vessel and is more at risk for ischem-
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ic injury. However, Lehmann et al. did not observe an association between MR and 
conventional biochemical indicators of severity of MI106.  

The progression of LV remodeling or the occurrence of LV reversed remodeling in 
CIMR patients after coronary bypass grafting and restrictive annuloplasty, is discussed 
in this thesis in the section on outcome after CABG and UMRA. 

Echocardiographic evaluation of CIMR 

Historically, the severity of MR was assessed by left ventriculography, relying on the 
retrograde opacification of the blood flow into the left atrium during systole29, 30, but 
this technique did not provide adequate information on the anatomical and functional 
structures of the MV complex, nor could it enlighten the etiology of MR. Since the 
severity of MR in patients with CIMR has implications for their prognosis and treat-
ment and since the etiology of CIMR is an ischemic myocardial disease of the LV, it is 
important to provide 1) quantitative information of MR, 2) geometrical measurements 
of the MV and the LV and 3) functional and dimensional LV measurements. Echocardi-
ography is currently the preferred method to assess valvular heart disease 107, 108. Re-
cently, also cardiac magnetic resonance imaging (MRI) is increasingly used in ischemic 
patients for the evaluation of the ventricular dimensions and function and the visuali-
zation of scarring109. Contrast-enhanced MRI, showing scar transmurality, can predict 
the likelihood of myocardial functional recovery (by segmental contractility) following 
revascularization. Kim et al. showed that myocardial contractile recovery after revascu-
larization was present in 78% of the myocardial segments in case of absence of scar 
tissue, and in less than 2% of the segments when scar tissue was more than 75% 
transmural (gadolinium hyperenhancement)110. However, viability of myocardial tissue 
is as such not the predicting parameter of functional myocardial recovery. Bax et al. 
reported that extensive LV remodeling did not allow the viable myocardium to im-
prove in LV function after revascularization, and that this situation was associated with 
a poorer long-term prognosis111. The relative disadvantage of cardiac MRI in clinical 
practice is the limited availability and fact that the investigation is time-consuming and 
contraindicated in claustrophobic patients or in patients with pacemakers or defibrilla-
tor and resynchronization therapy devices. Since this thesis was based on retrospective 
studies of patients, MRI was not performed and the dimension of muscular scarring 
and viability was not available. 
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The mitral valve 

Evaluation of MR 
Ischemic MR is a dynamic phenomenon. Several studies described a decrease of MR 
severity in patients under general anesthesia, probably due to the drop in systemic 
vascular resistance caused by the anesthetic agents 112-114. Therefore, it is recommend-
ed that the severity of MR be measured and the surgical strategy determined before 
anesthesia.  

However, Dion et al. introduced a peroperative dynamic test to evaluate if an in-
creased MR could be evoked, which should justify MV repair in ischemic patients115. 
First they increased the preload (preload test) by rapid fluid filling through the arterial 
cannula, increasing the pulmonary wedge pressure. Secondly (if the preload test was 
negative) they increased the afterload (afterload test) by administering a 5 mg IV bolus 
of phenylephrine, increasing vascular resistance (without inotropic effects). If MR did 
not increase, MV repair was not performed. Afterwards, several authors reported a 
variation of dynamic tests to evaluate the severity of MR for surgical strategy 116-118. 

Standard color Doppler imaging is a highly sensitive method to detect even mild 
degrees of IMR. The color flow mapping of the regurgitant jet area compared to the 
left atrial area has been used for years as a semi-quantitative evaluation of MR119. To 
quantify the severity of MR, the proximal isovelocity surface area (PISA) and vena con-
tracta method is used, analyzing the proximal flow convergence to calculate the effec-
tive regurgitant orifice area (EROA or ERO), the regurgitant volume (RV) and regurgi-
tant fraction (RF)120. The vena contracta is defined as the narrowest part of the regurgi-
tant jet recorded in the parasternal long-axis view. The ERO indicates the severity of 
the lesion, while the RV explains the volume overload. The current guidelines recom-
mend thresholds to define severe mitral regurgitation as a RV > 60 ml, a RF > 50% and 
an ERO > 40 mm² 121. However, these criteria were adapted for ischemic mitral regurgi-
tation since adverse outcome was associated with lower values of these parameters, 
suggesting 30 ml for RV and 20 mm² for ERO1. This can be explained since the IMR has 
a dynamic nature: small amounts of regurgitation at rest can increase to severe MR 
during exercise. Lancelotti et al. reported that the exercise induced increase of ERO 
was related to local remodeling (rather than to global remodeling), more specifically to 
papillary muscle displacement, leading to increased leaflet tethering122. The same 
authors reported that an exercise-induced increase of ERO with > 13 mm², was associ-
ated with increases in pulmonary pressure, pulmonary edema and cardiac death 123, 124. 

Geometrical leaflet measurements 
Further assessment of MR is based on the geometrical relationship of the mitral leaf-
lets and the annular plane during the systole. MR is caused by loss of leaflet coaptation 
since in CIMR leaflets are tethered into the ventricle. Geometrical leaflet parameters 
are usually assessed at mid-systole by transthoracic echocardiography (TTE) in the 
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parasternal long-axis view or by transoesophageal echocardiography (TEE) at the A2-P2 
level. In Figure 3 the geometrical leaflet parameters are shown. 
 

Figure 3. direct measurements in the parasternal long-axis view in mid-systole: 
TA = tenting area: area enclosed between the annular line and the mitral valve leaflets 
D = coaptation distance: distance between anterior annulus and coaptation-line 
CH = coaptation height: distance between annular plane and start of coaptation 
CL = coaptation length: length of coaptation 
α = AML tethering angle: angle between annular plane and base of AML 
β = PML tethering angle: angle between annular plane and base of PML 
α/ β = tethering pattern: the closer to 1, the more symmetric the tethering pattern is 
Ƴ = bending angle: angle between the line from the anterior annulus to the bending point of AML and the 
line from the bending point to the coaptation point 
αEX = AML excursion angle: angle between the base of AML at mid-systole and mid-diastole 
βEX = PML excursion angle: angle between the base of PML at mid-systole and mid-diastole 
These parameters have been used to specify surgical repair techniques. Dion et al. promoted a thoroughly
downsizing of the mitral annulus by a restrictive annuloplasty ring, resulting in a coaptation length > 8 mm
and no residual MR to obtain a good long-term follow up125.  

 
 
Recently, attention has been drawn to preoperative leaflet configuration to predict MR 
recurrence and outcomes. However, published data are conflicting: recurrence of MR 
was associated with preoperative tethering of the posterior mitral leaflet 126, 127 or 
tethering of both leaflets128. The importance of the tethering pattern (α/ β) contrib-
uting to MR in ischemic patients was demonstrated by Agricola et al129. The association 
of preoperative AML tethering and the recurrence of MR was shown by Gelsomino et 
al130. In this thesis the importance of the tethering of the AML as an independent pre-
dictor for recurrence of MR will be explained (Chapters 2 and 3). 
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The left ventricle 

To evaluate CIMR, assessment of LV volumes and geometry are inevitable since MR is 
caused by the ischemic disease of the LV. The LV condition can be assessed by measur-
ing volumes, defining the geometry and determining the function. The measurement 
of LV diameters (end-systolic and end-diastolic) has been performed by several 
authors131, 132 . However, one can conclude that this two-dimensional evaluation of the 
ventricular cavity is less accurate than the volume calculation, certainly in the presence 
of LV aneurysms or enlarged left ventricles133. Echocardiographic technical details of 
measuring the LV parameters, are outside the scope of this thesis. 

LV volumes  
End diastolic LV volume (LV EDV) and end systolic LV volume (LV ESV) are measured, 
as described by Schiller et al134. Regarding predictive factors for recurrence of MR after 
restrictive annuloplasty, Gelsomino et al. reported a LV ESV > 145 ml as an independ-
ent predictor4. Based on the LV ESV after mitral valve repair compared to baseline 
measurements, Stellbrink et al. considered that a decrease of > 15% defined left ven-
tricular reversed remodeling (LVRR)135. 

LV geometrical assessment  
The remodeling of the left ventricle (LVR) is described by the geometrical changes and 
can be evaluated globally or locally. For global evaluation of the cavity, the sphericity 
indexes are used. These indexes are obtained at the end of the diastole (SID) and at 
the end of the systole (SIS) as the volume of the LV divided by the volume of a sphere 
with a diameter equal to the longest axis of the LV, measured in the apical view79. The 
more this number approaches 1, the more the LV is shaped as a sphere. Kono et al. 
showed in an ischemic canine model that the onset of MR was correlated with the 
sphericity of the LV79. In ischemic patients the SIS > 0.7 was an independent predictor 
of recurrence of MR after RA4. To evaluate the local geometrical changes, the lateral 
and inferior displacements of ALPM and PMPM can be quantified as the distance 
between the PM head and well-defined anatomic landmarks at early and end systole 
from the parasternal short-axis view2, 129. The separation between both papillary mus-
cles can be measured directly and the apical displacement of the PMPM can be meas-
ured on the long-axis view as the distance between the PMPM head and the fixed 
inter-valvular fibrosa (insertion of AML).  

LV function  
Left ventricular ejection fraction (LV EF) can be assessed by the bi-apical Simpson disk 
method134 but since this calculation is derived from the LV volumes, it remains de-
pendent on imaging quality and geometrical changes. To overcome this bias, the LV 
function can also be quantified by the myocardial performance index (MPI), calculated 
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by the ratio of the time intervals: the sum of the isovolumetric LV contraction and 
relaxation time interval, divided by the LV ejection time interval136. The MPI has been 
shown to be an independent predictor of MR, with a cut off > 0.9, after RA in patients 
with CIMR4. This measurement not only reflects systolic myocardial function, but eval-
uates systolic and diastolic function in combination. Alternatively, systolic LV function 
can be obtained from the wall motion score index (WMSI), which is derived by grading 
the wall motion of individual myocardial segments and dividing the total score by the 
number of the analyzed segments137. WMSI has been reported as a prognostic assess-
ment of mortality for patients after acute myocardial infarction137, 138. Gelsomino et al. 
reported that WMSI > 1.5 was an independent predictor of recurrence of MR4 when 
segmental LV evaluation was performed according to the 17-segment model139. Finally, 
the LV function can be described by the global LV strain. Strain is the measurement of 
relative tissue deformation as a result of applied stress. The mathematical concept of 
myocardial strain was first formulated in 1973 by Mirsky et al.140. It represents the 
percentage of the original unstressed tissue dimension and includes lengthening or 
expansion of tissue (positive strain) and shortening or compression of tissue (negative 
strain). For myocardial strain, the change in tissue dimension is relative and compared 
to the basic dimension, which is mostly the initial muscle length at the end of diastole. 
The advantage of strain measurement is that it quantifies the real myocardial contrac-
tion potential which is not clearly produced by the LV EF. E.g. in hypertensive patients 
with a normal LV EF, the myocardial fiber shortening can be seriously depressed141. 
Moreover, it has been demonstrated that strain was lower in patients with asympto-
matic MR and normal LV ejection fraction, indicating subclinical LV dysfunction142. 

Initially, strain was measured by tissue Doppler imaging (TDI), which is a velocity-
based technique143, 144, and validated as a new method to quantify regional myocardial 
function143. Strain rate is defined as the temporal derivative of strain or the tissue 
deformation rate145. The principal limitation of TDI is the dependence on the Doppler 
angle of interrogation, resulting in a primarily assessment of longitudinal strain. How-
ever, the left ventricular systolic ejection is a coordinated action involving fiber short-
ening in multiple directions 146, 147 as well as systolic torsion148, 149. These actions pro-
duce fiber shortening in a longitudinal and circumferential direction and wall thicken-
ing in a radial direction150. However, Hurlburt et al. observed a significant regional 
heterogeneity in the circumferential strain that was not present in the longitudinal and 
radial strain150. To investigate the three dimensions of strain, MRI measurements were 
performed151, 152, but the complexity of this application is limited in clinical routine.  

Echocardiographic two dimensional strain imaging, in contrast to TDI strain, is 
based on B-mode ultrasound signal intensity and is angle independent153-155. The two-
dimensional speckle tracking is a custom acoustic-tracking software that allows 
semiautomated strain analysis. It utilizes B-mode gray-scale images and tracks 
movement of stable acoustic patterns/markers, called speckles, in the myocardial 
tissue. This speckle tracking takes place frame by frame throughout the cardiac cycle155 
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and allows differentiation of myocardial segments with active contraction from 
segments which are passively tethered. Measuring the strain of the LV, the longitudinal 
strain seems to be the most homogenous150 and the important contribution of the 
longitudinal contraction for LV function has been put forward by several authors62, 146. 
For global longitudinal LV strain (GLS) measurement, digital loops are acquired from 
apical 2-,3- or 4-chamber views. The software is interatcive, in that the endocardial-
cavity interface is traced manually in one image; two additional (mid and outer) lines 
are produced by the software to define the region of interest. For each view, the 
software automatically divides the ventricle into six segments and provides an 
automated tracking of the acoustic markers (speckels) throughout the cardiac cycle in 
each segment. For each view, a curve of global strain is obtained per segment and an 
average of these curves is generated. The peak global longitudinal systolic strain (GLS) 
is the average of the peaks of these average curves, obtained in  each view.  (Figure 4) 
For healthy individuals, the peak global longitudinal systolic strain is -18.6 + 0.1%156. 
Since longitudinal strain of the LV is charcaterized by fiber shortening, the GLS is a 
negative number. GLS was validated by Brown et al. as an investigation of LV 
function157. In an animal study, Carlhäll et al. revealed that transmural strain may be an 
early marker of LV dysfunction after development of MR 158. Lancellotti et al. 
demonstrated that longitudinal speckle-tracking-derived strain had impaired values in 
patients with asymptomatic MR and normal LV ejection fraction, indicating subclinical 
dysfunction142.  

Figure 4 A. Representative example of 
measuring Global Longitudinal Strain 
(G-LS) and Global Longitudinal Strain 
peak (G-LSpeak) in an apical 4–chamber 
view. Abbreviations: AVC: Aortic valve 
closure.  
B. Representative example of 
measuring time to peak (TTP) of the 
G-LSpeak, beginning at the start of the 
QRS-complex. Abbreviations: AVC: 
Aortic valve closure. 
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Diastolic filling patterns of LV 
Mitral inflow velocities are measured by pulsed wave Doppler (PW-Doppler). In per-
sons with sinus rhythm two velocity curves can be recorded during diastole: the E-
wave, representing the early, passive filling of the left ventricle (E=peak early trans-
mitral flow velocity), and the A-wave, which occurs late in diastole, representing active 
LV filling and atrial contraction (A=peak late transmitral flow velocity). Also the E/A 
ratio and the deceleration time of E velocity (DT) can be obtained by PW-Doppler159. 
The isovolumetric relaxation time (IVRT) can be obtained from the apical five-chamber 
view across the region between the aortic outflow tract and the mitral inflow tract. 
Several studies have shown an association between abnormalities of LV relaxation and 
specific transmitral Doppler flow velocity patterns. In ischemic patients Doppler signals 
exhibit a pattern of “delayed relaxation”, characterized by decreased early filling (E) 
and increased atrial contraction (A) mitral flow velocities. Impairment of LV relaxation 
results in prolongation of the isovolumetric relaxation time, a decrease in E and a pro-
longation of the E-wave DT160. However, other factors such as left atrial pressure can 
influence transmitral Doppler flow161. Progressive elevation of LA pressure in patients 
with impaired LV relaxation results in “pseudo-normalization” of the filling pattern 
with a decreased DT162. To overcome this limitation of transmitral flow velocity meas-
urements, the pulmonary venous flow (PV) and thus systolic-to-diastolic ratio S/D are 
routinely assessed163. Most normal adult patients exhibit a prominent systolic (S) flow 
and a systolic-to-diastolic (S/D) ratio > 1. In patients with elevated LV filling pressure, 
reduced LA and LV compliance or with severe MR, there is blunting of the pulmonary 
venous S wave and an increased D flow. This pattern, in addition to prominent atrial 
reversal (AR) flow velocity, has been used to distinguish normal from pseudo-normal 
transmitral Doppler filling162. In patients with CIMR DT < 140ms and S/D < 0.8 they 
have been shown to be independent predictors of early and late death164. In this study, 
DT < 140 ms was the only diastolic independent predictor of MR recurrence. In this 
thesis atrial function in patients with CIMR before and after CABG and MV repair by 
restrictive annuloplasty were investigated by left atrial strain and strain rate measure-
ment by 2D-speckle tracking echocardiography (Chapter 8).The evaluation of the left 
atrial function by atrial strain and strain rate is described by Cianciulli and colleagues 
(Figure 5)165.  
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Figure 5 (after Cianciulli, 2010). Left atrial strain and strain rate during the phases of the cardiac cycle, in
relation to the atrial phases: the reservoir phase, the conduit phase (passive conduct) and the active contrac-
tile phase (pump). MC: Mitral closure; AO: Aortic opening; AC: Aortic closure; MO: Mitral opening; AS: Atrial
systole (= atrial contraction); IVC: Isovolumetric contraction; VEP: Ventricular Ejection Phase; IVR: Isovolu-
metric relaxation; ED: Early diastole; Diast: Diastasis.  

 

The papillary muscles 

Local geometrical changes, by displacement of the papillary muscles, were extensively 
described in the section, evaluating the left ventricular geometry (previous section). 
Kisanuki et al. examined the function of the papillary muscles by 2D echocardiographic 
fractional shortening72. The length of the ALPM and PMPM was measured at an apical 
4-chamber (or apical long-axis) view and a 2-chamber view, respectively, during the 
end of systole and end of diastole. Fractional shortening of both PMs was decreased in 
patients with severe ischemic MR. A more functional measurement, regarding also the 
dyssynchrony of the papillary muscles has been described by Tigen et al166. These au-
thors projected the technique of LV strain measurement by 2D speckle-tracking echo-
cardiography on both papillary muscles. The longitudinal peak strain of the ALPM and 
PMPM was quantified. Tigen et al used this technique to calculate the papillary systolic 
dyssynchrony (DYS-PAP) in non-ischemic MR patients. The beginning of the QRS com-
plex was used as the reference point and the time to peak (TTP) systolic longitudinal 
strain was quantified for each papillary muscle. For the assessment of DYS-PAP, the 
absolute difference in TTP between the anterolateral and posteromedial papillary 
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muscle was calculated. This method of assessing the papillary muscle function and 
dyssynchrony will be used and explained for patients with CIMR in Chapters 4, 5 and 6 
of this thesis. 

Surgical treatment of CIMR and outcome 

In clinical practice, the treatment for patients with CIMR is coronary artery bypass 
grafting (CABG) combined with mitral valve surgery, as recommended by the European 
guidelines (Class I recommendation for patients with severe MR and EF > 30%; Class IIA 
recommendation for patients with moderate MR or patients with severe MR and EF < 
30%)108. The question to address the mitral valve insufficiency by mitral valve replace-
ment or mitral valve repair, remains the subject of debate and falls outside the scope 
of this thesis167, 168. This thesis reports on the predicting factors for recurrence of MR 
after CABG and restrictive annuloplasty (RA). Other operative repair techniques like 
Alfieri’s edge-to-edge correction169, 170, LV plication of the infarction region104, Dor 
restoration171, the second-order chorda cut technique89, surgical relocation of the 
posterior PM 172, posterior leaflet extension173 , the papillary sling174, external devices 
to restore LV geometry (Coapsys Device175, Myocor, Maple Grove, Minnesota; CorCap 
Cardiac Support Device176, Acorn Caridovascular Inc, St.Paul, Minnesota) or transcathe-
ter devices (Carillon177, Cardiac Dimensions InC, Kirkland, WA, USA; MitraClip178, Ab-
bott , Abbott Park, IL, USA ) are also outside the scope of this thesis. 

Outcome of CABG and restrictive annuloplasty (RA)  

For the treatment of patients with CIMR restrictive annuloplasty, combined with CABG, 
has been successfully used for more than a decade and has been accepted as an effec-
tive treatment for immediate improvement in mitral valve function3. Despite the en-
thusiasm for low perioperative mortality rate and the positive effects on survival and 
functional symptomatic status4-7, an increasing number of studies have clearly demon-
strated that RA is subject to variable rates of recurrence of MR4, 8-10, notwithstanding 
good initial operative results. Recurrence of MR varies because of heterogeneity of 
study data, regarding population characteristics, follow up (FU) time, surgical tech-
nique (under-sizing strategy and concomitant CABG), type of ring (rigid, flexible, semi-
flexible) and diagnostic measurements. Moreover, pitfalls in measuring and interpret-
ing outcome of RA in CIMR patients, like the presence of residual MR or the bias due to 
combining different eras of medical practice (e.g. before and after the introduction of 
flexible bands or medical evidence of downsizing the annulus by two sizes), should be 
excluded179.  

Gelsomino et al. demonstrated that the initial results of CABG and RA were prom-
ising: at one-year FU there was no increase of MR, a significantly decrease of LV di-
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mensions and improvement of sphericity indexes4. However, at 3- and 5-year FU, a 
significant deterioration of these parameters was observed, resulting in more than 
35% and 72% recurrence of MR (> 2+) at 3 and 5 years, respectively. Regarding severe 
MR (> 3+), the incidence was 5% and 44% at 3 and 5 years FU, respectively. At 5-year 
FU, LV reverse remodeling was found in 44.2% of the study population. Crabtree et al. 
showed at a median FU of 1.7 years, a recurrence of MR (> 3+) in 28% of their pa-
tients8. The adverse outcome was related to the following mechanisms: functional 
mitral stenosis after RA180 or the recurrence of MR181 by continued and progressive 
adverse LV remodeling11, 12, 164, 182 ensuing worsening of leaflet tethering 180, 181. Myo-
cardial viability and LV size are important variables related to ventricular remodeling 
after revascularization and mitral annuloplasty183 although, the presence of viable 
myocardial segments in ischemic patients is not a guarantee for functional recovery 
after revascularization111. 

However, recent studies have confirmed that some patients with CIMR may bene-
fit from RA6, 7, 184. Surgical success was not only described by absence of recurrence of 
MR, but also by the clinical improvement (NYHA class), improved LV function (ejection 
fraction) and reverse remodeling of the left ventricle (LV dimensions) and left atrium 
(LA dimensions).  

The conflicting results of RA are remarkable: Some patients clearly benefit from 
this procedure and others do not. Insights into the mechanism of recurrent MR as well 
as predictors are explained in the following paragraphs. After discussing the current 
findings in literature, this thesis will further elaborate on the echocardiographic predic-
tors of recurrent MR.  

Mechanisms of recurrent MR  

The mechanisms, contributing to the recurrence of MR are the continuous local and 
global adverse LV remodeling, leading to the recurrence of mitral leaflet tethering and 
the hindrance of systolic mitral leaflet coaptation. Gelsomino et al. demonstrated that 
the lack of LV reverse remodeling (LVRR) after RA led to a significant recurrence of 
MR182. They defined the LVRR as a reduction of the LV ESV >15% compared to the 
baseline measurement. The patients in their study had no/trivial MR at discharge, 
which means that the lack of LVRR was not sufficient to explain the recurrence of MR. 
Indeed, in this study, LV dimensions decreased and sphericity indexes improved in the 
group that showed postoperative LVRR, while in the group without LVRR these param-
eters initially improved and deteriorated at late FU. Ejection fraction and MPI im-
proved in the group with LVRR, but remained unchanged in the group without LVRR. 
The mechanism of recurrent MR by continued global LV remodeling was confirmed by 
Hung et al. who showed increases in LV volumes and sphericity, parallel to the increase 
of MR severity (vena contracta and jet area/LA area), but without changes in LV func-
tion11. However, several authors demonstrated that the local remodeling of the LV 
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segments supporting the papillary muscle is an essential condition for the develop-
ment of recurrent MR12, 126, 130, 181 Interestingly, in the study of Magne et al. not all the 
patients with recurrent MR demonstrated global LVR, defined by significant changes in 
LV volume and shape12. In these patients the postoperative alteration of MV configura-
tion predominantly affected the AML, more specifically the bending of the AML to a 
concave configuration. They suggested that localized LV remodeling, localized impaired 
myocardial contractility or progressive fibrosis and stiffening of the myocardium adja-
cent to the PMs, was responsible for AML geometrical and functional alteration lead-
ing to MR. The contribution of the AML to postoperative MR can be reasonably ex-
plained since the restrictive annuloplasty ring transforms the MV into a mono-leaflet 
system, in which only the AML is mobile and closes against the relatively fixed PML. As 
a consequence of the alteration of the AML in a concave configuration, Magne and 
colleagues suggested that “chordal cutting”, described by Messas et al.89 could be 
helpful at the time of restrictive annuloplasty to prevent this phenomenon12. 

Predictors of recurrent MR 

Evaluating the preoperative echocardiographic data in patients with CIMR undergoing 
CABG and RA, predictors of outcome can be identified. The positive predictors suggest 
that patients will benefit from RA, while the negative predictors denote the recurrence 
of MR.  

Positive predictors: The surgical success of CABG and RA in CIMR is described as 
the absence of MR because of postoperative LV reverse remodeling (LVRR)7, 131, 184. This 
means that predictors of postoperative LVRR denote the patients who will benefit 
from RA. Braun and colleagues demonstrated that LV dimensions predicted the LVRR: 
a preoperative LV end diastolic diameter (LVEDD) < 65 mm provided a cure for patients 
with CIMR undergoing MV repair, while LVEDD > 65 mm predicted a poor outcome131. 
Gelsomino et al. showed that functional and geometrical preoperative parameters 
prognosticated the LVRR (defined as a reduction of LV ESV > 15%)182. The authors con-
cluded that at multivariable analysis the baseline myocardial performance index (with 
a cut off: MPI < 0.9), the wall motion score index (with a cut off: WMSI < 1.59) and the 
systolic sphericity index (with a cut off: SIS < 0.72) were independent predictors of 
LVRR. In another study, based on diastolic LV function measurements, the same group 
of authors defined by logistic regression analysis in their study population, that DT < 
125 ms was a strong predictor of LVRR after RA. 

Negative predictors: Failure of surgical treatment in patients with CIMR is defined 
as a recurrence of MR by progressive postoperative adverse LV remodeling. These 
patients do not benefit from CABG and RA. Suggestions for other surgical repair tech-
niques, like “chorda cutting”90, Dor restoration171, surgical relocation of PMPM172 or 
other techniques as well as for MV replacement167, 168 are outside the scope of this 
thesis. 
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Agricola and colleagues distinguished the patients with ischemic MR in two sub-
groups, based on the restricted mitral leaflet motion and leaflet tethering pattern and 
found a different degree of local and global LV remodeling, and characteristics of the 
regurgitant jet between these two populations129.  

Posterior mitral leaflet tethering. Zhu et al. observed that MR was correlated with 
tethering of both leaflets. The coaptation length (CL) was the primary independent 
determinant of preoperative and postoperative MR181. The AML and PML tethering 
were the primary determinants of the preoperative and postoperative CL, respectively, 
since patients with recurrent MR showed no improvement of AML tethering, but a 
greater worsening of the PML tethering. It is clear that tethering of the posterior leaf-
let may be exacerbated by RA: while reducing the septal-lateral diameter, the posteri-
or (muscular) annulus is shifted anteriorly towards the fibrous anterior annulus (fi-
brous skeleton of the heart). The PMPM will be relatively shifted laterally compared to 
the posterior annulus, causing more tethering on the PML. Kuwahara et al.126, Ciarka et 
al.128 and Magne and colleagues127 confirmed that tethering of the PML was a predic-
tor of recurrence of MR. The latter group demonstrated that the preoperative pres-
ence of PML angle (β> 45°) had the best performance for the prediction of persistent 
MR.  

Anterior mitral leaflet tethering. Gelsomino and colleagues evaluated the preoper-
ative and postoperative valvular geometrical alterations in two groups of patients (and 
controls): patients with and without postoperative MR130. They demonstrated that the 
preoperative AML angle (with a cut off: α > 39.5°) and the AML excursion angle (with a 
cut off: αEX < 35°) were independent predictors of recurrent MR, while the preopera-
tive PML was not significantly different between both groups. Moreover, the AML/PML 
tethering, reflecting the tethering pattern, also predicted MR when the ratio α/β > 
0.76. The importance of AML tethering in a large multicenter patient study, is shown in 
Chapter 2. We demonstrated that AML tethering was not secondary to LV function or 
geometry in predicting recurrent MR. We concluded that the AML tethering was in 
independent and primary predictor of MR recurrence. The AML tethering in relation to 
MR and lack of LVRR is discussed in Chapter 3. The symmetric tethering pattern reflect-
ing advanced LV mechanical dyssynchrony in patients with CIMR is discussed in Chap-
ter 6 and the segmental strain measurement in relation to the tethering pattern is 
demonstrated in Chapter 7.  

Coaptation height. Calafiori et al. demonstrated that coaptation height 
(CH>11mm) was a predictor of recurrence of MR after CABG and RA. As a conse-
quence, these authors changed their surgical strategy by performing MV replacement 
when the cut off value of CH was reached167. This predicting parameter of recurrent 
MR was confirmed by several authors127, 130.  
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Conclusion and outline of this thesis 

The high rate of recurrence of ischemic MR after MV repair and CABG supports the 
role of left ventricular remodeling, which is a progressive phenomenon. This further 
underscores that ischemic MR is a disease of the ventricle, not of the valve itself. Alt-
hough some patients are cured by CABG and RA, others have poor outcome due to 
progressive LVR. In this thesis predictive parameters will be investigated at the level of 
leaflet geometry and papillary muscle dyssynchrony. Segmental LV strain measure-
ments will be related to valve geometry and left atrial strain and strain rate will be 
evaluated in CIMR patients. 
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Abstract 

Objective: We investigated the relationship between anterior mitral (AML) tethering 
and recurrent ischemic mitral regurgitation (MR) after restrictive annuloplasty. We 
also explored whether the effect of AML tethering was secondary to modifications in 
left ventricular size and geometry. 
Methods: The study population consisted of 435 consecutive patients with chronic 
ischemic mitral regurgitation who survived combined coronary artery bypass grafting 
(CABG) and undersized mitral ring annuloplasty (UMRA) performed at three Institu-
tions (University Hospital, Maastricht, the Netherlands; Careggi Hospital, Florence, 
Italy; Civic Hospital, Brescia, Italy) between 2001 and 2010. Median follow up was 44.7 
months (Interquartile range 25.9 - 66.4). Patients were divided by baseline measure-
ments into quintiles of AML tethering angle α' as follows: Group 1, normal/slight AML 
tethering; Group 2, mild AML tethering; Group 3, moderate AML tethering; Group 4, 
moderate-severe AML tethering; Group 5, severe AML tethering. 
Results: Recurrence of MR was significantly higher in patients with moderate-severe 
(28.3%) and severe (39.4%) AML tethering (p<0.001). There was a strong correlation 
between α' (r=0.83, p<0.001) and recurrent MR whereas there was a weak correlation 
with posterior mitral angle β' (r=0.12, p=0.05). At logistic regression analysis corrected 
for other echocardiographic risk factors, AML tethering ≥ moderate-severe (adjusted 
OR, 3.6 [95% CI: 3.0 - 4.1], p<0.001) was a strong predictor of MR recurrence. Com-
pared with patients β' ≥ 45 those with severe and moderate-severe AML tethering had 
> 3.7 and 1.7 times higher odds of MR recurrence, respectively. There were no signifi-
cant interactions between α′ and indices of left ventricular function and geometry.  
Conclusions: Preoperative AML tethering ≥ moderate-severe was strongly associated 
with recurrence of MR. Assessment of leaflet tethering should be incorporated into 
clinical risk assessment and prediction models.  

Ultramini abstract 

In this multicenter study, we investigated whether a specific tethering pattern is relat-
ed to higher postoperative recurrence of ischemic MR after CABG and UMRA. Pro-
nounced preoperative anterior mitral leaflet tethering proved to be a powerful predic-
tor of MR recurrence after UMRA independently of LV geometry and LV dilatation. 
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Introduction 

Despite Undersized Mitral Ring Annuloplasty (UMRA) being considered effective for 
chronic ischemic mitral regurgitation (CIMR)1 ongoing dissatisfaction with mitral regur-
gitation (MR) recurrence has been reported predominantly related to continued ad-
verse left ventricular remodeling and ensuing worsening of leaflet tethering2.  

More recently, attention has been drawn to the preoperative tethering pattern to 
predict MR recurrence. Nonetheless, published data are conflicting3-5 and it is still 
unclear whether a specific preoperative leaflet configuration is related to unfavorable 
outcomes.  

In this multicenter study, we investigated the relationship between anterior mitral 
leaflet (AML) tethering characteristics and postoperative MR recurrence.  

Methods 

Ethical Committee approval was waived due to the retrospective analysis of the study 
according to National laws regulating observational retrospective studies (Italian law 
nr.11960, released on 13/7/2004; Dutch WMO law). However, all patients gave their 
informed consent to access their data for scientific purposes.  

The study population consisted of 435 consecutive patients with chronic ischemic 
mitral regurgitation who survived combined coronary artery bypass grafting (CABG) 
and UMRA performed at three Institutions (University Hospital, Maastricht, the Neth-
erlands; Careggi Hospital, Florence, Italy; Civic Hospital, Brescia, Italy;) between 2001 
and 2010. Definition, inclusion and exclusion criteria were as previously reported5. 
Median follow up was 44.7 months (Interquartile range 25.9 -66.4). 

All patients underwent complete revascularization. The ring size was determined 
by standard measurements of the inter-trigonal distance and anterior leaflet height. A 
downsizing by two ring sizes was performed in all patients. A successful repair was 
assessed as leaflet coaptation of 0.8 cm or more, MR of 1 or less, and systolic MV area 
exceeding 2 cm2 at intraoperative transesophageal echocardiography. 

Echocardiographic studies 

Examinations were performed using a commercially available echocardiographic sys-
tem (IE 33, Philips Medical System, Amsterdam, The Netherlands). A transthoracic 
echocardiogram (TTE) was carried out before surgery and was repeated annually. All 
examinations were performed by experienced echocardiographers and stored on a 
magneto-optical disc. Standard measurements and calculations, quantification of MR 
and papillary muscle (PM) displacement were carried out as previously reported5. 
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The AML tethering angle α' and the posterior mitral leaflet (PML) angle β' were directly 
measured with a specific software (Philips DICOM Viewer, Philips Medical System, 
Amsterdam, The Netherlands). The excursion angles α'ex and β'ex were calculated as the 
difference between AML and PML angles in systole and diastole. The anteri-
or/posterior tethering angle ratio α'/ β' was a quantitative measurement of tethering: 
the more this ratio was approaching 1 the more symmetrical was the tethering. Meas-
urements were made off line by two cardiologists (F.L. and C.M.R.) blinded to the aim 
of the study. The Cohen method6 showed excellent agreement between intra-observer 
and inter-observer measurements with a concordance (intra-observer 1, intra-
observer 2 and inter-observer) of 0.97, 0.98 and 0.96 for α'; 0.94, 0.95 and 0.92 for β' 
and 0.95, 0.98 and 0.94 for coaptation height (h) measured in 20 randomly selected 
patients. The primary endpoint was the recurrence of MR at latest echocardiographic 
control. This was defined as insufficiency ≥ 2+ in patients with no/trivial MR at dis-
charge. 

Patient classification 

Patients were divided by baseline measurements into quintiles of AML tethering angle 
α' as follows: Group 1, normal/slight AML tethering, α' < 29.8°; Group 2, mild AML 
tethering, 29.8° ≥ α' < 33.4°; Group 3, moderate AML tethering, 33.4° ≥ α' < 36.9°; 
Group 4, moderate-severe AML tethering, 36.9° ≥ α' < 40.1°; Group 5, severe AML 
tethering, α' > 40.1°. 

Patient characteristics are summarized in Table 1. No difference was found in 
baseline demographics and operative variables between Groups. In contrast, signifi-
cant differences were found in echocardiographic parameters. Indeed, subjects with 
AML tethering ≥ moderate-severe had preoperatively larger and more spherical LV 
ventricles and worse LV function (all, p<0.001). Furthermore these patients showed a 
more symmetrical tethering (p=0.001), a lower AML excursion angle (p=0.03), a more 
accentuated anterolateral papillary muscle (ALPM) displacement either in lateral 
(p=0.004) or posterior (p<0.001) direction, a larger PMs separation (p=0.01) and a 
more accentuated ALPM-Wall Motion score Index (WMSI) (p<0.001).  
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Table 1. Patient profile (n=435) 

 Group 1 
Normal /Slight 

α'< 29.8°  

Group 2
Mild 

α'≥29.8°<33.4°

Group 3
Moderate 

α' ≥33.4°<36.9° 

Group 4
Moderate-severe
α'≥36.9°<40.1° 

Group 5 
Severe 
α'>40.1°. p

Age, y 65.8± 6.2 66.1 ± 7.4 66.0 ±6.9 66.5± 6.7 67.1± 7.0 0.8

Gender M/F 
 Male 
 Female 

 
51 (58.6) 
36 (41.4) 

52 (59.7) 
35 (40.3) 

50 (57.5) 
37 (42.5) 

52 (59.7) 
35 (40.3) 

 
54 (62.0) 
33 (38.0) 

0.007

NYHA class 3 [3-4] 3 [3-4] 3 [3-4] 3 [3-4] 3 [3-4] >0.9

CCS angina class 2 [1-3] 2 [1-3] 2 [1-3] 2 [1-3] 2 [1-3] >0.9

Euroscore 
 Additive 
 Logistic 

 
8.0 [6-9] 

15 .0[12-18] 
8.2 [7-9] 

14.8 [12-18] 
8.2 [7-9] 

14.9 [12-18] 
8..4 [7-10] 

15.2 [12-18] 

 
8.7 [7-10] 

15.5 [12-19] 
0.08

0.1
Hypertension 30 (36.3) 32 (36.7) 39 (44.8) 44 (39.0) 40 (45.9) 0.006

Myocardial infarction 
 Inferior/Posterior 
 Anterior/Septal 
 Lateral 
 Combined 

 
45(51.8) 
8 (9.2) 
6 (6.9) 

28 (32.1) 

48 (55.2) 
5 (5.8) 
5 (5.8) 

29 (33.2) 

42 (48.3) 
10 (11.4) 

8 (9.2) 
27 (31.1) 

44 (50.6) 
6 (6.9 
7 (8.0) 

30 (34.5) 

 
48 (55.2) 

4 (4.6) 
4 (4.6) 

31 (35.6) 

0.53

Surgery 
 CPB time (min) 
 CCL time (min) 
 Miral Ring 
  †Carpentier Classic 
  †Physio 
  Ring size (mm)  
 CABG 
  Anastomoses/patient 
  Arterial graft/patient 

 
111 [94-119] 

82 [60-98] 
 

56 (64.3) 
31 (35.7) 

28 [26-30] 
 

2 [2-3] 
1 [1-2] 

105 [95-120] 
85 [63-100] 

 
60 (68.9) 
27 (31.1) 

28 [26-30] 
 

2 [2-3] 
1 [1-2] 

109[98-115] 
87 [64-99] 

 
58 (66.6) 
29 (33.4) 

28 [26-30] 
 

2 [2-3] 
1 [1-2] 

110 [100-126] 
91 [70-106] 

 
56 (64.3) 
29 (35.7) 

28 [26-30] 
 

2[2-3] 
1 [1-2] 

 
110 [100-130] 

96 [70-108] 
 

61 (70.1) 
26 (29.9) 

28 [26-30] 
 

2[2-3] 
1 [1-2] 

0.09
0.06

0.75

>0.9

>0.9
>0.9

Mitral Regurgitation 
 MR (grade) 
 ERO (mm2) 
 RF (%) 
 RV (ml/beat) 
 TA (cm2) 
 CL(mm) 
 d (mm) 
 h (mm) 

 
3 [3-4] 
35±9 

45 ±12 
55±13 

3.2 ±1.0 
3.4 ±0.2 

35.1 ±6.7 
10.4±3.3 

3 [3-4] 
36 ±10 
46 ±12 
57 ±14 

3.2 ±1.0 
3.5 ±0.2 

35.7 ±7.4 
10.2 ±3.4 

3 [3-4] 
38 ±12 
47 ±13 
58 ±15 

3.4 ±1.1 
3.5 ±0.2 

35.9 ±6.8 
10.9 ±3.5 

3 [3-4] 
38 ±12 
46± 13 
58 ±13 

3.9±1.1* 
4.0 ±0.3 

34.7 ±6.5 
11.9±3.7* 

 
3 [3-4] 
39±12 
47 ±12 
59 ±15 

4.3 ±1.1* 
3.9±0.3 

37.9 ±6.8 
13.8 ±4.2* 

>0.9
0.5
0.5
0.7

<0.001
0.064

0.51
0.03

 Mitral Leaflet Tethering
  β' (°) 
  α'/ β' 
  α'EX(°) 
  β'EX(°) 

 
50±10 

0.59±0.5 
35.9±4.6 
14.5±3.7 

54±12 
0.59±0.5 
36.9±5.2 
14.0±4.0 

50±12 
0.68±0.5 
33.1±4.5 
14.6±4.9 

50±12 
0.78±0.5* 
29.3±3.2* 
13.9±4.0 

 
50±10 

0.80±0.8 
28.0±3.1* 
13.0±4.0 

0.79
0.001
0..03
0.36

LV Remodeling 
 ESD (mm) 
 EDD (mm) 
 ESV (ml) 
 EDV (ml) 
 SIs 
 SID 
 MPI 

 
46±5 
57±6 

107±20 
174±23 

0.55±0.1 
0.60±0.2 
0.52±0.1 

50±7 
59±8 

111±22 
166±23 

0.56±0.1 
0.62±0.1 
0.64±0.1 

46±6 
55±7 

110±23 
171±28 

0.55±0.1 
0.62±0.1 
0.66±0.1 

53±8* 
 65±7* 

141±25* 
190±29* 

0.76±0.1* 
0.80±0.1* 
0.95±0.1* 

 
55±9* 
67±9* 

164±24* 
201±26* 

0.82±0.1* 
0.88±0.1* 
1.01±0.3* 

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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 Group 1 
Normal /Slight 

α'< 29.8°  

Group 2
Mild 

α'≥29.8°<33.4°

Group 3
Moderate 

α' ≥33.4°<36.9° 

Group 4
Moderate-severe
α'≥36.9°<40.1° 

Group 5 
Severe 
α'>40.1°. p

Papillary Muscle  
Displacement 
 Posterior Displacement 
  ALPM (cm) 
  PMPM (cm) 
 Lateral Displacement 
  ALPM (cm) 
  PMPM (cm) 
 PMs separation (cm) 
  WMSI 
   ALPM 
   PMPM 

 
 
 

2.4 ± 0.3 
2.6 ± 0.5 

 
1.3 ± 0.2 
2.0 ± 0.4 
3.3 ± 0.4 

 
1.2 ± 0.1 
2.0 ± 0.3 

 
 

2.5±0.3 
2.5±0.5 

 
1.2±0.3 
1.9±0.3 
3.3±0.4 

 
1.3±0.2 
2.0±0.3 

 
 

2.6±0.3 
2.5±0.5 

 
1.2±0.3 
1.9±0.3 
3.4±0.4 

 
1.3±0.2 
2.0±0.3 

 
 

3.3±0.5* 
2.5±0.5 

 
1.5±0.4* 
2.0±0.3 
3.7±0.6 

 
1.5±0.4* 
2.1±0.3 

 
 
 

3.3 ± 0.5* 
2.5 ± 0.4 

 
1.6 ± 0.4* 
2.0 ± 0.4 
3.6 ± 0.6* 

 
1.5 ± 0.4* 
2.0 ± 0.3 

<0.001
0.87

0.004
0.89
0.01

<0.001
0.9

Continuous variable are presented as mean ± standard deviation; Discrete variables are presented as per-
centage. Non-normal variables are presented as median [Interquartile range]. Abbreviations: Groups, M/F = 
Male/Female; NYHA = New York Heart Association; CCS = Canadian Cardiovascular Society; CPB = Cardio-
pulmonary bypass; CCL =(Aortic )Cross-clamp; CABG = Coronary artery bypass grafting; MR = Mitral Regurgi-
tation; ERO = effective regurgitant orifice (mm2); R = Regurgitant fraction; RV = Regurgitant volume; TA = 
Tenting area; CL = Coaptation length; d = coaptation distance; h = coaptation height; β' = posterior mitral 
leaflet tethering angle; α' = anterior mitral leaflet tethering angle; α'EX = anterior mitral leaflet excursion 
angle; β'EX = posterior mitral leaflet excursion angle; LV = Left ventricle; ESD = End systolic diameter; EDD = 
End diastolic diameter; EDV = End diastolic volume; ESV= End systolic volume; SIS = Systolic Sphericity Index; 
SID = Diastolic Sphericity Index; MPI= Myocardial performance index; ALPM = Antero-lateral papillary muscle; 
PMPM = Postero-medial papillary muscle; PMs = Papillary muscles; WMSI = Wall motion score Index; ns = 
not significant; *significance at post-hoc test vs. Groups 1-3 . †Edwards LifeSciences, Irvine, CA. 

Statistical analysis 

Continuous data were expressed as mean ± standard deviation, non-normal data were 
presented as median and interquartile range (IQR) and categorical variables as fre-
quencies. Variables were compared across α' categories with the ANOVA, Kuskal-Wallis 
and χ2 tests with Tukey and Dunn post-hoc tests, when appropriate. 

Pearson correlation analysis was used to test for univariable linear relationships 
between indices of tethering and postoperative MR recurrence (Regurgitant Volume, 
continuous variable). 

Multivariable logistic regression analysis was performed to assess the effect of 
preoperative tethering on the recurrence of MR. Forty demographic, clinical and echo-
cardiographic parameters were chosen on the basis of our previous experience5. To 
enhance the accuracy of the model, the number of variables was reduced using varia-
ble clustering. Model fit for logistic regression was assessed with the Hosmer-
Lemeshow statistic and predictive accuracy was assessed by the concordance index c. 

For presentation purposes we first analyzed the main effect of preoperative teth-
ering and then we investigated the model adjusted for variables which were recog-
nized as key factors of MR recurrence5, 7. Internal validation of predictors generated by 
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multivariable logistic regression was performed by means of bootstrapping techniques, 
with 1000 cycles and generation of OR and bias corrected 95% CI. 

Finally, to assess whether the predictive value of α' was secondary to other factors 
such as abnormal left ventricular function and geometry, we estimated the effect of α' 
and β' in subgroups which included systolic sphericity index (SIs, cut-off: 0.7), end sys-
tolic volume (ESV, cut-off: 145 ml), myocardial performance index (MPI, cut-off: 0.9), 
wall motion score index (WMSI, cut-off: 1.5) and coaptation height (h, cut-off: 11 
mm)5, 7, 8. For the PML tethering angle was chosen a cut-off ≥ 45 degrees4. The effect of 
the AML tethering angle in each of the subgroups was estimated using logistic regres-
sion and compared to β' ≥ 45. Then we tested for interactions between α' and sub-
group variables employing multivariate general linear model (GLM).  

SPSS 12.0 (SPSS, Chicago, IL, USA) and Stats Direct 2.5.7 (Stats Direct, Sale, UK) 
were used for these calculations. 

Results 

Recurrent mitral regurgitation 

At follow-up, 99 patients (22.7%) showed recurrent MR: it occurred in 39.4% patients 
with severe (n=39), 28.3% moderate-severe (n=28), 15.1% moderate (n=15), 11.1% 
mild (n=11) and 6.1% (n=6) normal/slight AML tethering. Tenting area (TA) was re-
duced preoperatively in Groups 1-3 (2.5 cm2, 2.7 cm2 and 2.7 cm2, respectively, 
p<0.001) whereas it did not change significantly in Groups 4 and 5 (3.8 cm2 and 3.7 cm2 
in Group 4 and 5, respectively, p<0.001 vs. Groups 1-3). Coaptation length (CL) was <8 
mm in all patients in Groups 4-5 (3.9 mm and 3.6 mm, respectively) and it was lower 
than in Groups 1-3 (8.4 mm, 8.4 mm and 8.6 mm, respectively, p<0.001 vs. Groups 1-
3). At follow up 90/99 patients with recurrent MR (90.9%) had asymmetrical tethering 
with an eccentric jet without difference between Groups (p=0.87 and p=0.9, respec-
tively). 

Associations with the outcome 

For all subjects there was a strong correlation between anterior mitral leaflet angle 
and recurrent mitral regurgitation (r=0.83, p<0.001). This correlation was stronger in 
patients with severe AML tethering (r=0.95, p<0.001) than in those with moderate-
severe (r= 0.56, p=0.008), moderate (r=0.55, p=0.01), mild (r=0.50, p=0.03) or slight 
(r=0.31, p=0.04) AML tethering. In contrast, there was a weak correlation between 
PML angle and MR recurrence (r=0.12, p=0.05). Among parameters of leaflet tethering, 
there was a significant correlation between α'/ β'(r=0.88, p<0.001). Furthermore, a 
good correlation was found between α'ex (0.66, p=0.02) and recurrent MR whereas 
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there was a not significant correlation between β'ex and MR recurrence (r=0.09, 
p=0.43).  

At multivariable regression analysis corrected by other echocardiographic risk fac-
tors, AML tethering ≥ moderate-severe (OR 3.6 [3.0-4.0], p<0.001], symmetrical pat-
tern (OR 3.4 [2.8 –5.0], p<0.001) and anterior leaflet excursion angle < 35° (OR 2.0 [1.5-
2.6], p=0.007) were strong predictors of recurrent regurgitation (H-L=0.7, c=0.7). Com-
pared with patients with posterior leaflet tethering ≥ 45 degrees (adjusted OR 1.07 
[0.09- 1.2], p=0.073), those with moderate-severe AML tethering (adjusted OR 1.9 [1.5-
2.5], p=0.044) had 1.7 times higher odds of MR recurrence (Figure 1 A).The increase in 
risk associated with severe AML tethering was > 3.7-fold (OR 4.0 [3.5- 4.6), p<0.001).  
The model proved to be reliable (Hosmer–Lemeshow test, [H-L] p= 0.7) and accurate 
(c-index [c]=0.8). 

When we allowed for interaction between AML tethering angle and other risk fac-
tors (Figure 1 B-C) the predictive value of α′ was significant across a wide spectrum of 
patients and ORs were always higher compared with PML ≥ 45 degrees. This effect 
occurred also in low-risk subgroups and it was equivalent or generally attenuated in 
higher-risk patients. There were no significant interaction between α′ and any of the 
covariates (all, p≥0.05) . 
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Figure 1. A. Odds ratios (OR) and 95% confidence interval (CI) of posterior mitral leaflet tethering angle β' 
and different quintiles of anterior mitral leaflet tethering angle α' in predicting MR recurrence after reduc-
tive annuloplasty. B. Sub-groups analysis: odds ratios (OR) and 95% confidence interval (CI) of moderate-
severe anterior mitral leaflet tethering vs. posterior mitral leaflet tethering angle β' ≥45° in different sub-
groups of patients. C. Sub-groups analysis: odds ratios (OR) and 95% confidence interval (CI) of severe ante-
rior mitral leaflet tethering vs. posterior mitral leaflet tethering angle β' ≥ 45° in different sub-groups of 
patients. 
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Discussion 

This multicenter experience adds to a growing body of literature documenting recur-
rent ischemic mitral regurgitation after undersized mitral annuloplasty and coronary 
artery bypass grafting. The present study builds on these findings by examining the 
real impact of preoperative AML tethering on the recurrence of MR after annuloplasty. 
Clinical data as well further treatment options offered for patients with discovery of 
recurrent MR have not been included. 

In a previous experience5, we have shown that that preoperative AML tethering 
angle ≥ 39.5 degrees had a very high sensitivity and specificity to predict recurrent MR 
after operation whereas the posterior mitral leaflet (PML) tethering was not signifi-
cant. Nonetheless, the altered leaflet geometry and recurrent MR could both repre-
sent the result of abnormal left ventricular function and geometry which may be pri-
mary predictors.  

In the present large multicenter study, the predictive value of AML tethering was 
confirmed. Indeed, compared with patients with posterior leaflet tethering ≥ 45 de-
grees, those with moderate-severe AML tethering had 1.7 times higher odds of MR 
recurrence. The increase in risk associated with severe AML tethering was > 3.7-fold. 
Furthermore, when we allowed for interaction between α' and other risk factors, se-
vere AML tethering was associated with increased recurrence of MR also in patients 
with SIS < 0.7, ESV < 145 ml/m2, MPI < 0.9, WMSI < 1.5 and h < 11 mm. This effect was 
equivalent or generally attenuated in higher-risk patients with significant effect of 
severe AML tethering on outcomes also in low-risk subgroups. Also, we failed to find 
any interaction between α' and other variables and this demonstrates that AML teth-
ering is a primary predictor of MR and its effect is not secondary to left ventricular 
function and geometry. 

Ciarka et al. demonstrated that tethering of both leaflets are associated with re-
current MR9. Nonetheless, the inclusion in the study of 40 patients (37%) receiving a 
cardiac support device, makes it difficult to compare their results with those from our 
study. Furthermore, our findings are in contrast with Kuwahara et al.3 and Magne and 
coworkers4 who showed that the PML tethering angle was a primary predictor of MR. 
Different methods in calculating tethering angle might explain these conflicting results. 
However, this topic deserves further investigation to establish the true impact of both 
leaflets tethering on recurrence of MR. 

Clinical implications 

The clinical implications of the present study are important because they suggest that 
patients with MR recurrence after UMRA for ischemic MR can prospectively be identi-
fied on the basis of preoperative echocardiograms. Hence, our results show that the 
procedure is more likely to fail in patients with AML tethering angle ≥ moderate-
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severe. In such patients, concomitant or alternative surgery addressing the leaflet 
tethering should be considered. We recently started to employ, in these patients, the 
RING plus STRING technique10 which combines the annuloplasty with a repositioning of 
the posterior papillary muscle toward the mid-septal fibrous annulus (or saddle horn) 
in the loaded beating heart. Apart from eliminating the need of aggressive annular 
undersizing, this technique should prevent posterior continued remodeling which has 
been demonstrated to occur after UMRA5, 7. Furthermore, mitral valve replacement 
may play a role in these patients with extreme or unfavorable AML tethering. Howev-
er, long-term data will be necessary to confirm the optimal management in these cir-
cumstances. 

Study limitations 

The main limitations of the present study are its retrospective nature and the lack of 
information on myocardial viability. In the present experience we used only 2 rings 
which are not at all identical, and thus even though we have undersized both rings by 2 
sizes, we might have been less restrictive with the Physio ring than with the Classic ring 
although, in our previous experience7 neither ring type nor ring size were predictive of 
recurrent MR. How LV remodeling and recurrent MR after UMRA are influenced by the 
viability of the revascularized myocardium is object of an ongoing study. Furthermore, 
evaluations were based on 2-D echo measurements that rely on image plane and ge-
ometric assumptions which may not be valid when myocardial infarction affects ven-
tricular shape. 3-D echo reconstruction of the endocardial surface would eliminate the 
need for these assumptions.  

Conclusions 

Preoperative AML tethering is a powerful predictor of MR recurrence after UMRA 
independently of LV geometry and LV dilatation. Assessment of leaflet tethering by 2-D 
echocardiography should be incorporated into clinical risk assessment and prediction 
models. 
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Abstract 

Background: In this multicenter study, we investigated the impact of the pre-operative 
anterior mitral leaflet (AML) tethering angle α' on the recurrence of mitral regurgita-
tion (MR) and left ventricular reverse remodeling (LVRR) after undersized mitral ring 
annuloplasty (UMRA). 
Methods: The study population consisted of 362 patients who were divided into two 
Groups by baseline α': Group 1, α' < 39.5° (n=196); Group 2, α' ≥ 39.5° (n=166). End-
points were: 1) recurrent MR ≥2+, 2) LVRR, defined as a reduction in end-systolic vol-
ume index >15% and 3) left ventricular geometrical reverse remodeling, defined as a 
reduction in systolic sphericity index to a normal value of <0.72 in patients with altered 
baseline geometry.  
Results: MR occurred in 9.6% (n=19) and 43.3% (n=72) of the patients in Group 1 and 
Group 2 respectively (p<0.001). LVRR (85.7% vs. 22.2%) at follow up was higher in 
Group 1 (p<0.001). At multivariable regression analysis anterior tethering angle α′ ≥ 
39.5° was a strong predictor of MR recurrence, lack of LV reverse remodeling and lack 
of LV geometric reverse remodeling (all, p<0.001). In contrast the posterior mitral 
leaflet (PML) tethering angle β' was not significant (all, p>0.05). When we allowed for 
interactions between α′ and other risk factors this effect occurred also in low-risk sub-
groups and it was equivalent or generally attenuated in higher-risk patients. There was 
no significant interaction between α′and any of the covariates (all, p>0.05).  
Conclusions: AML tethering is a powerful predictor of MR recurrence and lack of LVRR 
after UMRA. Evaluation of leaflet tethering should be incorporated into clinical risk 
assessment and prediction models. 
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Introduction 

Undersized Mitral Ring Annuloplasty (UMRA) has long been considered as an effective 
approach to relieve chronic ischemic mitral regurgitation (CIMR). Nonetheless, alt-
hough few groups report encouraging results after UMRA1, residual/recurrent mitral 
regurgitation (MR) is seen in up to 30% of patients in other centers2. These disappoint-
ing results created the need for a better understanding and preoperative assessment 
of mitral valve configuration and left ventricular (LV) geometry and function to im-
prove risk stratification and to allow the identification of patient subgroups that are 
likely to benefit from this procedure.  

Recently, great attention has been paid to baseline leaflet configuration. Nonethe-
less few data are available and published studies show conflicting results3-6 regarding a 
correlation of specific leaflet patterns with unfavorable postoperative outcomes.  

Therefore, in this multicenter study, we investigated the impact of AML tethering 
on the recurrence of mitral regurgitation, left ventricular reverse remodeling (LVRR) 
and decreased global LV sphericity (left ventricular geometrical reverse remodeling, 
LVGRR). 

Methods 

Ethical issue 

Ethical Committee approval was waived due to the retrospective analysis of the study 
according to National laws regulating observational retrospective studies (Italian law 
nr.11960, released on 13/7/2004; Dutch WMO law). However, all patients gave their 
informed consent to access their data for scientific purposes. 

Subjects 

The study population consisted of 391 consecutive patients with CIMR who survived 
combined coronary artery bypass grafting (CABG) and UMRA performed at three Insti-
tutions (Careggi Hospital, Florence, Italy; Civic Hospital, Brescia, Italy; University Hospi-
tal, Maastricht, the Netherlands) between October 2008 and April 2010. CIMR was 
defined as the association of mild-to-severe MR with all the following features: (1) 
prior myocardial infarction (MI)>16 days; (2) 75% or greater stenosis of at least one 
coronary vessel; (3) a corresponding regional wall motion abnormality; (4) type IIIb 
leaflet dysfunction following Carpentier’s classification7 with or without annular dilata-
tion. 

Twenty-nine patients were excluded: 2 had intraoperative annuloplasty failure, 12 
showed residual MR (≥2+ at discharge) and 15 had incomplete echoes available. There-
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fore, the final study population consisted of 362 patients. Other exclusion criteria 
were: 1) degenerative or other non-ischemic etiology; 2) ischemic isolated type I or 
type II dysfunction7; 3) additional mitral valve repair procedures; 4) other valvular or 
congenital heart diseases; 5) previous cardiac surgery or percutaneous coronary angi-
oplasty; 6) atrial fibrillation or sinus rhythm with heart rate at rest > 100 beats/minute. 

One-hundred normal healthy subjects with no history of cardiovascular disease, 
with normal Doppler echocardiographic examination and who had a gender distribu-
tion, age and average body surface area similar to the study patients were controls. 
Median follow up was 14.3 months (Inter-quartile range 9.3-19.1). 

Surgery 

Patients with moderate or severe CIMR (EROA >20mm² and RV > 30 ml) were sched-
uled for operation. When MR was 2/4, surgery was indicated: 1) in the presence of a 
dilated LV (end-diastolic volume >110 mL/m²) or low EF (<0.35), as in the case of dilat-
ed cardiomyopathy; 2) in patients with an increase of EROA>13 mm² at transthoracic 
echocardiographic exercise test; 3) in ischemic patients with fluctuating MR showing a 
MR ≥3 after intraoperative loading test. 

All patients underwent associated CABG. For the purposes of this study, complete 
revascularization was accomplished when at least one graft was placed distal to an 
approximately 50% diameter narrowing in each of the three major vascular system in 
which arterial narrowing of this severity was noted in a vessel ≥ 1.5 mm of diameter. It 
was not considered necessary to bypass all obstructed diagonal branches of the ante-
rior descending or marginal branches of the circumflex coronary arteries for a classifi-
cation of complete revascularization. Following this definition 100% patients under-
went complete revascularization. The ring size was determined by standard measure-
ments of the inter-trigonal distance and anterior leaflet height. A downsizing by two 
ring sizes was performed in all patients.  

Echocardiographic measurements 

Two-dimensional and Doppler transthoracic echocardiography examinations were 
performed using a commercially available echocardiographic system (IE 33, Philips 
Medical System, Amsterdam, The Netherlands). The clinical echocardiographic evalua-
tion was as follows: a transthoracic echocardiogram (TTE) and a transesophageal echo-
cardiogram (TEE) were performed within 5 days before surgery and serial TTE were 
performed annually thereafter. Echo examinations were carried out by experienced 
echocardiographers (S.C., E.V., E.C.) and stored on a magneto-optical disc for off-line 
analysis. Measurements and calculations were made off line by to cardiologists (F.L 
and C.M.R.) blinded to the aims of the study. The reliability of echocardiographic 
measurements was assessed by calculating inter-observer and intra-observer intervals 
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of agreement of main direct measures used in this study in 20 subjects randomly cho-
sen among the study patients (Table 1).  
 
Table 1. Bland –Altman limits of agreement for intra-observer and inter-observer variability. 

Variable Mean
difference 

Standard
deviation 

95% limits 
of agreement 

α' (°) Intra-observer (FL) 
Intra-observer(CMR) 
Inter observer 

1.2
1.2 
1.6 

0.9
1.0 
1.2 

-2.2-3.1 
-1.8-3.2 
-2.3-4.0 

β' (°) Intra-observer (FL) 
Intra-observer(CMR) 
Inter observer 

1.5
1.5 
1.9 

0.9
1.1 
1.5 

-2.0-4.4 
-2.8-4.9 
-3.5-5.3 

h (mm) Intra-observer (FL) 
Intra-observer(CMR) 
Inter observer 

0.1
0.2 
0.2 

0.3
0.1 
0.1 

-0.2-0.5 
-0.4-0.8 
-0.3-0.7 

Intra-observer and inter-observer relative differences were <5% for all parameters. The Bland-Altman meth-
od showed excellent agreement between intra-observer and inter-observer measurements in both low and 
high values of echocardiographic parameters. Observers: observer 1: Fabiana Lucà (FL); observer 2: Carmelo 
Massimiliano Rao (CMR). Inter-observer (observer 1- observer 2).  
Abbreviations: α'=Anterior mitral leaflet tethering angle, β'=Posterior mitral leaflet tethering angle; h: 
coaptation height.  

Mitral regurgitation assessment 

The following quantitative measurements were simultaneously employed to grade the 
severity of MR: 1) Pulsed-wave Doppler (PW-D) and 2) Proximal Isovelocity Surface 
Area (PISA). When the evidence from different parameters were congruent, the meas-
urements were averaged allowing calculation of regurgitant volume (RV), regurgitant 
fraction (RF) and effective regurgitant orifice area (EROA)8. When different parameters 
were contradictory PISA was chosen in case of central jet or in presence of calcific 
mitral valve/mitral annulus whereas PW-D was preferred when the jet was eccentric or 
multiple8. For each measurement, a minimum of three cardiac cycles were averaged. 
In patients with no or trivial MR by color Doppler, RV and RF were used as calculated, 
and ERO was assumed as null. The respective thresholds for mild, moderate and severe 
MR followed American Society of Echocardiography (ASE) recommendations. When 
the two methods gave contradictory results, the PISA method was preferred in case of 
central regurgitant jets or in presence of calcific mitral valve/mitral annulus whereas 
the pulsed-wave Doppler was chosen in presence of eccentric jets or multiple jets8. 

Recurrent mitral regurgitation at latest follow up was defined as insufficiency ≥ 2+ 
in patients with no/trivial MR at discharge. 
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Measurement of leaflet tethering  

Mitral valve configuration was assessed in mid-systole using the parasternal long-axis 
and 4-chamber views. The AML tethering angle α' (Figure 1 A), the PML tethering angle 
β' (Figure 1 B) and the bending angle γ (Figure 1 C) were directly measured with specif-
ic software (Philips DICOM Viewer, Philips Medical System, Amsterdam, The Nether-
lands). The excursion angles α'ex and β'ex were calculated as the difference between 
AML and PML angles in systole and diastole. The anterior/posterior tethering angle 
ratio α'/β' was a quantitative measurement of tethering: the more this ratio was ap-
proaching 1 the more symmetric was the tethering. 

The tenting area (TA) was measured by the area enclosed between the annular 
plane and mitral leaflets from the parasternal long-axis view at mid-systole. The coap-
tation height (h) was measured as the perpendicular distance between the coaptation 
point of the mitral leaflets and the line connecting the annular hinge points in the long 
axis view at end-systole. The coaptation length (CL) was measured as the length of 
apposition of the anterior and posterior mitral leaflets. The coaptation distance (d) was 
measured (along the annular plane) from the anterior leaflet attachment to the point 
of coaptation. 
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Figure 1. Geometrical mitral valve evaluation in 
mid-systole. A) The tethering of the anterior 
mitral leaflet was assessed by measuring the 
angle α′ between the annular plane (AP) and the 
anterior mitral leaflet (AML). B) The tethering of 
the posterior mitral leaflet was assessed by 
measuring the angle β′ between the angular 
plane (AP) and the posterior mitral leaflet (PML). 
C) The bending angle γ was measured as the 
angle between the bending distance AB ( from 
the anterior annulus to the bending point B 
created by the tethering of intermediate or strut 
chordae in the body of the anterior leaflet) and 
the distance BC from the bending point to the 
coaptation point C. 

LV remodeling and LV function 

LV volumes and left ventricular ejection fraction (LVEF) were assessed by the bi-apical 
Simpson disk method9. Left Ventricular Reverse Remodeling (LVRR) was defined as a 
reduction in end-systolic volume index (ESVI) >15% at latest echo compared with base-
line volume10. Sphericity indexes were obtained at end diastole and end systole (SID 
and SIS, respectively) as the volume of the left ventricle divided by the volume of a 
sphere with a diameter equal to the longest axis of the left ventricle measured in the 
apical view11. Left Ventricular Geometrical Reverse Remodeling (LVGRR) was defined 
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as a reduction in SIS to a value < 0.72 (mean value in healthy controls) at latest echo-
cardiogram in patients with altered baseline geometry. The myocardial performance 
index (MPI) was measured using the method described by Tei et al12.  

Papillary muscles (PMs) displacement 

The displacement of papillary muscle was quantified as distances from well-defined 
anatomic landmarks at early and end systole. From the parasternal short-axis view, the 
geometric chord defined by the intersection of the right and left ventricles ("septal 
insertions") and the mid-septal perpendicular line were used as references. Lateral and 
inferior displacements of anterior and posterior papillary muscles were measured as 
distances from these fixed references (Figure 2 A-B). Separation between papillary 
muscles was directly measured.  

The lengths between anterolateral papillary muscle (ALPM) and posteromedial 
papillary muscle (PMPM) tips and the contralateral anterior mitral annulus (l1 and l2, 
respectively) was also measured in mid-systole in the apical 4- and 2-chamber views by 
using the anterior mitral annulus as a reference point to estimate outward PM dis-
placement (Figure 2 B-C)13. 
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Figure 2. A) Measurement of posterior dislocation of papillary muscles: from the parasternal short-axis view, 
the geometric chord defined by the intersection of the right and left ventricles (line AB) and the mid-septal 
perpendicular line (CD) were used as references. Posterior displacement of anterior and posterior papillary
muscles were measured as distances from the line AB. (dashed lines a, a’). B) Measurement of lateral dislo-
cation of papillary muscles: from the parasternal short-axis view, the geometric chord defined by the inter-
section of the right and left ventricles (line AB) and the mid-septal perpendicular line (CD) were used as 
references. Lateral displacement of anterior and posterior papillary muscles were measured as distances 
from the line CD. (dashed lines b, b’). C) Measurement of the length l1 between anterolateral papillary muscle 
(ALPM) and contra lateral anterior mitral annulus. D) Measurement of the length l2 between posterior medi-
al papillary muscle (PMPM) and anterior mitral annulus (see text). 

Patient classification 

Patients were divided by baseline measurements of AML tethering angle α' into two 
Groups: Group 1, α' < 39.5° (< severe AML tethering, n=196) and Group 2, α' ≥ 39.5° (≥ 
severe AML tethering, n=166). The cut-off was chosen on the basis of our previous 
experience4 . For comparisons, a PML tethering angle cut-off ≥45 degrees was chosen5. 

Patient characteristics are summarized in Table 2. Patients in Group 2 had larger 
LV diameters and volumes , more spherical ventricles and lower LVEF. No other differ-
ence was found in baseline demographics and operative variables between Groups.  
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 Group 1
α' < 39.5° 
n = 196 

Group 2
α' ≥ 39.5° 
n = 166 

 
 

p 
Age, y 65.5± 6.6 66.0± 8.1 0.9 
Gender M/F 109/87 (55.6/44.4) 90/76 (54.2/45.8) 0.7 
NYHA class 3 [3-4] 3 [3-4] >0.9 
CCS angina class 2 [1-3] 2 [1-3] >0.9 
Euroscore 
 Additive 
 Logistic 

8.3 [6-10.8] 
 13.4 [9.2-14.9] 

9.5 [7.3-11.4] 
15.9 [10.2-18.0] 

 
0.08 
0.07 

Hypertension 72 (36.7) 55 (40.9) 0.4 
Diabetes 54 (27.5) 42 (25.3) 0.3 
COPD 24 (12.2) 23 (13.8) 0.6 
Chronic renal disease 30 (15.3) 25 (15.0) 0.8 
Cerebral vascular disease 24 (12.2) 14 (10.2) 0.07 
Peripheral vascular disease 18 (9.2) 19 (11.4) 0.06 
Familiar history 101 (51.5) 90 (54.2) 0.4 
Myocardial infarction 
 Inferior/Posterior 
 Anterior/Septal 
 Lateral 
 Combined 

84 (42.8) 
9 (4.6) 

13 (6.7) 
90 (45.9) 

60 (36.1) 
7 (4.2) 

11 (6.7) 
88 (53.0) 

 
 

0.09 

Coronary vessel disease  
 Left Main 

2 [2-3]
43 (21.9) 

2 [2-3]
34 (20.4) 

>0.9 
0.8 

Medications 
 Angiotensin-converting enzyme inhibitors 
 Β-adrenergic blockers 
 Long-acting nitrates 
 Diuretics 
 Calcium antagonists 

165 (84.1) 
103 (52.5) 
87 (44.3) 

166 (84.6) 
29 (14.7) 

140 (84.3 ) 
95 (57.2) 
74 (44.5) 

146 (87.9) 
21 (12.6) 

 
 
 

0.7 

Preoperative IABP 15 (7.6) 19 (11.4) 0.06 
LVEF 50±12 41±9 0.01 
EDD 57±6 66±9 0.02 
ESD 49±7 56±9 0.03 
ESVI 41±6 54±8 0.009 
EDVI 87±9 100±16 <0.001 
SIS 0.68±0.1 0.75±0.1 <0.001 
SID 0.74±0.1 0.81±0.1 <0.001 
Surgery  
 CPB time (min) 
 CCL time (min) 
 Mitral Ring size (mm) 
  24 mm 
  26 mm 
  28 mm 
  30 mm  
CABG 
 Anastomoses/patient 
 Arterial graft/patient 

106 [89-125] 
85 [70-106] 
28 [26-28] 
 11 (5.6) 
74 (37.7) 
89 (45.5) 
22 (11.2) 

 
2[2-3] 
1 [1-2] 

118 [97-135] 
90 [76-121] 
28 [26-28] 
 11 (6.6) 
61 (36.8) 
74 (44.6) 
20 (12.0) 

 
2[2-3] 
1 [1-2] 

 
0.06 
0.06 

 
 

>0.9 
 
 
 

>0.9 
>0.9 

Table 2. Patient profile (n=362) 
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Abbreviations: M/F = Male/Female; NYHA = New York Heart Association; CCS = Canadian Cardiovascular 
Society; COPD = Chronic obstructive pulmonary disease; IABP= Intra-aortic balloon pump; LVEF = left ven-
tricular ejection fraction (%); EDD = End-diastolic diameter (mm); ESD = End-systolic diameter (mm); ESVI = 
End-systolic Volume Index; EDVI = End-diastolic Volume Index (ml/m2); SIS: = Systolic sphericity Index; SID = 
diastolic sphericity Index; CPB = Cardiopulmonary bypass; CCL = (Aortic) Cross-clamp time; CABG = Coronary 
artery bypass grafting. 

Statistical analysis 

Variables were tested for normal distribution by the Kolmogorov-Smirnov test. Contin-
uous data were expressed as mean ± standard deviation; non-normal data were pre-
sented as median and interquartile range (IQR) and frequencies as proportions. Varia-
bles were compared with t-test, Mann-Whitney and χ2 tests, when appropriate. 

Multivariable logistic regression analysis was performed to assess the effect of 
preoperative AML tethering on end-points. Forty demographic, clinical and echocardi-
ographic parameters were investigated for their predictive value. To enhance the accu-
racy of the model, the number of variables was reduced using variable clustering14 
until the number of variables to use as candidate in the regression analysis was ≤ m/10 
where for binary outcomes m is the number of patients in the less frequent outcome 
category15. Model fit for logistic regression was assessed with the Hosmer-Lemeshow 
statistic and predictive accuracy was assessed by the concordance index c16. 

The model adjusted for variables which were recognized as key factors of MR re-
currence17-20. Internal validation of predictors generated by multivariable logistic re-
gression was performed by means of bootstrapping techniques, with 1000 cycles and 
generation of OR and bias corrected 95% CI. 

Finally, to assess whether the predictive value of α' was secondary to other factors 
such as abnormal left ventricular function and geometry, we estimated the effect of α' 
and β' in subgroups which included systolic sphericity index (SIS, cut-off 0.8), end sys-
tolic volume Index (ESVI, cut-off 45 ml/m2), myocardial performance index (MPI, cut-
off 0.9), wall motion score index (WMS, cut-off 1.5) and coaptation height (h, cut-off 
11 mm). First, we estimated the effect of AML tethering in each of the subgroups. Then 
we tested for interactions between α' and subgroup variables employing multivariate 
general linear model (GLM). 

SPSS 12.0 (SPSS, Chicago, IL, USA) and Stats Direct 2.5.7 (Stats Direct, Sale, UK) 
were used for these calculations. 

Continuous variables are presented as mean ± standard deviation. Discrete variables are presented as per-
centages. Non-parametric variables are presented as median [Interquartile range].  
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Results 

Recurrent mitral regurgitation and Leaflet tethering  

Data of mitral regurgitation are shown in Table 3. Patients in Group 1 showed a more 
asymmetrical pattern with a jet direction which was eccentric in most patients where-
as in Group 2 the preoperative jet direction was central in the majority of patients. At 
latest follow-up, 91 patients (25.1%) showed recurrent MR: it occurred more frequent-
ly in Patients in Group 2 (Figure 3 A-D). 
 

Figure 3. A) Patient belonging to the Group 1 (α’ = 31.6) with an eccentric regurgitant jet. B) The same pa-
tient as in FIG 3A at follow up showed no recurrent mitral regurgitation. C) Patient belonging to the Group 2 
(α’ = 41.1) with a central regurgitant jet. D) Recurrent MR occurred more frequently in Patients in Group 2. 
The figure shows the same patient as in FIG 3C at follow up with recurrent mitral regurgitation. The anterior 
leaflet tethering angle α′ significantly decreased still remaining higher in Group 2 (p=0.001), whereas the
excursion angle α′ex increased in both Groups, but it was significantly lower in Group 2 (p=0.03). In contrast, 
the posterior leaflet tethering angle β′ increased in both groups whereas the excursion angle β′ ex reduced 
significantly in both Groups without any significant difference between them. Finally, the bending angle γ
increased significantly in Group 1 whereas it did not change significantly in Group 2. 
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Table 3. Mitral Regurgitation (n=362) 

  
Controls  
n = 100 

Group 1
α' < 39.5° 
n = 196 

Group 2 
α' ≥ 39.5° 
n = 166 

  Preoperative Follow up p Preoperative Follow up p 

MR 
 Grade 
 None 
 1 + 
 2 + 
 3 + 
 4 + 

 
0 [0-1] 

62 (62.0) 
38 (38.0) 

- 
- 
- 

3 [3-4] * 
- 
- 

29 (14.7) 
122 (62.4) 
45 (22.9) 

0 [0-1] 
161 (82.1) 

16 (8.2) 
16 (8.2) 
3 (1.5) 

- 

<0.001
 
 
 

3 [3-4] * 
- 
- 

26 (15.7) 
100 (60.7) 
40 (24.0) 

 
2 [1-2]* † 
25 (15.1) 
69 (41.5) 
52 (31.4) 
 11 (6.6) 
9 (5.4) 

 
0.002

Direction of regurgitant jet 
 Central 
 Anterior 
 Posterior 
 Complex 

 
- 
- 
- 
- 

17 (8.7) 
21 (10.7) 

131 (66.8) 
27 (13.8) 

- 
- 

17 (89.4) 
2 (10.6) 

<0.001 104 (62.7) † 
 15 (9.0) 

 21(12.7) † 
26 (15.6) 

 
1 (1.4) 
1(1.4) 

68 (94.4) 
2 (2.8) 

 
 
<0.001

ERO (mm2) 
RF (%) 
RV (ml/beat) 
TA (cm2) 
CL(mm) 
d (mm) 
h (mm) 

- 
- 
- 

0.8±0.2 
8.2±0.3 

28.2±7.0 
7.0±3.1 

35.3±10.2
43.3±9.4 

54.9±11.7 
3.2±1.1* 
4.0±0.6* 

35.4±7.3* 
10.0±1.9* 

-
- 
- 

1.9±0.3* 
8.6±0.3 

31.4±5.6* 
8.3±0.8 

-
- 
- 

<0.001
<0.001

0.43
0.03

39.4±11.7
46.6±13.4 
57.1±14.6 
4.2±1.1*† 
3.2±0.3*† 
36.8±6.1* 
13.2±2.2*† 

27.7±10.3 
32.4±12.6 
38.2±13.4 

2.8±1*† 
4.0±0.3*† 

38.7±8.4*† 
11.7±1.6*† 

0.05
0.04
0.02

<0.001
0.8

0.65
0.2

Mitral Leaflet Tethering
 β' (°) 
 α'(°) 
 α'/ β' 
 γ(°) 
 α'EX(°) 
 β'EX(°) 

 
34.2±6.2 
23.9±3.1 
0.70±0.4 

152.1±13.2 
42.4±4.3 
24.9±3.3 

52.0±10.1* 
33.8±4.4* 
0.65±0.1* 

140.2±10.3* 
36.6±4.2* 
14.2±2.7* 

60.3±12.1* 
26.1±3.5* 
0.50±0.1* 

151.1±11.4 
43.5±4.9 
8.9±1.2* 

<0.001
<0.006
<0.001

0.02
0.02

0.004

50.6±12.2* 
40.4±6.0* 
0.80±0.1*† 

129.3±6.4*† 
27.2±3.3*† 
13.9±4.3* 

 
60.1±14.4* 
33.0±4.4 
0.55±0.2* 

121.5±5.3*† 
38.9±5.2*† 
9.2±1.7* 

<0.001
0.01

<0.001
0.08

0.007
0.01

Continuous variables are presented as mean ± standard deviation. Non-parametric variables are presented 
as median [Interquartile range]. P = significance at paired t test; * Significance vs. controls at unpaired t test;† 
significance vs. Group 1at unpaired t test.  
Abbreviations: MR = Mitral Regurgitation; ERO = effective regurgitant orifice; RF = Regurgitant fraction; RV = 
Regurgitant volume; TA = Tenting area; CL = Coaptation length; d = coaptation distance; h = coaptation 
height; β' = posterior mitral leaflet tethering angle; α' = anterior mitral leaflet tethering angle; γ = bending 
angle; α'EX = anterior mitral leaflet excursion angle; β'EX = posterior mitral leaflet excursion angle. 

Papillary muscle displacement 

As shown in Table 4, patients in Group 1 had higher PMPM apical displacement 
(p<0.001) whereas patients in Group 2 had preoperatively greater posterior, lateral 
and apical displacement of ALPM (all, p<0.001) and a wider papillary muscle separation 
(p<0.001). Posterior and lateral displacement of the PLPM were comparable between 
both Groups. 

At follow-up, indices of posterior (p=0.003), lateral (p=0.002) and apical (p=0.01), 
displacement of the anterior papillary muscle and PMS separation (p=0.004) reduced 
significantly from the preoperative value only in Groups 1, whereas all remained stable 
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in patients in Group 2 with values significantly higher (all, p<0.001). Indexes of posteri-
or (p=0.001, p<0.001) and lateral (p=0.003 and p<0.001) displacement of the PMPM 
increased significantly in both Groups at follow-up whereas apical displacement of 
PMPM did not change in both Groups. 
 
Table 4. Papillary Muscle Displacement (n=362) 

 Controls 
 

n = 100 

Group 1
α' < 39.5° 
n = 196 

Group 2 
α' ≥ 39.5° 
n = 166 

  Preoperative Follow up p Preoperative Follow up p 

Posterior Displacement 
 ALPM (cm) 
 PMPM (cm) 

 
1.9 ± 0.2 
1.8 ± 0.2 

2.4 ± 0.3* 
2.6 ± 0.5* 

2.2 ± 0.2*

2.8 ± 0.3*
0.003
0.001

3.2 ± 0.4*† 
2.5 ± 0.4* 

 
3.3 ± 0.4*† 
2.8 ± 0.4* 

 
0.79

< 0.001
Lateral Displacement 
 ALPM (cm) 
 PMPM (cm) 

 
1.0 ± 0.2 
1.3 ± 0.2 

1.3 ± 0.2* 
2.0 ± 0.4* 

1.1 ± 0.1*

2.4 ± 0.3*
0.002
0.003

1.6 ± 0.3*† 
2.0 ± 0.4* 

 
1.6 ± 0.3*† 
2.4 ± 0.4* 

 
0.9

< 0.001
Apical Displacement 
 ALPM (l1, cm) 
 PMPM (l2, cm) 

 
3.3 ± 0.2 
3.3 ± 0.2 

3.5 ± 0.2* 
3.6 ± 0.4* 

3.3 ± 0.2*

3.6 ± 0.2*
0.01
0.89

3.7 ± 0.4*† 
3.4 ± 0.3*† 

 
3.7 ± 0.4*† 
3.4 ± 0.3* 

 
0.9

0.89
PMs separation (cm) 2.3 ± 0.3 3.3 ± 0.4* 3.1 ± 0.2* 0.004 3.6 ± 0.6*† 3.7 ± 0.6*† 0.68

Continuous variables are presented as mean ± standard deviation. Non-parametric variables are presented 
as median [Interquartile range].* Significance vs. controls; † significance vs. Group 1.  
Abbreviations: ALM = Anterolateral papillary muscle; PMPM = Posteromedial papillary muscle; PMs = Papil-
lary muscles. 

LV reverse remodeling, LV geometrical reverse remodeling and LV function  

In patients in Group 1 ESVI decreased significantly at follow up while in Group 2 it in-
creased at latest control (Figure 4 A). Changes in end-diastolic volume index showed 
the same tendency to ESVI (Figure 4 B). When the degree of LV reverse remodeling at 
follow up was compared in the two groups (Figure 4 C) it was significantly higher in 
Group 1 (p<0.001). 

At follow up, systolic and diastolic sphericity indexes reduced significantly in Group 
1 (SIS, 0.58 ± 0.1, p<0.001; SID, 0.64 ± 0.1, p<0.001), whereas these indexes increased in 
Group 2 (SIS, 0.80 ± 0.1, p=0.02; SID, 0.88 ± 0.1, p=0.01). The degree of geometrical 
reverse remodeling at follow up was significantly higher compared in Group 1 (Figure 4 
D).  
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Figure 4. A) End Systolic Volume Index (ESVI) with 95% confidence Interval (error bars) at baseline and follow
up. B) End Diastolic Volume Index (EDVI) with 95% confidence Interval (error bars) at baseline and follow up.
C) Percentage of left Ventricular Reverse Remodeling (LVRR, %) in the two Groups. D) Left Ventricular Geo-
metrical Reverse Remodeling (LVGRR, %) defined as reduction in systolic sphericity index to a value < 0.72 at 
latest echocardiogram among 40 patients in Group 1 and 158 in Group 2 with altered baseline geometry. 

Association of pre-operative AML tethering with MR recurrence and lack of LV 
reverse remodeling 

At multivariable regression analysis anterior tethering angle α′ ≥ 39.5° was a strong 
negative predictor of MR recurrence, lack of LV reverse remodeling and lack of LV 
geometric reverse remodeling (Table 5). Compared with patients with posterior leaflet 
tethering ≥ 45 degrees , an α′ ≥ 39.5° carried a >3-fold increase in MR recurrence and 
>4-fold increase in continued remodeling and continued spherical remodeling. Com-
pared with patients with α′ < 39.5° the increase in risk associated with severe AML 
tethering was > 3-fold for MR recurrence, >4fold for lack of LVRR and >5-fold for lack of 
LV geometrical remodeling. Models proved to be reliable and accurate (Table 5) .  

When we allowed for interactions between α′ and other risk factors (Figure 5 A-C), 
the predictive value of α′ was significant across a wide spectrum of patients. This effect 
also occurred in low-risk subgroups and it was equivalent or generally attenuated in 
higher-risk patients. There were no significant interactions between α′ ≥ 39.5° and any 
of the covariates. (all, p>0.05).  
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Table 5. Relationship of tethering angles and major end-points.  

 β' ≥45° α' <39.5° α' ≥39.5° 

 OR (95%CI) p OR (95%CI) p OR (95%CI) p 

*MR Recurrence 0.94 (0.45-1.42) 0.079 0.88 (0.31-1.43) 0.009 3.06 (2.51-3.64)  <0.001 
†Lack of LVRR 1.03 (0.51-1.57) 0.06 0.85 (0.38-1.40) 0.1 4.15 (3.59-4.74) <0.001 
‡ Lack of LVGRR 0.98 (0.50-1.52) 0.06 0.83 (0.37-1.39) 0.36 4.80 (4.24-5.46) <0.001 

Abbreviations: MR = Mitral Regurgitation; LVRR = Left ventricular reverse remodeling; LVGRR = Left ventricu-
lar geometrical reverse remodeling; α' = Anterior mitral leaflet angle; β' = Posterior mitral leaflet angle OR = 
Odds Ratio; CI = Confidence Interval: Models validation. *Hosmer–Lemeshow test, [H-L] = 0.7, c-index [c] = 
0.8 . †H-L = 0.9, c = 0.7 ; ‡H-L = 0.8, c = 0.7. 
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Figure 5. Sub-groups analyses. A) Recurrent Mitral Regurgitation (MR): odds ratios (OR) and 95% confidence
interval (CI) of α′ ≥ 39.5° vs. α′ < 39.5° in different sub-groups of patients. B) Left Ventricular Reverse Re-
modeling (LVRR): odds ratios (OR) and 95% confidence interval (CI) of α′ ≥ 39.5° vs. α′ < 39.5° in different 
sub-groups of patients. C) Left Ventricular Geometric Reverse Remodeling (LVGRR): odds ratios (OR) and
95% confidence interval (CI) of α′ ≥ 39.5° vs. α′ < 39.5° in different sub-groups of patients. 
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Discussion  

The mechanism of chronic ischemic mitral regurgitation (CIMR) is complex and in-
volves the left ventricular remodeling with increased sphericity and displacement of 
both papillary muscles. All of these functional phenomena cause valve leaflet tethering 
by the outward displacement of the papillary muscles and annular dilatation, resulting 
in mal-coaptation of the leaflets2. CIMR continues to be a complex surgical problem for 
which a reproducible and reliable surgical correction is yet to be found. Undersized 
mitral ring annuloplasty (UMRA) has been successfully used for more than a decade 
and has been accepted as an effective means for immediate improvement in valve 
function21. Despite the enthusiasm for a low perioperative mortality rate, a positive 
effect on survival and functional symptomatic status, a number of studies have clearly 
demonstrated that UMRA is subject to variable rates of recurrence2, 22, related to con-
tinued adverse LV remodeling and ensuing worsening of leaflet tethering5, 22. However, 
recent studies have confirmed that some CIMR patients may benefit from UMRA1, thus 
the search for preoperative parameters which may predict surgical failure continues. 

More recently, attention has been drawn to preoperative leaflet configuration to 
predict MR recurrence and outcomes. Nonetheless, published data are conflicting3-5 

and it is still unclear whether a specific leaflet configuration is related to unfavorable 
outcomes.  

The purpose of this multicenter study was to investigate the influence of preoper-
ative leaflet tethering patterns on main outcomes after UMRA. We studied the relation 
between anterior leaflet tethering and the recurrence of mitral regurgitation. Fur-
thermore we analyzed its influence on postoperative normalization of LV volume and 
geometry. Indeed, it is well known that the shape of the LV wall plays an important 
role in the pathophysiology of ischemic cardiomyopathy and CIMR. Thus the attenua-
tion or reversal of geometric LV remodeling is an important aim in the treatment of 
CIMR. The impact of preoperative AML tethering on main outcomes was compared to 
that of PML ≥45 degrees which, in previous studies, were shown to predict MR persis-
tence and worse outcomes after restrictive annuloplasty23.  

Furthermore, the influence of AML tethering could be secondary to altered LV ge-
ometry and recurrent MR may represent both the result of abnormal left ventricular 
function and shape which may be primary predictors. For this purpose, we allowed for 
interaction between AML tethering angle and other risk factors to explore significant 
interactions with these variables and to test the false hypothesis that the effect of AML 
tethering on main outcomes is increased only in high-risk sub-categories.  

The main findings of this study can be summarized as follows: 
First, this large multicenter study confirmed our previous experience4, demonstrat-

ing that preoperative anterior tethering angle α' ≥ 39.5° accurately predicts recurrence 
of MR after undersized annuloplasty and coronary artery bypass grafting. Indeed, 
compared with patients with α′ < 39.5° the increase in risk associated with severe AML 
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tethering was > 3-fold. The risk was 3.24 times higher compared to those patients with 
significant PML tethering (PML angle ≥ 45°). In our analysis residual MR was excluded. 
Persistent/residual MR is presumably due to immediate failure of the technique em-
ployed rather than LV remodeling24 and it is not surprising that regurgitation persists at 
late follow up in these patients. This might partly explain different results with pub-
lished studies that reached different conclusions. Other explanations may be that most 
of these studies included small numbers of patients and that MR severity was quanti-
tatively evaluated only with the use of vena contracta width and not by PISA or volu-
metric methods3-5.  

Second, in our experience α' ≥ 39.5° was a strong independent predictor of lack of 
left ventricular reverse remodeling (LVRR) as well as left ventricular geometrical re-
verse remodeling (LVGRR). Patients with severe preoperative AML tethering showed a 
>4 times and >5 times higher odds for lack of LVRR and LVGRR , respectively, compared 
to those with α′ <39.5°. Odds were >4 higher for both lack of LVRR and LVGRR, com-
pared to those with PML angle ≥ 45 degrees. However, it is not clear how an “annular 
solution to a ventricular problem" may influence LV reverse remodeling. Bolling et al25 
suggested that the small ring would decrease LV wall stress by remodeling the base of 
the heart and restoring a more elliptical shape to the LV cavity. He also opined that 
undersized ring annuloplasty achieves sufficient acute geometrical remodeling to begin 
a slower process of "auto-remodeling" over time. Power et al26 hypothesized that even 
a small reduction in LV workload might allow reverse remodeling to occur and showed 
that even passive ventricular restraint was sufficient to attenuate LV dilation and pro-
gressive functional decline in an experimental heart failure model. Takeda et al27 
demonstrated that decrease in afterload after reduction in volume overload was re-
sponsible for LVRR process after UMRA. To the best of our knowledge, ours is the first 
study to associate preoperative tethering with postoperative reduction in volume and 
geometry. 

Third, when we allowed for interaction between α' ≥ 39.5° and other risk factors, 
severe AML tethering was associated with increased recurrence of MR also in patients 
with SIS< 0.80, ESVI<45 ml/m2, MPI<0.9, WMSI <1.5 and h<11 mm. This effect was 
equivalent or generally attenuated in higher-risk patients and it was observed also in 
the sub-analysis of LVRR and LVGRR with the significant effect of severe AML tethering 
on outcomes also in low-risk subgroups. Furthermore, we failed to find any interaction 
between α' ≥ 39.5° and other variables.  

Fourth, patients with severe AML tethering had higher displacement (posterior, 
lateral and apical) of the ALPM and a higher WMSI at the level of the anterior papillary 
muscle. It is not clear why AML tethering is associated with ALPM displacement and 
why ALPM displacement does not affect PML tethering, since the AML is attached by 
chordae to both ALPM and PMPM. As stated by Nielsen28 “Functional MR appears in an 
orchestra of geometric and hemodynamic variables that accompany acute and chronic 
LV dysfunction”. The number of variables is too high to predict changes that reflect on 
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leaflets function in advance28, 29. We might postulate that this different effect on leaf-
lets is the result of a series of factors28, 29 such as: 1) the absence of 3rd order chordae 
in AML: the presence of these chordae on PML contributes to its decreased mobility 
relative to AML; 2) the chordae that tether the PML are aligned parallel to each other, 
while the AML chordae are inserted obliquely on either side s of the leaflet; 3) PM 
chords are shorter (0.6-1.5 cm vs. 1.32-2.39 cm) and thicker (0.11-0.93 mm vs. 1.41-
1.76); 4) The unequal size results in a different distribution of tethering forces; 5) the 
variability in number of chordae; 6) Chordal force distribution determines systolic 
mitral leaflet configuration and the severity of functional MR. 

Fifth, in accordance with published data30, our findings show that, in the postoper-
ative period, there is an increased PMPM-to-annulus tethering length after PMPM 
displacement in lateral and posterior direction rather than in apical direction along the 
left ventricular long axis. The lateral and posterior shift of the papillary muscle redi-
rects papillary muscle tension away from the axial direction diverting the leaflets away 
from closure.  

Clinical implications 

The clinical implications of the present study are important because they suggest that 
patients with MR recurrence after UMRA for ischemic MR can prospectively be identi-
fied on the basis of preoperative echocardiograms. Hence, our results show that the 
procedure is more likely to fail in patients with α' ≥ 39.5°. In such patients, concomi-
tant or alternative surgery addressing the leaflet tethering should be considered. In 
patients with α' ≥ 39.5° and symmetric tethering we perform UMRA with adjunctive 
PM repositioning under transesophageal echocardiography guidance in the loaded 
beating heart using a trans-ventricular suture (STRING). The RING plus STRING proce-
dure31 apart from eliminating the need for aggressive annular undersizing, is expected 
to prevent continued remodeling which is mainly related to failure after UMRA22. De-
spite encouraging preliminary results, long-term data will be necessary to confirm the 
effectiveness of this procedure. 

Study limitations 

The main limitations of the present study are its retrospective nature and the lack of 
information on myocardial viability. Indeed, both left ventricular remodeling and re-
current MR after mitral annuloplasty would be expected to be influenced by the ade-
quacy of revascularization, the viability of the revascularized myocardium and medical 
therapy. Complete revascularization was defined from a surgical perspective but we 
did not have data about myocardial scar and myocardial perfusion following surgery. 
We are collecting data and these issues will be the subject of an on-going study. Fur-
thermore, postoperative medical therapy (especially afterload-reducing therapy, beta-
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adrenergic antagonists, and diuretic therapy) which may have significantly influenced 
outcomes, has not been evaluated in our analysis.  

Finally echocardiographic evaluations were based on 2-D echo measurements that 
rely on image plane and geometric assumptions which may not be valid when myocar-
dial infarction affects ventricular shape. Three-D echo reconstruction32 of the endocar-
dial surface would eliminate the need for these assumptions.  

Conclusions 

Preoperative AML tethering is a powerful predictor of MR recurrence and left ventricu-
lar reverse remodeling after UMRA. Evaluation of leaflet tethering by 2-D echocardiog-
raphy should be incorporated into clinical risk assessment and prediction models. 
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Abstract 

Background: In our study, we investigated the impact of papillary muscle systolic dys-
synchrony (DYS-PAP) obtained by 2D speckle-tracking echocardiography (2D-STE) in 
the prediction of recurrent ischemic mitral regurgitation (MR) after restrictive annulo-
plasty. 
Methods: The study population consisted of 524 consecutive patients who survived 
coronary artery bypass grafting (CABG) and restrictive annuloplasty, performed be-
tween 2001 and 2010 at 3 different Institutions and who met inclusion criteria. The 
assessment of DYS-PAP was performed preoperatively and at follow-up (median 45.3 
months [IQR26-67]) by 2D-STE in the apical four-chamber view for the anterolateral 
papillary muscle (ALPM) and apical long-axis view for the posteromedial papillary mus-
cle (PMPM). 
Results: Recurrence of MR (≥2+ in patients with no/trivial MR at discharge) was found 
in 112 patients (21.3%) at follow up. Compared to patients without recurrence of MR, 
these patients had higher DYS-PAP values at baseline (60.6 ± 4.4 ms vs. 47.2 ± 2.9 ms, 
p<0.001) which significantly worsened at follow up (74.4 ± 5.2 ms, p=0.002 vs. base-
line). In contrast, in patients with no MR recurrence, DYS-PAP was significantly reduced 
(25.3 ± 4.4 ms, p=0.002 vs. baseline). At logistic regression analysis DYS-PAP (odds ratio 
[OR]: 4.8, 95% Confidence Interval [CI]: 3.4 - 8.2, p<0.001), was the strongest predictor 
of recurrent MR with a cutoff ≥ 58 ms (95% CI: 51-66 ms). The model showed an area 
under the Receiver Operating Characteristic (ROC) curve of 0.97 (CI 94-99% [optimism-
corrected 94%; CI 89-95%]) with 98% sensitivity (CI 96-100% [optimism-corrected 95%; 
CI 91-96%]) and 90% specificity (CI 85-94% [optimism-corrected 87%; CI 82-90%]). 
Conclusions: DYS-PAP represents a reliable tool to identify patients with ischemic MR 
who can benefit from restrictive annuloplasty.  
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Introduction 

Undersized Mitral Ring Annuloplasty (UMRA) combined with coronary artery bypass 
grafting (CABG)1 is the conventional approach for the surgical management of patients 
with moderate to severe chronic ischemic mitral regurgitation (CIMR). Nonetheless, a 
considerable number of patients show persistent or recurrent mitral regurgitation 
(MR) despite annuloplasty2, 3 which adversely affects patient outcomes4. Recent stud-
ies have confirmed that some patients with CIMR may benefit from UMRA5, so the 
search for preoperative parameters that may help to identify patients who are likely to 
fail continues. 

There are multiple factors that interact in causing CIMR: global left ventricular (LV) 
negative remodeling6, decrease in LV closing forces7 and decrease in systolic mitral 
annulus contraction8 which may alter the mitral valve apparatus geometry, thereby 
causing a lack of leaflet coaptation and inducing functional mitral regurgitation. How-
ever, dyssynchrony between myocardial segments adjacent to papillary muscles may 
play an important role in the mechanisms for MR9 and the reduction in the amount of 
insufficiency after cardiac resynchronization therapy in patients with LV failure has 
been associated with the improved coordination of papillary muscles contraction after 
resynchronization10, 11.  

Two-dimensional speckle-tracking echocardiography (2D-STE) enables the angle-
independent assessment of multidirectional LV strain and differentiates myocardial 
segments with active contraction from segments that are passively tethered12, 13. 

In our study we investigated the impact of papillary muscle systolic dyssynchrony 
(DYS-PAP) in predicting recurrent MR in patients with CIMR undergoing UMRA.  

Materials and methods  

Subjects 

CIMR was defined as the combination of mild-to-severe MR with (1) prior myocardial 
infarction (MI) >16 days, (2) 75% or greater stenosis of at least one coronary vessel, (3) 
a corresponding regional wall motion abnormality, (4) type IIIb leaflet dysfunction 
following Carpentier’s classification14 with or without annular dilatation. Exclusion 
criteria were (1) degenerative or other non-ischemic etiology, (2) ischemic isolated 
type I or type II dysfunction14, (3) additional mitral valve repair procedures, (4) other 
valvular or congenital heart diseases, (5) previous cardiac surgery, (6) atrial fibrillation, 
(7) residual MR defined as MR≥2 at discharge, and (8) echocardiograms not availa-
ble/incomplete or images not appropriate for 2D-STE analysis. 

Among 754 patients with CIMR who survived combined CABG and UMRA per-
formed at three Institutions (Careggi Hospital, Florence, Italy; Civic Hospital, Brescia, 
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Italy; University Hospital, Maastricht, The Netherlands) between 2001 and 2010, 524 
met inclusion criteria and were included in the study. Fifty age- and gender-matched 
healthy adults were controls. 

Clinical follow-up information was obtained from all survivors through outpatient 
visits and phone calls and was 100% complete. Median follow-up was 45.3 months 
[interquartile range (IQR) 26-67].  

Ethical Committee approval was waived due to the retrospective analysis of the 
study according to National laws regulating observational retrospective studies (Italian 
law nr.11960, released on 13/7/2004; Dutch WMO law). However, all patients gave 
their informed consent to access their data for scientific purposes. 

The authors had full access to and take full responsibility for the integrity of the 
data. All authors have read and approved the manuscript as written. 

Surgery 

Mitral annuloplasty was performed with standard operative techniques, including 
cardiopulmonary bypass and undersized annuloplasty ring placement. The ring size 
was determined by standard measurements of the inter-trigonal distance and anterior 
leaflet height. Downsizing by two ring sizes was performed in all patients. 

All patients underwent associated CABG. For the purposes of this study, complete 
revascularization was accomplished when at least one graft was placed distal to an 
approximately 50% diameter narrowing in each of the three major vascular systems in 
which arterial narrowing of this severity was noted in a vessel ≥ 1.5 mm in diameter. It 
was not considered necessary to bypass all obstructed diagonal branches of the ante-
rior descending or marginal branches of the circumflex coronary arteries for a classifi-
cation of complete revascularization. Following this definition, 100% of patients un-
derwent complete revascularization. After cardiopulmonary bypass, a transesophageal 
echocardiography was performed to assess residual MR: leaflet coaptation ≥0.8 cm, 
MR≤1, and systolic MV area >2 cm2 was assessed as successful repair. 

Echocardiography 

Transthoracic echocardiography was performed within a week before surgery and at 
follow-up appointments. Exams were carried out using a commercially available ultra-
sound system (IE 33, Philips Medical System, Amsterdam, The Netherlands). Images 
were acquired by three experienced sonographers (E.C., S.C., E.V.), stored in DICOM 
format and transferred to a workstation for further offline analysis (TOMTEC Imaging 
system, Unterschleißheim, Germany). Measurements and calculations were made 
separately by one of the investigators (F.L.). The reliability of echocardiographic meas-
urements was assessed by calculating intra-observer intervals of agreement of main 
direct measures used in this study in 20 subjects randomly chosen among the study 
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patients. The Bland-Altman method (Table 1) showed excellent agreement between 
intra-observer measurements in both low and high values of echocardiographic pa-
rameters. 
 
Table 1. Bland –Altman limits of agreement for intra-observer variability. 

 Bias Standard Deviation 95% Limit of Agreement 
ALPM-LS  0.01 0.18 -0.34 to 0.38 
PMPM-LS  -0.05 0.20 -0.44 to0.32 
GLSpeak  -0.02 0.41 -0.48 to 0.42 
DYS-PAP  -0.01 0.33 -0.63 to 0.56 

Intra-observer and inter-observer relative differences were <5% for all parameters. The Bland-Altman meth-
od showed excellent agreement between intra-observer measurements in both low and high values of 
echocardiographic parameters. Abbreviations. ALPM-LS = Anterolateral papillary muscle longitudinal strain ; 
PMPM-LS = Posteromedial papillary muscle longitudinal strain; GLSpeak = Peak Global longitudinal strain; 
DYS-PAP = Papillary muscle dyssynchrony.  

Assessment of MR and LV geometry 

The following quantitative measurements were simultaneously used to grade the se-
verity of MR: (1) Pulsed Doppler quantitative flow methods and (2) proximal isovelocity 
surface area (PISA). When the evidence from different parameters was congruent, the 
measurements were averaged, allowing the calculation of effective regurgitant orifice 
area (EROA), regurgitant volume (RV) and regurgitant fraction (RF)15. 

When different parameters were contradictory, PISA was chosen in case of a cen-
tral jet or in the presence of a calcific mitral valve or mitral annulus, whereas pulsed-
wave Doppler was preferred when the jet was eccentric or multiple15. For each meas-
urement, a minimum of three cardiac cycles were averaged. In patients with no or 
trivial MR by color Doppler, RV and RF were used as calculated, and EROA was as-
sumed as null. The respective thresholds for mild (2+), moderate (3+) and severe (4+) 
MR were <30, 30-59 and ≥60 mL/beat for RV; <30, 30-49, and ≥50% for RF; <20, 20-39, 
and ≥40 mm2 for EROA. Recurrent MR at latest follow-up was defined as insufficiency 
≥2+ in patients with no or trivial MR at discharge. 

Left ventricular volumes and LV ejection fraction (LVEF) were assessed using the 
biapical Simpson disk method16. Sphericity indexes were obtained at end-diastole and 
end-systole as the volume of the LV divided by the volume of a sphere with a diameter 
equal to the longest axis of the LV measured in the apical view17. The wall motion score 
index (WMSI) was calculated according to a 17-segment model as previously reported3. 

Mitral valve configuration 

Mitral valve configuration was assessed in mid-systole using the parasternal long-axis 
and four-chamber views. The tenting area (TA) was measured by the area enclosed 
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between the annular plane and the mitral leaflets from the parasternal long-axis view 
at mid-systole. The coaptation height (CH) was measured as the perpendicular dis-
tance between the coaptation point of the mitral leaflets and the line connecting the 
annular hinge points in the long-axis view at end-systole. The coaptation length (CL) 
was measured as the length of apposition of the anterior mitral leaflet (AML) and pos-
terior mitral leaflet (PML). The coaptation distance (CD) was measured (along the an-
nular plane) from the AML attachment to the point of coaptation. Mitral annular areas 
were obtained from mitral annular dimensions in apical long-axis, four-chamber, and 
two-chamber views, using an ellipsoid assumption18. The AML tethering angle α (be-
tween the annular plane and the basal part of AML) and the PML tethering angle β 
(between the annular plane and the basal part of PML) were directly measured with 
specific software (Philips DICOM Viewer; Philips Medical System). The ratio of α to β 
was a quantitative measurement of tethering: the closer the ratio was to 1, the more 
symmetric was the tethering19. 

Two-dimensional speckle-tracking echocardiography 

The assessment of longitudinal peak systolic strain was performed by applying 2D-STE 
to the apical two- and four-chamber views of the LV. The LV was divided into six seg-
ments in each apical view and six global longitudinal strain (GLS) curves plus an aver-
age GLS curve were obtained from each view. With the beginning of the QRS complex 
as reference point, the peak longitudinal strain was the peak negative values on GLS 
curves during the ejection phase. The peak global longitudinal strain (GLSpeak) was the 
mean of the two strain values obtained from the average global longitudinal strain 
curves in the two views. 

The assessment of papillary muscles was performed by applying 2D-STE to the api-
cal four-chamber view for anterolateral papillary muscle (ALPM) and to the apical long-
axis view for posteromedial papillary muscle (PMPM)9.  

From an end-systolic single frame, each papillary muscle was traced on the endo-
cardial cavity interface by a point-and-click approach from the tip to the base. Follow-
ing the papillary muscle tracing, an automated tracking algorithm (free-trace method, 
Tomtec, Tomtec Imaging system, Unterschleißheim, Germany) followed the muscle 
from this single frame throughout the cardiac cycle. Further adjustment of the region 
of interest was performed to ensure that all of the papillary muscle was included9.  

The average value of peak systolic longitudinal strain for each papillary muscle was 
then determined as anterolateral papillary muscle longitudinal strain (ALPM-LS) and 
posteromedial papillary muscle longitudinal strain (PMPM-LS). The beginning of the 
QRS complex was used as the reference point and the time to peak (TTP) systolic longi-
tudinal strain was quantified for each papillary muscle. For the assessment of papillary 
muscle systolic dyssynchrony (DYS-PAP), the absolute difference in TTP between ALPM 
and PMPM, was calculated.  
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Statistical analysis 

Variables were expressed as mean ±SD, median and interquartile range, or number of 
patients (percentage) as appropriate. For within-group comparisons before and after 
annuloplasty, paired t test, Wilcoxon or Mac Nemar tests were used. Between-group 
differences were assessed by unpaired t test, Mann-Whitney test, or χ2 test. ANOVA 
and Tukey`s post-hoc test were employed to test whether there was any difference in 
DYS-PAP values with respect to the myocardial infarction site. 

Linear regression analysis was employed to study the relationship of DYS-PAP with 
QRS width, baseline WMSI and postoperative regurgitant volume. 

Multivariable logistic regression with the forward stepwise method was performed 
to identify preoperative echocardiographic predictors of recurrent MR. The predictors 
tested were end diastolic diameter [EDD], end systolic diameter [ESD], end diastolic 
volume [EDV], end systolic volume [ESV], LVEF, systolic sphericity Index [SISys], wall 
motion score index [WMSI] , diastolic sphericity Index [SIDia], TA, CH, CL, CD, AML teth-
ering angle α, PML tethering angle β , α/β ratio, DYS-PAP, ALPM-LS, PMPM-LS and G-
LSpeak. The model was reliable (Hosmer-Lemeshow test 3.26; p = .87) and accurate, 
with a c-index of 0.85 (95% confidence interval [CI] 0.82-0.87). 

Optimal cut-off values were determined by receiver operating characteristic (ROC) 
curve as the optimal threshold for predicting recurrence of MR. We validated results 
using the bootstrap method (1000 iterations) and computed the optimism-corrected 
estimate (“optimism” refers to absolute magnitude of bias) for sensitivity, specificity 
and area under the ROC curve. 

To test whether the predictive value of DYS-PAP was independent of LV volumes 
and other predictors of recurrent MR3, 19 , we tested for interactions by entering inter-
action terms between DYS-PAP and other parameters with an interaction p<0.10 con-
sidered statistically significant. 

Statistical analysis was performed with SAS, release 9.2 ( SAS Institute, Cary, NC). 
ROC curve optimism analysis was conducted with S-plus statistical software, release 
6.0 (Insightful Corp, Seattle, WA).  

The authors of this manuscript have certified that they comply with the Principles 
of Ethical Publishing in the International Journal of Cardiology20. 

Results 

Recurrence of mitral regurgitation 

Recurrent MR was found in 112 (21.3%) patients at follow-up (MR+ Group) whereas in 
412 (78.7%) it was absent or trivial (MR- Group). There was no difference in the inci-
dence of recurrent mitral regurgitation between the first (2001-2005) and the last 
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years (2006-2008): 20.9% [45/215] vs.: 21.6% [67/309], p=0.84. Furthermore, no dif-
ference was found in baseline characteristics between the 2 groups (Table 2). At fol-
low-up the MR+ group had higher New York Heart Association class (p<0.001) and 
showed a trend toward higher MR grade (p<0.001), compared with the MR- Group. 

Changes in LV geometry and mitral valve configuration after annuloplasty 

Patients in the MR+ Group had at baseline larger LV volumes and a more spherical 
ventricle (Table 3). At follow-up, in patients in the MR- Group, ESV decreased signifi-
cantly (p<0.001) while in the MR+ Group it increased compared to baseline values 
(p<0.001). Changes in EDV showed the same tendency as ESV. Systolic and diastolic 
sphericity indexes reduced significantly in the MR- Group (p<0.001), whereas both 
indexes increased in patients with recurrent MR (p=0.01 and p=0.04, respectively). 
Furthermore, WMSI was reduced significantly in MR- patients (p=0.001) while it did 
not change in the MR+ Group (p=0.77). 

There was no significant difference between the two groups regarding quantitative 
baseline MR data. Baseline TA (p=0.01) and CH (p<0.001) were higher whereas base-
line CL was lower (p=0.001) in patients with recurrent MR. Contrastingly, the CD was 
comparable between groups (p=0.5). Additionally, the anterior tethering angle α 
(p<0.002) was larger in the MR+ Group whereas the posterior tethering angle β did not 
differ between groups (p=0.6). Finally, patients with recurrent MR had a more sym-
metrical tethering (p<0.001) at baseline. 

At follow-up, in the MR- Group, TA (p<0.001) and CH (p=0.03) decreased while CL 
(<0.001) increased significantly. These indices did not change in the MR+ Group. Fur-
thermore, systolic and diastolic mitral annular areas decreased significantly (p<0.001) 
in both Groups compared to their baseline values, but without significant differences 
between both Groups.  

The β angle increased significantly in both Groups whereas α decreased only in the 
MR-Group. When the degree of tethering was examined at follow-up it became pro-
gressively more asymmetrical in both Groups (p<0.001 vs. baseline). 
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Table 2. Clinical Characteristics (n=524) 

 MR –Group 
(n=412) 

MR +Group 
(n=112) 

 
p 

Age, y 68.2± 7.0 67.4± 6.8 0.7 
Gender M/F 247/165 (59.9/40.1) 61/51 (54.4/45.5) 0.3 
NYHA class 3 [3-4] 3 [3-4] >0.9 
CCS angina class 2 [1-3] 2 [1-3] >0.9 
Euroscore 
 Additive 
 Logistic 

8.5 [6.6-11.8] 
14.4 [10.2-16.9] 

9.3 [7.1-12.4] 
15.3 [11.0-17.6] 

 
0.1 

0.08 
Hypertension 164 (39.8) 44 (39.2) 0.9 
Diabetes 107 (25.9) 25 (22.3) 0.1 
COPD 61 (14.8) 15 (13.3) 0.5 
Chronic renal disease 66 (16.0) 18 (16.0) >0.9 
Cerebral vascular disease 45 (10.9) 9 (8.0) 0.09 
Peripheral vascular disease 33 (8.0) 13 (11.6) 0.09 
Family history 164 (39.8) 49 (43.7) 0.1 
IABP 28 (6.7) 11 (9.8) 0.07 
Myocardial infarction 
 Inferior/Posterior 
 Anterior/Septal 
 Lateral 
 Combined 
 Coronary vessel disease  
 Left Main 

173 (41.9) 
19 (4.7) 
27 (6.6) 

193 (46.8) 
2 [2-3] 

94 (22.8) 

44 (39.3) 
5 (4.5) 
8 (7.1) 

55 (49.1) 
2 [2-3] 

24 (21.4) 

 
 

0.6 
 
 

>0.9 
0.9 

Medications 
 ACEI/ARB 
 Β-adrenergic blockers 
 Long-acting nitrates 
 Diuretics 
 Spironolactone 

375 (91.0) 
210 (50.9) 
173 (42.0) 
350 (84.9) 
222 (53.9) 

105 (93.7) 
58 (51.7) 
49 (43.7) 
97 (86.6) 
63 (56.2) 

 
 
 

0.44 

Surgery 
 CPB time (min) 
 CCL time (min)  
 Mitral Ring size (mm) 

101 [80-115] 
80 [66-98] 
28 [26-28] 

107 [88-120] 
87 [70-109] 
28 [26-28] 

 
0.07 
0.1 

>0.9 
Follow-up 
 NYHA class 
 NYHA III/IV 
 Reappearance of Angina 
 ACS 
Coronary Procedures 
 Redo CABG 
 PCI 

1 [1-2] 
126 (30.5) 

15 (3.7) 
1 (0.2) 

 
1 (0.2) 

13 (3.1) 

2 [2-3] 
85 (75.8) 

9 (8.7) 
2 (1.9) 

 
0 (0) 

6 (5.3) 

 
<0.001 
<0.001 

0.06 
0.12 

 
0.78 
0.28 

Normally- distributed variables are presented as mean ± standard deviation; Discrete variables are present-
ed as percentages. Non-normally distributed variables are presented as median [Interquartile range].  
Abbreviations: M/F = Male/Female; NYHA = New York Heart Association; CCS = Canadian Cardiovascular 
Society; COPD = Chronic obstructive pulmonary disease; IABP = Intra-aortic balloon pump; ACEI = angioten-
sin-converting enzyme inhibitor; ARB = angiotensin receptor blocker. CPB = Cardiopulmonary bypass; CCL = 
(Aortic) Cross-clamp; CABG = Coronary artery bypass grafting. ACS = Acute coronary syndrome; PCI = Percu-
taneous coronary intervention. 
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Table 3. LV Geometry and Mitral Valve Configuration 

  MR –Group (n=412) MR +Group (n=112) 
 Controls Preoperative Follow up p Preoperative Follow up     p 

LVEF (%) 59±8 34±11 ‡ 38±10 ‡ 0.71 29±9 ‡ 37±9 0.04 
ESV (mL)  40±12 133±20 ‡ 107±16 ‡ <0.001 162±21* ‡ 173±26 ‡ ‡ <0.001 
EDV (mL)  97±18 195±32 ‡ 135±26 ‡ <0.001 211±38* ‡ 230±39† ‡ <0.001 
SISys 0.52±0.1 0.67±0.1 ‡ 0.54±0.1 <0.001 0.75±0.1* ‡ 0.82±0.1 ‡ ‡ 0.01   
SIDia 0.64±0.1 0.74±0.1 ‡ 0.64±0.1 <0.001 0.83±0.1* ‡ 0.89±0.1† ‡ 0.04 
WMSI 1.0±0.1 1.3±0.3 ‡ 1.1±0.2 0.001 1.6±0.3* ‡ 1.5±0.3† ‡ 0.77 
MR - 3 [3-4] 1[1-2] <0.001 3 [3-4] 3 [3-4] >0.9 
EROA (mm2)  - 36.9±11.2 - - 37.4±10.7 32.6±10.3†  0.07 
RF (%) - 45.2± 10.6 - - 47.1±11.4 44.1±13.6† 0.1 
RV (ml/beat)  - 57.9±10.8 - - 58.1±10.6 55.0±15.4† 0.1 
TA (cm2)  0.8±2 3.0±1.1 ‡ 1.9±0.3 ‡ <0.001 3.9 ±1.1* ‡ 3.4±1.3† ‡ 0.06 
CL(mm)  8.4±0.4 4.2±0.5 ‡ 8.9±0.4 <0.001 3.2±0.3* ‡ 3.3±0.3† ‡ 0.8 
CD (mm)  26.9±6.2 35.9±7.1 ‡ 31.6±5.5 ‡ 0.62 36.6 ±5.0 ‡ 39.1±8.4† ‡ 0.6 
CH (mm)  6.0±2.3 9.9±1.9 ‡ 6.8 ±0.8 0.03 13.2±2.2* ‡ 12.4±1.5† ‡ 0.8 
MAS (cm2)  4.5±0.5 4.1±1.2 2.6 ±0.7 ‡ <0.001 4.3±1.3 2.5 ±0.6 ‡ <0.001 
MAd (cm2) 7.1±0.7 5.0±1.3 ‡ 3.4±0.9 ‡ <0.001 5.1±1.2 ‡ 3.7±0.8 ‡ <0.001 
Mitral Leaflet Tethering    
 β'(°) 23.2±3.1 53.2±10.1 ‡ 73.7±13.9 ‡ <0.001 51.7±9.6 ‡ 78.1±12.0 ‡ <0.001 
 α(°) 34.1±5.8 35.8±4.1 ‡ 29.5±3.3 ‡ <0.006 43.4±6.9* ‡ 37.0±5.6† ‡ 0.06 
 α/ β 0.72±0.2 0.66±0.1 ‡ 0.43±0.1 ‡ <0.001 0.81±0.1*† ‡ 0.49 ±0.2 ‡ <0.001 

Continuous variables are presented as mean ± standard deviation; Non-normally distributed variables are 
presented as median [Interquartile range]. p: significance at paired t test; * Significance vs. MR- at baseline 
at unpaired t test;† significance vs. MR- at follow-up at unpaired t test. ‡significance vs. controls.  
Abbreviations: LVEF = Left Ventricular Ejection Fraction; ESV = End-systolic Volume; EDV = End-diastolic 
Volume; MR = Mitral regurgitation; SISys = Systolic Sphericity Index; SIDia = Diastolic Sphericity Index; WMSI = 
Wall Motion Score Index; EROA = Effective Regurgitant Orifice Area; RF = Regurgitant Fraction; RV = Regurgi-
tant Volume; TA = Tenting Area; CL= Coaptation length; CD = Coaptation Distance; CH = Coaptation Height; 
MAs = Systolic Mitral Annular Area; MAd = Diastolic Mitral Annular Area; β = posterior mitral leaflet tethering 
angle; α = anterior mitral leaflet tethering angle; α/ β = tethering pattern. 

Two-dimensional speckle-tracking analysis 

Speckle tracking analysis is shown in Table 4. Patients in the MR+ Group had higher 
baseline DYS-PAP (p<0.001; [Figure 1]) and worse values of ALPM-LS (p<0.001), PMPM-
LS (p<0.001 ) and global longitudinal strain peak (p<0.00; [Figure 2]). At follow-up con-
trol, in patients with MR recurrence, ALPM-LS (p=0.8) PMPM-LS (p=0.8) and GLSpeak 
(p>0.9 ) did not change whereas DYS-PAP significantly worsened (p=0.002 ). In con-
trast, in patients with no MR recurrence, ALPM-LS (p=0.005), PMPM-LS (p<0.001), 
GLSpeak (p<0.001) and DYS-PAP (p=0.002) significantly improved (Table 4, Figure 1, 
Figure 2). No difference was detected in DYS-PAP values (Figure 3 A-B) with respect to 
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the infarction site at baseline (p=0.17) as well as at follow up (p=0.79). Furthermore, 
there was a weak correlation between DYS-PAP and QRS width (R=0.07, p=0.10). 
In contrast, DYS-PAP strongly correlated with WMSI (R=0.90, p<0.001) and postopera-
tive regurgitant volume (R=0.92, p<0.001). 
 

Table 4. Speckle-tracking Analysis 

 MR –Group (n=412) MR +Group (n=112) 

 Controls Baseline Follow-up p Baseline Follow-up       p 

ALPM-LS (%) -22.3±7.1 -12.7±0.4‡ -17.7±0.7‡ 0.005 -6.6±0.3*‡ -6.4±0.2†‡ 0.8 
PMPM-LS (%) -19.4±5.9 -11.2±0.3‡ -14.4±0.7‡ <0.001 -5.7±0.3*‡ -5.2±0.3†‡ 0.8 
GLS (%) -20.7±7.0 -10.4±0.2‡ -15.6±0.6‡ <0.001 -6.0±0.2*‡ -6.1±0.2†‡ >0.9 
DYS-PAP (ms) 4.8±2.1 47.2±2.9‡ 25.3±4.4‡ 0.002 60.6±4.0*‡ 74.4±5.2†‡ 0.002 

p: significance at paired t test; * Significance vs. MR- at baseline at unpaired t test; † significance vs. MR- at 
follow-up at unpaired t test; ‡ significance vs. controls.  
Abbreviations: ALPM-LS = Anterolateral papillary muscle longitudinal strain; PMPM-LS = Posteromedial 
papillary muscle longitudinal strain; GLS = Global longitudinal strain; DYS-PAP = Papillary muscle dyssyn-
chrony. 

 
 

 
Figure 1. Papillary muscle dyssynchrony (DYS-PAP). A) Preoperative DYS-PAP in a patient without recurrent 
MR. B) Postoperative DYS-PAP in the same patient as A. C) Preoperative DYSPAP in a patient with MR+. D)
Postoperative DYS-PAP in the same patient as C.  
Abbreviations: AVC: Aortic valve closure; ALPM: Anterolateral papillary muscle; PMPM: posteromedial 
papillary muscle; DYS-PAP: papillary muscle dyssynchrony. 
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Figure 2. Global longitudinal strain (GLS) curves and global longitudinal strain peak (GLSpeak) from apical 4-
chamber view. A) Preoperative GLS curves and GLSpeak in a patient without recurrent MR. B) Postoperative 
GLS curves and GLSpeak in the same patient as A. C) Preoperative GLS curves and GLSpeak in a patient with 
recurrent MR. D) Postoperative GLS curves and GLSpeak in the same patient as C.  
Abbreviations: AVC: Aortic valve closure. 
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Figure 3. Papillary muscle dyssyn-
chrony (DYS-PAP) values by infarction 
site at baseline (A) and follow up (B) 

Predictors of recurrent MR 

At multivariable analysis (Figure 4) DYS-PAP (odds ratio [OR]: 4.8, 95% CI: 3.4-7.2), AML 
tethering angle α (OR: 4.5, 95% CI: 3.0-7.0), tethering symmetry (OR: 3.7, 95% CI: 2.3-
5.5) and systolic sphericity Index (OR: 3.1, 95% CI: 2.2-4.7) were predictors of recurrent 
MR.  

The ROC curve analysis (Figure 5A) showed that a cut-off value of DYS-PAP of ≥ 58 
ms was predictive of recurrent MR. Furthermore, optimal cut-off values of the anterior 
tethering angle, index of tethering symmetry α/ β and SIsys determined by ROC curve 
analysis were ≥ 39°, ≥0.76 and ≥0.72, respectively (Figure 5 B-D).  

Finally, there were no apparent significant interactions between DYS-PAP and α 
(interaction p value=0.15), α/β (interaction p value=0.27), ESV (interaction p val-
ue=0.55) and SISYS (interaction p value=0.33). 
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Figure 4. Multivariable predictors of postoperative papillary muscle dyssynchrony.  
Abbreviations: DYS-PAP: papillary muscle dyssynchrony; α: anterior mitral leaflet tethering angle; β: posteri-
or mitral leaflet tethering angle; SIsys: Systolic sphericity Index. 

 

Figure 5. Predictors of recurrent MR. All values are given with 95% CI (brackets). A) The figure shows a 
receiver operating characteristics (ROC) curve of papillary muscle dyssynchrony (DYS-PAP) in predicting 
recurrence of mitral regurgitation after restrictive annuloplasty. B) ROC curve of α tethering angle in predict-
ing recurrent MR. C) ROC curve of α/ β ratio in predicting recurrent MR. D) ROC curve of systolic sphericity 
Index (SIsys) in predicting recurrent MR. 
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Discussion 

Dyssynchrony and functional mitral regurgitation 

Functional mitral regurgitation is a common finding in patients with ischemic mitral 
disease as a complication of LV dysfunction and LV remodeling6, 7. Although mitral 
valve tenting is the main determinant of functional mitral regurgitation, clinical and 
experimental observations suggest that the dyssynchronic contractions of LV segments 
in these patients could be a potential co-determinant of functional insufficiency.  

Mechanical dyssynchrony of the LV can contribute to functional mitral regurgita-
tion through several different mechanisms. 

First, the mechanical dyssynchrony between LV segments supporting the papillary 
muscles produces uncoordinated regional LV mechanical activation in these segments, 
resulting in geometrical changes in mitral leaflet attachments and implying tethering of 
the mitral leaflets21-24. Second, a positive pressure gradient develops between the left 
atrium and left ventricle due to improper timing of atrio-ventricular relaxation and 
contraction cycles, which can create diastolic FMR during incomplete mitral valve clo-
sure25. Finally, LV dyssynchrony decreases LV contraction efficiency and closing forces, 
thereby impairing mitral valve tenting26. 

Two-dimensional speckle-tracking echocardiography 

Tissue Doppler Imaging (TDI)–derived strain and strain rate imaging were introduced 
several years ago as a method to quantify myocardial mechanical function and it has 
been shown to be superior to myocardial velocities by TDI and wall motion scores in 
assessment of ischemia in experimental and clinical studies27-30. Nonetheless, TDI-
based strain measurements are angle dependent owing to the use of the Doppler ef-
fect and simultaneous opposite deformation in the long and short axes27, 28, 31. Fur-
thermore, this method encountered a number of criticisms, particularly in relation to 
noise interference, and substantial intra-observer and inter-observer variability31. Two-
dimensional speckle-tracking echocardiography has emerged as an alternative tech-
nique that analyses motion by tracking natural acoustic reflections and interference 
patterns within an ultrasonic window. It enables the angle-independent assessment of 
multidirectional LV strain and differentiates myocardial segments with active contrac-
tion from segments which are passively tethered9. Myocardial strain derived from 2D-
STE has been validated using sono-micrometry32-34 and tagged magnetic resonance 
imaging30, 32, 35-37. Speckle-tracking strain results correlate significantly with tissue Dop-
pler–derived measurements. However, ROC curve analysis has shown that longitudinal 
and radial strain measured using 2D-STE has a significantly greater area under the 
curve than TDI strain in differentiating normal and dysfunctional LV segments37. 
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Clinical implications 

Our study demonstrated that DYS-PAP strongly correlated with postoperative regurgi-
tant volume (R=0.62, p<0.001) and that it was an independent predictor of recurrent 
MR. Indeed, we found that DYS-PAP ≥58 ms predicted recurrence of MR with high 
sensitivity and specificity. Furthermore, DYS-PAP resulted to be independent of systolic 
volume, systolic sphericity index and tethering pattern. Indeed, we failed to find signif-
icant interactions between DYS-PAP and these parameters.  

This may have important clinical implications for the likelihood of postoperative 
recurrent MR and may help to identify patients who benefit from UMRA. 

Compared to data published in the literature in non-ischemic patients9, we had 
lower values of DYS-PAP and this might be attributable to the small number of subjects 
with QRS >120 ms (19.8%) which reflects significant mechanical dyssynchrony not 
associated with electrical dyssynchrony in the majority of patients in our cohort. The 
small number of patients might also explain the weak correlation between in DYS-PAP 
and QRS width in our study (p=0.10). However, our findings are in accordance with 
recent data showing that the QRS duration does not adequately reflect LV dyssyn-
chrony which may occur only in 30% of heart failure patients38. Published data show 
that reduction of ischemia by CABG is associated with resynchronization only in a small 
percentage of patients with a high degree of preoperative dyssynchrony39. Accordingly, 
in our experience, in patients showing recurrent MR with higher preoperative DYS-
PAP, it did not improve after revascularization whereas it was reduced significantly in 
patients who did not develop MR postoperatively who had a lower baseline DYS-PAP. 

In our study, we found a strong correlation between DYS-PAP and WMSI 
(p<0.001). Therefore, papillary dyssynchrony by speckle-tracking method resulted to 
be a volume-independent indicator of LV chamber contractility sensitive to wall mo-
tion abnormalities. 

It has been demonstrated that the improvement in LV dyssynchrony plays an im-
portant role in the development of reverse remodeling after cardiac resynchronization 
therapy (CRT)40 and that, in ischemic MR, local remodeling of the region of the LV sup-
porting the papillary muscles is necessary for the development of functional MR26. 
Furthermore, strain was reported to correlate with LV Dp/dt and contractile reserve in 
patients with MR41, 42 and speckle-tracking-derived strain was an early marker of LV 
dysfunction in asymptomatic MR with normal LV ejection fraction43. 

We might therefore suppose that in patients who did not show recurrent MR, pre-
operative dyssynchrony reflects a reversible state of LV dysfunction and, after surgery, 
the dyssynchrony of papillary muscles and neighbouring myocardium decreases. The 
global systolic function and, consequently, closing forces improve and tethering of the 
mitral apparatus lessens. 

In contrast in MR+ patients, impaired contraction of the papillary muscle is not re-
versed by surgery and the presence of post-repair significant dyssynchrony plays a role 
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in the development of recurrent MR. Indeed, uncoordinated regional LV activation 
leads to a systolic imbalance of the forces acting on papillary muscles, resulting in ge-
ometrical changes in the mitral leaflet attachments. In addition, the presence of a 
significant volume overload due to recurrent MR appears as a factor promoting further 
LV dilatation and blocking the LV reverse remodeling process.  

In other words, it is presumable that re-synchronization in MR- patients successful-
ly interrupts the vicious circle of remodeling and LV dilatation and turns it into the 
virtuous circle of reverse remodeling and further resynchronization.  

Undersized Mitral Ring Annuloplasty has long been considered as an effective ap-
proach to relieve CIMR. Nonetheless, although few groups report encouraging results 
after UMRA5, recurrent MR is seen in up to 30% of patients in other centers44. These 
disappointing results created the need for a better understanding and preoperative 
assessment of mitral valve configuration and LV geometry and function to improve risk 
stratification and to allow the identification of patient subgroups that are likely to 
benefit from this procedure.  

The findings of our study advocate routine assessment for LV dyssynchrony, in ad-
dition to other echocardiographic parameters, in patients with CIMR undergoing CABG 
and UMRA. Patients with baseline DYS-PAP ≥58 ms are likely to have MR recurrence 
and should be considered for concomitant or alternative surgical techniques19, 45.  

Study limitations 

The main limitation of the present study is the lack of information on myocardial viabil-
ity. This was due to its retrospective nature and to the fact that viability was not rou-
tinely documented. The presence of viable myocardium might be responsible for fa-
vourable results in the MR-patients. Furthermore, we have no data about graft paten-
cy at follow-up and we cannot therefore exclude the possibility that different results 
might be attributable to abnormalities of perfusion in the MR+ Group. In addition, 
beyond the lack of information on myocardial viability, there is also no information on 
the extent of necrotic area. Nonetheless, reappearance of angina, occurrence of acute 
coronary syndrome and postoperative coronary procedures were not significantly 
different at follow up between the two groups. This might demonstrate that coronary 
history during the follow-up did not differ between groups although viability tests and 
coronarography would have been more informative and accurate regarding the pro-
gression of coronary atherosclerosis. All these aspects deserves further evaluation and 
will be object of an randomized study. Furthermore, the dyssynchrony measurement is 
based on the time to peak velocity of the papillary muscles on two apical views. This 
measure is not widely validated and a major concern remains about the reproducibility 
of this technique. Furthermore this is a retrospective analysis therefore a prospective 
validation of this method on a prospective dataset in a blinded fashion is necessary. 



C H A P T E R  4  

106 

Moreover, the PISA method of assessing the severity of ischemic MR is less accurate as 
the PISA is less likely to be a hemisphere. Adjustments of the aliasing velocity were 
carried out such that a well-defined hemisphere was obtained. This was done by shift-
ing the baseline toward the direction of the flow, or by lowering the Nyquist limit or 
both (the latter reduces the wall filter whereas the former does not)15. 

In addition, as the myocardial movement is basically three-dimensional, thus in-
cluding rotational movements, two-dimensional speckle tracking may have inherent 
limitations, especially in patients with dilated LV. However, to our knowledge this is 
the first report investigating papillary muscle dyssynchrony in CIMR and its impact on 
predicting recurrent mitral regurgitation after reductive annuloplasty. 

Conclusions 

DYS-PAP is strongly correlated with the recurrence of MR after UMRA. A DYS-PAP cut-
off value of >58 ms resulted to be a useful tool to identify patients in which combined 
UMRA and CABG are likely to fail. Further larger prospective studies are necessary to 
confirm our findings. 
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Abstract 

Objective: We investigated the impact of papillary muscle dyssynchrony (DYS-PAP) in 
predicting recurrent mitral regurgitation (MR) in patients with ischemic dilated cardi-
omyopathy (IDCM) undergoing undersized mitral ring annuloplasty (UMRA). 
Methods: One hundred forty-four IDCM patients (left ventricular ejection fraction 
<35%) in sinus rhythm, undergoing UMRA between January 2001 and December 2010 
at three Institutions (University Hospital, Maastricht, the Netherlands; Careggi Hospi-
tal, Florence, Italy; Civic Hospital, Brescia, Italy) were recruited. The primary endpoint 
was the recurrence of MR at the latest echocardiographic control defined as insuffi-
ciency ≥ 2+ in patients with no/trivial MR at discharge. 
The assessment of DYS-PAP was performed by applying 2D speckle-tracking imaging. 
Results: In patients with MR recurrence DYS-PAP significantly worsened (84.1 ± 8.8 ms 
vs. 65.4 ± 8.8 ms at baseline, p<0.001) whereas, in patients with no MR recurrence 
DYS-PAP did not vary (22.3 ± 5.3 ms vs. 25.9 ± 7.2 ms at baseline, p=0.8). Recurrent MR 
was positively correlated with DYS-PAP (p<0.001), anterior mitral leaflet tethering 
angle α (p<0.001) and tethering symmetry index α/β (p<0.001). There was no signifi-
cant correlation between MR recurrence and other echocardiographic parameters. 
Logistic regression analysis revealed that DYS-PAP (OR: 5.4 [95% CI: 3.1-7.7], p<0.001), 
α (OR: 5.0 [95% CI: 2.6-6.7], p<0.001) and α/β (OR: 3.9 [95% CI: 2.5-5.7], p<0.001) were 
predictors of recurrent MR. A DYS-PAP value ≥58 ms predicted recurrence of MR with 
100% sensitivity and 83% specificity [area under the curve (AUC): 0.92 [95% CI: 0.7-1], 
p<0.001].  
Conclusions: A DYS-PAP cut-off value of 58 ms is a useful tool to identify patients in 
which UMRA is likely to fail. Further larger prospective studies are necessary to con-
firm our findings. 
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Introduction 

Functional mitral regurgitation (FMR) is commonly observed in ischemic dilated cardi-
omyopathy (IDCM) and is associated with a poor prognosis1. Undersized mitral ring 
annuloplasty (UMRA) has been widely used in recent years for the treatment of is-
chemic FMR. Nonetheless, while some patients do show echocardiographic evidence 
of valve competence and left ventricular (LV) reverse remodeling2, in a large percent-
age of patients recurrence of MR associated with a persistent or progressive remodel-
ing pattern has clearly been documented over time despite an initially successful surgi-
cal repair3.  

Cardiac dyssynchrony (DYS) is associated with functional deterioration and poor 
prognosis in advanced systolic heart failure4 and is an important determinant of post-
operative outcome in patients with severe LV dysfunction5. Furthermore, DYS is a 
strong predictor of LV remodeling after acute myocardial infarction6. 

Two-dimensional (2D) strain imaging based on novel speckle tracking echocardiog-
raphy (STE) is a relatively new tool to define regional myocardial strain and to quantify 
dyssynchrony based on a more robust technique and avoiding angle-dependence7. 

We testedthehypothesis that systolic papillary muscle dyssynchrony (DYS-PAP) 
evaluated by 2D speckle-tracking echocardiography (2D-STE) can predict MR recur-
rence in patients with IDCM undergoing UMRA.  

Materials and methods 

Patients 

Patients with IDCM (LV ejection fraction <35%) and in sinus rhythm, undergoing UMRA 
between January 2001 and December 2010 at three Institutions (University Hospital, 
Maastricht, the Netherlands; Careggi Hospital, Florence, Italy; Civic Hospital, Brescia? 
Italy) were included in the study. Definitions, inclusion and exclusion criteria were as 
previously reported8. Patients were also excluded if they had residual MR defined as a 
mitral insufficiency ≥2 at discharge or if echocardiograms were not available/-
incomplete or images were not appropriate for 2D-STE. One-hundred and forty-four 
patients met the inclusion criteria and represented the study population, whereas 35 
were excluded. 

The primary endpoint was the recurrence of MR (insufficiency ≥ 2+ in patients with 
no/trivial MR at discharge) at the latest echocardiographic control, performed at a 
median of 39.3 months (interquartile range 18.9-46.5). 

Ethical Committee approval was waived due to the retrospective analysis of the 
study according to National laws regulating observational retrospective studies (Italian 
law nr.11960, released on 13/7/2004; Dutch WMO law). However, all patients gave 
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their informed consent to access their data for scientific purposes. Preoperative char-
acteristics of the patients are shown in Table 1. Ninety-eight patients (68.1%) had ≥ 
moderate recurrent MR at follow-up whereas 46 (31.9%) did not show recurrent MR at 
the last control. No difference was detected in preoperative and surgical data between 
the two groups.  
 
Table 1. Preoperative demographic clinical and surgical data (n=144) 

 All 
(n=144) 

MR –
(n=46) 

MR +
 (n=98)         p 

Age, y 64±6 67±8 62±7 0.07
Gender M/F 93/51 (64.6/35.4) 32/14(69.6/30.4) 61/37(62.2/37.8) 0.4
NYHA class 3[3-4] 3[3-4] 3[3-4] >0.9
Angina 62 (43.0) 21 (45.6) 41 (41.8) 0.66
Hypertension 69 (47.9) 22(47.8) 47 (47.9) 0.9
Diabetes 33 (22.9) 11(23.9) 22 (22.4) 0.83
Smoking 79 (54.8) 22 (47.8) 57(58.1) 0.25
Hypercholesterolemia 86 (59.7) 25(54.3) 61 (62.2) 0.37
COPD 15 (10.4) 5 (10.8) 10 (10.2) 0.88
Chronic renal disease 25 (17.3) 8 (17.3) 17 (17.3) 0.9
Cerebral vascular disease 13 (9.0) 5 (10.8) 8 (8.1) 0.09
Peripheral vascular disease 9 (6.2) 3 (6.5) 6 (6.1) 0.9
Familiar history 81 (56.2) 24 (52.1) 57 (58.1) 0.5
Myocardial infarction 
 Inferior/Posterior 61 (42.3) 21 (45.6) 40 (40.8) 0.6
 Anterior/Septal 15 (10.4) 5 (10.8) 10 (10.2) 0.88
 Lateral 17 (11.8) 5 (10.8) 12 (12.2) 0.83
 Combined 51 (35.5) 15 (32.6) 36 (36.7) 0.63
Coronary artery disease 
 Multivessel disease 65 (45.1) 22 (47.8) 43 (43.8) 0.66
 Left Main 32 (22.2) 10 (21.7) 22 (22.4) >0.9
Surgery  
 CPB time (min) 106 [94-123] 101 [91-117] 112 [99-125] 0.06
 CCL time (min) 92 [73-114] 89 [70-105] 97 [81-115] 0.1
Mitral Ring 
 Ring size (mm) 28 [26-30] 28 [26-30] 28 [26-30] >0.9
 Carpentier classic 97 (67.4) 30 (65.2) 67 (68.3) 0.7
 Physio ring 47 (32.6) 16 (34.7) 31 (31.6) 0.7
CABG 
 Anastomoses/patient 2.8± 0.6 2.7±0.5 2.8±0.6 0.3
 Arterial graft/patient 1.2±0.2 1.3±0.2 1.2±0.2 0.2 
MR 
 Grade 3[3-4] 3[3-4] 3[3-4] >0.9
 TA (cm ) 7.4 ±0.9 7.4 ±0.8 7.5±0.7 0.4
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 All 
(n=144) 

MR –
(n=46) 

MR +
 (n=98)         p 

 EROA (mm2) 34.4 ±8 33.1±7 36.4±9 0.1
 RF (%) 49.7±9 46.9±7 51.5±9 0.09
 RV (ml) 55.3±11 51.7±10 57.8±12 0.07
 CH (cm) 14.1±3.3 14.3.±4.0 14.0±3.1 0.23
 CL (mm) 3.4 ±2.5 3.4±2.5 3.3±2.5 0.9
 CD (mm) 37.3±6.0 36.6±5.7 38.0±6.2 0.5

Normally distributed variables are presented as mean ± standard deviation; Discrete variables are presented 
as percentages; Non-normally distributed variables are presented as median [interquartile range].  
Abbreviations: M/F = Male/Female; NYHA = New York Heart Association; COPD = Chronic obstructive pul-
monary disease; CPB = Cardiopulmonary bypass; CCL = (Aortic) Cross-clamp; CABG = Coronary artery bypass 
grafting; MR = Mitral regurgitation; TA = Tenting area; EROA = Effective regurgitant orifice area; RF = Regur-
gitant fraction; RV = Regurgitant volume; CH = Coaptation height; CL = Coaptation length; CD = Coaptation 
distance.  

Surgery 

Surgery was performed with standard operative techniques, including cardiopulmo-
nary bypass and undersized annuloplasty. Downsizing by two ring sizes was performed 
in all patients. 

All patients underwent associated CABG. For the purposes of this study, complete 
revascularization was accomplished when at least one graft was placed distally to an 
approximately 50% diameter narrowing in each of the three major vascular systems in 
which arterial narrowing of this severity was noted in a vessel ≥1.5 mm in diameter. 
Following this definition, 100% of patients underwent complete revascularization. 
After cardiopulmonary bypass, a transesophageal echocardiography (TEE) was per-
formed to assess mitral valve repair: leaflet coaptation ≥0.5 cm, MR≤1 and diastolic 
MV area >2 cm2 was assessed as successful repair. 

Standard echocardiographic measurements 

Transthoracic echocardiography (TTE) was performed following a common standard 
protocol at baseline (within a week before surgery) at discharge, 6 months and at year-
ly follow-up visits. Two dimensional echoes were carried out using a commercially 
available ultrasound system IE 33, (Philips Medical System, Amsterdam, The Nether-
lands). Images were stored in DICOM format and transferred to a workstation for fur-
ther off-line analysis (Tomtec Imaging system, Unterschleißheim, Germany). Meas-
urements and calculations were made separately by one of the investigators (F.L.). 
Echocardiographic measurements and calculations were carried out as previously re-
ported8. The following quantitative measurements were simultaneously employed to 
grade the severity of MR: 1) Pulsed Doppler quantitative flow methods; 2) Proximal 
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isovelocity surface area (PISA)9. Measurements as well as respective thresholds for 
mild, moderate and severe MR followed the American Society of Echocardiography 
(ASE) recommendations9. 

Mitral valve configuration was assessed in mid-systole using the parasternal long-
axis and 4-chamber views10. The anterior mitral leaflet (AML) tethering angle α (be-
tween the annular plane and the basal part of the anterior mitral leaflet), the posterior 
mitral leaflet (PML) tethering angle β (between the angular plane and the basal part of 
the posterior mitral leaflet) and the bending angle γ (between the line, reflecting the 
bending distance [from the anterior annulus to the bending point created by the teth-
ering of intermediate or strut chordae in the body of the anterior leaflet] and the line 
from the bending point to the coaptation point) were directly measured with specific 
software (Philips DICOM Viewer, Philips Medical System, Amsterdam, The Nether-
lands)10. The excursion angles αex and βex were calculated as the difference between 
AML and PML angles in systole and diastole. The anterior/posterior tethering angle 
ratio α/ β was a quantitative measurement of tethering pattern: the more this ratio 
approached 1 the more symmetric was the tethering8. 

The tenting area (TA) was measured by the area enclosed between the annular 
plane and mitral leaflets from the parasternal long-axis view at mid-systole. The coap-
tation height (CH) was measured as the perpendicular distance between the coapta-
tion point of the mitral leaflets and the line connecting the annular hinge points in the 
long axis view at end-systole. The coaptation length (CL) was measured as the length of 
apposition of the anterior and posterior mitral leaflets. The coaptation distance (CD) 
was measured (along the annular plane) from the anterior leaflet attachment to the 
point of coaptation. 

LV volumes and LV ejection fraction (LVEF) were assessed by the bi-apical Simpson 
disk method11. Sphericity indexes were obtained at end diastole and end systole (SIDia 
and SISys, respectively) as the volume of the LV divided by the volume of a sphere with 
a diameter equal to the longest axis of the LV measured in the apical view12.  

The displacement of papillary muscles was quantified as distances from well-
defined anatomic landmarks at early and end systole. From the parasternal short-axis 
view, the geometric chord defined by the intersection of the right and left ventricles 
("septal insertions") and the mid-septal perpendicular line were used as references10. 
Lateral and inferior displacements of anterior and posterior papillary muscles were 
measured as distances from these fixed references. Separation between papillary mus-
cles was directly measured10.  

The lengths between the anterolateral papillary muscle (ALPM) and posteromedial 
papillary muscle (PMPM) tips and the contralateral anterior mitral annulus (l1 and l2, 
respectively) were also measured in mid-systole in the apical 4- and 2-chamber views 
by using the anterior mitral annulus as a reference point to estimate outward PM dis-
placement13. 
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The WMSI of the basal and mid-posterior and inferior segments for the PMPM (PMPM-
WMSI) and basal and mid-lateral and anterior segments for the ALPM (ALPM-WMSI) 
were also calculated14. 

Special echocardiographic readings 

Assessment of longitudinal peak systolic strain was performed by applying 2D speckle-
tracking imaging to the apical two- and four-chamber views of the LV. All images were 
obtained at a frame-rate of 70-90 frames/sec. The LV was divided into six segments in 
each apical view and the global longitudinal strain (GLS) was obtained in each view14. 
The peak global longitudinal strain (GLSpeak) was the mean of the peak negative values 
on the two GLS curves. The assessment of papillary muscle dyssynchrony (DYS-PAP) 
was performed by applying 2D speckle-tracking imaging to the apical four-chamber 
view for ALPM and to the apical long-axis view for PMPM15.  

From an end-systolic single frame, the edge of each papillary muscle was detected 
on the endocardial cavity and an automated tracking algorithm (free-trace method, 
Tomtec, Tomtec Imaging system, Unterschleißheim, Germany) followed the papillary 
muscle from this single frame throughout the cardiac cycle. The value of peak systolic 
longitudinal strain for each papillary muscle was then determined as anterolateral 
papillary muscle longitudinal strain (ALPM-LS) and posteromedial papillary muscle 
longitudinal strain (PMPM-LS). The beginning of the QRS complex was used as the 
reference point and the time to peak (TTP) systolic longitudinal strain was quantified 
for each papillary muscle. For the assessment of DYS-PAP, the absolute difference in 
TTP between anterolateral and posteromedial papillary muscle was calculated (Figure 
1).  

The reliability of echocardiographic measurements was assessed by calculating in-
tra-observer intervals of agreement of main direct measures used in this study in 20 
subjects randomly chosen among the study patients. The Bland-Altman method 
showed excellent agreement between intra-observer measurements in both low and 
high values of echocardiographic parameters. (Table 2). 
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Figure 1. Representative example of measuring papillary muscle dyssynchrony as difference in time to peak
(TTP) between anterolateral and posteromedial papillary muscles. 
Abbreviations: AVC: Aortic valve closure. 

 
Table 2. Bland –Altman limits of agreement for intra-observer variability. 

 Bias Standard Deviation 95% Limit of Agreement 

ALPM-LS  0.03 0.23 -0.42 to 0.48 
PMPM-LS  0.05 0.16 -0.27 to 0.37 
GLSpeak  -0.06 0.27 -0.61 to 0.48 
DYS-PAP  -0.07 0.76 -1.57 to 1.42 

Intra-observer and inter-observer relative differences were <5% for all parameters. The Bland-Altman meth-
od showed excellent agreement between intra-observer measurements in both low and high values of 
echocardiographic parameters.  
Abbreviations: ALPM-LS = Anterolateral papillary muscle longitudinal strain ; PMPM-LS = Posteromedial 
papillary muscle longitudinal strain; GLSpeak = Peak Global longitudinal strain; DYS-PAP = Papillary muscle 
dyssynchrony.  

Statistics 

Statistical analysis was performed using a statistical software program (SPSS, ver-
sion12.0, SPSS Inc. Chicago, IL, USA). Data are presented as mean and standard devia-
tions or as median and interquartile range (IQR) after being controlled for normal dis-
tribution by the Kolmogorov-Smirnov test. Data were compared for statistical signifi-
cance using a t test, Mann–Whitney rank sum test, χ2 test or Fisher exact test where 
appropriate. Multiple comparisons were carried out by ANOVA and Kruskal-Wallis tests 
with Tukey and Dunn post-hoc tests. Pearson’s correlation was used to test linear rela-
tionships between variables. We assessed, on the entire patient population, univaria-
ble regression with postoperative regurgitant volume as a dependent variable and 
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other preoperative echocardiographic parameters (end diastolic diameter [EDD], end 
systolic diameter [ESD], end diastolic volume Index [EDVI], end systolic volume index 
[ESVI], left ventricular ejection fraction [LVEF], SISys, SIDia, TA, CH, CL, CD, AML tethering 
angle α, PML tethering angle β , α/β ratio, PMPM-WMSI, ALPM-WMSI, DYS-PAP, 
ALPM-LS, PMPM-LS and GLSpeak ) as independent variables. Variables reaching statisti-
cal significance or borderline (p≤0.1) were introduced in multivariable analysis. Multi-
variate logistic regression with the forward stepwise method was performed to identi-
fy preoperative echocardiographic predictors of significant post-repair MR. The good-
ness of fit of the final logistic regression models was assessed with the Hosmer-
Lemeshow (H-M) statistic and predictive accuracy was assessed by the concordance 
index (c). Optimal cut-off values were determined by the receiver operating character-
istic curve (ROC) as the rounding cut-off that gives the maximum sum of sensitivity and 
specificity. This value should be the shoulder at the top left of the ROC curve. Results 
were validated using the bootstrap method (1000 iterations). 
A p value <0.05 was considered statistically significant.  

Results 

Leaflet tethering and LV remodeling 

Table 3 shows changes in tethering configuration and LV remodeling before and after 
surgery. 

At preoperative echo patients who developed recurrent MR had lower α excursion 
angle (p<0.001) and higher α angle (p=0.003), α/ β ratio (p<0.001), ALPM posterior 
displacement (p=0.001), ALPM lateral displacement (p<0.001), ALPM apical displace-
ment (p<0.001) and ALPM-WMSI (p=0.02). 

At the latest control, in patients with no recurrent MR, α (p=0.03), α/ β ratio 
(p<0.001), γ (p=0.01) and αex (p=0.03) improved whereas β (p=0.04) and β ex (p=0.03) 
significantly worsened. In patients with recurrent MR α (p=0.88), γ (p=6) and αex 
(p=0.73) did not change while β and β ex (both, p<0.001) significantly worsened. In 
these patients the postoperative tethering became more asymmetric (p<0.001). All 
indices of global LV remodeling significantly improved in MR- patients whereas they 
worsened in MR+ patients. Ejection fraction increased in MR- patients (p=0.04) while it 
did not change in MR+ patients (p=0.85). 

Regarding local LV remodeling, in patients with no recurrent MR, posterior dis-
placement (p=0.03), lateral displacement (p=0.002) and apical displacement (p=0.02) 
of ALPM as well as ALPM-WMSI (p=0.01) improved at late follow up, whereas indices 
of displacement of PMPM significantly worsened (posterior, p=0.001; lateral, p=0.007; 
apical, p=0.04; PLPM-WMSI, p=0.007). 
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In contrast, in patients with recurrent MR, indices of displacement of PMPM signifi-
cantly worsened (all, p<0.001) while ALPM posterior displacement (p=0.86), ALPM 
lateral displacement (p=0.80), ALPM apical displacement and ALPM-WMSI (both p>0.9) 
did not change.  
 
Table 3. Mitral Leaflet Tethering and LV Remodeling. 

 Controls All
(n=144) 

MR –
(n=46) 

MR + 
(n=98) 

  Baseline Follow-up p Baseline Follow-up p Baseline Follow-up p
Mitral tethering  
 α (°) 23.2±3.1 43.1±6.4* 37.0±5.5* 0.02 37.3±4.6*† 28.3±5.5*‡ 0.03 48.9±6.8* 47.0±5.5* 0.88
 β (°) 34.1±5.8 51.3±5.4* 58.0±6.6* 0.009 49.6±5.7* 54.6±7.0*‡ 0.04 53.1±5.6* 63.3±7.9* 0.03
 α/β 0.72±0.2 0.84±0.1* 0.63±0.1* <0.001 0.75±0.1*† 0.52±0.1*‡ <0.001 0.92±0.1* 0.75±0.1* <0.001
 γ (°) 155.1±8.4 125.4±5.7* 128±7.1* 0.61 122.1±3.4* 133±8.6*‡ 0.01127.7±7.3*123.6±5.3* 0.6
 αex (°) 46.4±6.7 25.5±3.0* 31.5±5.0* 0.03 32.1±4.4*† 40.6±7.5*‡ 0.03 20.3±2.7* 23.9±4.4* 0.73
 βex (°) 28.0±5.6 18.4±3.5* 10.3±3.5* 0.001 18.2±3.3* 13.3±3.1*‡ 0.03 19.6±3.7* 6.3±3.5* <0.001

Global LV remodeling  
 EDD (mm) 49.1±5 69.0±6* 66.3±7* 0.74 67.3±6* 52.1±5*‡ 0.004 74.0±8* 80.6±6* 0.06
 ESD (mm) 31.7±4 58.5±7* 55.7±6* 0.70 58.4±6* 44.3±4*‡ <0.001 60.3±8* 69.1±0* 0.04
 EDVI (mL/m2) 55.9±8 158.3±24* 155.7±22* 0.38 149.0±20* 126±15*‡ 0.003 166±29* 180.1±25* 0.001
 ESVI (mL/m2) 25.2±7 113.2±18* 109.6±15* 0.55 106.2±14* 78.4±9*‡ <0.001 119±23* 138±20* <0.001
 SIsys 0.52±0.1 0.98±0.1* 0.92±0.1* 0.13 0.98±0.1* 0.82±0.1*‡ <0.001 0.99±0.2* 1.09±0.1* 0.04
 SIDia 0.64±0.1 0.84±0.1* 0.80±0.1* 0.42 0.82±0.1* 0.70±0.1*‡ <0.001 0.86±0.1* 0.91±0.1* 0.02
 LVEF 0.58±0.1 0.28±0.1* 0.29±0.1* 0.11 0.30±0.1* 0.40±0.1*‡ 0.04 0.25±0.1* 0.24±0.1* 0.85

Local LV remodeling  
Posterior Displacement 
 ALPM (cm) 
 PMPM (cm) 

 
2.1±0.2 
1.7±0.2 

3.1±0.3*

2.7±0.3*
3.0±0.3*

3.3±0.5*
0.88

0.001
2.6±0.2*†

2.6±0.3*
2.3±0.2*‡

3.3±0.5*‡
0.03

0.001
3.5±0.4*

2.8±0.3*
3.6±0.3*

3.8±0.5*
0.86

<0.001
Lateral Displacement 
 ALPM (cm) 
 PMPM (cm) 

 
0.9±0.2 
0.4±0.2 

1.6±0.4*

1.9±0.3*
1.6±0.4*

2.5±0.5*
>0.9

0.007
1.3±0.2*†

1.9±0.4*
1.1±0.4*‡

2.3±0.5*‡
0.002
0.007

2.0±0.5*

1.9±0.3*
2.1±0.6*

2.6±0.5*
0.8

<0.001
Apical Displacement 
 ALPM (l1, cm) 
 PMPM (l2, cm) 

 
2.3±0.6 
1.9±0.4 

4.1±0.8*

3.7±0.6*
3.9±0.7*

4.4±0.6*
0.80

0.004
3.3±0.7*†

3.7±0.8*
3.0±05*‡

3.9±0.7*‡
0.02
0.04

4.9±0.9*

3.9±0.8*
4.9±0.8*

4.9±0.8*
>0.9

<0.001
ALPM-WMSI 1.0±0 1.6±0.5* 1.5±0.5* 0.62 1.3±0.3*† 1.1±0.3*‡ 0.01 1.9±0.7* 1.9±0.5* >0.9
PLPM-WMSI 1.0±0 1.4±0.3* 2.3±0.4* <0.001 1.5±0.3* 2.0 ±0.3*‡ 0.007 1.4±0.3* 2.6±0.4* <0.001

Abbreviations: α = Anterior mitral leaflet tethering angle; β = posterior mitral leaflet tethering angle; γ = 
bending angle; αex = anterior mitral leaflet excursion angle; βex = posterior mitral leaflet excursion angle; EDD 
= End Diastolic Diameter; ESD = End Systolic Diameter; EDVI = End Diastolic Volume Index; ESVI = End Systolic 
Volume Index; SISys = Systolic Sphericity Index; SIDia = Diastolic Sphericity Index; LVEF = Left Ventricular Ejecti-
on Fraction; PMPM = Posteromedial papillary Muscle; ALPM = Anterolateral papillary muscle; WMSI = Wall 
Motion Score Index. * Significance vs. controls; †Significance vs. MR+ at baseline; ‡Significance vs. MR+ at 
follow-up. 
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Two-dimensional speckle-tracking analysis 

Results of two-dimensional speckle-tracking analysis are shown in Table 4. In patients 
with MR recurrence PMPM-LS (p=0.6 ), ALPM-LS (p=0.78) and GLSpeak (p=0.8) had not 
changed at the last follow up when compared with baseline values. In contrast, DYS-
PAP significantly worsened (p<0.001, [Figure 2 A] ) at the last echocardiographic con-
trol compared to baseline values. In contrast, in patients without MR recurrence, 
PMPM-LS (p<0.001), ALPM-LS (p<0.001) and GLSpeak (p=0.001) improved whereas DYS-
PAP did not vary (p=0.8, [Figure 2 B]) at the last postoperative echocardiographic con-
trols. All these indices were significantly higher (all, p<0.001) in patients with recurrent 
MR compared to the patients without MR. 
 
Table 4. Mitral Leaflet Tethering and LV Remodeling. 

 Controls All 
(n=144) 

MR –
(n=46) 

MR + 
(n=98) 

  Baseline Follow-up p Baseline Follow-up p Baseline Follow-up p
PMPM-LS (%) -19.4±5.9 -7.4±2.9* 9.1±3.9* 0.3 -9.7±3.5* † -15.0±5.6* ‡ <0.001 -5.2±2.5* -3.2±2.2* 0.06
ALPM-LS (%) -22.3±7.1 8.2±3.2* 11.1±4.4* 0.1 -12.4±3.2* † -18.9±6.7* ‡ <0.001 -4.6±3.3* -3.4±2.2* 0.09
GLSpeak (%) -20.7±7.0 8.3±3.3* 11.2±4.0* 0.1 -10.1±4.3* † -16.6±5.5* ‡ 0.001 -6.5±2.3* -5.8±2.4* 0.3
DYS-PAP (ms) 4.8±2.1 45.8±7.6* 53.2±8.1* 0.05 25.9±7.2* † 22.3±7.3* ‡ 0.8 65.4±8.2* 84.1±8.8* <0.001

Abbreviations: ALPM-LS = Anterolateral papillary muscle longitudinal strain; PMPM-LS = Posteromedial 
papillary muscle longitudinal strain; GLSpeak = Peak Global longitudinal strain; DYS-PAP = Papillary muscle . * 

Significance vs. controls; † Significance vs. MR+ at baseline; ‡Significance vs. MR+ at follow-up. 
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Figure 2. A) Papillary muscle dyssynchrony (DYS-PAP) at follow-up in a patient showing recurrent MR. B) 
Postoperative DYS-PAP in a patient without MR. 

Echocardiographic predictors of recurrent mitral regurgitation 

Recurrent MR was positively correlated with DYS-PAP (p<0.001), α angle (p<0.001) and 
α/β (p<0.001[Table 5]). There was no significant correlation between MR recurrence 
and other echocardiographic parameters. 

Logistic regression analysis revealed that DYS-PAP (OR: 5.4, 95% CI: 3.1-7.7, 
p<0.001), AML tethering angle α (OR: 5.0, 95% CI: 2.6-6.7, p<0.001) and tethering 
symmetry (OR: 3.9, 95% CI: 2.5-5.7, p<0.001) were predictors of recurrent MR (Table 
5). The model proved to be reliable (HL, p=0.8) and accurate (c=0.7). 
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ROC analysis was performed to assess the utility of DYS-PAP to predict moderate or 
moderate-to-severe recurrent MR (Figure 3). A DYS-PAP value ≥58 ms predicted recur-
rence of MR with 100% sensitivity and 83% specificity (AUC 0.92, 95% CI: 0.7-1, 
p<0.001). Anterior tethering angle α had 95% sensitivity and 80% specificity with an 
optimal cut-off of ≥39.5° (AUC 0.86, 95% CI 0.72-0.95, p<0.001); α/β with a cut-off of ≥ 
0.75 had 88% sensitivity and 79% specificity (AUC 0.82, 95% CI 0.70-0.93, p<0.001). 
 
Table 5. Predictors of recurrent MR 

 Univariable Multivariable
 R p OR 95%CI P 

α(º)  0.78 <0.001 5.0 2.6-6.7 <0.001 
α/β  0.72 <0.001 3.9 2.5-5.7 <0.001 
DYS-PAP (ms) 0.84 <0.001 5.4 3.1-7.7 <0.001 

 
 
 

Figure 3. Receiver operating characteristic (ROC) curve demonstrating the predictive value of papillary
muscle dyssynchrony for recurrence of mitral regurgitation after undersized mitral ring annuloplasty in
patients with ischemic dilated cardiomyopathy. The cut-off value is marked in the plot by a dot. 

Discussion 

General considerations 

Mitral valve repair has been preferred to replacement in patients with CIMR and LV 
dysfunction because of its positive effect with respect to preservation of ventricular 
function and improved survival16, 17. Nonetheless, concern has been raised about the 
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high incidence of recurrent MR following restrictive annuloplasty in CIMR patients18 
which has been reported to range between 33% and 70% at 5 years3, 19. Although pre-
dictors of reappearance or deterioration of MR have been related to preoperative 
mitral valve anatomical features, or to LV geometry and dimensions20, 21, it seems un-
questionable that, also in the presence of intraoperative successful repair, recurrence 
of MR still represents a disappointing and not unusual complication in CIMR patients 
submitted to mitral valve annuloplasty3, 8, 19. For this reason, much of current research 
in this area has been focused on identifying predictive factors of recurrent MR in order 
to select patients who can really benefit from annuloplasty. Functional MR and intra-
ventricular dyssynchrony are common findings in patients with heart failure and they 
are associated with a poor prognosis4, 5. The dyssynchronic contractions of LV seg-
ments are the leading causes of functional MR in these patients and are independently 
related to severity of functional MR22. In our study we investigated the impact of papil-
lary muscle dyssynchrony (DYS-PAP) on the recurrence of MR in patients with ischemic 
dilated cardiomyopathy (IDCM) undergoing UMRA by 2-D speckle-tracking echocardi-
ography (2D-STE) which allows differentiation of myocardial segments with active 
contractions from segments which are passively tethered7. 

Key findings 

Our study demonstrated that papillary muscle dyssynchrony was the strongest inde-
pendent predictor of recurrent MR. Indeed, we found that DYS-PAP ≥58 ms predicted 
recurrence of MR with 100% sensitivity and 83% specificity. Anterior tethering angle α 
had 95% sensitivity and 80% specificity with an optimal cut-off of ≥ 39.5° and tethering 
symmetry with a cut-off of ≥ 0.75 had 88% sensitivity and 79% specificity. 

Penicka et al5 have recently demonstrated that high-degree LV dyssynchrony hin-
ders LV pump function recovery in patients with ischemic heart failure undergoing 
myocardial revascularization. 

Myocardial ischemia is one of the major causes of LV dyssynchrony23 and one may 
speculate that correction of ischemia by CABG surgery should resynchronize LV con-
tractions.  

In the present study, patients with severe preoperative dyssynchrony did not show 
a reduction in DYS-PAP by CABG surgery, thus confirming that extensive LV dyssyn-
chrony cannot be reversed by revascularization and that persistent high-degree dys-
synchrony is associated with MR recurrence. Furthermore, in patients with significant 
MR at follow-up, DYS-PAP significantly worsened. In these patients volume overload 
resulting from MR leads to further ventricular dilatation, LV dysfunction and DYS-PAP 
which subsequently leads to further regurgitation. The persistent mechanical dyssyn-
chrony between LV segments supporting the papillary muscles also produces uncoor-
dinated regional LV mechanical activation in these segments and decreases LV contrac-
tion efficiency and closing forces, thereby impairing mitral valve tenting and resulting 
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in further geometric changes in mitral leaflet attachments and a worsening of mitral 
leaflet tethering.  

We might postulate that DYS-PAP perpetuates the vicious circle whereby ventricu-
lar dilatation, LV dysfunction and changes in LV geometry promote MR and in turn MR 
promotes dilatation, dysfunction and geometrical remodeling. In contrast, in patients 
with low baseline DYS-PAP, the preserved synchronic contractions of papillary muscles 
might turn the vicious cycle into the virtuous cycle of normalization of LV function and 
reverse remodeling. Thus, preoperative DYS-PAP might represent a landmark of ad-
vanced myocardial damage in IDCM and a sign of irreversible progression of the dis-
ease. Studies on this topic are ongoing. 

Clinical implications  

The findings of our study advocate routine assessment for LV dyssynchrony, in addition 
to other echocardiographic parameters, in patients with IDCM undergoing CABG and 
UMRA. In these patients the presence of severe baseline DYS-PAP ≥58 ms was associ-
ated with high MR recurrence. Therefore, noninvasive testing to assess papillary dys-
synchrony should be performed before surgery to guide patient selection. Patients 
with severe dyssynchrony might be considered for concomitant or alternative surgical 
techniques24, 25.  

Study limitations 

Our study findings should be viewed in light of some inherent limitations. First, viability 
testing was not performed in these patients. Therefore, the absence of viable myocar-
dium might be responsible for irreversible dyssynchrony in patients showing unfavora-
ble results. This issue deserves further investigation. Second, postoperative evaluation 
of the coronary status was not assessed. It would have been helpful to differentiate 
between surgical failure (valve repair and CABG) and the progress of the coronary 
disease. Third, the PISA method of assessing the severity of ischemic MR is less accu-
rate as the PISA is less likely to be a hemisphere. Adjustments of the aliasing velocity 
were carried out such that a well-defined hemisphere was obtained. This was done by 
shifting the baseline toward the direction of the flow, or by lowering the Nyquist limit 
or both (the latter reduces the wall filter whereas the former does not)9. Furthermore, 
as the PISA method overestimates MR in patients with eccentric jets, we therefore also 
employed Pulsed Doppler quantitative flow methods and, in case of contradictory 
results, PISA was chosen in the presence of central jet or calcific mitral valve/mitral 
annulus, whereas pulsed Doppler quantitative flow methods were preferred when the 
jet was eccentric or multiple.  
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Finally, as the myocardial movement is basically three-dimensional, thus including 
rotational movements, two-dimensional speckle tracking may have inherent limita-
tions, especially in patients with dilated LV.  

Conclusions  

DYS-PAP is strongly correlated with the recurrence of MR. A DYS-PAP cut-off value of 
58 ms is a useful tool to identify patients in whom UMRA is likely to fail. Further larger 
prospective studies are necessary to confirm our findings. 
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Abstract 

Background: We evaluated the papillary muscle systolic dyssynchrony (DYS-PAP) using 
two-dimensional speckle tracking echocardiography (2D-STE) in patients with chronic 
ischemic mitral regurgitation (CIMR) showing different preoperative leaflet pattern 
and investigated the impact of baseline tethering pattern in the prediction of signifi-
cant post-repair desynchronized papillary muscle contraction. 
Methods: We recruited 152 CIMR consecutive patients (64.4 % male, mean age 65.9 ± 
7.1 yrs.) who survived coronary artery bypass grafting (CABG) and undersized mitral 
ring annuloplasty (UMRA), performed between 2001 and 2010. The assessment of 
DYS-PAP was performed preoperatively and at follow up (median 41.5 months [IQR 23-
61]) by 2D-STE in the apical four-chamber view for anterolateral papillary muscle 
(ALPM) and apical long-axis view for posteromedial papillary muscle (PMPM). Based on 
the cut-off value (anterior/posterior tethering angle ratio α/β≥0.76) patients were 
classified in two Groups: symmetrical (Group 1, n=73, mean α/β = 0.81 ± 0.6) and 
asymmetrical preoperative tethering pattern (Group 2, n=79, mean α/β = 0.66 ± 0.4). 
Results: Recurrent MR occurred in 67.1% (n=49) in Group 1 vs. 3.8% (n=3) in Group2 
(p<0.001). 
Comparing both Groups at baseline, patients in Group 1 had higher DYS-PAP (57.7 ± 
5.3 vs. 29.8 ± 2.4 ms in Group 2, p<0.001) which significantly worsened at follow up 
(78.1± 8.8 ms, p<0.001 vs. baseline) whereas in Group 2 it improved (26.6 ± 6.0 ms, 
p<0.001 vs. baseline). Tethering symmetry significantly correlated with DYS-PAP 
(r=0.90, p<0.001) and it was a strong multivariable predictor of significant postopera-
tive DYS-PAP (OR 4.2 [95%CI: 3.4-5.2], p<0.001).  
Conclusions: Tethering symmetry is an easy and immediate tool to identify CIMR pa-
tients with advanced DYS-PAP who are unlikely to benefit from mitral repair with UM-
RA. 
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Introduction 

Chronic Ischemic Mitral Regurgitation (CIMR) remains one of the most complex and 
unresolved aspects of ischemic heart disease. Because of the unsatisfactory results of 
current strategies1, 2 CIMR is becoming the focus of an increasing amount of cardiovas-
cular research mainly focused on better understanding pathophysiological mechanisms 
underlying CIMR and their impact on postoperative results3. In particular, more atten-
tion has been drawn to the preoperative tethering pattern to predict MR recurrence 
after undersizing mitral ring annuloplasty (UMRA) and to establish whether a specific 
preoperative leaflet configuration is related to unfavourable outcomes4-6. 

Recent evidence suggests that dyssynchronous papillary muscle activation may be 
a contributing factor in functional mitral regurgitation7 and it has been reported to be 
useful in detecting subclinical deterioration in LV function8. Nonetheless, no infor-
mation exists about papillary muscle systolic dyssynchrony (DYS-PAP) in CIMR and little 
is known about the relationship between DYS-PAP and tethering pattern in CIMR pa-
tients and whether the persistence of dyssynchronous papillary muscle activation 
might be related to a specific leaflet configuration. 

In this study we evaluated the DYS-PAP with two-dimensional speckle tracking 
echocardiography (2D-STE) in CIMR patients and we investigated the impact of base-
line tethering pattern on the prediction of significant post-repair desynchronized papil-
lary muscle contraction. 

Material and methods 

Subjects 

The Ethics Committee approved the study and waived the need for patient consent 
according to the national law regulating observational retrospective studies (Dutch 
WMO law). However, all patients gave their informed consent to access their data for 
scientific purposes. 

We retrospectively evaluated patients with CIMR referred to our Institution (Uni-
versity Hospital of Maastricht, Maastricht, The Netherlands) by five satellite hospitals 
(Heerlen, Roermond, Sittard, Venlo and Weert, The Nederlands) between 2001 and 
2010. 

Inclusion Criteria were6, 9: (1) mild-to-severe MR with prior myocardial infarction 
>16 days; (2) 75% or greater stenosis of at least one coronary vessel; (3) a correspond-
ing regional wall motion abnormality; (4) restricted-motion type IIIb leaflet dysfunction 
with or without annular dilatation. 

Exclusion  criteria were: (1) mitral  valve replacement;  (2) death ; (3) persis-
tent/residual MR (MR ≥ moderate at discharge); (4) degenerative or other non-
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ischemic etiology; (5) acute ischemic mitral regurgitation; (6) additional mitral valve 
repair procedures; (7) other valvular or congenital heart diseases; (8) previous cardiac 
surgery/percutaneous transluminal coronary angioplasty; (9) atrial fibrillation and (10) 
incomplete/unavailable echoes for strain analysis. The final study population consisted 
of 152 CIMR patients (Figure 1). 

Recurrence of MR was defined as insufficiency ≥ moderate (in patients with 
no/trivial MR at discharge) at the last echocardiographic control performed at a medi-
an of 41.5 months [interquartile range (IQR) 23-61]. 

Surgery 

Patients with moderate or severe CIMR (effective regurgitant orifice area [EROA]> 
20mm2 and regurgitant volume [RV] > 30 mL) were scheduled for operation. When MR 
was moderate, surgery was indicated (1) in the presence of a dilated left ventricle 
(end-diastolic volume > 110 mL/m2) or low LV ejection fraction (<0.35), as in the case 
of dilated cardiomyopathy10. 

All patients underwent complete revascularization. Mitral annuloplasty was per-
formed with standard operative techniques, including cardiopulmonary bypass and 
undersized annuloplasty rigid ring placement (Carpentier-Edwards Classic; Edwards 
LifeSciences, Irvine, CA). The ring size was determined by standard measurements of 
the inter-trigonal distance and anterior leaflet height. Downsizing by 2 ring sizes was 
performed in all patients. A successful repair was assessed as leaflet coaptation of 0.8 
cm or more, MR of 1 or less and a systolic MV area exceeding 2 cm2 at intraoperative 
transesophageal echocardiography. 

Echocardiography 

Transthoracic echocardiography (TTE) was performed following a common standard 
protocol at baseline (within a week before surgery ) at discharge, 6 months and at 
yearly follow-up visits. Exams were carried out using a commercially available ultra-
sound system IE 33, (Philips Medical System, Amsterdam, The Netherlands). Images 
were stored in DICOM format and transferred to a workstation for further offline anal-
ysis (Tomtec Imaging system, Unterschleißheim, Germany). Measurements and calcu-
lations were made separately by one of the investigators (F.L.).  
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Figure 1. Patient Selection 
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Echocardiographic measurements and calculations were carried out as previously re-
ported9. The severity of MR was graded on a scale of 1 to 4 according to American 
Society of Echocardiography Guidelines11. In patients with no/trivial MR by color Dop-
pler, RV and RF were used as calculated and EROA was assumed as null. Left ventricu-
lar (LV) volumes and LV ejection fraction were assessed using the bi-apical Simpson 
disk method12. Sphericity indexes were obtained at end-diastole and end-systole as the 
volume of the left ventricle divided by the volume of a sphere with a diameter equal to 
the longest axis of the left ventricle measured in the apical view13. The wall motion 
score index (WMSI) was calculated according to a 17-segment model14. The WMSI of 
the basal and mid-posterior and inferior segments for the posteromedial papillary 
muscle (PMPM- WMSI) and basal and mid-lateral and anterior segments for the anter-
olateral papillary muscle (ALPM-WMSI) were also calculated14. The myocardial perfor-
mance index (MPI) was measured using the method described by Tei and colleagues15. 

Mitral valve configuration 

Mitral valve configuration was assessed in mid-systole using the parasternal long-axis 
and four-chamber views (Figure 2 A). The AML tethering angle α (between the annular 
plane and the AML) and the posterior mitral leaflet tethering angle β (between the 
annular plane and the PML), were directly measured with a specific software (Philips 
DICOM Viewer; Philips Medical System). The ratio of α to β was a quantitative meas-
urement of tethering: the closer the ratio was to 1, the more symmetric was the teth-
ering (Figure 2 B,C). 

The tenting area (TA) was measured by the area enclosed between the annular 
plane and the mitral leaflets from the parasternal long-axis view at mid-systole. The 
coaptation height (CH) was measured as the perpendicular distance between the coap-
tation point of the mitral leaflets and the line connecting the annular hinge points in 
the long-axis view at end-systole. The coaptation length (CL) was measured as the 
length of apposition of the anterior mitral leaflet (AML) and posterior mitral leaflet 
(PML). The coaptation distance (CD) was measured (along the annular plane) from the 
anterior leaflet attachment to the point of coaptation. 
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Figure 2. Measurement of tethering angles. A) 
Tethering of the anterior mitral leaflet (AML) was 
assessed by measuring the angle α between the 
annular plane and AML. B) Tethering of the 
posterior mitral leaflet (PML) was assessed by 
measuring the angle β between the annular plane 
and the PML. C) Patient belonging to the symmet-
ric group with central regurgitant jet. D) Patient 
belonging to the asymmetric group with eccentric 
regurgitant jet. 
Abbreviations: LA: Left atrium; LV: Left ventricle; 
AO: Aorta. 

Two-dimensional speckle-tracking echocardiography 

The assessment of longitudinal peak systolic strain was performed by applying 2D 
speckle-tracking imaging to the apical two- and four-chamber views of the LV. The LV 
was divided into six segments in each apical view and the global longitudinal strain (G-
LS) was obtained in each view7. The peak global longitudinal strain (G-LSpeak) was the 
mean of the peak negative values on the two G-LS curves (Figure 3 A). The assessment 
of papillary muscle dyssynchrony (DYS-PAP) was performed by applying 2D speckle-
tracking imaging to the apical four-chamber view for anterolateral papillary muscle and 
to the apical long-axis view for posteromedial papillary muscle7.  
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From an end-systolic single frame, the edge of each papillary muscle was detected on 
the endocardial cavity and an automated tracking algorithm (free-trace method, 
Tomtec, Tomtec Imaging system, Unterschleißheim, Germany) followed the papillary 
muscle from this single frame throughout the cardiac cycle. The value of peak systolic 
longitudinal strain for each papillary muscle was then determined as anterolateral 
papillary muscle longitudinal strain (ALPM-LS) and posteromedial papillary muscle 
longitudinal strain (PMPM-LS). The beginning of the QRS complex was used as the 
reference point and the time to peak (TTP) systolic longitudinal strain was quantified 
for each papillary muscle. For the assessment of DYS-PAP, the absolute difference in 
TTP between anterolateral and posteromedial papillary a muscle was calculated (Fig-
ure 3 B).  
 

Figure 3. A) Representative example of measuring Global Longitudinal Strain (G-LS) and Global Longitudinal 
Strain peak (G-LSpeak) in apical 4–chamber view. B) Representative example of measuring papillary muscle 
dyssynchrony as difference in time to peak (TTP) between anterolateral and posteromedial papillary mus-
cles. 
Abbreviations: AVC: Aortic valve closure. 

Patient classification 

Patients were divided on the basis of the preoperative anterior/posterior tethering 
angle ratio α/β. A cut-off value of 0.76 was chosen based on our previous experience9. 
There were 73 patients with symmetric (Group 1, mean α/β = 0.81 ± 0.6) and 79 with 
asymmetric preoperative tethering pattern (Group 2, mean α/β = 0.66 ± 0.4). Patient 
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characteristics are summarized in Table 1. No difference was found in preoperative 
and operative variables between groups. 

Statistical analysis 

Data were analyzed with the use of statistical software (SPSS for Windows, version 
12.0; SPSS Inc., Chicago, Ill). Normality of continuous data was analyzed with the Kol-
mogorov-Smirnov test. 

Data were compared for statistical significance using a t test, Mann–Whitney rank 
sum test, χ2 test or Fisher exact test as appropriate. Multiple comparisons were car-
ried out by ANOVA and Kruskal–Wallis tests with Tukey and Dunn post-hoc tests. 

Correlations between DYS-PAP and other variables were tested by Pearson`s cor-
relation. We assessed, on the entire patient population, univariate regression with 
postoperative DYS-PAP and regurgitant volume as a dependent variables and other 
preoperative echocardiographic parameters (end diastolic diameter [EDD], end systolic 
diameter [ESD], end diastolic volume Index [EDVI], end systolic volume index [ESVI], 
left ventricular ejection fraction [LVEF], systolic sphericity index [SSI], diastolic spherici-
ty index [DSI], WMSI, MPI, TA, EROA, RV, RF, CH, CL, CD, AML tethering angle α, PML 
tethering angle β , α/β ratio, PMPM-WMSI, ALPM-WMSI) as independent variables. 
Variables reaching statistical significance or borderline (p≤0.1) were introduced in 
multivariable analysis. Multivariable logistic regression with the forward stepwise 
method was performed to identify preoperative echocardiographic predictors of signif-
icant post-repair DYS-PAP, defined as DYS-PAP >30ms7 and significant post-repair re-
current MR defined as MR ≥ moderate in patients with no residual MR at discharge. 
The goodness of fit of the final logistic regression models was assessed with the Hos-
mer-Lemeshow (H-M) statistic and predictive accuracy was assessed by the concord-
ance index (c).The logistic regression model proved to be reliable (H-M=0.7 and H-
M=0.83 in the two models, respectively) and accurate (c=0.84 and c=0.88 in the two 
models, respectively). Optimal cut-off values were determined by receiver operating 
characteristic curve (ROC) as the rounding cut-off that gives the maximum sum of 
sensitivity and specificity. This value should be the shoulders at the top left of the ROC 
curve. Results were validated using the bootstrap method (1000 iterations). A p value 
<0.05 was considered statistically significant.  
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Table 1. Clinical Characteristics (n=152) 

 Symmetric 
(n=73) 

Asymmetric 
(n=79)              p 

Age, y 64.4±6 67.4±7 0.74
Gender M/F 47/26 (64.3/35.6) 51/28 (64.5/35.4) 0.90
NYHA class 3 [3-4] 3 [3-4] >0.9
CCS angina class 2 [1-3] 2 [1-3] >0.9
Euroscore 
 Additive 8.1 [6-8] 7.9 [6-8] 0.84
 Logistic 15.3 [11-19] 14.9 [10-18] 0.67
 Hypertension 30 (41.1) 29 (36.7) 0.53
 Diabetes 21 (28.7) 23 (29.1) 0.86
 COPD 10 (13.7) 11 (13.9) 0.93
 Chronic renal disease 12 (16.4) 13 (16.4) >0.9
 Cerebral vascular disease 9 (12.3) 10 (12.6) 0.88
 Peripheral vascular disease 3 (4.1) 6 (7.6) 0.07
 Familiar history 37 (50.7) 36 (45.5) 0.12
  Preoperative IABP 5 (6.8) 3 (3.8) 0.06
Myocardial infarction 
 >3 months 57 (78.1) 59 (74.7) 0.84
 ≤3 months 16 (21.9) 20 (25.3) 0.62
Inferior/Posterior 31 (42.4) 44 (55.7) 0.57
Anterior/Septal 8 (10.9) 7 (8.8) 0.50
Lateral 9 (12.3) 6 (7.6) 0.07
Combined 25 (34.2) 22 (27.8) 0.09
Coronary vessel disease 2 [1-3] 2 [1-3] >0.9
Left Main 14 (19.2) 13 (16.4) 0.20
Medications 
 ACEI/ARB 62 (84.9) 65 (82.3) 0.87
 β-adrenergic blockers 41 (56.1) 44 (55.7) 0.64
 Long-acting nitrates 33 (45.2) 35 (44.3) 0.89
 Diuretics 63 (86.3) 68 (86.1) 0.9
Surgery  
 CPB time (min) 108 [99-125] 102 [94-115] 0.08
 CCL time (min) 96 [77-104] 83 [70-97] 0.12
 Mitral Ring size (mm) 28 [26-30] 28 [26-30] 0.90
CABG 
 Anastomoses/patient 2 [1-3] 2 [1-3] >0.9
 Arterial graft/patient 1 [1-2] 1 [1-2] >0.9

Normally- distributed variables are presented as mean ± standard deviation; Discrete variables are present-
ed as percentages. Non-normally distributed variables are presented as median [Interquartile range]. 
Abbreviations: M/F = Male/Female; NYHA = New York Heart Association; CCS = Canadian Cardiovascular 
Society; COPD = Chronic obstructive pulmonary disease; IABP = Intra-aortic balloon pump; ACEI = angioten-
sin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; CPB = Cardiopulmonary bypass; CCL = 
(Aortic) Cross-clamp; CABG = Coronary artery bypass grafting. 
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Results 

Echocardiographic results and recurrence of mitral regurgitation 

At follow-up, recurrent MR occurred in 67.1% (n=49) in Group 1 vs. 3.8% (n=3) in 
Group2 (p<0.001). In the symmetrical Group, at baseline, EDD (p=0.005), ESD 
(p=0.007), ESVI (p=0.02), EDVI (p<0.001), and sphericity Indexes (both, p<0.001) were 
higher whereas LVEF was lower (p<0.001). Furthermore, in this Group, TA (p<0.001), 
and CH (p=0.04) were preoperatively higher and CL (p=0.01) was shorter. In addition, 
patients with symmetrical tethering had higher tethering angle α (p<0.001), lower 
tethering angle β (p= 0.001) and larger ALPM-WMSI (p=0.03). Contrastingly, the 
PMPM-WMSI was higher in Group 2 (p=0.03). At late follow up the tethering angle α 
diminished significantly from baseline in both Groups (p<0.001) remaining still higher 
in the symmetrical Group (p<0.001 vs. asymmetrical) whereas the tethering angle β 
increased in both Groups (p<0.001 vs. baseline) and was comparable at follow up be-
tween groups (p=0.4). Furthermore, at the latest control, the asymmetrical group had 
smaller LV dimensions (p<0.001), LV volumes (p<0.001) and sphericity indexes 
(p<0.001) and lower global WMSI (p=0.007). Finally, in both Groups, PMPM-WMSI 
increased significantly at follow up (p=0.005 and p=0.03 vs. baseline, in symmetric and 
asymmetric respectively) whereas ALPM-WMSI remained constant (p>0.9 and p=0.8 
vs. baseline, in symmetric and asymmetric respectively). All echocardiographic data are 
shown in Table 2. 
 
Table 2. Echocardiographic Results (n=152) 

 Symmetric tethering pattern
(n=73) 

Asymmetric tethering pattern 
(n=79) 

 Baseline Discharge F-UP Baseline Discharge F-UP 
MR  
Direction of regurgitant jet  
 Central 45 (61.7)‡ - 1 (2.0) 7 (8.8) - - 
 Anterior 6 (8.2) - 1 (2.0) 9 (11.4) - - 
 Posterior 9 (12.3)‡ - 45 (91.8)‡ 49 (62.1) - 2 (66.7) 
 Complex 13 (17.8) - 2 (4.2)‡ 14 (17.7) - 1 (33.3) 
Quantitative data  
 TA (cm2) 4.1±1.0‡ 2.1±0.2* 2.7±0.9† 3.2±1.0 1.8±0.6* 1.8±0.3 
 EROA (mm2) 37±12 - 29±12‡ 34±9 - - 
 RF (%) 48±13 - 29±12‡ 44±15 - - 
 RV (ml) 56±14 - 35±13‡ 60±15 - - 
Mitral leaflets tethering  
  α (°)  42.8±7‡ 36.8±7*‡ 34.9±9*‡ 33.8±4 24.8±6* 23.9±5* 
  β (°) 44.8±12‡ 61.9±11* 75.4±13*† 50.9±9 60.0±11* 77.6±13*† 
 CH(cm) 1.3±0.3‡ 0.8±0.1* 1.8±0.3*†‡ 1.2±0.3 0.8±0.2* 0.8±0.2* 
 CL (cm) 3.1±0.1‡ 8.3±0.3* 2.6±0.2†‡ 4.3±0.7 8.6±0.5* 8.7±0.3* 
 CD(cm) 3.6.±0.5 3.3±0.6* 3.7±0.7† 3.5.±0.8 3.1±0.6* 3.1±0.5 
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 Symmetric tethering pattern
(n=73) 

Asymmetric tethering pattern 
(n=79) 

 Baseline Discharge F-UP Baseline Discharge F-UP 
Global LV remodeling  
 EDD (mm) 66±7‡ 52±8* 57±6*†‡ 59±7 53±7* 41±4† 
 ESD (mm) 56±5‡ 44±7* 48±5*†‡ 49±8 44±7* 34±3† 
 EDVI (mL/m2) 112±16‡ 87±13*‡ 110±15†‡ 105±11 93±10* 79±7† 
 ESVI (mL/m2) 74±9‡ 59±7*‡ 72±5†‡ 59±8 49±7* 42±3† 
 LVEF (%) 33±9‡ 32±7‡ 34±5‡ 43±9 47±9* 46±7 
 SSI 0.82±0.1‡ 0.76±0.1*‡ 0.73±0.2*‡ 0.62±0.1 0.43±0.1* 0.37±0.1† 
 DSI 0.87±0.1‡ 0.83±0.1‡ 0.84±0.1‡ 0.75±0.1 0.51±0.1* 0.41±0.1† 
 WMSI 1.4±0.6‡ 1.3±0.3‡ 1.7±0.3‡ 1.2±0.3 1.0±0.2* 1.1±0.3† 
 MPI 0.92±0.1‡ 0.90±0.1‡ 0.93±0.1‡ 0.66±0.1 0.57±0.1* 0.50±0.1† 
Local LV remodeling  
 PMPM-WMSI 2.1±0.3‡ 2.2±0.3*‡ 2.5±0.3*†‡ 2.5±0.4 2.3±0.3* 2.7±0.31*† 
 ALPM-WMSI 1.5±0.3‡ 1.4±0.3‡ 1.5±0.3‡ 1.1±0.1 0.9±0.1* 1.0±0.1 

Normally-distributed variables are presented as mean ± standard deviation. Discrete variables are presented 
as percentages. Non-normally distributed variables are presented as median [Interquartile range]. * † Signifi-
cance vs. baseline and discharge, respectively; ‡Significance vs. the asymmetrical Group. 
Abbreviations: TA = Tenting area; EROA = Effective regurgitant orifice area; RF = Regurgitant Fraction; RV = 
Regurgitant Volume; α = Anterior mitral leaflet tethering angle; β = posterior mitral leaflet tethering angle; 
CH = coaptation height; CL = Coaptation Length; CD = Coaptation Distance; EDD = End Diastolic Diameter; 
ESD = End Systolic Diameter; EDVI = End Diastolic Volume Index; ESVI = End Systolic Volume Index; LVEF = 
Left Ventricular Ejection Fraction; SSI = Systolic Sphericity Index; DSI = Diastolic Sphericity Index; MPI = 
Myocardial Performance Index; WMSI = Wall Motion Score Index; PMPM = Posteromedial papillary Muscle; 
ALPM = Anterolateral papillary muscle. 

Two-dimensional speckle-tracking analysis  

Comparing both Groups at baseline, patients in Group 1 had higher DYS-PAP (57.7 ± 
5.3 ms vs. 29.8 ± 2.4 ms, p<0.001) and worse values of longitudinal strain (LS) in ALPM 
(ALPM-LS, -6.8 ± 0.4% vs. -11.9 ± 0.5 %, p<0.001), PMPM (PMPM-LS, -5.5 ± 0.3% vs.-
10.9 ± 0.3%, p<0.001) and global LS (G-LS, -0.9 ± 0.2 % vs. -7.0 ± 0.7 % vs. p<0.001). At 
follow up, in patients in Group 1, ALPM-LS (-6.9 ± 0.2%, p>0.9 vs. baseline) PMPM-LS (-
5.0 ± 0.5%, p=0.77 vs. baseline) and G-LSpeak(0.9 ± 0.2 %, p>0.9 vs. baseline) did not 
change whereas DYS-PAP significantly worsened (78.1 ± 8.8 ms, p<0.001 vs. baseline 
[Figure 4 A-B, Figure 5]). In contrast, in patients in Group 2, ALPM-LS (-19.9 ± 0.9%, 
p<0.001 vs. baseline), PMPM-LS (-16.7 ± 0.8%, p<0.001 vs. baseline) and G-LSpeak (-15.5 
± 0.8%, p<0.001 vs. baseline) and DYS-PAP (10.6 ± 3.0 ms, p<0.001 vs. baseline) im-
proved (Figure 4 C-D, Figure 5). At follow up, 68 patients (93.1%) belonging to the 
symmetrical Group and 2 (2.5%) with preoperative asymmetrical tethering had a DYS-
PAP >30 ms (p<0.001). In the latter Group, 13 patients (16.5 %) has DYS-PAP 15-30 ms 
and 64 (81.0%) <15 ms.  
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Figure 4. A) Preoperative papillary muscle dyssynchrony (DYS-PAP) in a patient with symmetrical tethering (60.3 
ms). B) Postoperative DYS-PAP in the same patient (95.2 ms) as in A. C) Preoperative DYS-PAP in a patient with 
asymmetrical tethering (35.5 ms). D) Postoperative DYS-PAP in the same patient (11.9 ms) as in C. 
Abbreviations: AVC: Aortic valve closure; ALPM: Anterolateral papillary muscle; PMPM: posteromedial
papillary muscle; DYS-PAP: papillary muscle dyssynchrony. 

 

 
Figure 5. A) Papillary muscle dyssynchrony (DYS-PAP) at baseline, discharge and follow-up in the two Groups. 
B) Anterolateral papillary muscle longitudinal strain (ALPM-LS) at baseline, discharge and follow-up in the 
two Groups. C) Global longitudinal strain (GL-S) at baseline, discharge and follow-up in the two Groups.. D)
Posteromedial papillary muscle longitudinal strain (PMPM-LS) at baseline, discharge and follow-up in the 
two Groups.*Significance vs. baseline. ** Significance vs. discharge. 
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Echocardiographic predictors of postoperative DYS-PAP 

There was a strong correlation between α/ β and baseline DYS-PAP (r=0.95, p<0.001). 
Furthermore, preoperative α/ β, α tethering angle, SSI, ESVI, MPI, EDVI , EDD, ESD and 
WMSI correlated strongly with postoperative DYS-PAP (all, p<0.001; Table 3). DSI 
(p=0.004) had moderate correlation. Other preoperative variables did not correlate 
significantly with postoperative DYS-PAP (Table 3). 

At multivariable analysis (Figure 6) α/ β (p<0.001), tethering angle α (p<0.007), SSI 
(p=0.01), ESVI (p=0.04) and MPI (p=0.04) were predictors of significant postoperative 
DYS-PAP.  

On ROC curves, the best preoperative predictor of significant postoperative DYS-
PAP was α/β with a cut-off of ≥0.76 (sensitivity 100%, specificity 90%, area under curve 
[AUC] 0.98 (95%CI 0.96-1). 

Anterior tethering angle α had 90% sensitivity and 82% specificity with an optimal 
cut-off of ≥ 39.5° (AUC 0.88 [95% CI: 0.77-0.93], SSI with a cut-off of ≥0.7 had 83% 
sensitivity and 75% specificity (AUC 0.78 [95% CI: 0.70-0.87], MPI with a cut-off ≥0.88 
had 80% sensitivity and 70% specificity (AUC 0.74 [95% CI: 0.68-0.84] and ESVI with a 
cut-off ≥60 mL/m2 had 73% sensitivity and 66% specificity (AUC 0.70 [95% CI: 0.64-
0.80]. 

Echocardiographic predictors of recurrent mitral regurgitation 

There was a significant correlation between recurrent MR and DYS-PAP (r=0.87, 
p<0.001), α angle (r=0.85, p<0.001) and α/β (r=0.86, p<0.001) and SSI (r=0.82, 
p<0.001).There was no significant correlation between MR recurrence and other echo-
cardiographic parameters. 

Logistic regression analysis revealed that DYS-PAP (OR: 5.0, 95% CI: 3.6-7.3, 
p<0.001), AML tethering angle α (OR: 4.4, 95% CI: 2.7-6.3, p<0.001), tethering sym-
metry (OR: 4.0, 95% CI: 2.7-5.2, p<0.001) and systolic sphericity Index (OR: 4.3, 95% CI: 
2.8-5.6, p<0.001) were predictors of recurrent MR. A DYS-PAP value ≥58 ms predicted 
recurrence of MR with 95% sensitivity and 88% specificity (AUC 0.92, 95% CI: 0.7-1, 
p<0.001). Anterior tethering angle α had 90% sensitivity and 83% specificity with an 
optimal cut-off of ≥39.5° (AUC 0.84, 95% CI 0.70-0.91, p<0.001); α/β with a cut-off of ≥ 
0.76 had 87% sensitivity and 80% specificity (AUC 0.82, 95% CI 0.78-0.87, p<0.001). 
Finally, SSI ≥0.72 had 88% sensitivity and 76% specificity with an with an area under 
curve of 0.77 (95% CI: 0.64-0.88) in predicting MR recurrence. 
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Table 3. Univariate Linear Regression Analyses for Echocardiographic 
Factors Predicting Post-repair DYS-PAP. 

     r      p

End diastolic diameter 0.324 <0.001
End systolic diameter 0.391 <0.001
End systolic volume index 0.527 <0.001
End diastolic volume index 0.373 <0.001
Left Ventricular ejection fraction -0.07 0.45
Systolic sphericity index 0.761 <0.001
Diastolic sphericity index 0.273 0.004
Wall motion score index 0.331 <0.001
Myocardial performance index 0.477 <0.001
Tenting area 0.110 0.132
Effective regurgitant orifice area 0.116 0.167
Regurgitant fraction 0.054 0.398
Regurgitant volume 0.066 0.401
Coaptation height 0.045 0.605
Coaptation length 0.040 0.613
α (anterior mitral leaflet tethering angle) 0.883 <0.001
β (posterior mitral leaflet tethering angle) 0.015 0.884
α/ β (tethering pattern) 0.90 <0.001
Coaptation distance 0.070 0.408
Wall motion score index at posteromedial papillary muscle 0.049 0.603
Wall motion score index at anterolateral papillary muscle 0.036 0.683

 
 

Figure 6. Multivariable predictors 
of postoperative papillary muscle 
dyssynchrony. 
Abbreviations: α: anterior mitral 
leaflet tethering angle; β: posterior 
mitral leaflet tethering angle; SISys: 
Systolic sphericity Index; ESVI: End 
Systolic Volume Index; MPI: 
Myocardial Performance Index. 
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Discussion 

Chronic ischemic mitral regurgitation (CIMR) occurs despite a structurally normal mi-
tral valve as a consequence of LV dysfunction16. LV distortion and remodeling after MI 
displaces papillary muscles from the mitral annulus17 and this displacement puts exces-
sive tension on the chordae resulting both in the tethering of the mitral leaflets and in 
restricting their coaptation during systole16. Agricola and coworkers18 first recognized, 
among patients with CIMR due to restricted motion, two groups according to the teth-
ering pattern: the asymmetrical group with predominant posterior tethering of both 
leaflets and the symmetrical one with predominant apical tethering of both leaflets. 
Since each papillary muscle supplies chordae to both leaflets, consequentially a poste-
rior displacement of only one papillary muscle invariably exerts traction on both leaf-
lets19. Therefore, the different shapes of tethering of the two groups depend on the 
relationship of the three tethering vectors (posterior, apical and lateral). In the asym-
metrical group, the posterior leaflet is simply drawn more posteriorly than apically 
(more parallel to the posterior wall). This posterior restriction of the posterior leaflet 
prevents it from reaching its normal, more anteriorly located coaptation point, so that 
the coaptation point moves posteriorly, creating the asymmetrical tethering shape. In 
the symmetrical one, there is additional apical, and medio-lateral tethering in addition 
to the posterior component. The net result of these forces is more apical tenting, with 
the coaptation point being displaced more apically. In the symmetrical group the re-
gurgitant jet usually has a central origin and direction because the systolic motion of 
both leaflets is equally affected. In the asymmetrical one, it is the movement of the 
posterior leaflet to be predominantly compromised causing posterior jet direction18. In 
our recent studies the symmetrical tethering proved to be a strong predictor of recur-
rent mitral regurgitation20 and lack of LV reverse remodeling21 after restrictive annulo-
plasty for CIMR. As a measure of tethering symmetry we employed the ratio between 
the anterior and posterior tethering angles which represents an indirect measurement 
of the resultant tethering vector. 

Left ventricular dyssynchrony is a frequently observed feature in patients with 
functional ischemic mitral regurgitation and it may contribute to MR by several mech-
anisms: 1) Uncoordinated regional LV mechanical activation results in geometrical 
changes in mitral leaflet attachments and tethering of the mitral leaflets; 2) A positive 
pressure gradient develops between the left atrium and left ventricle due to improper 
timing of atrio-ventricular relaxation and contraction cycles, which effects mitral valve 
closure; 3) LV dyssynchrony decreases LV contraction efficiency and closing forces, 
thereby impairing mitral valve tenting22. 

No information exists about the relationship between DYS-PAP and tethering pat-
tern in CIMR patients and whether the persistence of dyssynchronous papillary muscle 
activation after surgery may be related to a specific leaflet configuration. In this study 
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we assessed global ventricular strain and DYS-PAP in CMIR patients, divided on the 
basis of preoperative tethering pattern into symmetrical and asymmetrical.  

We employed two-dimensional speckle-tracking (2D-ST), a no-Doppler-based 
method which provides angle-independent assessment of multidirectional LV strain 
and differentiates myocardial segments with active contraction from segments that 
are passively tethered7. To our knowledge this is the first study investigating both LV 
strain and papillary muscle dyssynchrony in patients with CIMR utilizing 2D-STE analy-
sis.  

Our experience demonstrated that, in patients with preoperative asymmetrical 
tethering, G-LSpeak, PMPM-LS, ALPM-LS (p<0.001) and DYS-PAP (p=0.01) significantly 
improved at follow-up. More specifically, 16.5 % (n=13) patients with preoperative 
asymmetrical pattern had postoperative DYS-PAP comprised of between 15 ms and 30 
ms, 81% (n=64) <15 ms and 2.5% (n=2) >30 ms. In contrast, in patients with preopera-
tive symmetrical pattern, DYS-PAP worsened and 93.1% (68/73) of these patients had 
DYS-PAP >30 ms at follow-up. Moreover, symmetrical pattern was the strongest pre-
dictor of significant postoperative DYS-PAP. Finally, in accordance with our previous 
experience6, symmetrical tethering pattern resulted in a significantly higher postopera-
tive MR rate (67.1% vs. 3.8%, p<0.001) and a DYS-PAP ≥58, anterior tethering angle α 
≥39.5°, α/β ≥ 0.76 and SSI ≥0.72 were predictors of MR recurrence. 

Compared to data published in the literature in no-ischemic patients7, we had 
lower values of DYS-PAP and this might be attributable to the small number of subjects 
with QRS >120 ms (20.%) which reflects significant mechanical dyssynchrony not asso-
ciated with electrical dyssynchrony in the majority of patients in our cohort. This is in 
accordance with recent data showing that the QRS duration does not adequately re-
flect LV dyssynchrony which may occur only in 30% of heart failure patients23. Pub-
lished data show that reduction of ischemia by CABG is associated with resynchroniza-
tion only in a small percentage of patients with a high degree of preoperative dyssyn-
chrony24. Accordingly, in our experience, in patients in Group 1 with significant pre-
operative DYS-PAP, it did not improve after revascularization. 

It has been demonstrated that cardiac resynchronization therapy (CRT) reduces 
the degree of functional MR both immediately25 and in the long -term26 and that the 
improvement in LV dyssynchrony plays an important role in the development of re-
verse remodeling after CRT25. 

Improved coordination of papillary muscle contraction might contribute to ensur-
ing post-repair mitral competence in these patients by re-coordinating the tethering 
forces on papillary muscles and increasing closing force on the mitral leaflets. Fur-
thermore, it has been demonstrated that the improvement in LV dyssynchrony plays 
an important role in the development of reverse remodeling after CRT27. Therefore, we 
might suppose that re-synchronization successfully interrupts the vicious circle of re-
modeling and turns it into the virtuous circle of reverse remodeling and further resyn-
chronization. Indeed, patients with asymmetrical tethering and without significant 
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preoperative dyssynchrony, showed significant reverse remodeling and MV compe-
tence at follow-up. In contrast, in patients with symmetrical tethering, DYS-PAP was 
irreversible; the lack of re-synchronization might have led to significant volume over-
load which promoted further LV dilatation, continuous remodeling and recurrent MR.  

Clinical implications 

The main finding of our study was the correlation of preoperative tethering pattern 
and DYS-PAP and the evidence that significant dyssynchrony after surgery can be pre-
dicted from the configuration of the mitral valve on the preoperative echocardiograph-
ic assessment. Onset of LV dyssynchrony is a marker of advanced cardiac dysfunction 
and resynchronization of LV contractions is associated with reverse remodeling and 
reduction in MR. 

The symmetric pattern might represent an advanced stage of the ischemic disease 
with dilated-dysfunctional left ventricle and advanced DYS-PAP and it might reflect an 
irreversible, mechanical LV dyssynchrony. Tethering symmetry may, therefore, repre-
sent an easy and immediate tool to identify patients who cannot benefit from UMRA. 
Thus, an accurate evaluation of tethering pattern before surgery should be incorpo-
rated into risk prediction models for unsuccessful MV repair and, in patients with pre-
operative symmetrical tethering pattern, the risk of performing UMRA must be careful-
ly weighed and concomitant or alternative surgical techniques should be considered9, 

21, 28.  
On the basis of these data and from our previous experiences6, 9, 20, 21 we believe 

that UMRA can be safely employed only in selected patients identified on the basis of 
clinical and echocardiographic features. However, in our opinion, this selection should 
include also data on myocardial viability and dyssynchrony. Therefore, UMRA is indi-
cated in patients with echocardiographic asymmetric pattern: 1) in presence of viable 
myocardium surrounding the scar; 2) in absence of papillary muscle dyssynchrony; 3) 
in patients with AML <39.5° ; 4) in patients with systolic sphericity index < 0.7; 5) in 
absence of advanced diastolic dysfunction. 

Study limitations 

The main limitation of the present study is the lack of information on myocardial viabil-
ity. This was due to its retrospective nature and to the fact that viability was not rou-
tinely documented. The presence of viable myocardium with concomitant absence of 
LV dyssynchrony might be responsible for favorable results in the asymmetrical 
Groups. This aspect deserves further evaluation.  
In addition, as the myocardial movement is basically three-dimensional, thus including 
rotational movements, two-dimensional speckle tracking may have inherent limita-
tions, especially in patients with dilated LV. Finally, the cut-off >30 ms is an accepted 



T E T H E R I N G  S Y M M E T R Y  

147 

threshold for patient with dilated non-ischemic cardiomyopathy and it has not been 
validated for CIMR patients.  

Conclusions 

Preoperative tethering symmetry identifies CIMR patients with advanced DYS-PAP who 
are unlikely to benefit from mitral repair. Further larger studies are necessary to con-
firm our findings.  
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Abstract 

Background: In this retrospective study we explored whether different tethering pat-
terns in chronic ischemic mitral regurgitation (CIMR) have a different distribution of LV 
systolic longitudinal, circumferential and radial strain before and after mitral valve 
repair. 
Methods: Sixty-one CIMR patients who underwent mitral repair were divided on the 
basis of the preoperative anterior/posterior tethering angle ratio α/β (cut-off value 
0.76). There were 29 patients with symmetric (Group 1) and 32 with asymmetric pre-
operative tethering pattern (Group 2). Assessment of longitudinal peak systolic strain 
was performed off-line by applying speckle tracking imaging to the apical two-three- 
and four-chamber views of the LV. Peak systolic radial and circumferential strain were 
obtained from short axis views at basal, middle and apical level. Twenty healthy sub-
jects were controls.  
Results: In Group 1 baseline LV strain was impaired in all LV segments with the worst 
values in the anterolateral, anterior and inferolateral segments at mid-ventricular and 
basal level. In contrast, asymmetric patients showed higher values in the inferior and 
inferoseptal walls and values closer to normal in the other segments. After surgery, all 
strain measurements showed a significant improvement in all LV segments in Group 2 
whereas, in Group 1 it worsened in the inferoseptal, inferior and anteroseptal walls 
and it did not change in the other segments.  
Conclusions: Patients with a baseline symmetric tethering pattern showed a more 
extensive abnormal strain which was observed in all LV segments and was not reverted 
by surgery. Our findings need to be confirmed by further larger studies. 
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Introduction 

Myocardial strain echocardiography has been introduced as a clinical index of region-
al1, 2 and global3, 4 left ventricular (LV) function. Two-dimensional speckle-tracking 
echocardiography (2D-STE) measures strain by tracing tissue scatter in grayscale imag-
es and enables the angle-independent assessment of myocardial deformation indices5. 
As it is noninvasive and reproducible, strain might be well suited for follow-up and to 
guide the timing of surgical intervention6-9.  

In our previous experiences, measures of leaflet tethering resulted in fundamental 
findings to identify patients with chronic ischemic mitral regurgitation (CIMR) who can 
really benefit from restrictive annuloplasty. Specifically, preoperative symmetric teth-
ering with anterior mitral leaflet predominance was strongly associated with recur-
rence of mitral regurgitation and lack of reverse remodeling10-12. 

In the present study we test the hypothesis that different tethering patterns in 
CIMR exhibit a different distribution of LV systolic longitudinal, circumferential and 
radial strain before and after mitral valve repair. 

Materials and methods 

Subjects 

Patients with CIMR who survived combined coronary artery bypass grafting (CABG) 
and undersized mitral ring annuloplasty (UMRA) performed at our Institution (Academ-
ic Hospital Maastricht, the Netherlands) between May 2010 and March 2012 were 
retrospectively included in the study. Inclusion and exclusion criteria are shown in 
Figure 1. The final study population consisted of 61 patients who were divided based 
on the preoperative anterior/posterior tethering angle ratio α/β. A cut-off value of 
0.76 was chosen based on our previous experience12. There were 29 patients with 
symmetric (Group 1, mean α/β = 0.83±0.5) and 32 with asymmetric preoperative teth-
ering pattern (Group 2, mean α/β = 0.63±0.3).  

Finally, strain data of CIMR patients were compared with data obtained from 20 
healthy controls. The group of healthy controls comprised individuals matched for age, 
gender, body surface area and body mass index who were volunteers recruited 
through general practitioners or subjects referred for echocardiography as part of a 
routine check-up during the study period. Those individuals who showed LV dilatation, 
had known hypertension or were referred for echocardiographic evaluation of known 
valvular disease, murmur or heart failure were excluded. Accordingly, all individuals 
included in the control Group had normal echocardiography. 
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Figure 1. Patients Selection. Patients 
were included on the basis of the follow-
ing criteria: (1) mild-to-severe MR with 
prior myocardial infarction >16 days; (2) 
75% or greater stenosis of at least one 
coronary vessel; (3) a corresponding 
regional wall motion abnormality; (4) 
restricted-motion type IIIb (Carpentier’s 
classification) leaflet dysfunction with or 
without annular dilatation. Exclusion 
criteria were: (1) Persistent/residual MR 
(MR≥2+ at discharge); (2) other concomi-
tant mitral valve repair procedures 
performed; (3) degenerative or other 
non-ischemic etiology or concomitant 
valvular or congenital heart diseases; (4) 
previous cardiac surgery/percutaneous 
transluminal coronary angioplasty; (5) 
atrial fibrillation; (6) echocardiograms 
not available/incomplete or images not 
appropriate for 2D-STE analysis.  
Abbreviations. CIMR = Chronic Ischemic 
Mitral Regurgitation; MR = Mitral Regur-
gitation, CV = Coronary Vessel; PCA = 
Percutaneous Coronary Angioplasty. 

Surgery 

All patients underwent complete revascularization. The ring size was determined by 
standard measurements of the inter-trigonal distance and anterior leaflet height. 
Downsizing by 2 ring sizes was performed in all patients. A successful repair was as-
sessed as leaflet coaptation of 0.8 cm or more, MR of 1 or less and a diastolic mitral 
valve (MV) area exceeding 2 cm2 at intraoperative transesophageal echocardiography. 
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Echocardiography 

Transthoracic echocardiography (TTE) was carried out following a standard protocol 
before surgery (within a week before), at one year follow up and yearly thereafter. 
Echocardiographic examinations were performed using a commercially available ultra-
sound system IE 33 (Philips Medical System, Best, The Netherlands). All patients 
reached one-year follow up. Median follow-up was 16.6 months (Interquartile range 
[IQR]14.1-20.5).  

Images were acquired by experienced echocardiographers, (F.L. and C.M.R.) blind-
ed to the aims of the study, stored in DICOM format and transferred to a workstation 
for further off-line analysis (TOMTEC Imaging system. Unterschleißheim. Germany).  

Standard echocardiography 

Quantitation of MR was carried out as previously described10 and the respective 
thresholds for mild, moderate, and severe MR followed the American Society of Echo-
cardiography (ASE) recommendations13. Recurrent MR at latest follow-up was defined 
as insufficiency ≥2+ in patients with no or trivial MR at discharge. 

The anterior mitral leaflet (AML) tethering angle α (between the annular plane and 
the basal part of the anterior mitral leaflet) and the posterior mitral leaflet (PML) teth-
ering angle β (between the annular plane and the basal part of the posterior mitral 
leaflet) were directly measured with specific software (Philips DICOM Viewer, Philips 
Medical System, Amsterdam, The Netherlands)10. 

The ratio of α to β was a quantitative measurement of tethering: the closer the ra-
tio was to 1, the more symmetric was the tethering. 

Tenting area (TA) was measured by the area enclosed between the annular plane 
and mitral leaflets from the parasternal long-axis view at mid-systole. Coaptation 
height (CH) was measured as the perpendicular distance between the coaptation point 
of the mitral leaflets and the line connecting the annular hinge points in the long axis 
view at end-systole. 

LV volumes and LV ejection fraction (LVEF) were assessed by the apical biplane 
method of discs14. The wall motion score index (WMSI) was calculated according to a 
16-segment model15. In addition, the WMSI of the basal and mid-posterior and inferior 
segments for the posteromedial papillary muscle (PMPM-WMSI) and basal and mid-
lateral and anterior segments for the anterolateral papillary muscle (ALPM-WMSI) 
were also calculated16. 

Two-dimensional speckle-tracking echocardiography 

The assessment of longitudinal peak systolic strain was performed off-line by applying 
2D-STE to the apical two- three- and four-chamber views of the LV employing a com-
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mercially available software (Tomtec, Tomtec Imaging system, Unterschleißheim, 
Germany). 

With the beginning of the QRS complex and the aortic valve closure time as refer-
ence points, the peak longitudinal strain was the maximal negative strain value during 
the ejection phase. Basal, mid-ventricular and apical longitudinal strains were obtained 
from each LV wall (infero-septum, anterolateral, inferior, anterior, inferolateral and 
antero-septum)17.  

In addition, peak systolic radial and circumferential strains were obtained from 
short axis views at basal, middle and apical level18. 

Statistical analysis 

Data are presented as mean and standard deviations or as median and interquartile 
range (IQR) after being controlled for normal distribution by the Kolmogorov-Smirnov 
test. Data were compared for statistical significance using a t test, Mann-Whitney rank 
sum test and χ2 test or Fisher exact test where appropriate. Multiple comparisons 
were carried out by ANOVA with Tukey’s post-hoc test. 

Two-way ANOVA for repeated measures was employed for comparison between 
baseline and postoperative echocardiographic data. Intra- and inter-observer repro-
ducibility of strain measurements by 2D-STE was determined by interclass correlation 
coefficient and Bland-Altman analysis. Intra-observer reproducibility was determined 
by repeating strain measurements by one experienced reader in 10 randomly selected 
patients. A second, blinded experienced reader performed the strain analysis in the 
same 10 patients, providing the inter-observer reproducibility data.  

Statistical analysis was performed using a statistical software program (SPSS. ver-
sion15.0. SPSS Inc. Chicago. IL. USA). 

Ethical Committee approval was waived due to the retrospective analysis of the 
study according to national laws regulating observational retrospective studies (Dutch 
WMO law). However, all patients gave their informed consent to access their data for 
scientific purposes. 

Results 

Patient characteristics and clinical results 

Patient characteristics are shown in Table 1. No difference was found between Groups 
in baseline demographics. Four (13.7%) patients in the symmetric and two (6.25%) in 
the asymmetric Group experienced postoperative complications (p=0.33). These were 
low output syndrome (n=1), bleeding (n=2), respiratory failure (n=1), infection (n=1) 
and pericardial effusion (n=1). The mean length of stay in the intensive care unit (20 
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[11 to 30] hours in symmetric vs. 23 [15 to 33] hours in asymmetric, p=0.29) and the in-
hospital stay (7 [5 to 8] days in symmetric vs. 6 [4 to 7] days in asymmetric, p=0.82), 
were comparable in the two Groups. At follow up, recurrence of mitral valve regurgita-
tion (MR≥2+) was 68.9% (n=20) in Group 1 and 18.7% (n=6) in Group 2 (p<0.001). 
Among patients showing recurrent MR, 20 patients (15 in the symmetric and 5 in the 
asymmetric Group) were medically treated, whereas 6 (5 in the symmetric and 1 in the 
asymmetric Group) underwent reoperation (mitral valve replacement). Neither endo-
carditis nor other adverse cardiovascular events occurred during the follow up in the 
two Groups. 

Standard echocardiographic results 

In Group 1, at baseline, end-diastolic diameter (p=0.003), end-systolic diameter (p 
=0.003), ESVI (p<0.001), EDVI (p=0.01), WMSI (p=0.02) and ALPM-WMSI (p=0.01) were 
higher, whereas PMPM-WMSI (p=0.01) and LVEF (P=0.04) were lower, compared to 
group 2. In addition, in this group tenting area (p=0.02) and coaptation height (p= 0.02) 
were preoperatively higher. Furthermore, patients with symmetric tethering had high-
er tethering angle α (p =0.003) but lower tethering angle β (p= 0.02). 

At 1-year follow-up the tethering angle α diminished significantly from baseline in 
both groups (p <0.001) remaining still higher in the symmetric group (p<0.001 versus 
asymmetric),whereas the tethering angle β increased in both groups (p<0.001 versus 
baseline) and was comparable at one-year follow-up (p =0.9 between groups).  

Moreover, at the latest evaluation, the asymmetric group had smaller LV systolic 
and diastolic dimensions (p<0.001) and volumes (p <0.001) and lower global WMSI (p = 
0.007). Finally, in both groups, PMPM-WMSI increased significantly at one year (p 
<0.001 and p=0.01 versus baseline in symmetric and asymmetric, respectively), where-
as ALPM-WMSI remained constant (p >0.9 and p=0.06 versus baseline, in symmetric 
and asymmetric, respectively). All echocardiographic data are shown in Table 2. 
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Table 1. Clinical and echocardiographic characteristics. 

 Controls 
(n=20) 

Symmetric 
(n=29) 

Asymmetric  
(n=32) 

 
   p 

Baseline 
Age. y 66.0±4.4 66.3±5.9 67.2±7.2 

 
0.81 

Gender M/F 14/6 (70/30) 19/10 (65.5/34.5) 21/11 (65.6/34.4) >0.9 
BSA 1.85±1.6 1.86±1.8 1.88±1.7 0.9 
BMI 23.3±1.2 24.7±1.3 25.6 ±1.7 0.87 
NYHA class 1 [1-2] 3 [3-4] 3 [3-4] >0.9 
CCS angina class 1 [1-2] 2 [1-3] 2 [1-3] >0.9 
Euroscore - 15.5 [11-18] 15.7 [10-19] 0.84 
Hypertension - 13 (44.8) 16 (50.0) 0.69 
Diabetes - 6 (20.6) 10 (31.2) 0.36 
COPD - 3 (10.3) 7 (21.8) 0.25 
Chronic renal disease - 4 (13.7) 9 (28.1) 0.19 
Cerebral vascular disease - 1 (3.4) 4 (1.2) 0.24 
Peripheral vascular disease - 3 (10.3) 4 (1.2) 0.81 
Preoperative IABP - 2 (6.8) 3 (9.3) 0.75 
Myocardial infarction -  
 Inferior/Posterior - 12 (41.4) 15 (46.9) 0.67 
 Anterior/Septal - 2 (6.9) 3 (9.4) 0.75 
 Lateral - 5 (17.2) 2 (6.2) 0.21 
 Combined - 10 (34.5) 12 (37.5) 0.61 
Coronary vessel disease - 2 [1-3] 2 [1-3] >0.9 
Left Main - 6 (20.6) 7 (21.8) >0.9 
Surgery  -  
 CPB time (min) - 111 [95-130] 107 [98-119] 0.10 
 CCL time (min) - 99 [79-115] 93 [80-107] 0.23 
Mitral Ring size (mm) - 28 [26-30] 28 [26-30] 0.9 
CABG -  
 Anastomoses/patient - 2 [1-3] 2 [1-3] >0.9 
 Arterial graft/patient - 1 [1-2] 1 [1-2] >0.9 
Follow-up  
 NYHA class - 2 [2-3] 1 [1-2] <0.001 
 NYHA III/IV - 21(72.4) 8 (25.0) <0.001 

Data are shown as mean ± standard deviation, median [Interquartile range] or number (percentage) as 
appropriated.  
Abbreviations: M/F = Male/Female; BSA = Body Surface Area (m2); BMI = Body Mass Index (Kg/m2); NYHA = 
New York Heart Association; CCS = Canadian Cardiovascular Society; COPD = Chronic obstructive pulmonary 
disease; IABP = Intra-aortic balloon pump; CPB = Cardiopulmonary bypass; CCL = (Aortic) Cross-clamp; CABG 
= Coronary artery bypass grafting. 
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Table 2. Standard Echocardiographic Data 

  Symmetric Asymmetric 

 Controls Baseline Follow-up p Baseline Follow-up p 

MR (grade) - 3[3-4] 2[2-4]† 0.02 3[3-4] 1[1-2] <0.001 
EROA (mm2) - 38±12 34±11 0.13 35±10 - - 
RF(%) - 48±12 44±13 0.41 45±12 - - 
RV (mL/beat) - 58±15 55±15 0.67 56±13 - - 
TA(cm2) 0.8±0.1 4.1±1.1*† 3.7±1.2*† 0.06 3.0±1.0* 1.7±0.5* <0.001 
CH (mm) 6.2±2 13.4±4.2*† 12.8±4.0*† 0.74 9.7±3.4* 6.9±2.6* <0.001 
α (°) 25±4 45±9*† 36±9*† <0.001 35±5* 25±5 <0.001 
β (°) 36±5 41±12*† 77±12* <0.001 55±9* 77±11* <0.001 
α/ β 0.6±0.2 0.8±0.5*† 0.5±0.3*† <0.001 0.6±0.3* 0.3±0.1* <0.001 
EDD (mm) 45±5 69±8*† 69±8*† >0.9 57±5* 49±3* 0.007 
ESD (mm) 29±4 58±5*† 57±7*† 0.9 46±6* 39±3* 0.005 
EDVI (mL/m2) 56±8 115±14*† 113±12*† 0.85 101±9* 88±6* <0.001 
ESVI (mL/m2) 25±6 69±7*† 66±7*† 0.77 59±5* 47±4* 0.01 

LVEF (%) 59±6 39±5*† 41±5 0.34 44±4* 46±4* 0.8 
WMSI 1.0±0 1.4±0.5*† 1.6±0.4*† 0.01 1.2±0.4* 1.0±0.3 0.01 
PMPM-WMSI 1.0±0 2.1±0.3*† 2.6±0.3* <0.001 2.5±0.4* 2.7±0.3* 0.01 
ALPM-WMSI 1.0±0 2.5±0.4*† 2.5±0.4*† >0.9 1.2±0.2* 1.1±0.2* 0.06 

Data are shown as mean ± standard deviation median [Interquartile range] or number (percentage) as 
appropriated.  
Abbreviations. MR = Mitral Regurgitation; EROA = Effective regurgitant Orifice Area; RF = Regurgitant Frac-
tion; CH = Coaptation height; α = anterior mitral leaflet tethering angle; β = posterior mitral leaflet tethering 
angle; EDD = End Diastolic Diameter; ESD = End Systolic Diameter; EDVI = End Diastolic Volume Index; ESVI = 
End Systolic Volume Index; LVEF = Left Ventricular Ejection Fraction; WMSI = Wall motion score Index; 
PMPM = Posteromedial papillary muscle; ALPM = Anterolateral papillary muscle. * p<0.05 vs. controls, † 

p<0.05 vs. asymmetric. 

Longitudinal systolic strain 

At baseline (Figure 2), patients in Group 1 showed abnormal reductions in longitudinal 
strain values in all LV segments (all, p<0.001) with the worst values in the mid-
ventricular and basal segments of the antero-lateral (2.3 ± 2.7% and 3.3 ± 2.1%. re-
spectively) anterior (3.4 ± 2.5% and 3.9 ± 2.7, respectively) and inferolateral (3.3 ± 2.9 
and 3.5 ± 2.0%, respectively) walls.  

In contrast, patients with asymmetric tethering showed better values in the infero-
septum (apical, p=0.02; mid-ventricular and basal, both p<0.001 vs. controls) and infe-
rior (all, p<0.001 vs. controls) walls. In the other segments peak strain values were 
comparable to controls in this Group. 

At 1-year follow up (Figure 3), in patients with asymmetric tethering, longitudinal 
systolic strain showed a significant improvement in all LV segments (all, p<0.05). In 
contrast, In Group 1, these values worsened in the mid-ventricular and basal segments 
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of the inferoseptal (p=0.02 and p=0.01, respectively), inferior (p=0.02 and p=0.001, 
respectively) and anteroseptal (both, p<0.001) walls remaining unchanged in the other 
segments (Figure 4).  

 
 

 
Figure 2. Baseline longitudinal segmental strain in the two Groups .Patients with symmetric tethering
showed higher (less negative) values in all segments, whereas those with asymmetric tethering had highest 
values in the inferoseptal and inferior walls.* Significance vs. controls; # significance symmetric vs. asymme-
tric. 
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Figure 3. Longitudinal segmental strain at the follow up in the two Groups. In asymmetric patients it im-
proved significantly in all segments. In contrast, in symmetric patients it worsened at level of inferoseptal,
inferior and anteroseptal segments in the mid-ventricular and basal walls. * Significance vs. controls; # signifi-
cance symmetric vs. asymmetric; † significance vs. baseline values. 

 

 

 
Figure 4. A) Baseline inferoseptal longitudinal strain in a patient with symmetric tethering. B) Inferoseptal 
longitudinal strain in the same patient as in A at follow up: mid-ventricular and basal segments showed a 
significant worsening. C) Baseline inferior longitudinal strain in a patient with asymmetric tethering. D)
Inferior longitudinal strain in the same patient as in C, at follow up: it significantly improved in all segments. 
Abbreviations. AVC: Aortic Valve Closure. 
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Circumferential systolic strain 

Baseline circumferential strain (Figure 5) was significantly worse in symmetric patients 
in the anterolateral and anterior segments in all short axis views (all. p<0.001) and also 
in inferolateral and anteroseptal segments at basal and mid-ventricular level (p<0.001). 
In contrast, patients with asymmetric tethering showed better circumferential strain 
values in the inferoseptal and inferior walls at basal and mid ventricular level (p<0.001 
vs. controls).  

At one-year follow-up control (Figure 6) in patients in Group 2, circumferential 
strain improved in all segments (all, p<0.05) whereas in symmetric patients it did not 
change in the anterolateral, anterior and inferolateral walls while it significantly wors-
ened (p<0.05) in the inferoseptum (all views), inferior wall (all views) and anterosep-
tum (basal and mid-ventricular views).  

 
 
 

 
 

Figure 6 A) Baseline mid-ventricular short axis circumferential strain in a patient with symmetric tethering. 
B) Mid-ventricular short axis circumferential strain in the same patient as in A, at follow up: all segments 
showed a significant worsening. C) Baseline basal short-axis circumferential strain in a patient with asym-
metric tethering. D) Follow-up short-axis circumferential strain in the same patient as in C: strain significantly 
improved in all segments.  
Abbreviations. AVC: Aortic Valve Closure. 
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Figure 5. Circumferential strain at baseline and at follows up in the two Groups. Baseline circumferential 
strain was significantly higher in symmetric patients in the anterolateral and anterior segments in all short
axis views and also in inferolateral and anteroseptal segments at basal and mid-ventricular level. At one-year 
follow-up control in patients in Group 2 circumferential strain improved in all segments whereas in symmet-
ric patients it significantly worsened in the infero-septum, inferior wall and antero-septum. * Significance vs. 
controls; #significance symmetric vs. asymmetric; † significance vs. baseline values. 

 

Radial systolic strain 

Baseline radial strain (Figure 7) was worse (lower) in symmetric patients in the basal 
and mid ventricular views at the level of anterolateral, anterior, inferolateral and ante-
roseptal segments (all, p<0.001). 

In the apical view, this Group showed values lower than controls in all segments 
(all, p<0.001). On the contrary, asymmetric patients exhibited values lower than con-
trols and comparable to symmetric patients in the inferior and inferoseptal segments 
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in the basal (inferior, 18.8 ± 7.7; inferoseptal, 16.0 ± 8.4) and mid-ventricular (inferior, 
13.4 ± 9.4; inferoseptal, 15.6 ± 8.8) views. Others values and apical strain values were 
significantly higher (apical inferior, p=0.007, others p<0.001). 

At one year, radial systolic strain worsened, in the symmetric Group, in the inferi-
or, inferoseptal and anteroseptal segments in the basal and mid-ventricular views 
whereas it was unchanged in the other segments. In contrast, radial strain improved in 
all segments in the asymmetric patients at follow-up control (Figure 8).  

 
 

 
 
Figure 8. A) Baseline mid-ventricular short axis radial strain in a patient with symmetric tethering. B) Mid-
ventricular short axis radial strain in the same patient as in A, at follow up: inferior, inferoseptal and ante-
roseptal segments showed a significant worsening. C) Baseline apical short axis radial strain in a patient with 
asymmetric tethering. D) Follow-up apical short axis radial strain in the same patient as in C: strain signifi-
cantly improved in all segments.  
Abbreviations. AVC: Aortic Valve Closure. 
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Figure 7. Radial strain at baseline and at follow up in the two Groups. Strain was lower in symmetric patients
in the basal and mid ventricular views at the level of the anterolateral, anterior, inferolateral and anterosep-
tal segments in all short axis views (all, p<0.001) and in all segments in the apical view. At one year , radial
systolic strain worsened, in the symmetric Group, in the inferior, inferoseptal and anteroseptal segments in 
the basal and mid-ventricular views whereas it was unchanged in the other segments. In contrast, radial
strain improved in all segments in the asymmetric patients. * Significance vs. controls; #significance symmet-
ric vs. asymmetric; †significance vs. baseline values. 

 
  



C H A P T E R  7  

166 

Reliability analysis  

Reliability analysis demonstrated good intra- and inter-observer agreement for the 
measurement of longitudinal, circumferential and radial strain. In addition, Bland-
Altman analysis showed small bias, with no significant trend for all strain measure-
ments performed by the same observer (Table 3). 
 
Table 3. Intra-observer and inter-observer reproducibility of myocardial strain assessed by two-dimensional 
speckle-tracking echocardiography 

 Intra-observer Inter-observer 

 Mean difference ± 2SD ICC p Mean difference ± 2SD ICC       p 

Longitudinal strain 0.04±0.20 0.96 <0.001 0.06±0.28 0.93 <0.001
Circumferential strain -0.19±2.01 0.98 <0.001 0.29±3.87 0.90 0.001
Radial strain 0.64±7.44 0.96 <0.001 1.80±10.9 0.80 0.006

Discussion 

The main findings of our paper can be summarized as follows: 1) In chronic ischemic 
mitral regurgitation (CIMR), different preoperative mitral tethering patterns reflect a 
different extent of myocardial involvement in the ischemic disease and impairment of 
LV strain. Indeed, symmetric tethering seems to reflect a more generalized disease 
with significant involvement of all segments of the LV myocardium whereas patients 
with asymmetric tethering show a more localized worsening of longitudinal, circum-
ferential and radial strain. 2) In asymmetric patients the impairment of LV strain was 
significantly higher in the inferoseptal and inferior segments whereas symmetric pa-
tients showed the worst strain values in the anterolateral, anterior and anterolateral 
segments. 3) After repair, longitudinal, circumferential and radial strain significantly 
worsened or remained unchanged in patients with symmetric tethering while in those 
with asymmetric tethering strain values significantly improved in all segments. 4) Dif-
ferent tethering patterns reflect also a greater extent of global LV remodeling (baseline 
higher values of WMSI) and local remodeling at level of both papillary muscles (base-
line higher PMPM-WMSI and ALPM-WMSI) in the symmetric Group with prevalent 
remodeling at level of the antero-medial papillary muscle. 5) At follow up in both 
Groups we observed a significant increase in PMPM-WMSI, demonstrating a substan-
tial continued remodeling at level of the LV surrounding the posteromedial papillary 
muscle after surgery. 
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Myocardial deformation indices and tethering pattern in chronic ischemic mitral 
regurgitation  

Myocardial deformation indices such as strain and strain rate of the LV obtained using 
speckle-tracking imaging, have been reported to be useful in detecting subclinical de-
terioration in LV function19 and predicting postoperative LV dysfunction in patients 
with MR7, 20, 21. Furthermore, strain was reported to correlate with dP/dt and contrac-
tile reserve in patients with MR22, 23. In addition, results from a study in animals24 re-
vealed that transmural strain may be an early marker of LV dysfunction after develop-
ment of MR and it has been demonstrated that longitudinal speckle tracking-derived 
strain was lower in patients with asymptomatic MR and normal LV ejection fraction, 
indicating subclinical dysfunction25. 

Chronic ischemic mitral regurgitation (CIMR) is a common complication of coro-
nary artery disease that doubles late mortality26, 27. Despite the clinical importance of 
CIMR, the therapy remains problematic. Mitral ring annuloplasty, often applied at the 
time of bypass surgery, reduces mitral annular size but does not directly addresses the 
broader problem of ischemic LV distortion with tethering; its benefits are therefore 
incomplete and recurrence of mitral regurgitation after annuloplasty has been widely 
reported predominantly related to progressive LV remodeling28-30. 

The concept of tethering symmetry in ischemic mitral regurgitation was first intro-
duced by Agricola and coworkers31 who recognized, among patients with CIMR due to 
restricted motion, two groups according to the tethering pattern: the asymmetric 
group with predominant posterior tethering of both leaflets and the symmetric one 
with predominant apical tethering of both leaflets. They demonstrated that these two 
groups translate into different degrees of local and global LV remodeling and charac-
teristics of the regurgitant jet. Our previous experiences demonstrated that the pre-
operative symmetric pattern with anterior mitral leaflet tethering prevalence is strong-
ly associated with lack of reverse remodeling and higher recurrence of MR after annu-
loplasty11, 12. 

In the present study we calculated anterior and posterior tethering angles with 
their ratio α/β (cut-off >0.76) being a quantitative measurement of tethering sym-
metry. We tested whether the distribution of LV systolic deformation indices was dif-
ferent, before and after annuloplasty, in patients with symmetric and asymmetric 
tethering.  

Our findings demonstrate that asymmetric tethering reflects a more localized pro-
cess at the LV level. Indeed, the peak strain is altered in a restricted area which com-
prises the insertion of the posterior papillary muscle (mid-ventricular segment(s), infe-
rior-inferoseptal walls). The impairment of peak strain in this area might reflect a local 
remodeling in this region with altered wall motion12 and this is confirmed by the analy-
sis of local remodeling at level of papillary muscle which confirms a prevalent PMPM 
remodeling. 
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Since each papillary muscle supplies chordae to both leaflets, consequentially an 
infero-posterior displacement of only one papillary muscle invariably exerts traction on 
both leaflets32. Therefore, the different shapes of tethering of the two groups depend 
on the relationship of the three tethering vectors (infero-posterior, apical and lateral). 
Hence, we can suppose that in asymmetric tethering, the posterior leaflet is simply 
drawn more inferiorly (and posteriorly) than apically (more parallel to the posterior 
wall). This posterior restriction of the posterior leaflet prevents it from reaching its 
normal, more anteriorly located coaptation point, so that the coaptation point moves 
posteriorly, creating the asymmetric tethering shape.  

In contrast, symmetric tethering seems to reflect generalized disease with signifi-
cant involvement of all segments of the LV myocardium. As a result, in these patients 
there is additional apical and medio-lateral tethering in addition to the posterior com-
ponent. The analysis of strain confirms this hypothesis and the examination of local 
remodeling shows an involvement of LV surrounding both papillary muscle but with 
higher values of ALPM-WMSI. 

The net result of these forces is a more apical tenting, with the coaptation point 
being displaced more apically with the regurgitant jet which usually has a central origin 
and direction being the systolic motion of both leaflets equally affected33.  

Patients in Group 1 experienced a high recurrence of MR after surgery and our da-
ta confirm that it is related to continued remodeling which is detected especially at 
level of the PMPM30. Nonetheless, this is observed also in the asymmetric Group in 
which the MR recurrence rate was low and this suggests that other mechanisms are 
involved in the recurrence of MR in these patients now confirmed by a recent study 
demonstrating that MR recurrence may occur also in the absence of progressive LV 
remodeling34. 

However, the question arises if these two patterns are two different expressions of 
the same disease or if they represent two sequential steps of CIMR. In the latter case 
symmetric tethering might reflect an advanced stage of the disease resulting from 
progressive involvement of neighboring myocardium. This aspect deserves further 
investigations and will be the object of an ongoing study.  

Nonetheless, our results confirm that mitral repair is more likely to fail in patients 
with symmetric tethering. Therefore, in such patients, concomitant or alternative sur-
gery addressing leaflet tethering33 or a chordal-sparing mitral valve replacement 
should be considered35. 

Tethering symmetry may, therefore, represent an easy and immediate tool to 
identify patients who cannot benefit from UMRA. Thus, an accurate evaluation of 
tethering pattern before surgery should be incorporated into risk prediction models for 
unsuccessful MV repair and, in patients with a preoperative symmetric tethering pat-
tern, the risk of performing UMRA must be carefully weighed. 
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Study limitations 

The main limitations of the present study are its retrospective nature and the lack of 
information on myocardial viability. Therefore, the fact that patients with asymmetric 
tethering showed improved LV strain post-operatively could be related to a higher rate 
of preoperative LV viability in this group. This aspect deserves further investigation and 
will be object of an on-going study. Furthermore, patients with symmetric tethering 
had larger LV volumes than those with asymmetric tethering and we cannot exclude 
that symmetric tethering might be simply an indicator that LV geometric abnormalities 
are more widespread.  

Second, postoperative evaluation of the coronary status was not assessed. It 
would have been helpful to differentiate between surgical failure (valve repair and 
CABG) and progress of the coronary disease.  

Third, the PISA method of assessing the severity of ischemic MR is less accurate as 
the PISA is less likely to be a hemisphere. Adjustments of the aliasing velocity were 
carried out such that a well-defined hemisphere was obtained. This was done by shift-
ing the baseline toward the direction of the flow, or by lowering the Nyquist limit or 
both (the latter reduces the wall filter whereas the former does not)13.  

Fourth, as the PISA method overestimates MR in patients with eccentric jets36, we 
therefore employed also pulsed Doppler quantitative flow methods and, in case of 
contradictory results, PISA was chosen in the presence of central jet or calcific mitral 
valve/mitral annulus, whereas pulsed Doppler quantitative flow methods were pre-
ferred when the jet was eccentric or multiple.  

Fifth, as myocardial movement is basically three-dimensional thus including rota-
tional movements, two-dimensional speckle tracking may have inherent limitations, 
especially in patients with dilated LV.  

Finally, strain echocardiographic measurements are not widely validated, are de-
pendent on image quality and a major concern remains about their reproducibility.  

Conclusions 

Among patients with ischemic mitral regurgitation, those with baseline symmetric 
tethering pattern showed more extensive abnormal peak strains which were observed 
in all LV segments. These abnormalities were not reverted by annuloplasty. In contrast, 
in asymmetric patients peak systolic longitudinal strain parameters were altered only 
in the inferior and inferoseptal walls and returned to normal values after surgery. 
There is the need for extensive prospective studies to confirm our findings.  
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Appendix 1: Supplemental figures 

 
Supplemental Figure 1. Segmental longitudinal strain in a healthy control. 

 

 
Supplemental Figure 2. Baseline segmental longitudinal strain in a patient with preoperative symmetric
tethering. This patients showed higher (less negative) values in all segments. AVC: Aortic Valve Closure. 
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Supplemental Figure 3. Postoperative segmental longitudinal strain in patient with preoperative symmetric 
tethering (the same patient in Supplemental Figure 2). Peak strain worsened at follow up in the infero-
septum, inferior and antero-septum at the basal and mid-levels, remaining unchanged in the others seg-
ments. AVC: Aortic Valve Closure. 

 

 
Supplemental Figure 4. Baseline segmental longitudinal strain in a patient with preoperative asymmetric
tethering. Peak strain was worse at the levels of the basal and mid-ventricular segments in the inferior and 
infero-septal walls. AVC: Aortic Valve Closure. 
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Supplemental Figure 5. Postoperative segmental longitudinal strain in a patient with preoperative asymmet-
ric tethering (the same patient in Supplemental Figure 4). Peak strain showed a significant improvement in 
all segments. AVC: Aortic Valve Closure  
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Supplemental Figure 6. Segmental circumferential s strain in a healthy control. 
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Supplemental Figure 7. Baseline segmental circumferential strain in a patient with preoperative symmetric
tethering (left) and one with asymmetric tethering (right) in basal, mid and apical short-axis views. Strain 
was higher in the symmetric patient in all segments. In contrast, the patients with asymmetric tethering
showed higher circumferential strain values in the inferoseptal and inferior walls at basal and mid-
ventricular levels. AVC: Aortic Valve Closure 

 

 
Supplemental Figure 8. Segmental circumferential strain in a patient with preoperative symmetric tethering
(the same patient in Supplemental Figure 2, left) and one with asymmetric tethering (the same patient in 
Supplemental Figure 4, right) in basal, mid and apical short-axis views. In the patient belonging to Group 2 
(right) circumferential strain improved in all segments whereas in the symmetric patient (left) it worsened 
most of the segments. AVC: Aortic Valve Closure. 
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Supplemental Figure 9. Segmental radial strain in a healthy control. 
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Supplemental Figure 10. Baseline segmental radial strain in a patient with preoperative symmetric tethering
(left) and one with asymmetric tethering (right) in the basal, mid and apical short-axis views. Strain was 
lower in the symmetric patient in all segments in the apical view and in the anterolateral, anterior, inferol-
ateral and anteroseptal segments in the mid-ventricular and basal walls. AVC: Aortic Valve Closure 

 

 
Supplemental Figure 11. Follow-up segmental radial strain in a patient with preoperative symmetric tether-
ing (the same patient in Supplemental Figure 10, left) and one with asymmetric tethering (the same patient 
in Supplemental Figure 10, right) in the basal, mid and apical short-axis views . At follow up, radial systolic 
strain worsened, in the symmetric patient, in the inferior and inferoseptal segments. In contrast, strain
improved in all segments in the symmetric patient. AVC: Aortic Valve Closure. 
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Appendix 2: Supplemental tables 

Supplemental Table 1. Baseline Segmental Longitudinal Systolic Strain  
 Infero-septum Anterolateral 

 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -18.2±3.6 -6.0±3.0* -11.1±3.4* <0.001 -16.4±3.7 -5.2±3.3* -14.2±3.5 <0.001 
Mid-ventricular -18.3±3.5 -4.2±3.2* -3.1±2.2* 0.3 -17.0±4.1 -2.3±2.7* -16.0±3.2 <0.001 
Basal -15.1±2.9 -4.5±2.0* -3.4±2.4* 0.2 -20.0±4.3 -3.3±2.1* -17.1 ±3.4 <0.001 

 Inferior Anterior
 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -17.9±3.3 -6.2±3.3* -9.0±3.3* 0.08 -16.0±3.0 -5.1±2.5* -14.2±3.4 <0.001 
Mid-ventricular -17.0±3.1 -4.2±3.1* -3.2±2.6* 0.1 -17.9±3.6 -3.4±2.7* -16.3±3.1 <0.001 
Basal -16.1±3.3 -4.7±2.8* -4.2±2.9* 0.6 -18.4±4.0 -3.9±2.5* -17.0±3.3 <0.001 

 Inferolateral Antero-septum 

 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -16.9±3.9 -5.0±3.4* -14.4±4.4 <0.001 -17.8±3.5 -6.3±3.3* -11.4±2.8* 0.002 
Mid-ventricular -17.5±4.0 -3.3±2.9* -16.2±3.8 <0.001 -18.0±3.7 -6.0±3.4* -11.3±3.7* 0.01 
Basal -19.2±3.8 -3.5±2.0* -16.9±4.0 <0.001 -14.6±2.6 -6.0±2.7* -11.6±3.5* 0.03 
*p < 0.05 vs. controls; p = significance symmetric vs. asymmetric. 

 
 
Supplemental Table 2. Segmental Longitudinal Systolic Strain at Follow up 
 Infero-septum Anterolateral 

 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -18.2±3.6 -6.1±2.9* -15.1±4.4*† <0.001 -16.4±3.7 -5.3±3.5* -16.5±3.5† <0.001 
Mid-ventricular -18.3±3.5 -2.2±2.5*† -9.9±3.6*† <0.001 -17.0±4.1 -3.5±2.5* -17.4±4.0† <0.001 
Basal -15.1±2.9 -2.0±1.9*† -14.9±3.2† <0.001 -20.0±4.3 -2.5±2.0* -19.8±4.1† <0.001 

 Inferior Anterior
 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -17.9±3.3 -5.8±3.0* -15.5±3.4*† <0.001 -16.0±3.0 -5.0±2.3* -16.0±3.7† <0.001 
Mid-ventricular -17.0±3.1 -2.2±2.0*† -9.7±3.9*† <0.001 -17.9±3.6 -3.8±2.9* -17.7±4.5† <0.001 
Basal -16.1±3.3 -1.8±1.8*† -11.0±4.8*† <0.001 -18.4±4.0 -4.1±2.9* -18.4±4.9† <0.001 

 Inferolateral Antero-septum 

 Controls Symmetric Asymmetric p Controls Symmetric Asymmetric p 
Apical -16.9±3.9 -5.2±3.3* -16.5±3.5† <0.001 -17.8±3.5 -6.7±3.2* -15.1±3.8† <0.001 
Mid-ventricular -17.5±4.0 -3.6±2.5* -17.3±3.9† <0.001 -18.0±3.7 -3.3±2.4*† -16.6±3.6† <0.001 
Basal -19.2±3.8 -2.9±2.0* -18.6±3.7† <0.001 -14.6±2.6 -3.0±2.0*† -15.8±3.5† <0.001 

p = significance symmetric vs. asymmetric; * p < 0.05 vs. controls; † p < 0.05 vs. baseline. 
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Supplemental Table 3. Segmental Circumferential Systolic Strain  
   Baseline Follow-up 

Basal 
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum -24.1 ± 6.3  -7.0 ± 3.1* -9.4 ± 3.2* 0.51 -5.3 ± 2.7*† -18.4 ± 5.5*† <0.001 
Anterolateral -18.1 ± 5.2  -5.2 ± 2.2* -15.1 ± 3.9* <0.001 -4.8 ± 2.3* -17.5 ± 4.3*† <0.001 
Inferior -20.1 ± 5.3  -7.1 ± 3.9* -7.9 ± 4.1* 0.9 -5.4 ± 3.5*† -16.3 ± 4.0*† <0.001 
Anterior -22.1 ± 5.4  -5.4 ± 2.3* -14.3 ± 4.4* <0.001 -5.3 ± 2.5* -18.8 ± 4.9*† <0.001 
Inferolateral -20.3 ± 5.6  -5.7 ± 2.4* -17.0 ± 4.0* <0.001 5.5 ± 2.5* -19.4 ± 5.3*† <0.001 
Antero-septum -25.1 ± 6.1  -5.8 ± 2.5* -14.7 ± 4.4* <0.001 4.4 ± 2.1*† -20.3 ± 5.7*† <0.001 

Mid-ventricular 
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum -23.6 ± 6.1  -6.9 ± 3.8* -7.2 ± 3.9* 0.73 -3.5 ± 2.9*† -16.5 ± 4.0*† <0.001 
Anterolateral -20.7 ± 5.9  -3.1 ± 2.9* -13.7 ± 4.7 <0.001 -3.1 ± 3.2* -18.1 ± 4.2*† <0.001 
Inferior -19.6 ± 4.4  -5.2 ± 3.6* -6.8 ± 3.7* 0.84 -2.4 ± 2.0*† -16.9 ± 3.9*† <0.001 
Anterior -20.9 ± 5.6  -5.2 ± 2.6* -15.6 ± 5.1* <0.001 -4.6 ± 2.1* -19.0 ± 3.8*† <0.001 
Inferolateral -19.7 ± 5.2  -3.0 ± 2.2* -16.9 ± 4.0* <0.001 -2.8 ± 2.3* -18.5 ± 4.1*† <0.001 
Antero-septum -21.4 ± 5.3  -5.1 ± 2.7* -13.1± 4.4* <0.001 -3.1 ± 1.9*† -19.1 ± 4.0*† <0.001 

Apical 
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum -25.8 ± 5.0  -7.3 ± 2.9* -15.2 ± 4.7* 0.03 -5.9 ± 3.4*† -19.7 ± 5.9*† <0.001 
Anterolateral -26.1 ± 5.9  -8.1 ± 3.0* -15.7 ± 4.8* <0.001 -8.3 ± 3.1* -19.9 ± 5.4*† <0.001 
Inferior -24.9 ± 5.8  -11.7 ± 4.4* -12.5 ± 3.9* 0.69 -11.0 ± 4.2* -20.1 ± 5.3*† <0.001 
Anterior -25.1 ± 5.7  -9.9 ± 3.1* -14.5 ± 4.4* <0.001 -9.4 ± 2.8* -21.1 ± 5.1*† <0.001 

p = significance symmetric vs. asymmetric; * p < 0.05 vs. controls; † p < 0.05 vs. baseline. 
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Supplemental Table 4. Segmental Radial Systolic Strain  

  Baseline Follow-up 

Basal 
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum 42.0 ± 11.7  19.3 ± 8.2* 18.8 ± 7.7* 0.55 20.0 ± 9.4* 32.5 ± 5.4*† <0.001 
Anterolateral 45.2 ± 14.3  10.0 ± 6.0* 22.2 ± 11.8* <0.001 10.4 ± 6.1* 31.1 ± 9.9*† <0.001 
Inferior 45.7 ± 15.2  15.9 ± 8.1* 16.0 ± 8.4* 0.9 8.8 ± 5.4*† 32.7 ± 10.9*† <0.001 
Anterior 44.1 ± 14.6  7.3 ± 4.1* 18.7 ± 7.4* <0.001 7.7 ± 4.6* 34.4 ± 10.2*† <0.001 
Inferolateral 46.3 ± 12.1  8.0 ± 4.1* 22.0 ± 11.5* <0.001 8.4 ± 4.7* 31.8 ± 10.6*† <0.001 
Antero-septum 44.0 ± 14.5  10.4 ± 8.4* 22.2 ± 9.9* <0.001 6.9 ± 3.8*† 34.0 ± 9.1*† <0.001 
Mid-ventricular  
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum 44.3 ± 12.2  14.4 ± 9.1* 15.6 ± 8.8* 0.75 13.9 ± 8.8* 33.5 ± 9.2*† <0.001 
Anterolateral 48.4 ± 15.4  8.8 ± 5.2* 20.5 ± 12* <0.001 9.3 ± 5.2* 34.7 ± 11.6*† <0.001 
Inferior 50.1 ± 14.1  13.9 ± 7.8* 13.4 ± 9.4* 0.9 9.3 ± 5.6*† 34.4 ± 12.3*† <0.001 
Anterior 47.7 ± 15.7  6.4 ± 5.9* 17.8 ± 9.9* <0.001 6.5 ± 5.6* 37.9 ± 12.4*† <0.001 
Inferolateral 49.2 ± 15.9  6.8 ± 5.6* 19.0 ± 8.6* <0.001 6.4 ± 3.7* 34.9 ± 11.4*† <0.001 
Antero-septum 43.1 ± 12.6  9.4 ± 5.4* 20.8 ± 9.3* <0.001 6.8 ± 3.8*† 36.0 ± 9.8*† <0.001 
Apical 
 Controls  Symmetric Asymmetric p Symmetric Asymmetric p 
Infero-septum 35.7 ± 11.3  9.3 ± 5.0* 18.3 ± 10.3* <0.001 10.6 ± 5.4* 29.9 ± 8.8*† <0.001 
Anterolateral 35.9 ± 12.7  9.3 ± 4.8* 22.4 ±10.2* <0.001 10.2 ±5.0* 30.4 ± 5.9*† <0.001 
Inferior 35.8 ± 12.9  14.4 ± 7.8* 16.2 ± 8.4* 0.007 12.8 ± 6.6* 25.8 ± 10.1*† <0.001 
Anterior 36.0 ± 13.1  10.1 ± 4.4* 20.3 ± 10.9* <0.001 9.8 ± 5.3* 30.0 ± 8.8*† <0.001 

p = significance symmetric vs. asymmetric; * p < 0.05 vs. controls; † p < 0.05 vs. baseline. 
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Abstract 

Aims: We retrospectively evaluated left atrial (LA) strain and strain Rate (SR) before 
and after undersized mitral ring annuloplasty (UMRA) for chronic ischemic mitral re-
gurgitation (CIMR) with two-dimensional speckle-tracking echocardiography (2D-STE). 
Methods: LA volumes, LA reservoir, conduit, and contractile phases and LA ejection 
fraction (LAEF) were measured in 95 CIMR patients who underwent coronary bypass 
grafting (CABG) and UMRA. Left atrial peak global strain (ε) and reservoir (SRP), conduit 
(SRE) and contractile phase (SRA) strain rates were obtained at baseline and at follow-
up (median 41.5 months, interquartile range 23-61). Based on the recurrence of mitral 
regurgitation (MR) at the follow-up, the patients were divided into 2 groups: patients 
with (Group MR+, n =30) or without (Group MR-, n =65) recurrent MR. Twenty age-and 
gender-matched healthy adults were controls.  
Results: In the MR- Group baseline ε (p<0.001), SRP (p<0.001), SRE (p<0.001) and SRA 
(p<0.001) were enhanced while in MR+ Group ε (p<0.001), SRP (p=0.03), SRE (p=0.03) 
and SRA (p=0.003) were worse than controls. At follow up none of these indices 
changed in the MR+ group while all returned to normal values in patients belonging to 
the MR- group. LA deformation correlated with corresponding volumetric parameters. 
Furthermore, we found a direct correlation between SRE and early peak diastolic veloc-
ity (E) (ρ=0.52, p=0.02) and E-wave deceleration time (DT) (ρ=0.50, p=0.02). Finally, 
there was a strong correlation between ε, SRP and SRA (ρ=0.72, p<0.001 and ρ=0.79, 
p<0.001, respectively) and SRE (ρ=0.69, p<0.001 and ρ=0.71, p<0.001, respectively). 
Finally, ε , SRP and SRE (all, p<0.001) were co-factors associated to recurrent MR.  
Conclusions: Left atrial peak global strain, peak systolic strain rate and peak early dias-
tolic strain rate were cofactors associated to recurrent MR. The assessment of LA 
strain and strain rate, in addition to other echocardiographic parameters, can be help-
ful in detecting patients undergoing UMRA who are unlikely to benefit from annulo-
plasty.  
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Introduction 

Chronic ischemic mitral regurgitation (CIMR) is a functional insufficiency of the mitral 
valve which commonly complicates myocardial infarction (MI) and severely affects 
cardiovascular mortality and morbidity1. Several studies have provided a great amount 
of insight into the mechanisms of CIMR2. Increased tethering forces (papillary muscles 
displacement leading to a more apical position of the leaflets and their coaptation 
point) and reduced closing forces (reduced contractility, dyssynchrony of the papillary 
muscles, intra-left ventricular dyssynchrony) appear to be the basic mechanisms for 
CIMR. Annular dilatation and LV dysfunction probably contribute to the development 
of MR in the presence of augmented tethering3, 4. Transthoracic and transesophageal 
echocardiography has emerged as a fundamental tool in the evaluation of mitral de-
formation and global and regional left-ventricular remodeling5. However, an increasing 
amount of research has been focused mainly on defining more precisely the annular, 
sub-annular and ventricular changes occurring in CIMR in order to direct surgical strat-
egy more effectively6, 7. In contrast, left atrial (LA) function has been poorly investigat-
ed8 and there is no information about changes in LA function before and after mitral 
valve repair for CIMR. 

Two-dimensional speckle tracking echocardiography (2D-STE) is a non-Doppler 
based method originally employed to assess left ventricular strain in standard B-mode 
echocardiography9, 10. More recently, this technique has been proposed as a method 
for the quantification of the LA myocardial deformation8 and it has been demonstrated 
to assess accurately atrial function during the different phases of the cardiac cycle11 . 

The aim of this study was to investigate the LA strain and strain rate by 2D-STE be-
fore and after mitral valve repair in patients with CIMR. We also tested the ability of LA 
echocardiographic indices to predict MR recurrence in patients with CIMR undergoing 
mitral repair.  

Materials and methods 

Subjects 

We retrospectively evaluated 249 consecutive patients with CIMR undergoing com-
bined coronary artery bypass grafting (CABG) and mitral valve repair at the University 
Hospital of Maastricht (Maastricht, The Netherlands) between January 2001 and Janu-
ary 2011. 

Inclusion Criteria were7: (1) mild-to-severe MR with prior myocardial infarction >16 
days; (2) 75% or greater stenosis of at least one coronary vessel; (3) a corresponding 
regional wall motion abnormality; (4) restricted-motion type leaflet dysfunction with 
or without annular dilatation. 
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Exclusion criteria were: (1) persistent/residual MR (MR≥2+ at discharge); (2) degenera-
tive or other non-ischemic etiology; (3) acute ischemic mitral regurgitation; (4) addi-
tional mitral valve repair procedures; (5) other valvular or congenital heart diseases; 
(6) severe tricuspid regurgitation; (7) previous cardiac surgery/percutaneous translu-
minal coronary angioplasty; (8) atrial fibrillation. 

Patients were also excluded in case of echocardiograms not available/incomplete 
or images not appropriate for 2D-STE analysis. Ninety-five patients surviving surgery 
met all the inclusion criteria and represented our study population. Based on the re-
currence of mitral regurgitation (MR) at the follow-up (MR ≥2+ in patients with 
no/trivial MR at discharge), the patients were divided into 2 groups: patients with 
(Group MR+, n =30) or without (Group MR-, n =65) recurrent MR. Twenty age- and 
gender-matched healthy adults were controls. Patient characteristics are shown in 
Table 1. No differences were found in baseline characteristics between the 2 groups. 
Compared with the MR- Group, the MR+ Group had a higher postoperative New York 
Heart Association class and showed a trend towards a higher preoperative MR grade. 

Clinical follow-up information was obtained from all survivors through outpatient 
visits and phone calls and was 100% complete. Median follow up was 41.5 months 
[interquartile range (IQR)23-61].  

Ethical Committee approval was waived due to the retrospective analysis of the 
study according to the national law regulating observational retrospective studies 
(Dutch WMO law). However, all patients gave their informed consent to access their 
data for scientific purposes. 
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Table 1. Clinical Characteristics (n=95) 

 MR+ Group 
(n=30) 

MR– Group 
(n=65) 

 
          p 

Age, y 66.3± 4.8 66.5± 7.0 0.4 
Gender M/F 17/13(56.6/43.4) 39/26 (60.0/40.0) 0.1 
NYHA class 3 [3-4] 3 [3-4] >0.9 
CCS angina class 2 [1-3] 2 [1-3] >0.9 
Euroscore 
 Additive 
 Logistic 

8.8 [7.4-11.9] 
14.9 [11.7-16..9] 

8.7 [7.5-12.0] 
14.4 [11.3-16.6] 

 
0.9 
0.8 

Hypertension 12 (40.0) 27 (41.5) 0.8 
Diabetes 7 (23.3) 19 (29.2) 0.09 
COPD 3 (10..0) 7 (10.7) 0.5 
Chronic renal disease 2 (6.7) 5 (7.6) 0.7 
Cerebral vascular disease 3 (10.0) 7 (10.7) 0.8 
Peripheral vascular disease 2 (6.7) 5 (7.6) 0.7 
Familiar history 13 (43.3) 25 (38.4) 0.07 
IABP 2 (6.7) 6 (9.2) 0.1 
Myocardial infarction 
 Inferior/Posterior 
 Anterior/Septal 
 Lateral 
 Combined 

12 (40.0) 
2 (6.7) 
2 (6.7) 

14 (46.6) 

27 (41.5) 
5 (7.6) 
4 (6.3) 

29 (44.6) 

 
 

0.5 

Coronary vessel disease  
Left Main 

2 [2-3]
7 (23.3) 

2 [2-3]
14 (21.5) 

>0.9 
0.7 

Medications 
 ACEI/ARB 
 Β-adrenergic blockers 
 Long-acting nitrates 
 Diuretics 
 Spironolactone 

28 (93.3) 
15 (50.0) 
12 (40.0) 
27 (90.0) 
19 (63.3) 

59 (90.0) 
33 (50.7) 
27 (41.5) 
55 (84.6) 
38 (58.4) 

 
 
 

0.61 

Surgery 
 CPB time (min) 
 CCL time (min)  
 Mitral Ring size (mm) 
 Anastomoses/patient 
 Arterial grafts/patient 

115 [92-133] 
98 [74-111] 
28 [26-28] 

2[2-3] 
1[1-2] 

108 [90-120] 
88 [69-104] 
28 [26-28] 

2[2-3] 
1[1-2] 

 
0.1 

0.08 
>0.9 
>0.9 
>0.9 

Follow-up 
 NYHA class 
 NYHA III/IV 

2 [2-3] 
23 (76.6) 

1 [1-2] 
20 (30.7) 

 
<0.001 
<0.001 

Normally-distributed variables are presented as mean ± standard deviation. Discrete variables are presented 
as number (percentage). Non-normally distributed variables are presented as median [Interquartile range]. 
Abbreviations: M/F = Male/Female; NYHA = New York Heart Association; CCS = Canadian Cardiovascular 
Society; COPD = Chronic obstructive pulmonary disease; IABP = Intra-aortic balloon pump; ACEI = angioten-
sin-converting enzyme inhibitor; and ARB = angiotensin receptor blocker; CPB = Cardiopulmonary bypass; 
CCL = (Aortic) Cross-clamp; CABG = Coronary artery bypass grafting; MR = Mitral regurgitation. 
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Surgery 

All patients underwent associated CABG. For the purpose of this study, complete re-
vascularization was accomplished when at least one graft was placed distal to an ap-
proximately 50% diameter narrowing in each of the 3 major vascular systems in which 
arterial narrowing of this severity was noted in a vessel of 1.5 mm or greater of diame-
ter. It was not considered necessary to bypass all obstructed diagonal branches of the 
anterior descending or marginal branches of the circumflex coronary arteries for a 
classification of complete revascularization. Following this definition, 100% of patients 
underwent complete revascularization. The ring size was determined by means of 
standard measurements of the inter-trigonal distance and anterior leaflet height. A 
downsizing by 2 ring sizes was performed in all patients. After cardiopulmonary by-
pass, transesophageal echocardiographic analysis was performed to assess residual 
MR. 

Echocardiography 

Transthoracic echocardiography (TTE) was performed within a week before surgery 
and at follow up appointments. Exams were carried out using a commercially available 
ultrasound system (IE33,Philips Medical System, Amsterdam, The Netherlands. Images 
were stored in DICOM format and transferred to a workstation for further off-line 
analysis (TOMTEC Imaging system, Unterschleißheim, Germany). Measurements and 
calculations were made separately by one of the investigators (F.L.). The reliability of 
echocardiographic measurements was assessed by calculating the intra-observer inter-
vals of agreement of the main direct measures used in this study in 20 subjects ran-
domly chosen from among the study patients (Appendix 1). 

Mitral regurgitation and LV remodeling 

The following quantitative measurements were simultaneously used to grade the se-
verity of MR: (1) Pulsed Doppler quantitative flow methods and (2) proximal isovelocity 
surface area (PISA). When the evidence from different parameters was congruent, the 
measurements were averaged, allowing the calculation of effective regurgitant orifice 
area (EROA), regurgitant volume (RV) and regurgitant fraction (RF)12. 

When different parameters were contradictory, PISA was chosen in case of a cen-
tral jet or in the presence of a calcific mitral valve or mitral annulus, whereas pulsed-
wave Doppler was preferred when the jet was eccentric or multiple12. Mitral valve 
configuration was assessed in mid-systole using the parasternal long-axis and four-
chamber views. The tenting area (TA), coaptation height (CH), coaptation length (CL) 
and coaptation distance (CD) were measured as previously reported7.  
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Left ventricular (LV) volumes and LV ejection fraction were assessed using the bi-apical 
Simpson disk method and indexed to body surface area (BSA)13. Sphericity indexes 
were obtained at end diastole and end systole (SID and SIS, respectively) as the volume 
of the LV divided by the volume of a sphere with a diameter equal to the longest axis 
of the LV measured in the apical view14. The wall motion score index (WMSI) was cal-
culated according to a 17-segment model15. 

Diastolic function and tissue doppler imaging 

To assess diastolic function, pulsed-wave Doppler of the mitral valve (MV) was per-
formed by placing the Doppler sample volume between the tips of the mitral leaflets. 
The early (E) and late (A) peak diastolic velocities and E-wave deceleration time (DT) 
were measured16. The isovolumetric relaxation time (IVRT) was obtained by continu-
ous wave Doppler by placing the cursor in the LV outflow tract to simultaneously dis-
play the end of aortic ejection and the onset of mitral inflow17. Diastolic function was 
graded according to the most recent recommendations of the European Association of 
Echocardiography (EAE) /American Society of Echocardiography (ASE)17. 

LA volumes and LA function 

LA antero-posterior diameter was measured from the parasternal long-axis view at 
end-systole. LA volumes were measured using the area–length method, from the api-
cal four and two chamber views.  
 
The following LA volumes were measured18: 
1. Maximum LA volume (LAVMAX): just prior to MV opening 
2. LA volume prior to atrial contraction (LAVP): just prior to ECG p wave 
3. Minimum LA volume (LAVMIN): immediately after MV closure. 
 
From these volumes, the following dynamic volumes were calculated: 
a. LA reservoir volume (LAVRES): LAVMAX – LAVMIN 
b. LA passive emptying volume (LAVP-EMPT): LAVMAX – LAVP 
c. LA contractile volume (LAVCONTR): LAVP – LAVMIN 
LA volumes were indexed to BSA as recommended19.  
LA ejection fraction (LAEF) was calculated as LA contractile volume/LAVP, and ex-
pressed as a percentage. 

Two-dimensional speckle-tracking echocardiography 

Longitudinal LA strain was computed by speckle-tracking echocardiography (2D Cardiac 
Performance Analysis; Tom Tec Imaging Systems, Munich, Germany). Twelve global 
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strain curves were obtained using apical four-chamber and two-chamber views: basal 
septal, mid septal, apical septal, basal lateral, mid lateral, apical lateral, basal anterior, 
mid anterior, apical anterior, basal inferior, mid inferior and apical inferior. Global LA 
peak systolic strain (ε) was measured during LV ejection (Figure 1 A). Peak strain rate 
(SRP) was measured during LV ejection (LA reservoir phase) whereas peak early diastol-
ic strain rate (SRE) was measured during LV early diastole (LA conduit phase) and peak 
negative strain rate (SRA) was measured during LV diastole occurring after the P-wave 
(active contraction phase, Figure 1 B). Deformation parameters were also normalized 
to relative volumes to correct for the volume-dependency of the deformation. 
 

 
Figure 1. A) Left atrial peak systolic strain and B) strain rate with schematic ECG in a control subject.  
Abbreviations. AVC: Aortic Valve Closure.  
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Statistical analysis 

Data were analyzed with the use of statistical software (SPSS for Windows, version 
12.0; SPSS Inc., Chicago, Ill). Normality of continuous data was analyzed with the Kol-
mogorov-Smirnov test. Variables were expressed as mean ± SD, median and interquar-
tile range, or number of patients (percentage) as appropriate. For within-group com-
parisons before and after annuloplasty, the paired t test or the Wilcoxon signed rank 
test were used. Between-group differences were assessed by the unpaired t test, 
Mann-Whitney U test, or Pearson χ2 test. Spearman Rank Correlation was employed to 
test the correlation between variables. The Benjamini and Hochberg step-up false 
discovery rate (FDR)20 control correction for multiple testing was applied to the p val-
ues in the analysis (pFDR). 

Univariable regression was carried out with postoperative regurgitant volume as 
dependent variable and preoperative LA echocardiographic parameters (Left Atrial 
Diameter [LAD], LAVMAX, LAVP, LAVMIN, LAVRES, LAVP-EMPT, LAVCONTR, LAEF, ε, SRP, SRE and 
SRA) as independent variables. Variables reaching statistical significance or borderline 
(p≤0.1) were introduced in multivariable analysis. Multivariable logistic regression with 
the forward stepwise method was performed to identify co-factors associated to sig-
nificant post-repair MR. The goodness of fit of the final logistic regression models was 
assessed with the Hosmer-Lemeshow (H-M) statistic and predictive accuracy was as-
sessed by the concordance index (c). Optimal cut-off values were determined by re-
ceiver operating characteristic curve (ROC) as the rounding cut-off that gives the max-
imum sum of sensitivity and specificity. This value should be the shoulders at the top 
left of the ROC curve. Results were validated using the bootstrap method (1000 itera-
tions). 

To test whether the predictive value of LA parameters were independent of dias-
tolic function a sub-group analysis was carried out based on deceleration time (DT, 
≤142/>142 ms) which was found to be a strong predictor of recurrent MR in our previ-
ous study21. We tested for interactions by entering interaction terms between each LA 
parameter and DT with an interaction p<0.10 considered statistically significant. 

Results 

Mitral regurgitation and LV remodeling 

Patients in the MR+ Group had baseline larger LV volumes (both, p<0.001) and a more 
spherical ventricle (p<0.001, Table 2). At follow up, in patients in the MR- Group, ESVI 
decreased significantly (p<0.001) while in group MR+ Group it increased compared to 
baseline value without reaching statistical significance (p=0.7). Changes in EDVI and 
WMSI showed the same tendency for ESVI. Similarly, end-diastolic diameter (p<0.001) 
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and end-systolic diameter (p=0.004) decreased in MR- patients, whereas did not 
change in MR+ Group (p=0.8 and p=0.7, respectively). 

Systolic and diastolic sphericity indexes were reduced significantly in the MR-
Group (p=0.003 and p<0.001, respectively), whereas these indexes increased, though 
not significantly, in patients with recurrent MR (both, p=0.4). At baseline there was no 
significant difference regarding quantitative MR data. In contrast, preoperative TA 
(p=0.02) and CH (p=0.01) were higher whereas CL was lower (p=0.002) in patients with 
recurrent MR. In contrast, CD was comparable between groups (p=0.6). At follow up, in 
the MR- Group, TA (p<0.001) and CH (p=0.01) were reduced while CL (<0.001) in-
creased significantly. These indices did not change in the MR+ Group. 
 
Table 2. LV Geometry and Mitral Valve Regurgitation (n=95). 

  MR+ Group
(n=30) 

MR– Group 
(n=65) 

 Controls Preoperative Follow up p Preoperative Follow up p 

LVEF (%) 
EDD (mm) 
ESD (mm) 
EDVI (mL/m2) 
ESVI (mL/m2) 
WMSI 
SID 
SIS 

59±7 
44±5 
30±4 

50±10 
22±5 
1.0±0 

0.42±0.1 
0.35±0.1 

38±10
59±8* 
45±6* 

129±24*† 
81±14*† 

1.5±0.4*† 
0.80±0.1*† 
0.75±0.1*† 

37±9
60±9*‡ 
47±8*‡ 

134±22 *‡ 
83±15 *‡ 
1.6±0.4*† 

0.85±0.1*‡ 
0.80±0.1*‡ 

0.8
0.8 
0.7 
0.1 
0.7 
0.8 
0.4 
0.4 

39±10*

60±8* 
44±6* 

105±15* 
63±10* 

1.3±0.2* 
0.72±0.1* 
0.64±0.1* 

42±10 
47±7 
35±5 

80±12 
47±8 

1.1±0.2 
0.62±0.1 
0.51±0.1 

0.07 
<0.001 
0.004 
<0.001 
<0.001 
0.03 
0.003 
<0.001 

MR 
ERO (mm2) 
RF (%) 
RV (ml/beat) 
TA (cm2) 
CL(mm) 
CD (mm) 
CH (mm) 

- 
- 
- 
- 

0.8±0.2 
8.5±0.4 

25.5±5.9 
6.0±1.9 

3 [3-4]
34.6±12.2 
48.3±12.1 
59.0±10.3 
4.0 ±1.1*† 
3.2±0.3*† 
38.6 ±5.4* 
13.0±2.0*† 

3 [3-4]
29.4±10.1 ‡

43.9±12.6 ‡

55.8±13.9 ‡

3.6±1.4 ‡ 
3.3±0.3 ‡ 

38.1±5.8 ‡ 
12.6±1.7 ‡ 

>0.9
0.07 
0.07 
0.3 
0.07 
0.8 
0.8 
0.6 

3 [3-4]
36.6±10.9 
45.9± 10.3 
57.7±11.9 
3.1±1.2* 
4.2±0.5* 

35.5±6.6* 
10.0±2.1* 

1[1-2] 
- 
- 
- 

1.9±0.2 
8.7±0.5 

31.0±4..3 
6.5 ±0.6 

<0.001 
- 
- 
- 
<0.001 
<0.001 
0.44 
0.001 

Normally- distributed variables are presented as mean ± standard deviation. Non-normally distributed 
variables are presented as median [Interquartile range].  
Abbreviations: LVEF = Left Ventricular Ejection Fraction; EDD = End-diastolic diameter; ESD = End-systolic 
diameter; ESVI = End-systolic Volume Index; EDVI = End-diastolic Volume Index; WMSI = Wall motion score 
index; SID = diastolic sphericity Index; SIS = Systolic sphericity Index; MR = Mitral Regurgitation; ERO = Effec-
tive Regurgitant Orifice; RF = Regurgitant Fraction; RV = Regurgitant Volume; TA = Tenting Area; CL = Coapta-
tion Length; CD = Coaptation Distance; CH = Coaptation Height. * p<0.05 vs. controls; † p<0.05 vs. MR- at 
baseline; ‡ p<0.05 vs. MR- at follow-up.  

Diastolic function  

In the MR+ Group diastolic dysfunction was mild (E/A < 0.8, DT > 200 ms, IVRT ≥ 100 
ms) in 6 patients (20%), moderate (E/A < 0.8-1.5 [decreasing by 50% during Valsalva 
maneuvers], DT 160-200 ms, IVRT 60-100 ms) in 16 patients (53.4%) and severe (E/A ≥ 
2, DT < 160 ms, IVRT ≤ 60 ms) in 8 patients (26.6 %). In the MR– group these figures 
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were 38 (58.5%), 15 (23.1%) and 5 (7.7%, p=0.002). In addition, in this Group, 7 (10.7%) 
patients had no diastolic dysfunction. In the MR+ Group, at baseline, E/A (p=0.04 vs. 
controls, p<0.001 vs. MR-), DT (p<0.001 vs. controls, p<0.001 vs. MR-) and IVRT (p= 
0.03 vs. controls, p=0.02 vs. MR-) were lower compared to controls and MR- patients. 
None of these indices varied in the MR+ Group at follow-up. In contrast, in patients 
without recurrent MR, E/A (p<0.001) was reduced while the other indices did not 
change (Figure 2 A-C). 
 

Figure 2. Diastolic function in controls and 
at baseline and follow up in patients with 
(MR+) or without (MR-) recurrent Mitral 
Regurgitation. A) Early (E) and late (A) peak 
diastolic velocities ratio E/A. B) E-wave 
deceleration time (DT). C) Isovolumetric 
relaxation time (IVRT). * p<0.05. 
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LA function and 2D-STE analysis  

An higher number of patients in MR+ Group experienced at least one episode of AF 
after surgery (52.9% [18/34] vs. 5.0% [6/118], p<0.001). 

Compared to controls, all static and dynamic atrial volumes were significantly 
higher in MR- and significantly lower in MR+ patients (Table 3). At follow up, in pa-
tients without recurrent MR all volumes were reduced and were not significantly dif-
ferent from controls. In contrast, for MR+ patients atrial volumes did not vary. Baseline 
LAEF was comparable between Groups and not different from controls. At follow up it 
did not change in both Groups. In the MR+ Group ε (p<0.001, normalized p=0.006), SRP 
(p=0.03, normalized p=0.04), SRE (p=0.03, normalized p=0.04) and SRA (p=0.003, nor-
malized p=0.01) were lower (Figure 3A, Figure 4A) while in MR- patients ε (p<0.001, 
normalized p<0.001), SRP (p<0.001, normalized p<0.001), SRE (p<0.001, normalized 
p<0.001) and SRA (p<0.001, normalized p<0.001) were higher (Figure 3C, Figure 4C) 
than controls (Figure 1A, Figure 1B). At follow up none of these indices changed in the 
MR+ Group (Figure 3B, Figure 4B) while all returned to normal values in patients be-
longing to the MR- Group (Figure 3D, Figure 4D). 
 
Table 3. LA Function and Speckle-tracking Analysis 

  MR+ Group 
(n=34) 

MR– Group  
(n=118) 

 Controls Preoperative Follow up p Preoperative Follow up P 

LAD (cm/m2) 1.8 ± 0.2 2.2 ± 0.3*† 2.2 ±0.3* ‡ 0.9 2.4 ±0.3* 2.0 ± 0.3* 0.01
LAVMAX (mL/m2) 39 ± 15 28 ± 13*† 30 ± 12* ‡ 0.8 62 ± 18* 42 ± 10 <0.001
LAVP (mL/m2) 28± 8 20 ± 6*† 20 ± 7* ‡ >0.9 48 ± 13* 30 ± 8 <0.001
LAVMIN (mL/m2) 19 ± 6 15 ± 5*† 16 ± 6* ‡ 0.8 30 ±11* 22 ± 6 <0.001
LAVRES (mL/m2) 20 ± 6 12 ± 5*† 14 ±7* ‡ 0.5 34 ± 10* 21 ± 6 <0.001
LAVP-EMPT (mL/m2) 11 ± 4 8 ± 2*† 9 ± 5* ‡ 0.7 15 ± 7* 12±5  0.03
LAVCONTR (mL/m2) 10 ± 3 7 ± 2*† 6 ± 2* ‡ >0.9 18 ± 8* 11 ± 4 0.007
LAEF (%) 35 ± 7 33 ± 6 33 ± 5 0.8 37 ± 5 36 ± 6 0.8
ε (%)  35.2 ± 8.1 22.2 ± 12.1† 20.6 ±12.9*‡ 0.6 47.2 ±11.2* 37.3 ± 12.4 <0.001
SRP (sec-1) 1.56 ± 0.9 1.43 ± 0.4*† 1.33 ± 0.3*‡ 0.5 2.55 ± 0.8* 1.59 ± 0.7  <0.001
SRE (sec-1) -1.27± 0.5 -1.04 ± 0.2*† -1.18 ±0.2*‡ 0.5 -2.32 ± 0.7* -1.28 ±0.5 <0.001
SRA (sec-1) -1.87 ± 0.6 -1.39 ± 0.3*† -1.30 ±0.2*‡ 0.1 -2.64 ± 0.7* -1.82 ± 0.7 <0.001

Abbreviations: LAD = Left Atrial diameter; LAVMAX = Maximum Left atrial volume; LAVP = Left atrial volume 
prior to atrial contraction; LAVMIN = Minimum Left atrial volume; LAVRES = Reservoir Left atrial volume; LAVP-

EMPT = Passive-empting Left atrial volume; LAVCONTR = Contraction Left atrial volume; LAEF (%) = Left atrial 
ejection fraction; ε = Peak systolic atrial strain; SRP = Peak systolic strain rate; SRE = Peak early diastolic strain 
rate; SRA = Peak late diastolic strain rate. * p<0.05 vs. controls; † p<0.05 vs. MR- at baseline; ‡ p<0.05 vs. MR- 
at follow-up.  
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Figure 3. A) Preoperative left atrial peak global strain in a patient with recurrent MR. B) Postoperative left 
atrial peak global strain in the same patient as in A. C) Preoperative left atrial peak global strain in a patient 
without recurrent MR. D) Postoperative left atrial peak global strain in the same patient as in C.  
Abbreviations. AVC: Aortic valve closure. 

 

 
Figure 4. A) Preoperative left atrial Strain Rate in a patient with recurrent MR. B) Postoperative left atrial 
Strain Rate in the same patient as in A. C) Preoperative left atrial Strain Rate a patient without recurrent MR. 
D) Postoperative left atrial Strain Rate in the same patient as in C.  
Abbreviations. AVC: Aortic valve closure.  

Correlations between 2D-STE indices and other echocardiographic parameters 

There was a strong correlation between and LAVRES and ε (ρ=0.64,p=0.001, pFDR=0.002) 
and SRP (ρ=0.57, p=0.002, pFDR=0.003). Furthermore we found a significant correlation 
between SRE and LAVP-EMPT (ρ=0.45, p=0.03, pFDR=0.033) and between SRA and LAVCONTR 
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(ρ=0.40, p=0.03, pFDR=0.033). Also, we found a direct correlation between SRE and E 
(ρ=0.52, p=0.02, pFDR=0.029) and DT (ρ=0.50, p=0.02, pFDR=0.029). In addition, SRA 
showed a weak correlation with LAEF (ρ= 0.25, p=0.3, pFDR=0.027). Finally, there was a 
strong correlation between both ε and SRP with SRA (ρ=0.72, p<0.001 [pFDR=0.001] and 
ρ=0.79, p<0.001 [pFDR=0.001], respectively) and SRE (ρ=0.69, p<0.001 [pFDR=0.001] and 
ρ=0.71, p<0.001 [pFDR=0.001], respectively). 

Co-factors of recurrent mitral regurgitation 

Recurrent MR was positively correlated with ε (p<0.001), SRP (p<0.001), and SRE 
(p<0.001). There was no significant correlation between MR recurrence and other LA 
echocardiographic parameters. 

Logistic regression analysis revealed that ε, SRP and SRE (all, p<0.001) were co-
factors associated to recurrent MR. The model proved to be reliable and accurate 
(Table 4). 

At Receiver operating characteristic (ROC) analysis an ε value ≤25% predicted re-
currence of MR with 92% sensitivity and 87% specificity (Area Under Curve [AUC] 0.90 
[95% CI: 0.8-0.98], p<0.001); SRP had 90% sensitivity and 82% specificity with an opti-
mal cut-off of ≤ 1.50 sec-1 (AUC 0.85 [95% CI: 0.70-0.94], p <0.001). SRE with a cut-off > 
-1.11 sec-1 had 86% sensitivity and 80% specificity (AUC 0.79 [95% CI: 0.66-0.83], p 
<0.001). 

Finally, There were no apparent significant interactions between DT and ε (interac-
tion p value = 0.21), SRP (interaction p value = 0.56) and SRE (interaction p value = 
0.68). 
 
Table 4. Logistic Regression 

 p OR  95% CI*

ε <0.001 4.8 3.0-5.7
SRP <0.001 4.4 2.6-5.2
SRE <0.001 4.0 2.3-5.0

Abbreviations: ε = Peak systolic strain; SRP = Peak systolic 
strain rate; SRE = Peak early diastolic strain rate; OR = Odds 
Ratio; CI = Confidence Interval. *Bootstrap corrected 

Discussion 

The main findings of our study can be summarized as follows:  
First, the left atrial peak global strain ε and SRP, which accurately reflect the LA 

reservoir function22-24, were increased at baseline in MR- patients, possibly due to a 
rise in atrial compliance and increased filling during the reservoir period (combined 
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flow from pulmonary veins and from the mitral regurgitant jet)25. After surgery, in 
these patients, the reduced preload after MV repair was responsible for the normaliza-
tion of ε and SRP. This was not observed in patients showing recurrent MR who 
showed an impairment of left atrial peak global strain (ε) and SRP at baseline. At follow 
up, MR+ patients still had low left atrial peak global strain and peak strain rate and this 
might be explained by irreversible ultra-structural changes of the atrial wall occurring 
in these patients26. 

Second, compared to controls, baseline passive LV filling was increased in patients 
belonging to the MR- Group. This might be attributable to an increased atrio-
ventricular gradient, decreased LV chamber stiffness and increased recoil of the LA27. 
After repair, SRE was comparable with controls. In MR+ patients baseline SRE was low 
and this might be explained by the higher levels of LV filling. Indeed, it has been 
demonstrated that the enhancement of conduit function may diminish with LV dys-
function28 which, in this Group, was also accompanied by a decreased E wave DT, con-
sistent with the onset of increased LV stiffness29. This was also confirmed by the direct 
correlation between SRE and DT (p=0.02). 

Third, regarding the contraction phase, in the preoperative period patients in the 
MR- Group showed a higher SRA. Importantly, in this Group, preoperative LAEF, which 
measures booster function30, was comparable to controls and this index showed a 
weak correlation with SRA (p=0.3). 

Fourth, the strong correlation between SRA and both ε (p<0.001) and SRP (p<0.001) 
demonstrates the preload-dependency of the contractile phase SRA

23. Indeed, after 
repair which reduces the preload, SRA returned to normal values in MR- patients. Con-
versely, the strong reduction of SRA in patients with recurrent MR might be potentially 
attributable to the high filling pressure and, consequently, to the increased LA after-
load resulting in an overwhelmed Frank-Starling mechanism23, 31. In the postoperative 
period SRA did not improve in MR+ patients, reflecting a persistent state of LV impair-
ment. 

Fifth, interestingly, in our experience, although the degree of MR was not different 
in the two groups, confirming our previous experience32, LA volumes were higher in 
the MR- group, whereas in MR+ groups were markedly lower. Although the exact 
mechanism remains to be elucidated, we might postulate that this discrepancy may be 
due to significant LA wall stiffness and impairment in LA compliance (reservoir func-
tion) estimated by global peak systolic strain ε and peak systolic strain rate SRP in MR+ 
patients. However, whether it reflects irreversible histological changes in the left atri-
um and LA fibrosis will be the subject of ongoing research. After surgery, in accordance 
to Bax et al33 and Geidel et al34, we observed a significant reduction in static and dy-
namic volumes only in MR- patients, whereas in the MR+ group they did not vary after 
surgery. This might further confirm irreversible chronic changes and ultra-structural LA 
wall abnormalities in MR+ patients. 
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Finally, in our experience, ε, SRP and SRE (all, p<0.001) were multivariable cofactors 
associated to recurrent MR. In contrast, LA volumes resulted not to be significant. All 
these parameters resulted to be independent of DT which has been previously recog-
nized a predictor of recurrent MR21.  

Study limitations 

Our study findings should be viewed in light of some inherent limitations. 

Second, although 2D-STE has the advantage of being angle independent and to be 
affected less by reverberations, side lobes and drop-out artifacts, it carries some in-
trinsic limitations such as strict frame rate dependency, and potential errors in epicar-
dial/endocardial border tracing in subjects with suboptimal image quality. Although 
strain measurements in our study were carried out by an experienced echocardiog-
rapher, specifically trained for this analysis, these limitations must be considered while 
examining our findings. 

Third, we employed conventional indices of LV diastolic function. Tissue Doppler 
imaging (TDI) would have been more useful in estimating LV diastolic function. None-
theless, DT, although not load independent, is strongly related to pulmonary capillary 
wedge pressure and end-diastolic pressure and it is a useful parameter for the serial 
assessment of LV diastolic function in post-infarct patients, including those with MR. 
Moreover, of 249 patients only 95 were included after the exclusion/inclusion criteria. 
Therefore, the population studied appears rather selective and may not represent the 
majority of real-life patients. This aspect must be taken into account when examining 
our results.  

Fourth, we excluded patients with atrial fibrillation from this study. It may have 
been interesting to see how AF would have affected LA myocardial deformation and its 
correlation with LA structural changes. In addition, we have not assessed pulmonary 
venous inflow which could have provided more information on LA function. Moreover, 
it has been demonstrated that age influences LA deformation17 but our analysis did not 
take into consideration the influence of age on LA strain and SR.  

Fifth, we did not explore the influence of postoperative AF on MR and strain. We 
cannot exclude that these patients would probably have more MR, worse LVEF and 
more severe diastolic dysfunction at baseline, perhaps also more severe coronary 
heart disease or scarring after myocardial infarction.  

First, data about survival and adverse cardiac events (MACE ) were not provided 
since this was not the aim of the study. Hence, we cannot exclude that the observed 
strain differences and recurrence of MR might have clinical effect on survival as 
demonstrated by previous studies35. Furthermore, standard echocardiographic results 
shown in our previous paper were not presented in this study. 
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Sixth, only patients surviving surgery were included and there was a large variabil-
ity in follow-up time. Indeed, after 10 years there might be more MR recurrence as 
LVEF deteriorates in CABG patients, as compared to shorter follow-up. 
Seventh, the timing after intervention for the control examination has a wide range 
and this should normally affect the relationship between recurrent MR and LA func-
tion. This aspect must be taken into consideration when examining our findings. 

Finally, since LV volumes are higher in the MR+ Group, we cannot exclude that the 
recurrence of MR may be just related to more advanced underlying myocardial disease 
and its progression. Hence, the LA strains might therefore just identify the more ad-
vanced disease and may not have any direct causal association with recurrence of MR.  

Nonetheless, even with the above mentioned limitations, to the best of our 
knowledge, this is the first study exploring LA strain and SR in CIMR patients before 
and after surgery. 

Conclusions 

In patients with recurrent MR we observed an irreversible impairment of the LA reser-
voir due to reduced compliance. The filling and contraction phases did not improve 
after operation and this might be attributable to high LV filling pressure and increased 
afterload. Left atrial peak global strain, peak systolic strain rate and peak early diastolic 
strain rate were cofactors associated to recurrent MR. 

The assessment of LA strain and strain rate, in addition to other echocardiographic 
parameters, can be helpful in detecting patients undergoing UMRA who are unlikely to 
benefit from annuloplasty.  
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Appendices 

Appendix 1. Bland –Altman limits of agreement for intra-observer variability. 

Variable Mean
difference 

Standard
deviation 

95% limits 
of agreement 

ε (%) 0.92 0.07 -1.12-1.64 
SRP (sec-1) 1.15 0.03 -1.21-2.04 
SRE (sec-1) 1.29 0.09 -1.20-2.18 
SRA (sec-1) 1.61 0.10 -1.25-2.22 

Observer: Fabiana Lucà (FL) The Bland-Altman method showed excellent agreement. The relative differences 
were <5% for all parameters.  
Abbreviations: ε: Peak systolic strain; SRP: Peak systolic strain rate; SRE: Peak early diastolic strain rate; SRA: 
peak late diastolic strain rate. 
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Chronic ischemic mitral regurgitation (CIMR) is a common complication of coronary 
artery disease that doubles late mortality1, 2. During the last decades, patients with 
chronic ischemic mitral regurgitation (CIMR) have been treated by restrictive annulo-
plasty (RA) in combination with coronary bypass grafting (CABG)3. Despite the high 
initial surgical success rate and positive effects on survival and functional symptomatic 
status4-7, an increasing number of studies report a recurrence of mitral regurgitation 
(MR) 7-10, with an incidence up to 35% and 72% at 3- and 5 year-follow up (MR > 2+), 
respectively7. The mechanisms of recurrent MR are the continuous global11, 12 and 
local13-16 adverse remodeling of the left ventricle, leading to recurrence of mitral leaflet 
tethering and consequently hindering of the systolic leaflet closure. 

Occurrence of recurrent MR in CIMR patients is a much more precise indicator of 
procedural success than freedom from reoperation. The latter often overestimates the 
positive results, since many patients with recurrent MR will not undergo reoperation 
for several reasons, such as good functional class, advanced age, poor left ventricular 
function or the presence of more co-morbidities. However, recurrent MR should not 
be confused with residual MR which can be detected by post-bypass transesophageal 
echocardiography or pre-discharge transthoracic echocardiography17. In our studies we 
excluded patients with residual MR since the procedural outcome should reflect failure 
of the technique employed. 

When evaluating potential predicting factors of recurrent MR (the subject of this 
thesis), we can describe predictors that reflect systolic LV dysfunction (leaflet geome-
try, PM function and LV local and global geometry) and predictors that reflect diastolic 
LV dysfunction (left atrial function). The predictors of LV systolic dysfunction are varia-
bles that contribute to the vicious circle of CIMR (FIGURE 1, 2). In contrast, the charac-
teristics of LA dysfunction identify patients with advanced LV ischemic disease and may 
not have any direct causal association with recurrent MR. However, all predictors find 
their origin in LV dysfunction since the etiology of CIMR is ischemic myocardial disease. 
In these patients, MR is functional and reflects a diseased (ischemic) ventricle rather 
than a disease of the mitral leaflets. 
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Figure 1. Mitral valve complex (mid-systole) in normal patients (A) and in patients with Chronic ischemic
mitral regurgitation (B), divided in two groups based on leaflet tethering pattern.  
Abbreviations: CIMR = Chronic ischemic mitral regurgitation, AML = anterior mitral leaflet, PML = posterior 
mitral leaflet, ALPM = anterolateral papillary muscle, PMPM = posteromedial papillary muscle, LV = left
ventricle, α = anterior mitral leaflet tethering angle, β = posterior mitral leaflet tethering angle, DYS-PAP = 
papillary muscle dyssynchrony, SIsys = systolic sphericity index, ALPM-LS = anterolateral papillary muscle 
longitudinal strain, PMPM-LS = posteromedial papillary muscle longitudinal strain, GLSpeak = peak global 
longitudinal strain, ALPM-WMSI = anterolateral papillary muscle wall motion score index (which is the WMSI 
of left ventricular segments adjacent to ALPM), PMPM-WMSI = posteromedial papillary muscle wall motion 
score index (which is the WMSI of left ventricular segments adjacent to PMPM). Arrow = resultant tethering 
vector. 
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Figure 2. Configuration of the mitral valve complex at baseline and follow up (after restrictive annuloplasty)
in patients with chronic ischemic mitral regurgitation, based on mitral leaflet tethering pattern at baseline.
Abbreviations: MR = mitral regurgitation, AML = anterior mitral leaflet, PML = posterior mitral leaflet, ALPM
= anterolateral papillary muscle, PMPM = posteromedial papillary muscle, β = posterior mitral leaflet tether-
ing angle, DYS-PAP = papillary muscle dyssynchrony, ALPM-LS = anterolateral papillary muscle longitudinal 
strain, PMPM-LS = posteromedial papillary muscle longitudinal strain, GLSpeak = peak global longitudinal 
strain, LVR = left ventricular remodeling, LVRR = left ventricular reverse remodeling, LVGRR = left ventricular 
geometrical reverse remodeling, ALPM-WMSI = anterolateral papillary muscle wall motion score index 
(which is the WMSI of left ventricular segments adjacent to ALPM), PMPM-WMSI = posteromedial papillary 
muscle wall motion score index (which is the WMSI of left ventricular segments adjacent to PMPM). + indi-
cates the value of WMSI in the LV segments. 

Configuration of mitral leaflets as predictor of recurrent MR 

Anterior mitral leaflet angle predicts recurrent MR after RA (FIGURE 1) 

Recently, attention has been drawn to the preoperative mitral valve leaflet configura-
tion to predict MR recurrence and procedural outcomes. Nevertheless, published data 
are conflicting: recurrence of MR was associated with increased preoperative tethering 
of the posterior mitral leaflet (PML)14, 18 or tethering of both leaflets19. Magne and 
coworkers demonstrated that a tethering angle of the PML > 45° was associated with 
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should be excluded when evaluating outcome of mitral valve repair and the procedural 
success should not be interpreted by event-free survival but by long term follow up 
echocardiographic measurements17. Kuwahara and colleagues observed an increased 
PML tethering at follow up and demonstrated a significant contribution of progressive 
PML tethering for recurrent/persistent ischemic MR14. Indeed, tethering of the PML is 
clearly exacerbated by RA: while reducing the septal-lateral annular diameter, the 
posterior (muscular) annulus is shifted anteriorly towards the fibrous anterior annulus 
(FIGURE 2). This can deceptively give the impression that the increased PML angle is 
the predictor of recurrent MR. Green et al. reported in an ovine model, that restrictive 
annuloplasty produced a markedly impaired motion of a “frozen” PML, transforming 
the mitral valve (MV) in a mono-cuspid valve where the closure mechanism is only 
performed by the anterior mitral leaflet (AML)20. Gelsomino and coworkers demon-
strated that the tethering angle of the AML > 39.5° predicted recurrent MR13. In addi-
tion, we have reported (Chapter 3) that compared to patients with PML > 45°, those 
with ALM > 39.5° had a more than 3-fold higher risk of recurrent MR21. 

Angle of the AML: basal or distal 

Lee et al. reported that rendering postoperative mitral competence was highly de-
pendent on the distal anterior leaflet mobility and that the recurrence of MR was pre-
dicted by a preoperative distal AML angle > 25° 22. These authors differentiated the 
AML angle measurement between the basal and distal (tip) angle, in accordance with 
the insertion of the secondary and marginal chordae, respectively. They argued that by 
measuring only the basal angle, the mobility of the whole AML was not taken into 
account. They explained that the distal AML could be less restricted and might be piv-
oting around the “knee” (the point where these secondary chordae were attached), 
which consequently resulted in an alteration of the AML in a concave configuration.  

However, it seems to be the basal part of the leaflets that contributes most to the 
coaptation height (CH) of the MV. In several studies a CH > 11 mm is described to be 
an independent predictor of recurrent MR13, 23. Moreover, Messas et al. showed that 
second-chordal cutting of the AML could reduce MR in IMR, suggesting that AML teth-
ering at this point (second chorda insertion) determined the MR24. The importance of 
the leaflet configuration by tethering on the second-order chordae is demonstrated in 
several porcine studies on the physiological function of the chordae: van Rijk-Zwikker 
et al. demonstrated that the AML second-order chordae remained taut during the 
whole cardiac cycle25. Moreover, the forces on the second-order AML chordae were 3-
fold higher than those on the first-order chordae (0.7N vs. 0.2N respectively)26. Since in 
CIMR patients MR is caused by left ventricular remodeling (with increased LV dimen-
sions), the tethering forces on the chordae are increased, especially on the second-
order chordae. These findings suggest that measurements based on the angle of the 
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AML tip will probably underestimate the recurrence of MR. For this reason, in our 
studies the AML angle is measured at the basal part of the leaflet. 

As described by Messas et al. the decreased progression of LVR in animals with 
CIMR by second-order chordal cutting27 can be explained by the reduction of MR (since 
the most tethered chordae, responsible for MR, are cut) and consequently by the de-
celeration of the vicious circle of CIMR (chapter 1). Since it hasn’t been demonstrated 
that second-order cutting leads to left ventricular reversed remodeling (LVRR), this 
procedure cannot be assumed as curative in CIMR. 

The AML tethering angle is a primary predictor of MR 

Because of the importance of AML function after RA, Gelsomino and colleagues inves-
tigated the role of the preoperative AML mobility in predicting the outcome after sur-
gery13. They demonstrated that the preoperative basal AML angle (with a cut off: α > 
39.5°) and the basal AML excursion angle (with a cut off: αEX < 35°) were independent 
predictors of recurrent MR, while the preoperative PML was not significantly different 
between patient groups with and without postoperative recurrent MR. However, the 
mechanism of recurrent MR is the ongoing LV remodeling12, or the lack of LV reverse 
remodeling (LVRR) after RA11. Nonetheless, it could be possible that the altered AML 
geometry and recurrent MR are both the result of abnormal LV function and geometry 
in predicting recurrent MR and consequently, that the abnormal LV function and ge-
ometry are the primary predictors of MR. In a large multicenter study, we confirmed 
the importance of AML tethering in predicting MR (Chapter 2)28. Indeed, compared 
with patients with PML tethering > 45°, those with severe AML tethering (> 40°) had 
3.7 times higher odds of MR recurrence. However, we failed to find any interaction 
between the AML tethering and other predicting variables of abnormal LV function 
and global geometrical characteristics (systolic sphericity index > 0.7; end systolic vol-
ume > 145 ml; myocardial performance index > 0.9; wall motion score index > 1.5 and 
coaptation height > 11mm). Thus we demonstrated that the AML tethering is a pri-
mary independent predictor of MR, not secondary to LV function and geometry. 

LV remodeling, the mechanism of recurrent MR in relation to the 
configuration of mitral leaflets 

LV remodeling (LVR)12 or lack of LV reverse remodeling (LVRR)11 after RA results in a 
significant recurrence of MR in CIMR patients. Published data are conflicting whether 
the recurrent MR is caused by global LV remodeling12 or by local remodeling of de LV 
segments supporting the papillary muscles13-16. We explored the relationship between 
the AML tethering angle (primary predictor of recurrent MR) and the global and local 
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LV remodeling (mechanism of recurrent MR). We investigated whether the leaflet 
configuration could predict LV remodeling (FIGURE 2). 

AML tethering angle predicts lack of global LV reverse remodeling (LVRR)  

Bax and colleagues reported that the high success of CABG and RA, as a treatment for 
patients with CIMR, was the result of the LVRR after the procedure4. The mechanism of 
LVRR after RA is unclear and explained by the contribution of 1) decreased LV wall 
stress by remodeling the base of the heart and restoring a more elliptical shape to the 
LV cavity29, 2) even a small reduction of LV workload and passive ventricular restraint, 
which is sufficient to attenuate LV dilation (and progressive functional decline)30 or 3) 
decreased LV afterload after reduction in volume overload (reduction of end-systolic 
wall stress)31. Correspondingly, Gelsomino et al. demonstrated that the lack of LVRR 
after RA led to a significant recurrence of MR11. The predictors of LVRR were systolic 
sphericity index (SIS < 0.72), myocardial performance index (MPI < 0.9) and wall motion 
score index (WMSI < 1.59). They excluded patients with residual MR, suggesting that 
an initial reduction of volume overload (competency of the mitral valve) was not suffi-
cient to induce the LVRR. 

In our study (Chapter 3), we investigated the relationship between the preopera-
tive AML tethering angle and the postoperative reduction in LV volume and geomet-
rical alterations. We demonstrated that an increased AML tethering (cut-off > 39.5°) 
predicts the recurrence of MR, confirming previous studies13, 28, and the lack of 
LVRR21. LVRR was defined as reduction in the end-systolic volume index > 15% at fol-
low up (median 14.3 months) compared with the baseline volume index (FIGURE 2). 
However, also the ventricular shape, which represents global LV remodeling and is 
defined as the sphericity of the LV, is correlated with the onset of MR32. We showed 
that in patients with an increased AML angle, the sphericity indices increased signifi-
cantly at follow up, whereas these indices decreased in patients with a small AML an-
gle. We demonstrated that an increased AML angle predicts the lack of LV geomet-
rical reverse remodeling (LVGRR)21 (FIGURE 2). Moreover, compared to patients with a 
PML angle > 45°, those patients with an AML angle > 39.5° showed a more than 4-fold 
higher risk of lack of LVRR and LVGRR. 

AML tethering and papillary muscle displacement (local LV remodeling) 

Previous studies demonstrated that local remodeling of the LV segments supporting 
the papillary muscles is a necessary condition for the development of MR13-16. Local 
remodeling can be described by papillary muscle displacement and separation and by 
the wall motion score index of the adjacent LV wall (ALPM-WMSI and PMPM-WMSI) 
(the latter will be discussed in the session on papillary muscle dyssynchrony).  
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Gelsomino and coworkers demonstrated that in CIMR patients with a lack of LVRR 
after surgery, baseline papillary muscle separation and lateral and posterior displace-
ment of the ALPM was significantly increased compared to patients with LVRR11. The 
latter group showed a reduction of the PM separation and displacement of both PMs 
at follow up, whereas in the group without LVRR all PM displacement variables deteri-
orated. 

In our study (Chapter 3), we demonstrated that in patients with severe AML teth-
ering (large AML angle) the PMs were significantly separated, reflecting more severe 
global LV remodeling, compared to patients with a small AML angle21. Looking at local 
remodeling, in the large AML angle group, we found more severe displacement (poste-
rior, lateral and apical) of the ALPM compared to patients with a small AML angle (alt-
hough significantly displaced compared to controls), whereas the displacement of the 
PMPM was similar (and significantly increased compared to controls) for both groups 
of patients. Only the apical PMPM displacement was more severe for patients with a 
large AML angle.  

Apparently it is mainly ALPM displacement that determines the difference in the 
AML configuration in patients with CIMR. Nevertheless, each PM supplies chordae to 
both leaflets33 and thus displacement of each of the PMs might result in tethering of 
both leaflets. It is the resultant vector of the PMPM and ALPM displacement that de-
termines the final effect on each leaflet tethering. In our study (Chapter 3) the ALPM 
was mainly displaced apically in the large ALM angle group, resulting in a more apical 
resultant tethering vector on both leaflets (FIGURE 1). However, it seems that the 
effect on the PML angle by ALPM displacement is not significantly appreciated in this 
population (with significant PMPM and ALPM displacement compared to controls). 

This can be explained by the morphological characteristics of the mitral valve 
complex. First, the normal mitral annulus is saddle shaped, but flattens in patients with 
CIMR34, 35. The mitral annulus is composed of a fibrous (anterior) and muscular (poste-
rior) portion. Annular flattening will take place in particular at the muscular structure 
(apical displacement of the posterior annulus, which is the insertion of the PML). This 
could explain why the apical displacement of the ALPM has less influence on the PML 
tethering. Secondly, another explanation could be the absence of third-order chordae 
in the AML (which is at the level of the leaflet insertion): simultaneous apical tethering 
on the first- and third-order chordae might displace leaflet insertion and leaflet free-
edge in the same direction, resulting in a lower tethering effect. 

However, as a result of the restrictive annuloplasty the posterior annulus shifts 
more anteriorly, resulting in increased PML tethering (FIGURE 2). It is unclear whether 
this procedure might also lift the posterior annulus to the base. Consequently, some 
authors advise the use of non-planner RA rings to correct the mitral saddle shape35. 
However, the flattening of the mitral annulus might be a sign of ischemic MR (and a 
contributor to the vicious circle of CIMR), but not the primary mechanism. Restrictive 
annuloplasty rings transform the mitral valve into a mono-cuspid valve, where the 
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closing mechanism is only performed by the AML20. It does not seem to be expectable 
that lifting the posterior annulus by the non-planner RA ring would improve mitral 
valve closure in all CIMR patients. Patients with a mobile ALM (small AML angle) and 
flattened posterior mitral annulus, will theoretically benefit most from procedures 
with non-planner RA rings, to prevent them from AML prolapse and residual MR. In 
contrast, patients with a large AML angle and flattened posterior mitral annulus will 
theoretically face the disadvantage of non-planner RA rings. By lifting the posterior 
annulus, the AML angle increases with a consequently higher risk of residual MR. 

Papillary muscle systolic dyssynchrony 

Functional MR (FMR) and intra-ventricular mechanical dyssynchrony are common 
findings in patients with heart failure and are associated with a poor prognosis 36, 37. 
Dyssynchronic contractions of LV segments are the leading causes of functional MR in 
these patients and are independently related to the severity of functional MR38. Sever-
al mechanisms describe the contribution of dyssynchrony to functional MR: 1) dyssyn-
chrony causes an uncoordinated regional LV mechanical activation, altering the unco-
ordinated mitral leaflet motion and tethering 14, 16, 18, 39; 2) a positive pressure gradient 
between LA and LV due to improper timing of AV relaxation and contraction cycles 
results in altered mitral valve closure40 and 3) a decrease of LV contraction efficiency 
and closing forces supports mitral leaflet tenting41. 

Recent studies have demonstrated the beneficial effect of cardiac resynchroniza-
tion therapy (CRT), showing the immediate reduction of functional mitral regurgitation 
(FMR)39, 42, 43, due to the improved coordinated timing of mechanical activation of PM 
insertion sites and the remote decrease of FMR secondary to LV reverse remodeling39.  

Papillary muscle systolic dyssynchrony is a predictor of MR 

In our studies (Chapters 4, 5 and 6), we assessed systolic papillary muscle dyssyn-
chrony (DYS-PAP) by two-dimensional speckle-tracking echocardiography (2D-STE) in 
the apical four-chamber view for the ALPM and apical long-axis view for the PMPM44-

46, confirming with the methodology of Tigen and coworkers in non-ischemic pa-
tients47. The average value of peak systolic longitudinal strain was determined for each 
PM: ALPM-LS and PMPM-LS. The beginning of the QRS complex was used as the refer-
ence point and the time to peak (TTP) longitudinal strain was quantified for each PM. 
For the assessment of DYS-PAP, the absolute difference in TTP between ALPM and 
PMPM was calculated. The peak global longitudinal strain (GLS) (assessed in the apical 
2- and 4-chamber views) was used for the assessment of global LV function. We 
demonstrated that at multivariable analysis DYS-PAP (with a cut-off > 58 ms) and the 
systolic sphericity index (with a cut-off > 0.72) were predictors of MR in addition to 
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AML tethering angle and the tethering symmetry (Chapter 4)45 (FIGURE 1,2). At base-
line, the DYS-PAP had significantly higher values in patients with recurrent MR (MR+ 
patients) compared to patients without recurrent MR (MR- patients). At follow up, the 
DYS-PAP in the MR+ patients deteriorated significantly, whereas it significantly im-
proved in the MR- patients. In the patient population with dilated cardiomyopathy 
(and EF < 35%), the DYS-PAP deteriorated significantly in patients with recurrent MR 
and remained unchanged in patients without MR (Chapter 5)46. Remarkably, in this 
specific study group (Chapter 5) the baseline DYS-PAP in the patients without MR al-
ready showed lower values compared to the values shown in the MR- patients of the 
total CIMR group (Chapter 4)45. 

LV dyssynchrony or papillary muscle dyssynchrony 

It is important to take a closer look at LV dyssynchrony and papillary muscle dyssyn-
chrony since different measurements in the current literature have to be interpreted. 
First, some studies are based on tissue Doppler imaging (TDI) to determine the peak 
velocities of LV segments 37, 48, others use a speckle tracking radial strain49-51 or longi-
tudinal strain44-47 (Chapter 4, 5 and 6). Second, the segments to assess dyssynchrony 
are at the base of the LV37, 48, in the middle of the LV49-51, or in the papillary muscles 
itself44-47 (Chapter 4, 5 and 6). Third, the time to the peak velocity curve (time-velocity) 
or the time to the peak strain curve (time-strain), starting at the beginning of the QRS 
complex 37, 44-51 is standardly accepted by authors. However, for the data-analysis and 
calculation of dyssynchrony, Bleeker et al. only included the peak time-velocities that 
occurred during the aortic ejection phase (between opening and closure of the aortic 
valve)48; consequently, segments with a very early peak time-velocity (during the 
isovolumetric LV contraction) were missing in the analysis. Fourth, dyssynchrony was 
defined as the difference in time between the first and last peak time-velocity (or peak 
time-strain)37, 48, 51, or as the difference in time between the peak time-strain of the 
antero-septal segment and the posterior segment 49, or as the difference in time be-
tween the peak time-strain of the LV segment adjacent to the ALPM and the PMPM 50, 
or as the difference in time between the peak time-strain of the ALPM and PMPM44-47 
(Chapter 4, 5 and 6). These measurements clearly separate LV dyssynchrony from the 
papillary muscle dyssynchrony. Based on earlier studies, the cause of incomplete is-
chemic MV closure is crucial to differentiate between papillary muscle (dys-)function 
and the (dys-)function of the adjacent LV wall 52, 53.  

Longitudinal strain of the papillary muscles (PM-LS) and adjacent LV wall function 
(segmental WMSI) in CIMR patients 

To evaluate the function of the papillary muscle itself, we used longitudinal strain as-
sessment by 2D-STE, conform the methodology of Tigen and coworkers47. For func-
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tional evaluation of the adjacent LV wall, segmental WMSI were used: the basal and 
mid-posterior and inferior segments for the PMPM (the PMPM-WMSI) and the basal 
and mid-lateral and anterior segments for the ALPM (the ALPM-WMSI) conform with 
the segmentation of Cerqueira and coworkers54. 

We found that the longitudinal strain of both PMs showed less negative (less fiber 
shortening) values at baseline in patients with recurrent MR, which remained un-
changed at follow up. In contrast, patients without recurrent MR showed more nega-
tive longitudinal strain values of both PMs at baseline, which improved significantly at 
follow up (Chapters 4 and 5)45, 46. At baseline both PMs were significantly displaced 
(posteriorly, laterally and apically) in all patients compared to controls but comparing 
both patient groups, only the ALPM showed significantly higher values of displacement 
(posteriorly, laterally and apically) in the group with recurrent MR. At follow up, only 
the displacement of the ALPM in the MR-group showed improvement, whereas the 
PMPM displacement values deteriorated significantly in both patient groups (Chapter 
5)46 (FIGURE 2). Displacement (local geometry) and functional shortening (strain) of 
PMs are not related. The ALPM shows improvement of dislocation and function at 
follow up in patients without recurrent MR. In contrast, the PMPM shows larger 
values of dislocation at follow up in both patient groups, while the PMPM shortening 
significantly improves in the group without recurrent MR. 

Functional evaluation of the adjacent myocardial tissue, revealed at baseline in 
MR- patients, showed a significantly lower (better) ALPM-WMSI compared to MR+ 
patients, which postoperatively improved, whereas for MR+ patients the ALPM-WMSI 
remained unchanged. In contrast, the PMPM-WMSI was impaired at baseline and 
deteriorated at follow up for both patient groups (Chapter 5)46. We can conclude that 
the function of the adjacent myocardial tissue (PM-WMSI) and the displacement of 
the PMs show similar changes in both patient groups at baseline and follow up (FIG-
URE 2). 

Apparently, differences between both patient groups can be detected preopera-
tively by the displacement of the ALPM and function of the adjacent LV wall (the 
ALPM-WMSI). Interestingly, function of both PMs improves postoperatively (more 
negative longitudinal strain values) in patients without MR, whereas PMPM displace-
ment and function of the LV wall adjacent to the PMPM further deteriorate. This can 
be explained by the different measurement techniques. On one hand, assessment of 
the PM by longitudinal strain is a quantification of the real myocardial fiber contrac-
tion. In contrast, WMSI is derived by visual grading of the wall motion of individual 
segments and is the mean value of the evaluated segments. The annuloplasty with a 
restrictive ring is resulting in an anterior shift of the posterior mitral annulus: the rela-
tion/distance between the tip of the PMPM and the mitral valve annulus enlarges and 
consequently the tethering of the PML is more pronounced, notwithstanding the pres-
ence or absence of recurrent MR20. Increased tension on the PMPM, tangential to the 
adjacent myocardial wall, might give the visual impression of reduced contractility 
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(hypokinesia), and thus a higher (worse) WMSI. Another explanation is the effective 
continued local LV remodeling in all patients with CIMR and the difference in outcome 
(global LVRR or lack of global LVRR) is determined by the reversibility of the LV wall 
dysfunction adjacent to the ALPM (see section: Tethering pattern and the segmental 
left ventricular strain and Chapter 7). 

Mechanical dyssynchrony or electrical dyssynchrony 

Traditionally the duration of the QRS complex on the surface ECG has been used as a 
marker of LV dyssynchrony55-59. Large clinical trials have demonstrated the sustained 
benefit of CRT in patients with moderate-to-severe heart failure (NYHA class III or IV, 
EF < 35%), and a widened QRS complex (> 120 ms)55-59. However, recent studies have 
demonstrated that QRS duration is only a weak marker of LV dyssynchrony 60-63. It was 
observed that 20% to 30% of patients with QRS duration > 120 ms did not have LV 
dyssynchrony, which may (partially) explain the lack of response to CRT61. On the other 
hand, it was demonstrated that 20% to 50% of heart failure patients with a narrow 
QRS complex (< 120 ms) may also exhibit LV mechanical dyssynchrony (measured with 
TDI), and these patients may benefit from CRT 60, 61, 63. We can conclude that electrical 
(ECG) and mechanical dyssynchrony (measured by TDI or strain) should be considered 
in a different way. A logical explanation is that QRS duration results from right and left 
ventricular electrical activation, while the study on mechanical dyssynchrony and in-
competence of MV closure is concentrated on the left ventricle only. Interestingly, in 
our ischemic patient population we had lower values of DYS-PAP44 compared to data 
published in the literature in non-ischemic patients47. This might be attributable to the 
small number of subjects with QRS > 120 ms (20%) in our population. On the other 
hand, one can question whether mechanical and electrical dyssynchrony should be 
considered differently in ischemic and non-ischemic patients since cellular conduction 
can be impaired by ischemia64. 

Dyssynchrony in CIMR patients 

Myocardial ischemia is one of the major causes of LV dyssynchrony65 and one may 
speculate that correction of ischemia by CABG surgery should resynchronize LV con-
tractions. However, published data show that reduction of ischemia by CABG is associ-
ated with resynchronization only in a small percentage of patients with a high degree 
of preoperative dyssynchrony37. Accordingly, in our studies we showed that extensive 
DYS-PAP could not be reversed by revascularization (Chapters 4 and 5) and we con-
cluded that DYS-PAP might represent a landmark of advanced myocardial damage in 
CIMR and a sign of irreversible progression of the ischemic disease. Furthermore, it has 
been demonstrated that improvement from LV dyssynchrony plays an important role 
in the development of LVRR after CRT66. Therefore, we suppose that by resynchroniza-
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tion, the vicious circle of remodeling is interrupted. Indeed, in our studies, patients 
with asymmetric tethering (Chapter 6) and without severe DYS-PAP at baseline showed 
significant LVRR and MV competence after the procedure. In contrast, in patients with 
symmetric tethering, the DYS-PAP was significantly increased at baseline and remained 
irreversible (FIGURE 2). The lack of resynchronization might reinforce the vicious circle 
of remodeling and MR (Chapter 1). 

Symmetric tethering pattern predicts postoperative papillary muscle 
dyssynchrony  

The concept of the tethering pattern (symmetric or asymmetric) of the MV in CIMR 
patients was first introduced by Agricola and coworkers67 with a predominant posteri-
or tethering of both leaflets in the asymmetric group and a predominant apical tether-
ing of both leaflets in the symmetric group (FIGURE 1). Leaflet tethering reflects the 
relative displacement of the tip of papillary muscles (PMs) to the annular leaflet inser-
tion68, 69. Since each papillary muscle supplies chordae to both leaflets33, the difference 
in tethering pattern reflects the resultant tethering vector, created by the relative 
dislocation of the two PM tips to the leaflet insertion at the annulus. The tethering 
pattern is calculated by the AML (α) and PML (β) tethering angle with their ratio α/β 
being a quantitative measurement of tethering symmetry. Gelsomino and colleagues 
demonstrated that a symmetric tethering pattern, with a cut-off > 0.76, was strongly 
associated with recurrence of MR after RA13. Our experience (Chapter 6) demonstrated 
that in patients with preoperative asymmetrical tethering, the GLS, PMPM-LS , ALPM-
LS and the DYS-PAP significantly improved at follow up44. In contrast, in patients with a 
preoperative symmetrical tethering pattern, the DYS-PAP worsened, whereas the GLS, 
PMPM-LS and the ALPM-LS were severely impaired and did not improve. The symmet-
ric tethering pattern was the strongest predictor of significant postoperative DYS-PAP, 
while variables from our earlier studies were confirmed to be predictors of recurrent 
MR (DYS-PAP > 58ms, α > 39.5°, α/β > 0.76 and systolic sphericity index > 0.72). 

It seems that the predictors of recurrent MR (AML tethering, symmetric tethering 
pattern and DYS-PAP) reflect the condition of ALPM displacement and function as well 
as the disability of recuperation after revascularization and annuloplasty. The different 
expressions of ischemic disease in the ALPM compared to the PMPM can be explained 
by the anatomy of their arterial blood supply. Considering the coronary anatomy, the 
blood supply of the PMPM derives in 63% from one of the three main coronary arter-
ies, whereas the ALPM is supplied in 71% by two of the main coronary arteries70. As a 
clinical consequence, myocardial infarction may cause papillary muscle dysfunction 
and MR when blood supply is provided by one rather than two vessels, as is more 
frequently the case for the PMPM rather than for the ALPM71. This conclusion can be 
confirmed by the study of Tanimoto, showing infarction of PMPM and ALPM in 77% 
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and 26%, respectively, of patients with acute myocardial infarction. As a consequence, 
patients with impaired ALPM function are more likely to suffer from a more general-
ized coronary insufficiency (with at least involvement of two main coronary arteries). 
One can question whether LV dysfunction is generalized in patients with recurrent MR 
and more localized in patients without recurrent MR. 

Tethering pattern and segmental left ventricular strain  

The DYS-PAP in ischemic patients seems to be irreversible in the MR+ population and 
deteriorates further after RA45. Moreover, advanced DYS-PAP can be defined by teth-
ering symmetry in CIMR patients who are unlikely to benefit from RA44. We investigat-
ed (Chapter 7) whether the tethering pattern might be related to generalized or local-
ized LV remodeling, by segmental strain measurements. Global and segmental longitu-
dinal, circumferential and radial strain was measured by 2D-STE. Valve geometrical 
characteristics, LV volumes and function were assessed and segmental myocardial 
function adjacent to the PMs was calculated by WMSI. The PMPM-WMSI was in-
creased in both groups and deteriorated at follow up. The ALPM-WMSI was only slight-
ly increased in the asymmetric group and improved, although not significantly, where-
as in the symmetric group the ALPM-WMSI was severely increased and remained sta-
ble at follow up. In accordance with our findings in Chapter 6, the function (WMSI) of 
the myocardial wall adjacent to the PMPM seems to be significantly different between 
the symmetric and asymmetric group, but in both groups this function deteriorates at 
follow up. In contrast, the function of the myocardium adjacent to the ALPM is signifi-
cantly impaired in the symmetric group at baseline, but remains constant at follow 
up44. Apparently, the difference in outcome is related to myocardial function adjacent 
to the ALPM.  

Segmental longitudinal strain, circumferential strain and radial strain all show simi-
lar variations between both groups: at baseline the symmetric group showed worse 
values in the anterolateral, anterior and inferolateral segments, whereas the asymmet-
ric group showed over-all better values, although mostly impaired in the infero-septum 
and the inferior wall (Chapter 7). At one-year follow up all strain values in the asym-
metric group improved significantly, whereas in the symmetric group the strain in the 
inferior, anteroseptal and inferoseptal walls deteriorated, remaining unchanged in the 
other segments. 

Our main finding is that symmetric tethering seems to reflect more generalized 
disease with significant involvement of all LV segments, whereas patients with 
asymmetric tethering showed a more localized worsening of strain, located in the 
area which comprises the insertion of the PMPM. Ischemic MR by localized reverse 
remodeling has been reported by other authors53. Since the tethering pattern reflects 
the resultant tethering vector of the PMs, we suggest that in asymmetric tethering 
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(affected PMPM), the posterior leaflet is simply drawn more inferiorly (and posteriorly) 
than apically, restricting the PML from reaching its normal coaptation point and shift-
ing the coaptation posteriorly, creating an asymmetric tethering and regurgitant jet. In 
contrast, in symmetric tethering, it seems that all segments of the LV are involved 
adding apical tethering. The higher values of the ALPM-WMSI confirmed the hypothe-
sis of additional involvement of the LV segments adjacent to the ALPM. The net result 
of these forces causes more apical tenting of the leaflets, creating a symmetric regurgi-
tant jet. 

Thus, it seems that the segmental LV function adjacent to the ALPM might be help-
ful in differentiating between generalized and localized LV disease, since at follow up 
the PMPM-WMSI deteriorates in both groups. 

LA function – a reflection of diastolic LV (dys)function in CIMR 

Left atrial (LA) function has been poorly investigated in patients with ischemic dilated 
heart disease72. General functional evaluation by 2D-speckle-tracking echocardiog-
raphy has been described by Cianciulli73 and this thesis contains the first study explor-
ing LA function in CIMR patients before and after surgery74, evaluating LA volumes, left 
atrial peak global strain (ε), peak systolic strain rate (SRP: the reservoir phase of LA), 
peak early diastolic strain rate (SRE: conduit phase of LA) and peak late diastolic strain 
rate (SRA: contractile phase of LA) (Chapter 8). Functional evaluation of LA has to be 
appreciated as a consequence of LA volume load, LA wall compliance and left ventricu-
lar (LV) function (relaxation and LV volume load).  

LA volume and reservoir function 

In patients with CIMR, LV volume overload is one of the variables of the vicious circle, 
leading to further LV remodeling and MR. In our study, LV volumes were increased in 
all patients with CIMR, compared to controls. Because of the mitral regurgitant jet, 
atrial volumes were significantly higher and the ε and SRP showed higher values which 
were restored (volumes and function) after annuloplasty by reduction of preload. In-
terestingly, this volumetric and functional LA behavior was only seen in patients with-
out postoperative recurrent MR (MR- patients). The patients with postoperative MR 
(MR+ patients) showed smaller volumes and significantly decreased ε and SRP preoper-
ative values that remained unchanged after surgery. This might be explained by irre-
versible ultra-structural changes of the atrial wall in MR+ patients, resulting in loss of 
wall compliance, elasticity and/or contraction. The question remains whether this is a 
consequence of chronic LA volume overload or increased chronic LA pressure (in-
creased LV filling pressure). MR in both populations was comparable (the effective 
orifice area as well as the regurgitant volume and regurgitant fraction), but the LV 
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volumes, the WMSI and geometrical remodeling indices (sphericity indices) were sig-
nificantly increased in the MR+ population. We assume that loss of LA wall compli-
ance is a consequence of chronic increased filling pressures.  

This conclusion is in accordance with previous morphological findings of human 
vascular “low-pressure” tissue that is exposed to higher pressure conditions: saphe-
nous veins become noncompliant when used as a coronary bypass graft75 and the 
vascular remodeling of the pulmonary artery and veins is triggered by the pressure, per 
se, in patients with pulmonary hypertension76. The consequence of structural LA wall 
alterations on LA function is well explored in the atrial fibrillation population, where 
atrial wall fibrosis, diagnosed by delayed-enhancement MRI, was inversely related to 
LA strain and strain rate77. Nevertheless, since the study in Chapter 8 was a retrospec-
tive study, structural information of the LA wall (by MRI) was not available74. Kokubu et 
al. studied LA function in patients with arterial hypertension (HT) and found that the 
LA reservoir phase (mean peak systolic strain rates) had lower values than in patients 
without HT. Moreover, LA reservoir dysfunction was present before these patients 
developed left ventricular hypertrophy (LVH) or LA enlargement. Treatment by renin-
angiotensin system (RAS) inhibitors was only successful (normalization of SRP) if the LA 
was not dilated78. We can conclude that left atrial reservoir dysfunction is reversible 
as long as structural changes of the LA wall are absent. 

LA conduit and contractile function 

The reversibility of atrial function in MR- patients could also be appreciated during the 
conduit phase and active contractile phase as described in Chapter 874. Compared to 
controls passive LV filling was raised in MR- patients because of the increased trans-
mitral gradient in the condition of normal LV relaxation (isovolumetric relaxation time, 
comparable to controls) and compliant LA wall. The active contraction was supra-
normal and correlated with the LA reservoir phase (a pre-load dependency of LA func-
tion, comparable to optimization of the Frank-Starling mechanism). After surgery, SRE 
and SRA were restored to values comparable to the controls. In contrast, LA conduit 
function and contractile function in MR+ patients were significantly impaired and did 
not improve after surgery. Spencer et al. reported that the LA conduit phase and active 
contractile phase were age-dependent79. The patient groups (MR+, MR- and the 
matched control group) in our study did not show significant differences in age. Reduc-
tion of SRE and SRA was caused by an impaired LV diastolic function (impaired LV relax-
ation with decreased E wave and DT) and loss of atrial contractility. The latter could be 
the result of a deteriorated Frank-Starling mechanism or a structural loss of atrial myo-
cytes (atrial fibrosis). However, after surgery, there was no functional improvement of 
these LA phases, suggesting that this patient population has a condition of ischemic 
heart disease with irreversible LV function and LA wall non-compliancy. It would be 
interesting to differentiate between the condition of severely impaired LV function and 
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fibrosis of LA. Kuppahalla and coworkers demonstrated that in patients with AF, more 
LA fibrosis was found in the persistent AF group compared to the paroxysmal group 
and while the EF (ejection fraction), sex, age and MR were comparable, the persistent 
group showed an impaired LA strain77. They showed that strain measurements could 
vary independently of LV dysfunction. However, the strain rates were not significantly 
different.  

Our study suggests that LV dysfunction precedes the manifest changes of LA func-
tion, leading to LA dysfunction. From Kokubu, we learned that treatment of LV dys-
function restored LA function78. Thus we can conclude that the description of LA dys-
function in the CIMR population is a population with irreversible diastolic LV dys-
function and a population with lack of reversed remodeling, even after RA and CABG. 
The fact that we excluded patients with residual MR in our study shows that the initial 
preload reduction by temporary MV competence, could not restore or improve LA 
function, which strengthens the hypothesis that we were dealing with a population 
with irreversible ischemic disease. 

Conclusion and perspectives 

During the last two decades, patients with CIMR have been treated by CABG and re-
strictive annuloplasty. Recent studies have shown that some of these patients benefit 
from this procedure while others do not. Searching for predictive factors of recurrent 
MR, our studies led us to define two different patient populations: patients with local 
irreversible ischemic disease (but with global functional reversibility) and patients with 
global irreversible ischemic disease (without functional reversibility). 

Local irreversible ischemic disease more specifically involves the inferoseptal and 
inferior LV segments, the region of the PMPM, with the ALPM region being less in-
volved. However, reversibility of the ventricle occurs mostly in the ALPM region, while 
the PMPM region will further remodel. Apparently, localized disease (region PMPM) is 
irreversible, but the general consequences for the ventricle (increased volumes, sphe-
ricity indices, WMI, MPI and altered AML geometry compared to controls) can recu-
perate.  
Global irreversible disease is reflected in populations with a general involvement of all 
LV segments (and compared to local disease, more expressive in the ALPM region). 
Neither the PMPM region nor the ALPM region will recuperate after the procedure. 

One can question whether these two populations are an expression of different is-
chemic diseases or an expression of different states of ischemic disease. The existence 
of different pathologies in ischemic coronary artery disease can be appreciated by the 
presence of small-vessel disease in patients with patent large coronary arteries80 and 
other patients with proximal solitary lesions in one of the three main coronaries81. 
Moreover, ischemic heart disease is considered in a different way in women82-84 and in 
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patients with and without diabetes mellitus (DM). For example, patients with DM have 
more multi-vessel disease, which is more progressive and have a higher risk of myo-
cardial infarction and heart failure85-87. However, we could not find any difference in 
patient characteristics in our studies (e.g. DM, sex or number of coronary vessel dis-
ease). Thus, we conclude that the difference between our two patient populations is 
not based on different ischemic diseases.  

Ambrose and colleagues evaluated the progression of coronary heart disease by 
angiography88. They showed that myocardial infarction frequently developed from 
previously non-severe coronary artery lesions. However, they could not predict the 
onset and location of the myocardial infarction due to these lesions. Apparently, is-
chemic preconditioning by repetitive ischemic events may prevent or delay cell death 
after coronary occlusion89 and thus the number of diseased coronary arteries are not 
correlated with the size of myocardial infarction (scar). In our studies, we could not 
find any difference in the number of diseased coronary arteries or bypass grafts be-
tween either patient population. It is possible that patients in the global irreversible 
group had larger myocardial scar sizes than patients in the local irreversible group, 
even if the number of diseased coronary arteries and grafts were comparable. Howev-
er, as explained previously, since our studies were all retrospective, information on 
scar size was not available. Nonetheless, we observed that patients reflecting global 
irreversible disease, showed more extensive abnormal, irreversible function in all LV 
segments, whereas patients displaying localized irreversible disease showed significant 
dysfunction specifically in the region of the posterior papillary muscle. These findings 
suggest that the difference between our two patient populations might be based on 
a different state of ischemic disease. 

Another interesting dispute is the presence of viable myocardial tissue in these 
two populations versus the reversibility of myocardial function. However, viability of 
myocardium is not the sole condition of improved LV function after surgery90. The 
question of viability in CIMR patients (by MRI), undergoing CABG and RA will be the 
subject of a randomized trial. 

For patients who will not benefit from restrictive annuloplasty, other therapeutic 
options should be evaluated. Besides different repair techniques at the level of the 
valve (e.g. Alfieri’s edge-to-edge91), the chordae (e.g. Messa’s second-order cutting 
technique92), the papillary muscles (e.g. PMPM re-location technique93) and the left 
ventricle (e.g. CorCap Cardiac Support Device94) or valve replacement, one can ques-
tion for which ischemic patients cardiac resynchronization therapy (CRT) might be the 
solution. In our discussion we tried to clarify that mechanical and electrical dyssyn-
chrony should be appreciated in a different way. However, in ischemic patients it is not 
clear which part of mechanical dyssynchrony is caused by conduction disorders (and 
might be treatable by CRT) or caused by cell-to-cell electrical junctional loss95, 96 (and 
might be non-responsive to CRT). Moreover, it is important to stress the difference 
between LV dyssynchrony and papillary muscle dyssynchrony (see discussion).  
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Our data confirm that restrictive annuloplasty can only be effectively employed in 
selected patients. We provide evidence that these patients can be identified on the 
basis of clinical and echocardiographic characteristics. RA is indicated in CIMR pa-
tients with an echocardiographic asymmetric mitral valve tethering pattern, with an 
AML tethering angle < 39.5°, SIS < 0.7 and in the absence of severe DYS-PAP (< 58 ms) 
and advanced diastolic LV dysfunction (reduced LA function). The role of the pres-
ence and location of viable myocardium should be further investigated in a prospec-
tive study. 
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Summary 

In patients with chronic ischemic mitral regurgitation (CIMR), mitral leaflet closure is 
hindered by traction on the leaflets (leaflet tethering) because of ischemic ventricular 
disease. Therefore CIMR has been treated by restrictive annuloplasty (RA), combined 
with coronary bypass grafting (CABG). However, despite the enthusiasm for low 
perioperative mortality rate, high initial surgical success rate (no residual MR) and the 
positive effects on survival and functional symptomatic status, several studies have 
clearly demonstrated that RA is subject to variable rates of recurrence of MR. 
Mechanisms for recurrence have been described. Progressive left ventricular adverse 
remodeling (LVR), local or global, seems to be the crowbar to distort the balance of 
valve closure, causing recurrence of MR. However, recent studies have confirmed that 
some patients with CIMR may benefit from RA. To select patients who will benefit 
from RA a search for preoperative predictors of recurrent MR is needed. 
 
In the first chapter of this thesis, the definition of CIMR, the pathophysiology, 
prevalence and outcome of patients without valve treatment are clarified. Historical 
notes and studies are reported and the contribution of individual components of the 
mitral valve complex to CIMR is extensively described to understand the mechanism of 
ischemic mitral insufficiency. The echocardiographic evaluation of these patients 
concentrates on mitral valve function and geometry as well as on left ventricular and 
papillary muscular characteristics. Functional evaluation by strain and strain rate is 
explained. Finally, the outcome of treatment by CABG and RA in CIMR patients is 
reported and mechanisms of recurrent MR are described. The research in the following 
chapters is based on a search of the predictors of recurrent MR, trying to select the 
patients that will benefit from CABG and RA. 
 
Recently, some reports have indicated the preoperative geometrical configuration of 
the posterior mitral leaflet (PML tethering angle > 45°) as a predictor of recurrent MR. 
However, in Chapter 2 we investigate the importance of the anterior mitral leaflet 
(AML) tethering angle in predicting recurrence of MR and whether the effect of AML 
tethering is secondary to modifications in left ventricular size and geometry. In a large 
multicenter study (435 patients), patients were divided by the baseline AML tethering 
angle. The predictive value of AML tethering was confirmed. Moreover, compared with 
patients with PML tethering ≥45°, those with moderate-severe AML tethering had 1.7 
times higher odds of MR recurrence. The increase in risk associated with severe AML 
tethering was >3.7-fold. Furthermore, we did not find any interaction between AML 
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tethering and other variables of impaired LV function and LVR (geometrical alterations) 
demonstrating that AML tethering is a primary independent predictor of MR, and its 
effect is not secondary to left ventricular function and geometry. 
 
In Chapter 3 we investigate the impact of preoperative AML tethering on the 
recurrence of MR and left ventricular reverse remodeling (LVRR), defined as a 
reduction in end-systolic volume index > 15% and left ventricular geometrical reverse 
remodeling (LVGRR), defined as a reduction in systolic sphericity index to a normal 
value of < 0.72 in patients with altered baseline geometry. In this multicenter study, 
362 patients were divided into two groups by baseline AML tethering. At multivariable 
regression analysis an AML tethering angle > 39.5° was a strong predictor of MR 
recurrence, lack of LVRR and lack of LVGRR. In contrast, the preoperative PML 
tethering angle did not show a significant difference in either group. 
 
LV dyssynchrony contributes to functional mitral regurgitation (MR) since the 
uncoordinated mechanical contraction of papillary muscle insertion sites leads to a 
decreased MV closing force, which causes MR. In Chapter 4 we investigate whether 
dyssynchrony of the papillary muscles (DYS-PAP) is a predictor of recurrence of MR. 
These measurements were based on 2D-speckle-tracking echocardiography of the 
papillary muscles and we found that DYS-PAP > 58 ms was a strong predictor of 
recurrent MR. We showed that DYS-PAP represents a reliable tool to identify patients 
with CIMR who can benefit from CABG and RA. 
 
DYS-PAP > 58 ms was evaluated as a predictor of recurrent MR in a specific population 
of patients with ischemic dilated cardiomyopathy MR (ejection fraction < 35%) who 
underwent CABG and RA. In Chapter 5 we confirm that DYS-PAP is a strong predictor 
of MR recurrence with a maximal sensitivity and high specificity. 
 
The relationship between the mitral leaflet tethering pattern and DYS-PAP is 
investigated in Chapter 6. The preoperative symmetric tethering pattern is significantly 
correlated with preoperative DYS-PAP. We found that in symmetric tethering patients 
DYS-PAP deteriorated during follow up (postoperatively), while in the asymmetric 
tethering patients DYS-PAP improved significantly. We concluded that the symmetric 
pattern is a strong predictor of postoperative DYS-PAP. The tethering pattern seems to 
be an easy and immediate tool to identify patients with advanced DYS-PAP who are 
unlikely to benefit from CABG and RA. 
 
By searching for predictors of recurrent MR, apparently the population with 
recurrence has more severe ventricular dysfunction at baseline, which can obviously 
not be compensated by CABG and RA compared to patients that have no recurrence. 
In Chapter 7 we measure the strain (longitudinal, radial and circumferential) of 16 LV 
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segments in patients with a symmetric and asymmetric tethering pattern at baseline 
and follow up (after CABG and RA). We demonstrate that patients with a baseline 
symmetric tethering pattern had impaired strain values in all LV segments at baseline, 
which were not reverted by surgery. In contrast, asymmetric patients showed only 
localized impaired strain values, which significantly improved at follow up. 
 
Identification of the CIMR population that will have recurrent MR after CABG and RA 
was investigated in the previous chapters at the level of mitral valve geometrics, papil-
lary muscle dyssynchrony and LV function. Since mitral valve closure is also dependent 
on the transmitral gradient, left atrial (LA) function is evaluated in Chapter 8 by LA 
strain and strain rate, before and after CABG and RA. Patients with recurrent MR ob-
served an irreversible impairment of the LA reservoir phase due to reduced compli-
ance. In these patients also the conduit phase and active contractile phase did not 
improve after the operation, which was probably attributable to high LV filling pres-
sure. Patients without recurrent MR had enhanced LA volume and strain values at 
baseline, which reverted to normal measurements at follow up.  
 
In Chapter 9 an overview of the thesis and further perspectives are discussed. Looking 
at the leaflet configuration, it is explained why the angle of AML (and not PML) is a 
predictor of recurrent MR. Moreover, differentiation of the basal and distal AML angle 
is discussed. The relation between the AML angle and LV remodeling (global and local) 
is explained and when looking at local remodeling, defined by PM displacement, it 
seems that ALPM displacement determines the AML configuration. 
 
Although there is no relation between PM displacement and function of the PMs (fiber 
shortening), it seems that function of the LV wall, adjacent to the PMs and PM dis-
placement, varies in a similar way.  
 
In previous chapters, papillary muscle dyssynchrony (DYS-PAP) was shown to be pre-
dictor of recurrent MR. However, it is important to differentiate LV dyssynchrony from 
DYS-PAP and to differentiate mechanical dyssynchrony from electrical dyssynchrony.  
 
A symmetric leaflet tethering pattern seems to be a strong predictor of papillary mus-
cle dyssynchrony and reflects patients with generalized ischemic heart disease. In con-
trast, an asymmetric tethering pattern reflects patients with localized ischemic disease. 
 
To select patients who will benefit from RA, LA function has to be evaluated since LA 
function denotes diastolic LV (dys)function. LA volume and reservoir are reversible as 
long as structural changes of the LA wall are absent. Dysfunction of the LA conduit and 
contraction depicts a population with irreversible LV diastolic dysfunction with lack of 
reversed remodeling, even after RA and CABG. 
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We conclude that RA can only be effectively employed in selected CIMR patients. RA 
is indicated in CIMR patients with an echocardiographic asymmetric mitral valve 
tethering pattern, with an AML tethering angle < 39.5°, SIS < 0.7 and in the absence 
of severe DYS-PAP (< 58 ms), and advanced diastolic LV dysfunction (reduced LA 
function). These echocardiographic variables should be incorporated in the preoper-
ative assessment of patients with CIMR. 
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Samenvatting (Summary in Dutch) 

Bij patiënten met chronische ischemische mitralisklep insufficiëntie (CIMR), wordt de 
sluiting van de mitralisklep gehinderd door tractie op de twee klepbladen als gevolg 
van een ischemische aandoening van de hartspier. Daarom heeft de standaard behan-
deling voor patiënten met CIMR zich de laatste 20 jaren toegespitst op zowel het 
ischemisch hartlijden, doormiddel van coronaire bypass chirurgie (CABG), als op de 
mitralisklep insufficiëntie (MR), met behulp van een restrictieve ring (RA) die men op 
de mitralisklep annulus hecht. Echter, ondanks het initiële enthousiasme voor deze 
ingreep, gezien het lage perioperatieve sterftecijfer, de goede initiële chirurgische 
resultaten (geen rest-lekkage van de mitralisklep na de ingreep) en de gunstige symp-
tomatische uitkomst, hebben verschillende recente studies aangetoond dat meer dan 
30% van deze patiënten na 3 jaar terug matig-tot-ernstige MR (MR > 2+) vertonen .  
Het mechanisme voor dit recidief berust op een progressieve remodeling van de linker 
ventrikel (LVR), die gelokaliseerd of globaal kan voorkomen. Toch zijn er ook recente 
studies die bevestigen dat sommige CIMR patiënten wel baat hebben bij de gecombi-
neerde behandeling van CABG met een restrictieve ring. Een goede patiënten selectie 
is dus cruciaal. Daarom wordt getracht via dit onderzoek om echocardiografische pa-
rameters te identificeren die het recidief op MR kunnen voorspellen. 
 
In het eerste hoofdstuk wordt de definitie, de pathofysiologie en prevalentie van CIMR  
verduidelijkt. De normale, maar complexe samenstelling van het mitralisklep-apparaat, 
bestaande uit  5 componenten wordt beschreven en de bijdrage van deze componen-
ten tot CIMR  wordt ook via historische studies toegelicht. De echocardiografische 
evaluatie van deze patiënten concentreert zich niet enkel op de mitralisklep functie en 
de geometrische configuratie van de klep, maar ook op de functie en geometrie van de 
linker ventrikel (LV) en de papillair spieren (PM). Voor de functionele evaluatie van 
spierweefsel, aan de hand van strain metingen, wordt gebruik gemaakt van 2D-
speckle-tracking echocardiografie (2D-STE), een software- analyse die in dit hoofdstuk 
wordt besproken. 
 
De slechte uitkomst bij CIMR patiënten (MR > 2+), waarbij enkel een CABG werd ver-
richt, benadrukt het belang van een additionele behandeling voor de mitralisklep insuf-
ficiëntie. In dit hoofdstuk worden de uiteenlopende resultaten na CABG en restrictieve 
annuloplastie aangehaald, wat meteen ook de reden is van ons onderzoek naar voor-
spellende parameters om patiënten te kunnen selecteren die wel baat hebben bij deze 
operatieve behandeling. 
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Een aantal recente studies hebben de geometrische configuratie van het achterste 
mitralisklepblad (PML) aangeduid als predictor voor recidief MR na CABG en RA. Een 
mid-systolische PML tractie hoek > 45° zou recidief MR voorspellen. Echter, in hoofd-
stuk 2 onderzoeken we door middel van een grote multicenter studie (435 CIMR pati-
enten) het belang van de tractie hoek van het voorste klepblad (AML) als predictor 
voor recidief MR. Bovendien onderzoeken we of het effect van deze hoek niet secun-
dair is aan andere parameters waarvan in eerder onderzoek werd aangetoond dat ze 
geassocieerd zijn met recidief MR, zoals verminderde LV functie,  LV dilatatie en de 
geometrische configuratie van LV, neigend naar een bolvorm (sfericiteitsindex). De 
voorspellende waarde van AML-tractie wordt in de studie bevestigd. Daarenboven 
heeft de studie aangetoond dat patiënten met een matig-tot-ernstige (36.9° < AML < 
40.1°) en ernstige (AML > 40.1°) tractie op het AML een 1.7, respectievelijk 3.7 keer 
grotere kans hebben op recidief MR, in vergelijking met de patiënten, geselecteerd op 
basis van PML  > 45°.  Er werd bovendien geen enkele interactie gevonden tussen de 
AML tractie en andere variabelen die duiden op LV functie, volume en geometrie, 
waardoor we hebben aangetoond dat de AML tractie een primaire, onafhankelijke 
voorspellende parameter is voor recidief MR. 
 
In hoofdstuk 3 wordt de relatie onderzocht tussen de predictor voor recidief MR (AML 
tractie hoek) en parameters die verband houden met de remodeling van de LV, gezien 
in eerdere studies werd aangetoond dat progressieve LV remodeling het mechanisme 
is voor recidief MR. Hierbij werd niet alleen de reverse remodeling van de LV (LVRR) 
onderzocht, gedefinieerd als een afname van de eind-systolische volume-index > 15%, 
maar ook de geometrische reverse remodeling (LVGRR) van de LV, welke gedefinieerd 
werd als een daling van de systolische sfericiteitsindex naar een waarde < 0.72 bij pati-
enten waarbij deze waarde preoperatief verhoogd was.  In deze multicenter studie 
(362 patiënten) werd aangetoond dat de preoperatieve AML tractie hoek > 39.5° een 
sterke predictor was voor recidief MR, maar ook predictor voor gebrek aan LVRR en 
LVGRR.  
 
LV dyssynchronie draagt bij aan functionele MR omdat de ongecoördineerde contrac-
tie van de papillair spieren resulteert in een verminderde kracht om de mitralisklep 
bladen te sluiten. In hoofdstuk 4 onderzoeken we of de dyssynchronie van de papillair 
spieren (DYS-PAP) een predictor is voor recidief MR. De metingen voor DYS-PAP zijn 
gebaseerd op strain metingen doormiddel van 2D speckle-tracking echocardiografie op 
het niveau van de papillair spieren zelf. Uit de studie blijkt dat DYS-PAP > 58 ms een 
sterke predictor is voor recidief MR in CIMR patiënten. Bovendien neemt de DYS-PAP 
progressief toe bij de patiënten met recidief MR, terwijl deze significant daalt bij pati-
enten die geen MR vertonen tijdens follow up.  
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In hoofdstuk 5 wordt het belang van de DYS-PAP > 58 ms als predictor voor recidief 
MR bevestigd in een meer specifieke patiënten populatie, met name de patiënten met 
een ischemische gedilateerde cardiomyopathie (LV ejectiefractie < 35%). Ernstige dys-
synchronie blijkt  de vicieuze cirkel van LV remodeling verder te ondersteunen, terwijl  
een afname van dyssynchronie resulteert in een verbetering van LV functie en ontwik-
keling van  LVRR. Ernstige preoperatieve DYS-PAP is een  indicator voor gevorderde 
myocard schade in patiënten met ischemisch gedilateerde cardiomyopathie, waarbij 
irreversibele progressie van remodeling te verwachten is, ondanks CABG en restrictie-
ve ring annuloplastie.  
 
In hoofdstuk 6 wordt de relatie tussen het tractiepatroon van de mitralisklepblaadjes 
en de dyssynchronie van de papillair spieren (PM) onderzocht. Uit de studie in dit 
hoofdstuk blijkt dat een symmetrisch tractiepatroon gecorreleerd is met ernstige pre-
operatieve DYS-PAP, terwijl een asymmetrisch tractiepatroon gepaard gaat met signifi-
cant lagere DYS-PAP waarden. In het postoperatieve beloop neemt de DYS-PAP pro-
gressief toe bij patiënten met een symmetrisch preoperatief tractiepatroon, terwijl 
deze bij patiënten met een asymmetrische patroon aanzienlijk afneemt. We conclude-
ren dat een symmetrisch tractiepatroon van de mitralisklepblaadjes een duidelijke 
predictor is voor postoperatieve DYS-PAP. Bovendien is het tractiepatroon een een-
voudig te meten parameter om CIMR patiënten met gevorderde DYS-PAP te identifice-
ren, die vermoedelijk geen baat hebben bij CABG met restrictieve annuloplastie. 
 
CIMR patiënten met recidief MR vertonen een meer diffuse en meer ernstige aantas-
ting van de LV functie, die blijkbaar niet recupereert na CABG en restrictieve annulo-
plastie, in vergelijking met patiënten bij wie geen recidief MR optreedt. In hoofdstuk 7 
wordt de segmentale LV functie door middel van strain (longitudinaal, radiair en cir-
cumferentieel) gemeten bij CIMR patiënten met een symmetrisch en asymmetrisch 
tractiepatroon van de mitralisklep, zowel preoperatief als tijdens de follow up. Deze 
studie toont aan dat patiënten met een preoperatief symmetrisch tractiepatroon een 
verminderde functie vertonen in alle LV segmenten, dewelke zich postoperatief niet 
herstellen. Anderzijds, blijkt dat de functie afwijkingen bij patiënten met een asymme-
trisch patroon gelokaliseerd voorkomen en dat deze recupereren tijdens follow up. 
 
De identificatie van CIMR patiënten bij wie na CABG met restrictieve annuloplastie 
recidief MR te verwachten is, werd in voorgaande hoofdstukken onderzocht op het 
niveau van de mitralisklep geometrie, de papillair spier dyssynchronie en de LV functie. 
Echter, een adequate sluiting van de mitralisklep is ook afhankelijk van de transmitrale 
gradiënt. Daarom wordt in hoofdstuk 8 de linker atrium (LA) functie onderzocht aan de 
hand van LA strain en strain rate bij CIMR patiënten, voor en na CABG met restrictieve 
annuloplastie. Uit deze studie blijkt dat patiënten met een recidief MR een afname 
tonen van de LA reservoir functie. Deze afname blijft postoperatief irreversibel bestaan 
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en is vermoedelijk te wijten aan de gereduceerde compliantie van de LA wand. Bij deze 
patiënten wordt ook geen recuperatie aangetoond van de conduit functie en de actie-
ve atriale contractie, vermoedelijk ten gevolge van de hoge LV vullingsdrukken bij reci-
dief MR. Patiënten zonder recidief MR vertonen preoperatief zelfs supra-normale 
waarden voor LA volume en functie, dewelke normaliseren postoperatief. 
 
In hoofdstuk 9 wordt het overzicht van de thesis geschetst en worden de verschillende 
gezichtspunten getoetst aan de hand van de  huidige literatuur. De afweging van geo-
metrische configuratie tussen AML en PML als predictor voor recidief MR wordt toege-
licht, alsook het onderscheid tussen de basale en distale tractiehoek van het AML. De 
relatie tussen de AML hoek en de LV remodeling (zowel gelokaliseerd als globaal) 
wordt aangehaald.  We concluderen dat het blijkbaar de dislocatie is van de anterola-
terale PM die bepalend is voor de AML configuratie. Alhoewel er geen relatie is tussen 
de PM dislocatie en de functie van de PMs (de effectieve verkorting van de spierve-
zels), lijkt het er wel op dat de functie van de LV spier, die de PM ondersteunt, en de 
dislocatie van de PM in dezelfde mate veranderen. 
 
In voorgaande hoofdstukken werd aangetoond dat DYS-PAP predictor is voor recidief 
MR. Het is echter belangrijk om een onderscheid te maken tussen LV dyssynchronie en 
papillair spier dyssynchronie en om een onderscheid te maken tussen mechanische en 
elektrische dyssynchronie.  
 
De relatie tussen het symmetrisch tractiepatroon van de mitralisklepblaadjes als pre-
dictor voor DYS-PAP wordt aangehaald en blijkbaar is dit een reflectie van de patiënten 
met gegeneraliseerd, irreversibel ischemisch hartlijden. De patiënten met een asym-
metrisch tractiepatroon zijn blijkbaar een weergave van de patiëntengroep met gelo-
kaliseerd, reversibel hartlijden. 
 
Het belang van de LA functie voor de selectie van CIMR patiënten die baat hebben bij 
CABG en restrictieve annuloplastie, wordt toegelicht. Uit de literatuur is af te leiden 
dat zowel LA volume als reservoirfunctie vermoedelijk reversibel zijn zolang er geen 
structurele veranderingen in de LA wand zijn aangetoond. Dysfunctie van LA conduit 
en contractie toont dus een irreversibele LV diastolische dysfunctie zonder LVRR na 
CABG en restrictieve annuloplastie. 
 
We besluiten dat restrictieve annuloplastie alleen effectief kan aangewend worden 
in een geselecteerde groep van patiënten met CIMR. De voorspellende parameters 
voor recidief MR zijn: een symmetrisch tractiepatroon van de mitralisklepblaadjes, 
een tractie hoek van het AML > 39.5°, een systolische sfericiteitsindex > 0.7 en een 
ernstige DYS-PAP (> 58 ms). Een gereduceerde LA functie is indicatief voor een ge-
vorderde diastolische LV dysfunctie. In aanwezigheid van deze parameters blijkt dat 
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CIMR patiënten geen baat hebben bij CABG met restrictieve annuloplastie.  Deze 
echocardiografische parameters zouden moeten opgenomen worden in het preope-
ratieve bilan van patiënten met CIMR. 
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