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ABSTRACT 

Functional mitral regurgitation (MR) is a common complication of left ventricular 

(LV) systolic dysfunction, which conveys adverse prognosis. There are multiple 

factors interact in causing functional MR, whereas the basic mechanism is believed 

to be the mismatch between increased mitral leaflet tethering due to the outward 

displacement of papillary muscles and reduced closing force in systolic dysfunction. 

Both conditions can be attributed by global and regional LV remodeling. LV 

mechanical dyssynchrony, which illustrates discoordinated contraction of the LV 

segments, has been suggested to occur in heart failure with a high prevalence and 

implies a poor prognosis. It has been postulated that the presence of regional LV 

mechanical dyssynchrony between the papillary muscle attaching sites would 

participate in the pathogenesis of functional MR as an additional factor. However, the 

contribution of LV global mechanical dyssynchrony has not been evaluated. 

On the other hand, functional MR is increasingly recognized as a ventricular disease， 

in which the primary problem exists in the LV myocardium rather than in the mitral 

valve itself. During the development of congestive heart failure, the LV undergoes 

complex change in geometry and function, accompanied by alterations of individual 

myocardial deformational component. The presence of functional MR may further 

burden the failing LV with additional volume overload. However, it is unknown 

whether there is any difference in myocardial deformation between heart failure 

patients with and without functional MR. 

Cardiac resynchronization therapy (CRT) is an established therapy for patients with 

advanced congestive heart failure and prolonged QRS duration, aiming at correcting 



dyssynchrony in the LV. Apart from the beneficial effects on cardiac function and LV 

reverse remodeling, reduction in functional MR has been observed by Doppler 

echocardiography after CRT. On the other hand, functional MR in fact varies over 

the cardiac cycle that a biphasic pattern has been reported, i.e. early- and late-systolic 

peaks with a mid-systolic decrease in regurgitant flow. Nevertheless, it remains to be 

explored whether (1) the improvement of MR leads to a greater extent of LV reverse 

remodeling; (2) the different components (i.e. early- and late-systolic) of MR 

improve and their predictors if any. 

I 

Echocardiography has a prominent role in assessing MR severity, local geometric 

changes in mitral apparatus, LV remodeling/reverse remodeling, cardiac function and 

mechanical dyssynchrony, in particular by use of advanced techniques such as tissue 

Doppler imaging (TDI) and two-dimensional (2D) speckle tracking 

echocardiography (2DSTE). 

We performed echocardiography with TDI and 2DSTE in 147 patients of both 

ischemic and non-ischemic etiologies with LV systolic dysfunction (defined as LV 

ejection fraction <50%) and 45 normal controls. MR severity, displacement of 

papillary muscle, mitral annular dilation and dysfunction, mitral leaflet tenting, LV 

remodeling and function were assessed by 2D and Doppler echocardiography. LV 

mechanical dyssynchrony indices were derived from TDI velocity. Myocardial strain 

(i.e. amount of deformation) in longitudinal, circumferential and radial directions and 

torsion (opposite rotational movement between apex and base of the heart) were 

measured by 2DTSE. 



We also recruited a group of 83 patients with chronic heart failure who received CRT. 

Serial echocardiographic assessments were performed at baseline and three months 

after CRT，where MR measures included ratio of MR jet area to left atrial area, total 

MR volume, early- and late-systolic MR flow rate. Parameters of mitral valve 

deformation, LV reverse remodeling, function and dyssynchrony (both global and 

regional) were also obtained. 

The main findings were as follows: 

LV global systolic dyssynchrony served as an independent predictor for the presence 

of significant functional MR in patients with LV systolic dysfunction. Although 

mitral valvular tenting area was the most powerful predictor, LV global systolic 

dyssynchrony added incremental value to mitral valve tenting area in predicting the 

presence of significant functional MR. 

Despite comparable ejection fraction, higher degree of functional MR was associated 

with further impairment in short-axis myocardial deformation (circumferential and 

radial), but not with long-axis myocardial deformation. The degree of LV basal 

rotation was also lower in the MR patient group. Furthermore, the decrease in 

myocardial deformation was associated with greater extent of LV remodeling. 

The improvement of functional MR was an independent predictor of LV reverse 

remodeling after CRT. The extent of LV reverse remodeling (reduction of LV 

end-systolic volume) was greatest in patients with improvement of MR, followed by 

those with "mild or no" MR at baseline, and was least in those without improvement 

of MR. 



CRT reduced functional MR by reducing both its early- and late-systolic components 

in heart failure patients. The reductions in LV end-systolic volume and dyssynchrony 

were related to the improvement of early-systolic MR, while the improvement of 

late-systolic MR was attributable to the reductions in mitral leaflet tenting and LV 

dyssynchrony. 

In conclusion, LV global mechanical dyssynchrony play a role in determining the 

severity of functional MR in addition to mitral leaflet tenting in patients with LV 

systolic dysfunction. Functional MR is associated with further impairment of 

myocardial deformation, but with differential change in individual component of 

myocardial deformation. CRT reduces functional MR in both early- and late-systolic 

phases, by way of improvement in LV remodeling, LV dyssynchrony and mitral 

leaflet tenting. Meanwhile, the improvement of MR contributes to LV reverse 

remodeling after CRT. 



功能性二尖瓣返流常见于缺血性和非缺血性心肌病所导致的左室收缩功能 

不全患者。它的出现往往提示患者预后不良。功能性二尖瓣返流的机制复杂， 

涉及多种因素。但乳头肌移位导致二尖瓣受牵拉以及左室收缩功能不全引起的 

关闭力量减弱被认为是其基本机制。而左室整体和局部重构是引起乳头肌移位 

和左室收缩功能不全的原因。左室机械收缩不同步（左室各节段的不协调收缩） 

在心力衰竭患者中的发生率很高。有研究证实左室两组乳头肌附着部位局部的 

机械收缩不同步参与了功能性二尖瓣返流的发生机制，但目前尚不清楚左室整 

体机械收缩不同步在功能性二尖瓣返流发生中的作用。 

功能性二尖瓣返流被认为是左心室的疾病而非二尖瓣结构本身的问题。在 

充血性心力衰竭的发生发展过程中，左室的几何形态和功能以及心肌的形变都 

发生了一系列的变化。二尖瓣返流的发生会进一步加重心力衰竭患者左室的容 

量负荷，但它对左室各方向心肌形变的影响如何目前尚无研究报道。 

心脏再同步化治疗(CRT)是一项针对伴有QRS波延长的充血性心力衰竭患者 

的治疗方法。它可以纠正左室收缩不同步。CRT可改善心力衰竭患者的心功能状 

小 
况并引起左室逆转重构。此外它还能明显减少功能性二尖瓣返流。功能性二大 

瓣返流的严重程度在一个心动周期中呈双向型变化：收缩早期和收缩晚期返流 

量较多，而收缩中期返流量较少。目前尚不清楚：（1) CRT术后功能性二尖瓣返 

流的减少是否会影响左室逆转重构的程度；（2)收缩早期和收缩晚期二尖瓣返 

流对CRT治疗的反应及其相关机制。 

超声心动图，尤其是一些新兴的超声技术如组织多普勒成像和二维斑点追 

踪技术，在评价二尖瓣返流的程度、二尖瓣结构的几何形状变化、左室重构和 



逆转重构、心脏功能及同步性方面具有优势。 

本研究纳入了 147例患有缺血性和非缺血性心力衰竭（定义为左室射血分 

数低于50%)的患者。我们运用二维和多普勒超声对这组患者的二尖瓣返流程 

度、乳头肌移位、二尖瓣环扩张、瓣叶膨出程度、左室重构及其收缩功能进行 

了评价。同时我们还运用组织多普勒技术，通过检测左室12个节段中达到峰值 

收缩速度的时间差异对左室整体和两组乳头肌附着部位局部的机械收缩不同步 

进行了评价。此外我们还运用了二维斑点追踪技术测量了左室长轴、圆周、径 

向应变及左室扭转，对左室各方向的形变进行了评价。 

同时，本研究还纳入了 83例接受CRT治疗的患者，并且分别在植入起搏器 

前和植入后三个月对这些患者进行超声心动图检查。测量指标包括：二尖瓣返 

流束面积与左房面积之比值，二尖瓣总返流量，收缩早期和收缩晚期的二尖瓣 

返流流率，以及反映左室重构、收缩功能和机械收缩同步性的指标。 

以下是本研究的主要发现： 

在左室收缩功能不全的患者中，左室整体机械收缩不同步，而非两组乳头 

肌附着部位局部的机械收缩不同步是功能性二尖瓣返流的独立预测因素。尽管 

二尖瓣叶的膨出面积是功能性二尖瓣返流的最强独立影响因素，左室整体机械 

收缩不同步再此基础上对功能性二尖瓣返流具有额外的预测价值。 

左室不同方向的形变也与功能性二尖瓣返流的严重程度有关，，但不同方向 

形变的变化程度不同。在左室射血分数无显著性差异的情况下，随着二尖瓣返 

流程度加重，左室短轴方向的形变（径向应变和圆周应变）降低，但左室长轴 

方向的应变不随二尖瓣返流程度变化。左室基底段的旋转角度随着二尖瓣返流 

程度的加重而减少，但左室心尖段的旋转和左室扭转不随二尖瓣返流程度变化。 



而且，以上左室形变的差异与左室重构的程度相关。 

CRT植入后功能性二尖瓣返流的改善程度与左室逆转重构的程度有关。在多 

因素回归分析中，CRT植入后功能性二尖瓣返流的减少程度是左室逆转重构的独 

立预测因素之一。左室逆转重构的程度在CRT术后二尖瓣返流减少的患者中最 

高，在CRT术前没有或仅有少量二尖瓣返流的患者中次之，在CRT术后二尖瓣 

返流未减少的患者中最低。 

在心力衰竭患者中，CRT可同时减少收缩早期和收缩晚期的功能性二尖瓣返 

流。左室收缩末期容积的减少和机械收缩不同步的改善与收缩早期功能性二尖 

瓣返流的减少有关；而二尖瓣膨出面积的减少和左室机械收缩不同步的改善与 

收缩晚期功能性二尖瓣返流的减少有关。 

总之，功能性二尖瓣返流的发病机制涉及多种因素，其中二尖瓣叶的受牵 

拉变形是左室局部和整体重构作用于二尖瓣的最后共同通路。除此之外，左室 

整体机械收缩不同步也是影响心力衰竭患者功能性二尖瓣返流程度的重要因 

素。左室不同方向的形变也与功能性二尖瓣返流的严重程度有关，但不同方向 

的形变所发生的变化不同。CRT可同时减少收缩早期和收缩晚期的功能性二尖瓣 

返流。其作用机制是通过左室逆转重构，改善机械收缩不同步和减少二尖瓣叶 

膨出。另一方面，CRT术后二尖瓣返流的减少也会影响左室逆转重构的程度。 



SECTION I 

INTRODUCTION 



CHAPTER 1 INTRODUCTION 

1.1 Normal Anatomy and Function of Mitral Valve 

Mitral valve is a dual-flap valve in the heart located between the left atrium (LA) and 

the left ventricle (LV). Normally, mitral valve only allows blood to flow from LA to 

LV during the diastolic period while it closes completely to prevent blood from back 

flowing into the LA during the systolic period. The mitral valve apparatus is a 

complex anatomical structure formed by the following components: mitral annulus, 

two leaflets (anterior and posterior), chordae tendineae (primary, secondary and 

tertiary), two papillary muscles (anterolateral and posteromedial), as well as the basal 

and mid LV free wall which bears papillary muscles and in continuity with mitral 

annulus (Figure 1.1). Competent mitral valve function requires a proper interaction 

of all these components. 



Mtral leaflet 

Mitral aiiiiulus 

Chordae teiiclineae 

Papillary muscles 

Figure 1.1 Schematics of the mitral valve which is located between the left atrium 

(LA) and the left ventricle (LV). 
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1.1.1 Mitral Ann ulus 

Mitral annulus is a flexible junctional zone that separates the muscles of LA and LV 

that gives attachment to the mitral valve leaflets. It consists of discontinuous fibrous 

and muscular tissue and becomes a part of the fibrous skeleton of the heart. The 

anterior one-third of annular ring is formed by fibrous tissue shared with aortic 

annulus. The fixed portion between anterior mitral annulus and aortic annulus is 

called "fibrosa", which serves as a landmark for assessing the apical displacement of 

papillary muscles (i.e. papillary-fibrosa distance). The posterior two-thirds of annular 

ring is basically formed by muscular tissue with little fibrous tissue. It has the ability 

to contract that is responsible for the major changes in the circumference of mitral 

annulus during the cardiac cycle (1-4). 

The normal mitral annular ring is roughly "D-shaped". The anterior part of mitral 

annulus shared with aortic annulus is straighter than the other parts. The 

intercommissural dimension is longer than the septal-lateral dimension. Furthermore, 

mitral annulus is a nonplanar, saddle-shaped structure from a three-dimensional view. 

The higher points (far from the LV apex) of the annulus are located near the 

midpoints of anterior and posterior annular segments, whereas the lower points are 

located posteromedially and anterolaterally near the commissure (3-8). 

The complex deformation of mitral annulus throughout a cardiac cycle has been 

revealed by tracing the annular motion and its shape. Firstly, the whole annulus 

moves upward into the atrium in diastole and toward the ventricular apex during 

systole. Secondly, the distance between the two higher points of the annulus 

lengthens during diastole and shortens during systole while the annular height 
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decreases during diastole and increases during systole. Thirdly, the annular region 

adjacent to the posterior leaflet moves toward the relatively immobile anterior 

annulus during systole and moves away during diastole, resulting in the change of 

annular shape from more circular in diastole to elliptical in systole. Therefore, the 

circumference and cross-sectional area of the annulus vary during a cardiac cycle due 

to the complex geometric changes. The maximal annular area occurs in late diastole, 

while the minimal annular area occurs in early- to mid-systole. The systolic 

contraction of mitral annulus has an important contribution to mitral valve closure 

where the magnitude of change in mitral annular area is 20 to 40% in normal subjects 

(3,4, 7-12). 

LL2 Mitral Leaflets 

Mitral valve has two major leaflets: the anterior (also known as aortic or septal) 

leaflet and the posterior (or mural) leaflet. The two leaflets arise from mitral annulus 

attached to papillary muscles by primary and secondary chordae tendineae. They are 

separated by the posteromedial and anterolateral commissure from the annular ring. 

The anterior mitral leaflet is roughly triangular in shape and occupies approximately 

one-third of the circumference of mitral annulus. It is in direct continuity with the 

fibrous skeleton of the heart. The posterior mitral leaflet is rectangular in shape and 

occupies approximately two-thirds of the annular circumference. The free margin of 

the posterior mitral leaflet has two major clefts, which divide the posterior leaflet 

into three scallops: the largest or middle scallop, the posteromedial scallop, and the 

anterolateral scallop. The anterior mitral leaflet is larger than the posterior mitral 

leaflet and the surface area of both leaflets together is about twice as large as that of 
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the mitral orifice (13，14). This enables the two leaflets to coapt with a large 

coaptation area during systole, which is important for a complete valve closure. 

1.1.3 Chordae Tendineae 

Chordae tendineae are cords of connective tissue that arise from papillary muscles or 

LV free wall attached to mitral leaflets. They are divided classically and functionally 

into three groups: primary, secondary, and tertiary chordae (15). Primary chordae 

originate from the papillary muscle heads, divide progressively and attach to the free 

edge of the leaflets. They are useful for preventing the prolapse of valve edge during 

systole. Secondary chordae (including two or more larger and less branched "strut" 

chordae) also originate from the papillary muscle heads but attach to the ventricular 

surface of the leaflets. They are responsible for anchoring the mitral valve. The 

primary and secondary chordae attach to both anterior and posterior mitral leaflets, 

whereas the tertiary chordae are unique to the posterior leaflet. They originate 

directly from the trabeculae cameae of LV wall and attach to the posterior leaflet near 

mitral annulus (14-16). 

1.1.4 Papillary Muscles and LV Wall 

Papillary muscles are columns of myocardium that arise from the middle third of LV 

free wall and protrude into the LV cavity. Normally, there are two prominent 

papillary muscles located in the mid anterolateral and posteromedial segments of LV 

wall. The axes of two papillary muscles are perpendicular to the mitral annular plane. 

The chordae tendineae of either leaflet arise from the tips of both anterolateral and 

posteromedial papillary muscles (14). 
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The anterolateral papillary muscle has a double blood supply from branches of the 

circumflex and left anterior descending coronary arteries. In contrast, the 

posteromedial papillary muscle is only supplied by a single artery arising from the 

right coronary artery or terminal circumflex artery. This explains why infarction of 

the posteromedial papillary muscle is more commonly observed in myocardial 

infarction (16-19). 

Papillary muscles shorten during LV ejection phase and lengthen during diastolic 

period while remain minimal changes during isovolumic periods. The shortening of 

papillary muscles during systole serves to facilitate mitral valve opening, while the 

elongation of papillary muscles during diastole contributes to proper mitral valve 

closure (20，21). 

1,1.5 Normal Closure of Mitral Valve 

Both anterior and posterior mitral leaflets contribute to an effective mitral valve 

closure, though the movement of posterior leaflet is more restricted than that of 

anterior leaflet. The onset of mitral valve closure at end-diastole is actually initiated 

by atrial contraction, but the small pressure gradient between LV and LA is 

inadequate for a complete closure. Mitral valve closure is completed about 10 to 40 

ms after the initial systolic rise in LV pressure. Therefore, a competent mitral valve 

closure requires an increase in LV pressure exceeding LA pressure by ventricular 

contraction which gives rise to enough closing force. In addition, a proper mitral 

annular size and adequate leaflet surface area available to cover the mitral orifice 

area are needed (22-26). 
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1.2 An Overview of Functional Mitral Regurgitation (MR) 

1,2.1 What is Functional MR 

MR is defined as a retrograde blood flow from LV to LA through mitral valve. Based 

on whether it is caused by intrinsic lesions of the mitral valve apparatus, MR can be 

divided into two categories: organic (or primary) and functional (or secondary) MR. 

MR is defined as "organic" when it is caused by intrinsic lesions of mitral valve 

leaflets and their immediate supporting apparatus such as papillary muscles and 

chordae tendineae. Otherwise, MR is "functional" as a result of the dilation of LV 

cavity and/or alteration of LV chamber geometry. Mitral valve leaflets, papillary 

muscles and chordae tendineae appear normal in structure by surgical inspection or 

echocardiographic examination in functional MR, though the leaflets fail to coapt 

properly. By Carpentier's classification (27) (Table 1.1) (28), the type Illb is most 

commonly observed in functional MR, which is characterized by restricted mitral 

leaflet motion during systole and leaflet tethering due to papillary muscle 

displacement. 
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Table 1.1 Carpentier's Pathophysiological Triad in MR 

Dysfunction Leaflet Motion Lesions Chronic vs. 

Acute 

Type I Normal Annular dilation Chronic 

Type II Increased Chordal rupture Acute 

Increased Papillary muscle rupture Acute 

Increased Papillary muscle elongation Chronic 

Type Ilia Restricted during Leaflet thickening/retraction Chronic 

systole and diastole Chordal thickening/shortening 

Commissural fusion 

Type Illb Restricted during Papillary muscle Acute or 

systole only displacement/leaflet tethering chronic 

On the other hand, "ischemic MR" refers to MR that occurs only in ischemic heart 

disease. It may develop in the acute or chronic phase after myocardial infarction. The 

MR secondary to papillary muscle infarction and rupture during the acute phase is 

not included in functional MR. However，the MR mainly caused by the remodeling 

of LV wall during chronic phase is called "functional" where no lesions found in 

mitral leaflets, papillary muscles and chordae tendineae. In most cases, "ischemic 

MR" indicates the chronic functional ischemic MR. 

1,2.2 Functional MR and LV Remodeling 

Functional MR, as a complication of LV dilation and systolic dysfunction, can 

further aggravate LV remodeling with the increase in LV volumes and reduction in 

ejection fraction. During systole, the returning of blood from LV to LA results in 
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decreased forward blood flow and elevated LA filling pressure. During diastole, 

more blood enters LV from LA has given rise to LV volume overload. In the long 

term, LV systolic and diastolic wall stress are increased (29-31) which in turn can 

aggravate LV remodeling by activating matrix metalloproteinases for degrading 

extracellular matrix (32) as well as increasing neurohumoral and cytokine promoters 

of remodeling. Furthermore, the serial changes accompanying LV remodeling that 

include further papillary muscle displacement, leaflet tethering and annular dilation 

increase the severity of functional MR. Therefore, functional MR and LV remodeling 

set up a vicious circle where functional MR may beget functional MR in a self 

perpetuating manner. 

1.2.3 Prevalence of Functional MR 

Functional MR is quite common in patients with congestive heart failure, in 

particular those with LV systolic dysfunction. In a large study including >2,000 

patients with symptomatic LV systolic dysfunction defined as ejection fraction 

<40%, the occurrence and severity of functional MR were assessed by angiography. 

It was shown that functional MR of any grade was present in about 60% of the 

patients. Among the patients with MR, most of them (70%) had a mild degree of 

regurgitation while the other 30% had moderate or severe regurgitation (33). Another 

study investigated 1,421 patients with LV ejection fraction < 35% by color Doppler 

echocardiography showed that moderate or severe functional MR was observed in 

about half of the patients, including moderate MR in 30% and severe MR in 19% 

(34). 
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On the other hand, the prevalence of functional MR is difficult to estimate in patients 

after myocardial infarction due to several factors which include the diagnostic 

techniques being used, timing of examination after myocardial infarction and 

heterogeneity of the study population. It was reported to occur in 1.6% to 19.4% in 

angiographic studies (35-39) and from 8% to 74% by color Doppler 

echocardiography (40-49). Risk factors for developing functional MR after 

myocardial infarction include advancing age, female gender, history of inferior or a 

combined anterior-inferior myocardial infarction, multiple vessel coronary artery 

disease, congestive heart failure, recurrent ischemia as well as large infarct size. 

1.2.4 Impact of Functional MR on Outcome 

The adverse impact of functional MR on survival rate and exercise capacity has been 

confirmed in patients with congestive heart failure. Several studies revealed that the 

presence of functional MR in patients with congestive heart failure was an 

independent predictor of worse survival (33, 34). In a study of >2,000 patients with 

LV systolic dysfunction who were followed up for five years, functional MR was an 

independent predictor of long-term mortality. In addition, a dose-response 

relationship was observed between the severity of functional MR and survival. An 

increase risk of death by 23% was found to be associated with a change from no MR 

to mild MR as well as a change from mild to moderate or severe MR. This 

relationship between functional MR and survival was present in both patients with 

ischemic and non-ischemic cardiomyopathy (33). Nevertheless, sometimes even the 

presence of mild MR would have a detrimental effect. In a small study that included 

30 patients with dilated cardiomyopathy, a significantly lower peak workload, peak 

18 



oxygen uptake and peak oxygen pulse were observed in patients with functional MR 

with compared to those without (50). 

Similarly, in patients after myocardial infarction, the presence of functional MR is 

associated with an increased risk of heart failure and death (40，51, 52). It is 

independent of all other clinical and LV characteristics such as age, sex, history of 

myocardial infarction, and ejection fraction. Moreover, the risk of congestive heart 

failure and cardiac death is closely related to the severity of MR. It was found that 

patients with effective regurgitant orifice area (EROA)>20mm^ had four times higher 

the risk of congestive heart failure than patients without MR, with an absolute rate 

close to 70% at the end of five-year follow up (52). Similarly, EROA>20mni was 

associated with a markedly excess mortality in another study in which the adjusted 

relative risk (RR) was 2.23 versus those without MR (51). 

1.2,5 Diastolic MR 

Functional MR not only occurs during systolic period, but also may occur during 

late-diastolic (or pre-ejection) period in some patients. Diastolic MR is often 

observed in patients with elevated LV end-diastolic pressure as well as in patients 

with prolonged atrioventricular (AV) interval such as first degree and complete AV 

block (53-56). In normal subjects, mitral valve closure is actually initiated by LA 

contraction, which induces a slightly higher LV diastolic pressure than LA pressure. 

This reversal of diastolic AV pressure gradient usually moves the mitral leaflets 

closer to each other before the onset of ventricular contraction, though it is 

insufficient to close the mitral valve completely. The subsequent ventricular 

contraction produces enough closing force for a complete closure of mitral valve. 
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Therefore, it is important to have a proper time interval between atrial and 

ventricular contraction for a complete closure. However, in patients with a prolonged 

AV interval, ventricular contraction may be very delayed after atrial contraction 

where the reversed AV pressure gradient in late-diastole may result in significant 

MR. This phenomenon could be more obvious in the presence of tethered mitral 

valve when a greater AV pressure gradient is needed to exert enough closing force to 

move the leaflets toward a complete closure (57). 

1.2,6 Phasic Change of Functional MR 

The severity of MR can be affected by many factors, including ventricular volume 

and shape, loading condition, transmitral pressure gradient and the geometry of 

mitral annulus and leaflets (58-60). Due to the dynamic changes in these factors 

during a cardiac cycle, the instantaneous severity of functional MR varies throughout 

the regurgitant period that has been observed in both in animal and human studies 

(61-64). In patients with LV systolic dysfunction and functional MR, a biphasic 

pattern was observed in instantaneous regurgitant flow rate and EROA change, 

including early- and late-systolic peaks with a mid-systolic decrease (62-64). This 

perhaps is attributed to the variation in the balance between two competing factors 

acting on the mitral leaflets, namely the tethering force and the closing force (62). 

However, the biphasic pattern of instantaneous MR flow could be different from 

patient to patient in the dominant component. In patients with globally dilated LV 

and severely impaired LV systolic function, the early-systolic peak was found to be 

greater than the late-systolic one (64). Whereas, in patients with acute localized 

inferior myocardial infarction where there was no obvious LV global remodeling but 
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significant local remodeling, the late-systolic peak was found to be greater than the 

early-systolic peak (65). 

1.2.7 Exercise-induced Change in Functional MR 

Exercise has been reported to cause changes in the severity of functional MR. In 

patients with LV dysfunction and at least mild functional MR, most patients showed 

an increase in MR severity without the evidence of inducible ischemia during 

semi-supine bicycle exercise, though the extent of change of MR varied between 

individuals (66-72). In a study of 70 patients with ischemic heart failure, EROA 

decreased in 13 but increased in the remaining 57 patients during exercise in which 

the increase was small (<13mm^) in 38 and large (>13mm^) in 19 patients. 

Furthermore, this exercise-induced changes in functional MR were not associated 

with the degree of functional MR at rest nor the changes in global LV function 

during exercise, but were related to the changes in local LV remodeling and mitral 

valve deformation (67). On the other hand, intraventricular mechanical dyssynchrony 

at rest (73) and its increase induced by exercise (66, 70, 72) have recently been 

suggested to contribute to the worsening of functional MR during exercise on top of 

other known factors. Interestingly, the exercise-induced increase in MR was related 

to the change in mitral valve deformation, as estimated by mitral tenting area in 

synchronous LV; whereas it was more specifically determined by the inadequate 

increase in mitral closing force in dyssynchronous LV, as estimated by LV pressure 

rise in systole (+dp/dt) (69). 

Clinical outcome could be affected by the exercise-induced changes of functional 

MR. A large increase in functional MR during exercise was reported to be associated 
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with a higher mortality and hospitalization for decompensated heart failure where an 

increase in EROA of >13 mm^ was an independent predictor for cardiac death (74， 

75). In contrast, minor changes or even a sizeable decrease in EROA during exercise 

resulted in a better long-term prognosis. The relationship between exercise-induced 

increase in functional MR and worse outcome involves the following mechanisms: 

firstly, an intermittent increase in functional MR during life activities can induce 

flash pulmonary edema (76); secondly, an acute increase in systolic pulmonary artery 

pressure caused by acute increase in functional MR is an independent predictor of 

cardiac death (68); and lastly, an intermittent increase in functional MR and LV 

dyssynchrony may result in LV volume overload which increases myocardial 

stiffness and accelerates further LV remodeling in the long run. 
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1.3 Mechanisms of Functional MR 

Since a competent mitral valve closure relies on the coordination among different 

components of the mitral apparatus, including the annulus, leaflets, chordae 

tendineae, papillary muscles and underlying LV walls，any abnormality of these 

structures may be involved in the pathogenesis of MR. Similarly, the occurrence of 

functional MR is a multifactorial process, though it remains unknown the exact 

mechanism and key parameters for determining the severity. 

1,3.1 The Imbalance between Tethering Force and Closing Force 

The position of the mitral leaflets and the coaptation zone during systole is 

determined by two superimposing and opposing forces acting on the leaflets: 

tethering force and closing force. The tethering force produced by chordae tendineae 

pulls mitral leaflets toward papillary muscles and prevents the leaflets from 

prolapsing into LA. At the same time, the closing force generated by LV systolic 

contraction acts to push mitral leaflets toward LA. Therefore, the systolic position of 

mitral leaflets is determined by the balance between these two forces. 

Either kind of imbalance between the two forces, i.e. an increase in tethering force or 

a decrease in closing force, may lead to a poor coaptation of mitral valve leaflets 

resulting in functional MR. LV dilation, spherical LV geometry, papillary muscle 

displacement and systolic dyssynchrony are major reasons for the increase in 

tethering force, while the decrease in closing force is related to reduction in LV 

contractility and significant LV systolic dyssynchrony when the efficiency of LV 

contraction is depressed. 
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Ogawa and Godley have firstly reported that apical displacement of mitral leaflets 

and coaptation zone relative to mitral annular plane is an important morphological 

characteristic in patients with functional MR (77, 78). It could be caused by reduced 

closing force and/or increased tethering force. Due to the non-elastic nature of 

chordae tendineae, the tethering force is regulated by the position of papillary 

muscles. In normal subjects, papillary muscles are oriented parallel to the LV long 

axis and perpendicular to mitral annular plane where the tethering force is not more 

than the closing force generated by ventricular contraction. On the contrary, when 

LV global and/or local remodeling occurs, the apical, posterior and outward 

displacement of papillary muscles, caused by the posterior and outward bulging of 

the myocardial segments underlying papillary muscles, raises the tethering force 

remarkably. This increase in tethering pulls the leaflets away from the normal 

coaptation position and restricts their motion during both systole and diastole (57, 

79), resulting in delayed coaptation, prolonged regurgitant period (80)，incomplete 

closure (78) and malcoaptation of the two leaflets (81，82) related to the development 

of functional MR. It has been suggested that the increase in mitral leaflet tethering 

could be the primary mechanism of functional MR since the severity of MR is 

closely correlated to the extent of tethering (83-87). In the absence of leaflet 

tethering, isolated LV contractile dysfunction or annular dilation may not be enough 

to produce significant functional MR (85-89). 

The decrease in LV closing force resulting from reduced myocardial contractility and 

/or global LV systolic dyssynchrony is also attributable to the development of 

functional MR, though its role may not be as important as the counterpart, the 

increase in leaflet tethering. It has been observed in several studies that in the 
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absence of LV dilation, even severe LV systolic dysfunction does not induce 

clinically significant MR (85-87). In an animal model of severe systolic heart failure 

created by giving esmolol and phenylephrine, LV expansion was initially limited by 

increasing pericardial restraint when only trace MR was observed; then the 

pericardium was opened to allow LV dilation when moderate MR occurred with the 

increase in LV size (85). Another animal study conducted by the same group gave 

rise to similar findings in both acute and chronic ischemic segmental LV contractile 

dysfunction (86). Normally, a little force is required to close the thin leaflets, so it is 

understandable that LV systolic dysfunction without leaflet tethering is not able to 

produce important MR. However, a much greater closing force that could not be 

provided in the LV systolic impairment is wanted as the tethering increases during 

the displacement of papillary muscles in LV remodeling. Therefore, the reduced 

closing force acts as a supplemental factor contributing to functional MR in the 

presence of increased leaflet tethering. He et al. investigated in vivo the effects of LV 

pressure rise on the severity of MR by keeping the degree of papillary muscle 

displacement and mitral annular dilation unchanged using a special device. It was 

shown that the decrease in systolic LV pressure in this model increased the severity 

of functional MR (87). Intriguingly, the change of LV closing force within a cardiac 

cycle was hypothesized to explain the dynamic pattern in the instantaneous severity 

of functional MR with greater extent in early- and late-systole while minimal in 

micl-systole(62). Moreover, the increase in LV closing force after cardiac 

resynchronization therapy (CRT) as evidenced by the rise in +dp/dt contributed to 

the acute reduction in functional MR (90). 

L3,2 Global and Local LV Remodeling 
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The occurrence of local or global LV remodeling leads to the abnormalities in LV 

volume, shape and function. In both ischemic and non-ischemic dilated 

cardiomyopathy, LV remodeling has been regarded as the initial pathogenic factor 

for functional MR (91-94). First of all, LV dilation displaces papillary muscles 

apically and laterally which produces the tethering of mitral valve and poor 

coaptation of the two leaflets during systole. Secondly, ventricular dilation results in 

increased mitral annular circumference and area which further compounds the valve 

incompetence by increasing the area needed to be covered by the leaflets and the 

conversion of LV shape from elliptical to more spherical exacerbates the problem. 

Thirdly, LV dysfunction decreases ventricular closing forces, which further impairs 

the leaflets closure and causes more apical displacement of the coaptation zone. 

Therefore, the presence of local or global LV remodeling acts as the prerequisite for 

initiating the development of regurgitation. 

When the relationship with functional MR was further compared between local and 

global LV remodeling, it is more prominent in the former situation. Although 

previous studies revealed a weak correlation between the degree of regurgitation and 

LV sphericity (91, 92, 94), both in vitro and in vivo studies demonstrated that 

excessive papillary muscle displacement was the main cause of functional MR 

(85-87). Another clinical study which included patients with a wide range of LV 

dilation and functional MR also confirmed that the apical and posterior displacement 

papillary muscles were an independent determinant of mitral leaflet tethering and 

hence MR severity (83). The papillary muscle displacement is caused by LV dilation 

and sphericalization, however，it is not necessarily proportional to the degree of LV 

dilation. In fact, the discrepancy between LV dilatation and the degree of associated 

26 



MR is frequently observed in clinical settings, such as a higher incidence of 

functional MR in patients with inferior myocardial infarction than those with anterior 

myocardial infarction and more LV global remodeling. In the animal model of 

anteroseptal myocardial infarction, no significant MR was observed when LV 

dilatation occurred in the absence of geometric changes in the mitral apparatus. In 

contrast, in the model of posterior myocardial infarction, more obvious functional 

MR was noted with geometric changes in the mitral annulus and posteromedial 

papillary muscle (95). It was also demonstrated in clinical study that inferior 

myocardial infarction resulted in less global LV dilatation but greater displacement 

of the posteromedial papillary muscle (96). Therefore, LV remodeling for any given 

LV volume may have different degree of local remodeling, i.e. papillary muscle 

displacement and leaflet tethering, which leads to different degree of regurgitation 

(85, 97). 

1.3.3 Tethering of the Mitral Leaflets 

The tethering of mitral leaflets by displaced papillary muscles has been proven to be 

the fundamental mechanism of functional MR (83-87). The outward and apical 

displacement of papillary muscle can cause the apical displacement of coaptation 

zone relative to mitral annulus; on the other hand, stronger tethering in the middle of 

the leaflet may result in its concave deformation and decrease in coaptation area. 

Two main patterns of leaflet tethering have been observed in functional MR (98’ 99). 

The first type is the symmetric pattern which is characterized by a predominant 

apical tethering of both mitral leaflets symmetrically into the LV cavity, which 

caused by the apical and outward displacement of both anterolateral and 
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posteromedial papillary muscles equally. The anterior leaflet is deformed, with a 

sharp bend created near its base, at a point where the secondary chordae tendineae 

insert (100, 101). This particularly restricts the motion of the distal anterior leaflet to 

coapt with the posterior leaflet. It is commonly seen in patients with anterior 

myocardial infarction or dilated cardiomyopathy where the LV is globally remodeled 

with severe impairment of myocardial contractility. A central MR jet is typical for 

this pattern. 

The second type is the asymmetric pattern which is characterized by the predominant 

posterior tethering of both mitral leaflets. In this case, the motion of the posterior 

leaflet is highly restricted by remarkable displacement of the posteromedial papillary 

muscle, whereas the motion of the distal anterior leaflet is less restricted. The 

restriction on posterior leaflet prevents it from reaching the normal coaptation point. 

Instead, the coaptation point moves posteriorly creating the asymmetric tethering 

shape where the anterior leaflet tip coapts to the level of mid-posterior leaflet (98). 

This tethering pattern is frequently observed in patients with isolated inferior-lateral 

myocardial infarction where the ventricle is more locally remodeled in the inferior, 

posterior and lateral segments supporting the posterior papillary muscle. 

Consequently, mitral valve tenting is localized in the posterior region with less 

pronounced tenting area and volume than that seen in the symmetric pattern (99). 

The MR jet is generally eccentric that oriented toward the posterior wall of the LA. 

1.3.4 Mitral Annular Deformation and Dysfunction 

In patients with functional MR, changes in geometry and motion of the mitral 

annulus have been observed. Firstly, the mitral annulus is consistently dilated 
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compared to normal subjects, with increase in circumference and annular area (11， 

102，103). Secondly, it is flattened with decreased annular height and loss of the 

normal saddle configuration (104, 105). In addition, the contractile function of mitral 

annulus reflected by the annular area change during a cardiac cycle is reduced (11， 

106). 

Mitral annular dilation and loss of contractility increases the systolic mitral closure 

area to be covered by the anterior and posterior leaflets. The abnormal plannar shape 

of mitral annulus extends the distance between commissures and papillary muscle 

heads, which may increase mitral leaflet tethering. However, significant functional 

MR is seldom found in isolated mitral annular dilation without leaflet tethering (89), 

since the large surface area of mitral leaflets would compensate for the annular 

dilation. It has been observed in an experimental study that functional MR occurs 

when the annulus is dilated 1.75-fold in the absence of leaflet tethering, or dilated 

1.50-fold with an apical leaflet tethering (107). In a clinical study conducted in 

patients with lone atrial fibrillation and LA enlargement, mitral annulus was dilated 

without LV dilation and leaflet tethering where no obvious functional MR occurred. 

On the contrary, in patients with dilated cardiomyopathy, the same degree of annular 

dilatation was frequently associated with significant MR when the leaflet tethering 

was present (89). Nevertheless, a normal mitral annulus size could not preclude the 

appearance of functional MR which demonstrated by a persistent or recurrent MR 

after surgical undersized annuloplasty (108-111). This might be caused by the 

persistence or progression of excessive mitral valve tethering and progressive LV 

remodeling after the procedure. 
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1,3.5 Papillary Muscle Dysfunction 

In normal LV, papillary muscles shorten during ejection phase to maintain the 

distance between the tips and mitral annulus and hence prevent mitral valve prolapse. 

Therefore, MR was initially suggested as the result of leaflet prolapse due to reduced 

longitudinal contraction of papillary muscles secondary to ischemic dysfunction. 

However, this is not supported by both animal and human studies. Functional MR 

caused by mitral valve prolapse may occasionally develop in patients with ischemic 

heart disease or animal models (112, 113); at the same time, mitral leaflet prolapse in 

patients with ischemic MR is very rare (77, 78，114). Furthermore, experimental 

studies have reported that isolated papillary muscle dysfunction is not related to 

significant MR (24，115-117). 

The central role of mitral leaflet tethering in the pathogenesis of functional MR has 

been emphasized by many studies and the tethering distance is believed to be the 

major factor determining the level of mitral leaflet coaptation (83，85-87). The 

change in tethering distance is caused by displacements of the LV wall underlying 

papillary muscles as well as changes in papillary muscle length. Messas et al created 

an animal model of localized basal inferior myocardial infarction with wall bulging 

where significant MR occurred. When acute ischemia of the adjacent papillary 

muscle produced, elongation of the papillary muscle was present in response to 

ventricular forces which reduced the tethering distance and therefore the amount of 

MR (118). In another study of 123 patients with LV ejection fraction <40%, it was 

shown that papillary muscle function reflected by myocardial velocity gradient 

correlated with mitral valve tenting in that patients with lower velocity gradient 

tended to have less severe MR (119). Therefore, the papillary muscle dysfunction 
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may contribute to the severity of functional MR by adjusting the tethering distance, 

though it may not be the primary cause of functional MR. 

1.3.6 Mechanical Dyssynchrony 

Immediate improvement of functional MR by biventricular pacing in heart failure 

patients were reported by a few studies (90, 120-122). In addition to the 

improvement in mitral valve geometry and LV reverse remodeling, the reduction in 

functional MR was found to be related with a better timing of mechanical activation 

in the regions of papillary muscle insertion, i.e. local mechanical dyssynchrony (120). 

Therefore, it has been suggested that LV mechanical dyssynchrony may play a 

potential role in determining the degree of functional MR in patients with advanced 

heart failure, adjunctive to aforementioned factors in LV and mitral apparatus, 

though the mechanism and impact remains to be explored. 

1.3.6.1 Intraventricular Dyssynchrony and Resting Functional MR 

In patients with LV dilation, both the degree and duration of functional MR are 

closely correlated with prolonged QRS duration (123). The presence of moderate or 

severe MR was more commonly observed in patients with wide QRS complex 

(>130ms) than those with narrow QRS complex (< 130ms). Among patients with 

wide QRS complex, functional MR was strongly associated with left bundle branch 

block (LBBB) but not right bundle branch block (RBBB). Not surprisingly, the right 

ventricular (RV) apical pacing where iatrogenic LBBB occurred was reported to 

cause functional MR as well. It was also illustrated in animal studies that pacing at 

the RV apex resulted in severe functional MR in dogs, whereas pacing at the LV 

base only produced mild MR (124). 
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In recent echocardiographic studies, mechanical dyssynchrony of the myocardial 

segments adjacent to papillary muscles was found to be an independent contributor 

of functional MR. This uncoordinated contraction may increase mitral leaflet 

tethering and cause mal-alignment of the leaflet scallops leading to incomplete 

closure. In 32 patients with dilated cardiomyopathy, Soyama et al. showed that the 

regurgitant fraction correlated with a significant delay in mechanical activity 

between the LV segment adjacent to the anterolateral papillary muscle and the 

segment adjacent to the posteromedial papillary muscle, as assessed by the difference 

in the time to peak systolic myocardial strain (125). This finding was confirmed in a 

prospective study of 74 patients with ischemic and nonischemic LV dysfunction 

where the contribution of regional dyssynchrony in determining MR was evaluated 

with respect to the deformation of mitral valve apparatus, global and local LV 

remodeling. Although the degree of functional MR was associated with the mitral 

deformation indices, the regional dyssynchrony assessed as the standard deviation of 

the time to peak systolic tissue velocity among the eight basal and mid LV free wall 

segments, also had an independent correlation with MR but to a lesser extent. 

However, it was not an independent determinant of MR in ischemic patients while in 

non-ischemic patients, regional dyssynchrony worsened MR regardless of LV 

geometry (84). 

Furthermore, electromechanical dyssynchrony of the LV also has an impact on 

functional MR through changes in the mitral valve geometry and kinetics. A study 

using cardiac magnetic resonance imaging revealed that isolated LBBB in 

asymptomatic patients was associated with global mechanical dyssynchrony and 
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deformation of the mitral valve apparatus defined as a larger tenting area (126). The 

RV apical pacing resulted in a more widely opened mitral valve at end-diastole and 

leaflet dyssynchrony with delayed mitral valve closure in animal models (127). The 

dyssynchronous contraction of the LV basal segments may worsen MR, attributable 

to the loss of mitral annular contraction, increase in systolic annular area and the 

presence of mitral leaflet tethering (128). Furthermore, LV systolic dyssynchrony 

reduces the efficiency of contraction, resulting in decreased closing force which 

becomes unable to counteract the increased valve tenting. 

1.3.6.2 Intraventricular Dyssynchrony and Exercise-induced Functional MR 

Intraventricular dyssynchrony is related not only to resting but also to 

exercise-induced functional MR. In patients with LV systolic dysfunction, a 

significant correlation was observed between LV intraventricular mechanical 

dyssynchrony at rest and worsening of functional MR during exercise (73). In 

addition, a positive association between the change in LV dyssynchrony and change 

in MR severity during exercise were also reported in several studies (66, 70, 72, 

129). 

1.3.6.3 Atrioventricular Dyssynchrony and Diastolic MR 

Besides intraventricular dyssynchrony, atrioventricular dyssynchrony is also related 

to functional MR. Diastolic MR, a special category of functional MR，often occurs in 

patients with prolonged AV interval (53-56). It is caused by the positive pressure 

gradient between the LV and LA which occurs in the prolonged period after atrial 

contraction and before the abnormally delayed ventricular contraction. Optimization 
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of the timing between atrial and ventricular contraction can reduce or even abolish 

diastolic MR (53，57). 

1.4 Current Therapeutic Options for Functional MR 

The current therapeutic options for functional MR include medical therapy, surgical 

therapy and CRT, though none of them could totally abolish functional MR since the 

generation of this condition is a complex process involving multiple factors in the 

LV and mitral valve apparatus. 

1,4,1 Medical Therapy 

Several studies investigated the effect of medical treatment on functional MR, but the 

numbers of patients were small. In fact, heart failure therapy was targeted by 

medications which included diuretics, P-blockers, angiotensin-converting enzyme 

inhibitors (ACEi), angiotensin receptor blockers (ARB), nitrates as well as inotropic 

agents. Although the severity of functional MR could be reduced acutely (130-132) 

or in the long-term (133-136) by way of increasing ventricular closing force, 

reducing LV preload and provoking LV reverse remodeling, mild to moderate 

residual MR is commonly observed in heart failure patients despite the use of these 

medicines. 

L4,2 Surgical Therapy 

Many surgical techniques have been developed for treating functional MR, of which 

the most commonly performed procedure is the undersized mitral annuloplasty. This 

procedure aims to correct the mitral annular dilation and restore the surface of 

coaptation between the two leaflets which would enable a complete valve closure. In 
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a study which included patients with ischemic MR treated by mitral annuloplasty 

combined with revascularization, significant improvement in MR severity from the 

grade 3.1 士0.5 to 0.6土0.6 was observed in a 18-month follow up after the procedure, 

while 48% patients had no MR and 44% had only mild MR (137). However, a high 

rate of postoperative persistence or recurrence of MR have been reported in a number 

of studies, which is believed to be the results of continued or even worsened mitral 

valve tethering as well as ongoing ventricular remodeling after annuloplasty 

(108-111). Therefore, several alternative or concomitant surgical techniques directly 

targeting the causal mechanisms of the disease have been developed recently, which 

include second-order chordal cutting, Alfieri edge-to-edge repair, papillary muscle 

reposition, and infarct placation for patients after myocardial infarction. The 

papillary muscle repositioning, infarct plication and external constraint applied to 

reverse local LV remodeling (138-142) are aimed at correcting the unbalanced 

tethering, while the specific chordal modification might minimize the deformity of 

mitral leaflets (100). The long-term results on favorable clinical outcome are lacking, 

though beneficial effects on MR severity have been showed in some of these 

techniques. 

L4J CRT 

1.4.3.1 An Overview of CRT 

A high prevalence of electrical and/or mechanical dyssynchrony occurs in patients 

with advanced heart failure, which produces uncoordinated ventricular activation and 

contraction with further reduced efficiency in ejection (143-145). Atrial synchronous 

biventricular pacing or CRT is a non-pharmacological therapy for patients with 

advanced heart failure with electromechanical delay, currently defined as a 
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prolonged QRS duration of > 120ms (146). The device consists of an impulse 

generator, one atrial lead and two ventricular leads, namely the conventional RV lead 

and an additional LV lead. The LV lead is placed into the lateral or posterolateral 

cardiac vein through the coronary sinus to pace the LV lateral wall, a site 

consistently observed to have delayed electrical activation. The atrial lead is placed 

in the right atrium (RA) and the RV lead is placed either in the RV apex or in right 

ventricular outflow tract (RVOT). Therefore, different regions of the LV can be 

paced simultaneously to resynchronize ventricular activation and restore a 

coordinated contraction (147). The AV interval will also be shortened to maintain 

atrioventricular synchrony and abolish diastolic MR. It has been proved in numerous 

studies that CRT improves hemodynamic status, heart failure symptoms, exercise 

capacity, quality of life and cardiac function in heart failure patients (148-155). More 

importantly, CRT induces LV reverse remodeling with reduction in LV volume and 

LV mass (151, 152，156，157), which reverse remodeling has been shown to predict a 

better long-term prognosis after the therapy, in terms of reduced mortality and heart 

failure hospitalization (155，158). According to the recent ACC/AHA and ESC 

guidelines on chronic heart failure, CRT can be considered in patients with LV 

systolic dysfunction (ejection fraction <35%) and wide QRS complex (QRS duration 

> 120 ms) who remains symptomatic (NYHA class III or IV) despite optimal 

medical therapy (146). 

1.4.3.2 Beneficial Effects of CRT on Functional MR 

(1) CRT on Resting Functional MR 

Data from the MIRACLE trial and others have shown a significant reduction in MR 

jet area and index of MR severity after CRT (152, 155, 159). An effective CRT can 
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reduce functional MR immediately by about 30% on average and continue to 

decrease by an additional 10-20% up to six months after device implantation (90, 

120，151). 

However, the beneficial effect of CRT on functional MR seems to be associated with 

some pacing and disease factors. It was shown to be pacing dependent in that an 

immediate recurrence of MR occurred when the therapy was withheld (121, 160). 

The pacing modalities were also found to correlate with the magnitude of 

improvement in functional MR. Although in acute studies (161, 162) similar benefits 

on MR were seen for LV pacing and simultaneous biventricular pacing, a more 

recent multicenter trial with 306 patients with six-month follow up has suggested that 

biventricular pacing (either simultaneous or sequential) was better than LV pacing 

for the reduction of MR severity (163). With regard to the etiologies of heart failure, 

a lesser degree of reduction in MR was reported for CRT in ischemic than 

non-ischemic patients (164), which was likely due to the natural progression of 

coronary heart disease faster than the improvement in MR. On the other hand, the 

benefit on functional MR showed no difference between patients with sinus rhythm 

and atrial fibrillation (165), as well as between patients with wide and narrow QRS 

complexes provided a similar extent of systolic dyssynchrony was present (166). 

(2) CRT on Exercise-induced Functional MR 

Acute reduction in functional MR during exercise was reported with CRT in several 

studies (69，71, 72). However, a recent study with only 28 patients suggested a 

different impact of CRT on exercise-induced functional MR between acute and 

chronic pacing. It was shown that CRT improved resting but not exercise-induced 
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MR immediately after the therapy, though reduction in both resting and 

exercise-induced MR was observed three months after CRT (167). 

(3) CRT on Phasic Changes of Functional MR 

Previous studies reported a biphasic pattern of functional MR with early- and 

late-systolic peaks and a mid-systolic decrease of regurgitation flow (62，63). This 

phenomenon was also evaluated before and three months after CRT in one study of 

consisted of 19 patients where MR volume was assessed by quantitative pulsed 

Doppler method and instantaneous regurgitation flow rate by proximal flow 

convergence method. As a result, CRT decreased the regurgitant volume by reducing 

early-systolic MR. However no significant reduction in late-systolic MR was 

observed (64). As the sample size is really small, further studies with larger sample 

size are needed to replicate the findings. 

1.4.3.3 Mechanisms of MR Reduction by CRT 

CRT has been proven to reduce the severity of functional MR both immediately after 

device implantation and in the long-term follow up. The acute improvement is 

related to increase in ventricular closing force, resynchronization of papillary muscle 

contraction, improvement of annular contraction and correction of diastolic MR; 

whereas the long-term improvement is mainly attributed to LV reverse remodeling in 

addition to the above-mentioned factors. Nevertheless, previous publications in CRT 

patients were based on small sample size with investigation into only one or two 

factors. The interaction between different parts and their contributions to CRT 

responses and functional MR improvement warrants further studies. 

38 



(1) Increased Ventricular Closing Force 

In an acute study of 24 patients with heart failure and LBBB, Breithardt et al 

evaluated the changes in MR degree using proximal isovelocity surface area (PISA) 

method during biventricular pacing “on,，and " o f f modes. When CRT was switched 

on, a linear correlation between the reduction in degree or duration of MR and the 

gain in LV + dp/dt was observed. This indicated that the improvement in transmitral 

pressure gradient (closing force on the mitral leaflets) resulted in an earlier and more 

effective mitral valve closure in heart failure patients (90). 

(2) Resynchronized Papillary Muscle Contraction 

The coordination of papillary muscle contraction by CRT may relieve the apical 

tethering of mitral leaflets by reducing the tethering force. Kanzaki et al. (120) 

investigated the contraction sequence of papillary muscles by strain rate imaging in 

26 patients with LBBB. The reduction in MR severity was significantly correlated 

with the shortening of time delay between the anterolateral and posteromedial 

papillary muscles. This finding was also reported in other studies (121). 

(3) Improved Mitral Annular Contraction 

The improvement in mitral annular contractility observed with CRT may also 

contribute to the reduction of functional MR. As the annular ring is in continuity with 

the myocardium at LV basal segments, the increased annular contraction is likely a 

result of more coordinated contraction of these segments after CRT (168，169). 

(4) Correction of Diastolic MR 
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Diastolic MR often occurs in a prolonged AV interval when a transmitral pressure 

gradient in late diastole is developed (53-56). The synchrony between atrial and 

ventricular contraction could be achieved after CRT by programming an optimal AV 

delay. This, together with the increased LV closing force which lessens the diastolic 

leaflet tethering, can reduce or even abolish diastolic MR (57). 

(5) LV Reverse Remodeling 

The long-term effects of CRT on MR are likely to be contributed by LV reverse 

remodeling, characterized as a reduction in LV volume and a less spherical LV shape. 

These favorable changes in LV geometry tend to relocate the papillary muscles, 

which may reduce the traction force on chordae tendineae and hence the tethering 

force on mitral leaflets. In patients who received CRT for six months, a significant 

reduction in functional MR was observed with a less subvalvular traction and LV 

reverse remodeling (151，164). Furthermore, the improvement in systolic contraction, 

global and local LV mechanical dyssynchrony and mitral annular contraction 

accompanying LV reverse remodeling would help to diminish MR. 

1.4.3.4 Predictors of MR Reduction after CRT 

Pre-pacing mechanical dyssynchrony has been demonstrated as a predictor of MR 

improvement after CRT. Patients with significant MR reduction were found to have 

more mechanical dyssynchrony before device implantation, in particular in the 

regions underlying the papillary muscle insertion sites, when compared with those 

with no MR improvement (121, 122, 170). Furthermore, the site of latest activation 

was related to the occurrence and timing of MR improvement after CRT in a study of 

68 patients. In that study, patients were divided into three groups according to the 
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change of MR after CRT. "Early responders" had at least one grade improvement in 

MR immediately after CRT implantation; "late responders" showed an improvement 

of at least one grade MR after six months; and "non-responders" displayed no 

improvement or even deterioration in MR during follow up. It was found that the LV 

dyssynchrony involving posterior papillary muscle related to an acute reduction in 

MR, whereas the LV dyssynchrony in lateral wall resulted in a late response to CRT 

(122). In addition, preserved systolic strain in the posterior segments could also 

predict MR reduction after CRT (170, 171). 

1.4.3.5 Functional MR and CRT Responses 

Although CRT has been confirmed being able to improve heart failure symptoms, 

functional capacity, cardiac function and prognosis, approximately one-third of 

patients receiving the therapy are non-responders using composite clinical and/or 

echocardiographic endpoints (149, 172). In responders to CRT, MR was reduced 

significantly after CRT and to a greater extent than the non-responders (151, 173). 

Pre-pacing MR severity has been suggested to be a determinant of CRT response, 

though the exact mechanisms for lack of response are not fully understood. In a 

prospective study of 143 patients followed for six months, factors including severe 

MR at baseline，ischemic heart disease and LV end-diastolic diameter >75mm were 

found to be independent predictors for non-responders who were defined by clinical 

endpoints as death from heart failure, heart transplantation or increase in six-minute 

hall-walk distance <10% (174). Another recent study included 20 patients with 

non-ischemic dilated cardiomyopathy, the presence of significant MR (EROA >20 

7 

mm ) before CRT was associated with the lack of LV reverse remodeling at six 

months as defined by a reduction of LV end-systolic volume <10% (175). On the 
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other hand, in a prospective study of 102 patients followed up for one year, the lack 

of CRT responses in terms of no decrease in NYHA functional class or quality of life 

score was more common in patients with less than the grade 2+ MR at baseline (176). 

The controversial results suggest that further studies are needed to reconcile the 

impact of functional MR on CRT response. 
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1.5 Summary 

Functional MR is a common finding in patients with LV systolic dysfunction which 

is related to a worse prognosis. A graded relationship has been observed between 

severity of functional MR and mortality when EROA >20mm^. This merits 

aggressive therapeutic interventions which rely on the understanding of the 

mechanisms for the development of functional MR. It is a multifactorial process 

where mitral valve deformation is regarded as the primary mechanism that caused by 

the apical and outward papillary muscle displacement secondary to LV global and/or 

local remodeling. Other mechanisms include mitral annular dilation, papillary muscle 

dysiUnction and LV systolic impairment. Recently, LV mechanical dyssynchrony has 

been suggested as a potential contributor to functional MR. CRT improves functional 

MR in patients with advanced heart failure, while the MR severity before device 

implantation and its change seem to be related with CRT responses. 
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SECTION II 

OBJECTIVES AND METHODOLOGY 
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CHAPTER 2 OBJECTIVES 

2.1 Mechanical Dyssynchrony in the Pathogenesis of Functional Mitral 

Regurgitation (MR) 

Multiple factors participate in the pathogenesis of functional MR. Although mitral 

valve tenting is well known to be the main determinant，recent studies suggest that 

left ventricular (LV) systolic dyssynchrony may also contribute to functional MR. 

Therefore, the first objectives of our study were to assess the role of LV systolic 

dyssynchrony in the pathogenesis of functional MR, and to examine whether LV 

systolic dyssynchrony had an incremental value to mitral valve tenting in predicting 

clinically significant MR. 

2.2 LV Myocardial Deformation and Functional MR 

Functional MR is increasingly recognized as a ventricular disease, in which the 

primary problem exists in the LV myocardium rather than in the mitral valve itself. 

Two-dimensional (2D) speckle tracking is a novel echocardiographic technology 

based on the frame to frame tracking of acoustic signals in gray-scaled 2D image, 

which allows the assessment of myocardial deformation of different components 

because of its angle-independent nature. It was aimed to examine in this study 

whether there was any difference in systolic myocardial deformations, i.e. radial 

strain, circumferential strain, longitudinal strain and rotation, between patients with 

significant functional MR and those without. 

2.3 Impact of Functional MR on LV Reverse Remodeling after Cardiac 

Resynchronization Therapy (CRT) 
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CRT has been confirmed to generate LV reverse remodeling and improve functional 

MR. However, the relationship between LV reverse remodeling, pre-pacing MR 

severity and its improvement remains unclear in patients with CRT. Therefore, this 

study aimed to examine whether the extent of LV reverse remodeling and gain in 

ejection fraction are affected by the severity of pre-pacing functional MR or its 

improvement after CRT. 

2.4 Mechanisms of Improvement of Early- and Late-systolic Functional MR by 

CRT 

CRT is a device-based therapy for advanced heart failure. The reduction of functional 

MR is observed with CRT, attributable to LV reverse remodeling, improvement in 

mechanical dyssynchrony as well as the favorable changes on leaflet tethering. 

However, the impact of CRT on the biphasic pattern of functional MR has not been 

well studied. Therefore, this study aimed to examine the change of early- or 

late-systolic MR in CRT and its mechanisms. 
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CHAPTER 3 METHODOLOGY 

3.1 Study Patients 

3,1,1 Patients with Left Ventricular (LV) Systolic Dysfunction 

From January 2007 to September 2008, 147 patients who were admitted for clinical 

signs and symptoms of heart failure at Prince of Wales hospital were enrolled in this 

study. The clinical and echocardiographic assessments were conducted at 

three-month or six-month follow up. 

Inclusion criteria included: 

(1) LV systolic dysfunction with ejection fraction <50%, measured by 

two-dimensional (2D) echocardiography; 

(2) Structurally normal mitral valve apparatus; 

(3) Sinus rhythm. 

Exclusion criteria included: 

(1) History of recent myocardial infarction (less than 16 days); 

(2) Clinical or echocardiographic evidence of other cardiac diseases, such as valvular, 

pericardial, congenital, or infiltrative heart disease; 

(3) More than mild aortic regurgitation; 

(4) Atrial fibrillation or other kinds of arrhythmia; 

(5) Previously implanted cardiac devices; 

(6) Suboptimal echocardiographic windows, inadequate for comprehensive 

assessment. 

47 



1.1.2 Patients Receiving Cardiac Resynchronization Therapy (CRT) 

Eighty-three patients who received CRT between January 2007 and December 2008 

and were followed up for at least three months were enrolled. The clinical and 

echocardiographic assessments were conducted at baseline and three months after 

CRT. 

The inclusion criteria for CRT were: 

(1) Systolic dysfunction with LV ejection fraction < 35%; 

(2) Symptomatic heart failure with NYHA class III and IV; 

(3) On optimal medical therapy; 

(4) QRS duration > 120ms. 

Exclusion criteria were: 

(1) Clinical or echocardiographic evidence of other cardiac diseases, such as valvular, 

pericardial, congenital, or infiltrative heart disease; 

(2) Structural abnormalities of the mitral valve apparatus; 

(3) More than mild aortic regurgitation; 

(4) Atrial fibrillation or other kinds of arrhythmia; 

(5) Suboptimal echocardiographic windows, inadequate for comprehensive 

assessment. 

3.1.3 Normal Controls 

Forty-five normal subjects from the community were also enrolled in our study. They 

had: 

(1) No history of cardiovascular or systemic disease; 
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(2) Normal physical examination, including: blood pressure, hemoglucostix and 

ECG; 

(3) No echocardiographic evidence of structural or functional heart disease; 

(4) Not on chronic medications. 

3.2 Biventricular Pacemaker Implantation and Atrioventricular (AV) Interval 

Optimization 

Biventricular pacemaker (CRT) or pacemaker plus defibrillator (CRT-D) were 

implanted as previously described (177). The atrial lead was placed in the right 

atrium (RA), and right ventricular (RV) lead at the RV apex, like in conventional 

anti-bradycardia pacing. Most importantly, the LV lead was inserted through 

coronary sinus into the lateral or posterolateral cardiac vein. 

At one day after device implantation, the AV interval was optimized for maximal 

diastolic filling by Ritter's method using Doppler echocardiography. Briefly, the 

pulse wave Doppler profile of transmitral inflow was obtained at the apical-4 

chamber view. Attention was paid to ensure a clear completion of late diastolic atrial 

wave (A wave). The longest AV interval (AViong) where biventricular pacing 

maintained was programmed. The duration from the onset of QRS complex to the 

completion of A wave was measured as Q Along- Then the short AV interval of 30 to 

50ms (AVshort) was programmed when the duration from the onset of QRS complex 

to the completion of A wave was measured as QA short- The optimal AV interval was 

calculated using the following formula (178) (Figure 3.1): 

Optimal AV (ms) = AVshort + [(AViong + QAiong) - (AVshort + QAshort)] 
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Figure 3.1 Optimization of AV interval by Hitter's method, (a) when long AV interval 

is programmed at 140ms, QAlong is 65ms; (b) when short AV interval is programmed 

at 50ms, QA short is 123ms. Therefore the optimal AV interval is 82ms based on the 

formula. 

50 



3.3 Clinical Assessment 

Clinical assessments were accomplished by observers who were blinded to the 

results of echocardiography, including: 

(1) NYHA functional class; 

(2) Minnesota Living with Heart Failure (MLWHF) Quality of life questionnaire 

score. 

3.4 Echocardiographic Assessment 

3.4.1 Echocardiography Imaging System 

Vivid 7 (Vingmed-General Electric, Horten, Norway) 

3.4.2 Software for Offline Analysis 

EchoPac 7.0 (Vingmed-General Electric, Horten, Norway) 

3.4.3 General Comments on Optimal Image Acquisition 

2D echocardiography with tissue Doppler-color imaging (TDI) was performed with a 

2.5- or 3.5- m Hz multi-phase-array transducer. Five consecutive beats were stored 

and the images were digitized and analyzed offline by EchoPac 7.0 

(Vingmed-General Electric, Horten, Norway). 

3.4.3.1 ECG 

ECG was recorded simultaneously with echocardiographic images. Attention was 

paid to ensure a clear definition of the QRS complex and P wave on ECG signal. 

3.4.3.2 2D Echocardiography 
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At least five consecutive beats were stored during breath hold. Efforts were made to 

achieve an optimal image with clear visualization of myocardial walls and mitral 

valve apparatus. In apical images, the maximal LV cavity length was displayed with 

the same length maintained in all the three apical views. In short-axis images, the LV 

cavity was attempted looking as round as possible. Frame rate was adjusted to 40-80 

fr/s. 

3.4.3.3 Spectral Doppler Echocardiography 

The continuous wave (CW) or pulse wave (PW) Doppler profile was acquired by the 

guidance of 2D or color Doppler images, where the alignment between Doppler 

signal and blood flow was maximized. Five cardiac cycles were saved with the 

sample volume put in a proper position and 2D or color Doppler images frozen. The 

size of Doppler spectral velocity tracing was maximized to at least 2/3 of the screen 

by adjusting the scale and baseline, when the reject, gain and filter were also 

optimized. 

3.4.3.4 Color TDI 

Apical 4-，2- and long-axis views were acquired to assess the long axis motion of LV 

wall. The alignment between Doppler signal and LV wall was maximized. A possible 

highest frame rate (usually >100 fr/s) was attempted by adjusting the sector width, 

depth and pulse repetitive frequency. At least five consecutive cardiac cycles were 

stored during breath hold. 

3,4.4 Parameters Measured by Echocardiography in This Study 

3.4.4.1 Quantification of Mitral Regurgitation (MR) 
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(1) MR Jet Area Ratio 

The MR jet area was obtained by tracing the MR color Doppler jet in apical 

4-chamber view. The frame with the largest jet area was selected for measurement. 

The reguirgitgrt jet ares: was tsrsiced irsloding mid diassd flow signals as 

well as contiguous laminar velocities moving in the same direction as MR jet (Figure 

3.2). The left atrial (LA) area was obtained by tracing the LA boundary in the same 

frame. 

MR jet area ratio = (MR jet area/ LA area) x 100%, where mild MR is defined as the 

ratio <20% (179). 

L 
]A 5.0 cm2 ' 

Figure 3.2 Tracing the color Doppler jet of mitral regurgitation in apical 4-chamber 

view. 

(2) MR Volume 

MR volume was calculated by the continuity equation, i.e. the mitral inflow stroke 
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volume minus the LV outflow stroke volume (179). The inner diameter of the mitral 

annulus (Dmitrai) was measured at the base of mitral leaflets during early- to 

mid-diastole, one frame after the leaflet begin to close after its initial opening in 

apical-4 chamber view. Similarly, the inner left ventricular outflow tract (LVOT) 

diameter (Divot) was measured during early systole from the junction of the aortic 

leaflets with the septal endocardium to the junction of the leaflet with the mitral 

valve posteriorly in parasternal long-axis view. The pulse wave Doppler 

time-velocity integral (TVImitrai) of mitral inflow was obtained by placing the 

sampling volume at the level of mitral annulus. The time-velocity integral (TVIivot) 

of LVOT was obtained by placing the sampling volume about 5mm proximal to the 

aortic valve. The VTI should be measured by tracing the outer edge of the brightest 

portion of the PW profile (180), 

MR volume = CSAmitrai X TVImitrai _ CSAivot x TVIwot, where CSA presents the 

cross-sectional area and therefore CSAmitrai = Dmitrai ^ ^ 兀/4 and CSAivot = Divot ̂  ^ 兀/4. 

(3) MR Flow Rate and Effective Regurgitant Orifice Area (EROA) 

MR flow rate and EROA were calculated using the proximal i so velocity surface area 

(PISA) method (179). In apical 4-chamber view, shift the baseline on the color bar 

towards the direction of MR flow to obtain well-defined hemisphere flow 

convergence. The radius of the hemisphere flow convergence (r) was measured as the 

maximal distance from first aliasing site to leading edge of the valvular orifice 

(Figure 3.3). The regurgitant flow rate and EROA were calculated by the following 

equations: 

MR flow rate = 2nr^Va 

EROA=27rr^Va/VMR 
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Where Va represents the aliasing velocity and Vmr represents the peak MR velocity. 

When multiple jets were present, the regurgitant flow rate and EROA of each jet 

were calculated and added together where the sum used. The regurgitant flow rate 

and EROA w©rs considered nuE in T^aiienls :io or trace MR� 

Figure 3.3 Measurement of the radium of the hemisphere flow convergence of mitral 

regurgitation. The r is indicated by the two-headed arrow. 
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3.4.4.2 Assessment of LV Global Remodeling 

LV end-diastolic volume (LVEDV) and end-systolic volume (LVESV) were 

calculated from the apical 4- and 2-chamber views, using biplane Simpson's method 

(181) (Figure 3.4). 

LV end-systolic and end-diastolic cavity length and mid-cavity width were measured 

in the apical 4-chamber view. LV length was obtained from LV apex to mid mitral 

annular plane, while LV width was obtained at half of the length from the base and 

perpendicular to it. The LV end-systolic and end-diastolic sphericity indices were 

calculated for assessment of the change in LV geometry (173) (Figure 3.5): 

Sphericity index = LV long-axis dimension / LV short-axis dimension 

End-diastole was defined as the frame before or at the initial systolic coaptation of 

the mitral valve and end-systole was defined as the frame preceding initial 

early-diastolic mitral valve opening. 
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Figure 3.4 Measurement of left ventricular volumes by biplane Simpson's method 

using apical=4 (a) and apical=2 (b) chamber views� 



Figure 3.5 Measurement of left ventricular sphericity indices at (a) end-diastole and 

(b) end=systole in apical=4 chamber view. 
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3.4.4.3 Assessment of LV Local Remodeling 

The papillary-fibrosa distance was measured in the apical long-axis view at 

mid-systole, from the posteromedial papillary muscle head to the fixed intervalvular 

fibrosa (E3) (Figure 3.6), 

Figure 3.6 Measurement of papillary-fibrosa distance between the posteromedial 

papillary muscle head and the intervalvular fibrosa in apical long-axis view. 
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3.4.4.4 Assessment of LV Global Systolic Function 

LV ejection fraction was calculated from the apical 4- and 2-chamber views, using 

biplane Simpson's method (181): 

LV ejection fraction - (LVEDV-LVESV) / LVEDV x 100% 

The maximal rate of LV pressure rise (+dp/dt) was estimated from the continuous 

wave Doppler MR velocity curve, the time between velocities Im/sec and 3 m/sec on 

the descending slope of the velocity spectrum (At) was measured (180) (Figure 3.7 ). 

LV +dp/dt (mmHg/sec) = 32000/At 

Figure 3.7 Measurement of left ventricular +dp/dt between the 1 m/sec and 3m/sec 

velocities of mitral regurgitation by CW profile. 
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3.4.4.5 Assessment of Mitral Annular Dilation and Contractility 

The mitral annular diameter (D) was measured in apical 4-chamber view at 

end-diastole for its maximal size and mid-systole for its minimal size respectively 

(Figure 3.8). The landmark used for identifying inner annular boundaries for 

measurement was the hinge point where the mitral leaflets attached to the mitral 

annulus. The mitral annular area (MAA) was calculated based on the formula: 

MAA= D^xtcM 

Mitral annular contractility was calculated as the percentage of change in MAA 

during the cardiac cycle: 

Mitral annular contractility = (MAA maximal - MAA minimal) / MAA maximal x 100% 
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Figure 3.8 Measurement of maximal mitral annular diameter at end-diastole (a) and 

minimal mitral annular diameter at mid-systole (b) in apical-4 chamber view. 
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3.4.4.6 Assessment of Mitral Deformation 

The mitral valve tenting area was measured as the area enclosed between the annular 

plane and the atrial surface of the mitral leaflets at mid-systole in the parasternal 

long-axis view (83). Tenting height was measured as the distance between the 

coaptation point and the mitral annular plane at mid-systole in the parasternal 

long-axis view (83) (Figure 3.9). 
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(a) 

(b) 

Figure 3.9 Measurement of mitral tenting area (a) and tenting height (b) using 

zoomed image in parasternal long=axis view� 
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3.4.4.7 Assessment of Left Ventricular Systolic Mechanical Dyssynchrony 

From the apical 2-chamber, apical 4-chamber and apical long-axis views, a 6-basal 

and 6-mid segmental model was obtained in the LV, namely the septal, lateral, 

anterior, inferior, anteroseptal, and posterior segments at both basal and mid levels 

(151，182，183) (Figure 3.10). 

INFERIO ANTEROSEPTUM 

APICAL 2-CHAMBER APICAL 4-CHAMBER APICAL LONG AXIS 

Figure 3.10 The 6-basal and 6-mid segmental model for assessment cardiac function 

and synchronicity. BS: basal septal segment; MS: mid septal segment; BL: basal 

lateral segment; ML: mid lateral segment; BA: basal anterior segment; MA: mid 

anterior segment; BI: basal inferior segment; MI: mid inferior segment; BAS: basal 

anteroseptal segment; MAS: mid anteroseptal segment; BP: basal posterior segment; 

MP: mid posterior segment. 

LV systolic mechanical dyssynchrony was assessed by 2D color TDI in three apical 

views (i.e. apical 4-chamber, 2-chamber, and apical long-axis views). Myocardial 

65 



velocity curves were reconstituted offline using the 6-basal，6-mid segmental model 

in the LV. The positive peak with the highest velocity and longest duration during the 

ejection phase (between aortic valve opening and aortic valve closure) was identified 

as the peak systolic velocity. The time to peak systolic velocity during ejection phase 

(Ts) was measured from the onset of QRS complex in each segment. If the QRS 

onset was not clear, an uniform point on the ECG was used as the alternative 

reference for measurement in all the 12 LV segments (184) (Figure 3.11). 

Figure 3.11 Myocardial velocity curve reconstituted in offline 

TDI when the sample volume was placed at the basal and 

analysis of 2D color 

mid septal segment, 

showing the time from the onset of QRS complex to peak systolic velocity (Ts). 

The standard deviation (Ts-SD) and the maximal difference of Ts (Ts-Dif) among the 

12 LV segments were calculated as the parameters of global LV systolic mechanical 

dyssynchrony (173, 185). The absolute difference in Ts between the mid lateral and 
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mid inferior segments was calculated to reflect regional mechanical dyssynchrony 

between the anterolateral and posteromedial papillary muscle delay at their attaching 

sites (APM-PPM delay). 

3.4.4.8 Assessment of LV Myocardial Deformation 

2D speckle tracking is a novel echocardiographic technology based on the frame to 

frame tracking of acoustic signals in gray-scaled 2D image, which allows the 

assessment of myocardial deformation of different components because of its 

angle-independent nature. LV long- and short-axis deformations as well as LV basal 

and apical rotation were assessed by 2D speckle tracking imaging. 2D images of 

basal, mid and apical short-axis views, as well as apical-4 chamber, apical-2 chamber 

and apical long-axis views were acquired with frame rate of 40-80 fr/s. Offline 

analysis was performed using customized software (EchoPac-PC SW-only, Version 

7.0.0, Vingmed-GE, Horten, Norway). 

Firstly, a cardiac cycle with good image quality was selected. Then the endocardial 

border was traced manually at end-systole. A region of interest for speckle tracking 

was generated automatically between the endocardial and epicardial borders. Manual 

adjustment was allowed to optimize the inclusion of the LV wall. The data was 

processed automatically by the system for individual segments, and the tracking 

quality was automatically evaluated for each segment. Once the tracking quality had 

been satisfactory in all segments, the data was accepted by the system and 

myocardial strain curves would then be generated. An 18 segment modeling was 

preset in the speckle tracking modality by the software, i.e. there were six evenly 

divided segments in each of the three long-axis or short-axis views. The peak systolic 
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strain (e) for each segment was recorded for further calculation. The longitudinal 

systolic strain (e-long) was measured from apical-4, apical-2 and apical long-axis 

views, which represents the shortening and elongation of the heart on the long-axis 

and turns out a negative peak at end-systole (Figure 3.12). The circumferential 

systolic strain (e-circum) and radial systolic strain (s-radial) were measured from the 

basal, mid and apical parasternal short-axis views. The former represents the 

compression and expansion of myocardial deformation which is a negative peak 

(Figure 3.13), and the latter refers to the thickening and thinning of the myocardium 

which turns out a positive peak (Figure 3.14). Measurement of rotation was only 

performed in parasternal short-axis views at basal and apical levels. When viewed 

from the apex, the basal rotation is clockwise with a negative tracing (Figure 3.15) 

while the apical rotation is counterclockwise with a positive tracing (Figure 3.16). 

LV torsion (Tor) was calculated as the net difference of rotation between the basal 

and apical segments. The following parameters were calculated in the study. 

Global 8-long: Mean longitudinal peak systolic strain of the 18 LV segments 

Basal 8-long: Mean longitudinal peak systolic strain of the 6-basal LV segments 

Mid 8-long: Mean longitudinal peak systolic strain of the 6-mid LV segments 

Apical s-long: Mean longitudinal peak systolic strain of the 6-apical LV segments 

Global s-radial: Mean radial peak systolic strain of the 18 LV segments 

Basal 8-radial: Mean radial peak systolic strain of the 6-basal LV segments 

Mid £-radial: Mean radial peak systolic strain of the 6-mid LV segments 

Apical 8- radial: Mean radial peak systolic strain of the 6-apical LV segments 

Global e-circum: Mean circumferential peak systolic strain of the 18 LV segments 

Basal s-circum: Mean circumferential peak systolic strain of the 6-basal LV segments 
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Mid e-circum: Mean circumferential peak systolic strain of the 6-mid LV segments 

Apical 8-circum: Mean circumferential peak systolic strain of the 6-apical LV 

segments 

Basal rot: Mean rot of the 6-basal LV segments 

Apical rot: Mean rot of the 6-apical LV segments 

Tor: Net-difference between basal and apical mean rot 
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Figure 3�12 2D speckle tracking derived myocardial longitudinal strain curves in 

apica]l=4 chamber view, which showed a negative traeking� 

Figure 3�13 2D speckle tracking derived myocardial circumfereHtial strain curves in 

parasternal short-axis view at apical level, which showed a negative tracking� 
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Figure 3�14 2D speckle tracking derived myocardial radial strain curves in 

parasternal short-axis view at apical level, which showed a positive trackin| 

Figure 3�15 2D speckle tracking derived myocardial rotational strain curves in 

parasternal short=axis view at basal segments, which showed a negative tracking. 
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Figure 3�16 2D) speckle tracking derived myocardial rotational strain curves in 

parasternal short^axis view at apical segments, which showed a positive trackini 
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3.5 Statistical Analysis 

Data were analyzed using a statistical software program (SPSS for windows, version 

13.0，SPSS Inc，Chicago, Illinois, USA). Continuous variables were expressed as 

mean士SD. Categorical data were summarized as frequencies and percentages. 

Continuous data between two groups were compared by unpaired t-test. Continuous 

data between more than two groups were compared by one way analysis of variance 

with the Scheffe correction for significance. Analysis of covariance was used to 

examine the effects of age and gender on dependent variables when necessary. 

Categorical data between two or more groups were compared by Pearson chi-square 

test. Paired t-test or Wilcoxon signed ranks test was used when appropriate to 

compare paired parameters before and after treatment. Pearson correlation analysis 

was employed to examine the relationship between continuous variables. 

Receiver-operating characteristics (ROC) curve was used to define the cutoff point 

values. Linear or Logistic regression analysis was performed to investigate the 

association between continuous data or binominal data when appropriate. Forward 

stepwise multivariate Logistic regression analysis was performed to assess potential 

independent covariates. A probability value of p <0.05 was considered statistically 

significant. 
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SECTION III 

RESULTS 
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CHAPTER 4 LEFT VENTRICULAR MECHANICAL DYSSYNCHRONY AS 

A DETERMINANT IN THE PATHOGENESIS OF FUNCTIONAL MITRAL 

REGURGITATION 

4.1 Background 

Functional mitral regurgitation (MR) is frequently observed in patients with 

congestive heart failure, which conveys adverse prognosis (33, 34). The pathogenesis 

of functional MR involves multiple factors, whereas the basic mechanism is believed 

to be the increased mitral leaflet tethering due to the outward displacement of 

papillary muscles caused by global and regional left ventricular (LV) remodeling (83, 

85-87). Other factors such as degree of LV remodeling and cavity dilatation have 

also been described (91, 92，94). 

LV mechanical dyssynchrony, which illustrates discoordinated contraction of the LV 

segments, has been suggested to occur in heart failure with a high prevalence and 

implies a poor prognosis (143, 145, 186). Recent studies showed that the immediate 

reduction of functional MR by cardiac resynchronization therapy (CRT) was 

associated with reduction in LV regional mechanical dyssynchrony involving LV 

segments bearing the two papillary muscles (120, 121). Further studies suggested 

that LV regional mechanical dyssynchrony could be a potential contributor to the 

severity of functional MR (84, 125). However, the contribution of LV global 

mechanical dyssynchrony has not been evaluated. Therefore, we undertook this 

quantitative study of patients with LV systolic dysfunction to assess the contribution 

of LV systolic dyssynchrony to functional MR, and to examine whether LV global or 
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regional systolic dyssynchrony will have an incremental value to other potential 

predictors of significant functional MR. 

4.2 Methods 

4.2.1 Patients 

The study population consisted of 147 patients with impaired LV systolic dysfunction 

(defined as LV ejection fraction<50% measured by two-dimensional 

echocardiography). All patients were in sinus rhythm. The structures of the mitral 

valve apparatus were normal by echocardiographic examination in all patients. 

Patients with organic mitral valve diseases, more than trace aortic regurgitation, 

clinical or echocardiographic evidence of other cardiac diseases, previous 

implantation of any type of pacemaker or defibrillator, history of recent myocardial 

infarction (<16 days), as well as atrial fibrillation or other arrhythmia were excluded 

from the study. 

4.2.2 Echocardiography 

Standard transthoracic echocardiography, including tissue Doppler imaging (TDI) 

was performed in all patients (Vivid 7，Vingmed-General Electric, Horton, Norway). 

The assessments of MR severity, LV global and local remodeling, LV systolic 

function, mitral valve deformation and LV mechanical dyssynchrony were performed 

by offline analysis (EchoPac PC 7.0.0, Vingmed-General Electric, Horton, Norway). 

The degree of functional MR was assessed by using the proximal isovelocity surface 

area (PISA) method and the quantitative Doppler method simultaneously (179). The 

effective regurgitant orifice area (EROA) was calculated using the PISA method. The 
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regurgitant volume and regurgitant fraction were calculated by the continuity 

equation. In patients with no or trivial MR by color Doppler echocardiography, 

EROA was assumed as zero. 

For the assessment of LV global remodeling, LV end-systolic (LVESV) and 

end-diastolic (LVEDV) volumes were measured by Biplane Simpson's method (181). 

LV end-systolic and end-diastolic cavity length and mid cavity width were measured 

and sphericity indices at end-systole and end-diastole were calculated to assess the 

geometry of the LV (173). LV ejection fraction (181) and LV +dp/dt (180) were 

measured to evaluate LV systolic function. 

LV local remodeling was assessed by papillary-fibrosa distance, which was measured 

from the posteromedial papillary muscle head to intervalvular fibrosa in apical 

long-axis view (83). 

Mitral valve deformation was assessed by tenting area and tenting height measured 

from the parasternal long-axis view at mid-systole (83). The maximal and minimal 

mitral annular dimensions were measured and the maximal and minimal mitral 

annular areas (MAA) were calculated. Mitral annular contractility was calculated as 

the percentage of changes in MAA during the cardiac cycle. 

LV systolic mechanical dyssynchrony was assessed by two-dimensional color-coded 

TDI in three apical views (i.e. apical 4-chamber, 2-chamber, and apical long-axis 

views). Myocardial velocity curves were reconstituted offline using the 6-basal, 

6-mid segmental model in the LV as previously described. The time to the peak 
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systolic velocity during ejection phase (Ts) were measured in each segment (151, 182, 

183). Both LV global and regional systolic dyssynchrony were assessed, whereas the 

former was assessed by the maximal difference of Ts among the 12 LV segments 

(Ts-dif) (185), while the latter was assessed using the absolute difference in Ts 

between the mid lateral and mid inferior segments, which reflect the delay between 

the anterolateral and posteromedial papillary muscle attaching sites (APM-PPM 

delay). 

4,2.3 Statistical Analysis 

Continuous variables are expressed as mean士SD. Categorical data are summarized as 

frequencies and percentages. Unpaired t-test or Pearson chi-square test was used 

when appropriate in comparisons between patient with and without significant 

functional MR. Pearson correlation analysis was employed to examine the 

relationship between EROA and the other clinical and echocardiographic parameters. 

Receiver-operating characteristics (ROC) curve was constructed to evaluate the 

contributions of valvular tenting and dyssynchrony to the degree of MR and to define 

the cutoff value for predicting significant functional MR. Determinants of significant 

functional MR was identified by univariate logistic regression followed by forward 

stepwise multivariate logistic regression. A p value <0.05 was considered statistically 

significant. 

4.3 Results 

4.3.1 Patient Baseline Characteristics 

The mean age of patients was 65士 13 years and there were 109 males. All had systolic 

dysfunction with ejection fraction of 30±9% (ranged from 13% to 48%). The 
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etiology of heart failure was identified as ischemic by documented history of 

myocardial infarction and/or positive coronary angiography in 76 (55%) patients 

while non-ischemic in the other 71 (45%) patients by negative coronary angiography. 

In patients with non-ischemic etiologies, 2 were hypertensive, 5 were alcoholic and 

59 were suffering from idiopathic dilated cardiomyopathy. The mean QRS duration 

was 109ms and 44 (30%) patients had a prolonged QRS complex of > 120ms. 

Medications included angiotensin-converting enzyme inhibitors (ACEi) or 

angiotensin receptor blockers (ARB) in 116 (79%), p-blockers in 105 (71.4%), 

diuretics in 92 (62.6%), nitrates in 45 (30.6%), spironolactone in 24 (16.3%) and 

digoxin in 14 (9.5%) patients. 

4,3,2 Severity of Functional MR and Its Determinants 

There were 11 (7.5%) patients with no or trace MR that could not be assessed by 

PISA method and hence recorded as zero, whereas the other 136 patients had 

measurable MR. Among the whole study population, the mean EROA was 

17士 13mm (ranged from 0 to 61 mm ), the regurgitant volume was 32±20ml (ranged 

from 0 to 76 ml)，and the regurgitant fraction was 25±18% (ranged from 0 to 89%). 

By using EROA >20mm^ as the cutoff value for clinically significant MR as 

previously validated (83)，47 (32%) patients had significant MR. 

Comparisons were performed between patients with significant functional MR 

(Group 1, n=47) and those without (Group 2, n=100). The mean EROA was 

obviously larger in Group 1 than Group 2 (33士 10 vs. 10士7mm , p<0.001), as well as 

the regurgitant volume (46士 12 vs. 15士 10ml，p<0.001) and regurgitant fraction 

(54士 14 vs. 22士 140/0，p<0.001). Table 4A shows that no significant difference was 
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found in baseline demographics between the two groups except a borderline lower 

systolic blood pressure (p=0.048) in Group 1. With respect to echocardiographic 

parameters, Group 1 and Group 2 were different in the extent of LV remodeling, LV 

contractility, mitral valve deformation as well as LV global and regional systolic 

dyssynchrony. As shown in Table 4.2，Group 1 had a larger LVEDV (p=0.018) and 

LVESV (p=0.021), greater end-systolic and end-diastolic LV short-axis dimension 

(both p<0.05), greater papillary-fibrosa distance (p<0.001), lower LV +dp/dt 

(pO.OOl)，larger tenting area (p<0.001) and tenting height (p<0.001) as well as more 

severe LV global (p<0.001) and regional (p=0.001) systolic dyssynchrony. In 

addition, it was observed that the size of EROA correlated with LV remodeling, LV 

contractility, mitral valvular and annular deformation, as well as LV global and 

regional systolic dyssynchrony (Table 4.2). Of note, the correlation between EROA 

and LV global systolic dyssynchrony (Ts-Dif) was closer than that of EROA and 

regional dyssynchrony (APM-PPM delay). 
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Table 4.1 Clinical characteristics of patients with and without significant mitral 

regurgitation 

EROA>20mm^ 

(11=47) 

EROA<20mm^ 

(n=100) 

P 

value 

Age, years 66±14 65 士 12 0.393 

Gender, % patients 0.952 

Male 74.5 74 

Female 25.5 26 

Etiology of heart failure, % patients 0.416 

Ischemic 46.8 54 

Non-ischemic 53.2 46 

Body surface area, m L6±0.2 1.6 士 0.2 0.106 

Systolic blood pressure, mmHg 118士18 127士21 0.048 

QRS duration, ms 112士26 107士28 0.299 

EROA, effective regurgitant orifice 
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To examine for predictors of clinically meaningful MR, the clinical and 

echocardiographic parameters in group comparison and correlation analysis were 

tested using univariate analysis, and the significant covariates were further testified 

by multivariate logistic regression analysis. It was shown that mitral valve tenting 

area (OR: 1.020, 95%CI: 1.012，1.029, p<0.001) and Ts-Dif (OR: 1.011，95%CI: 

1.001，1.021, p=0.032) were the only two independent predictors of significant MR 

(Table 4.3). Although tenting area was the most powerful factor (x^=50.30, p<0.001), 

Ts-Dif (x"=4.89， p<0.001) showed an incremental value for predicting the occurrence 

of severe ftinctional MR (x^=55.20 vs. 50.30, p=0.027) (Figure 4.1). 
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Figure 4.1 Incremental value of left ventricular global dyssynchrony over mitral 

valve tenting in predicting significant functional mitral regurgitation. 
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4.3.3 Mitral Valve Tenting, LVDyssynchrony and Functional MR 

From the shoulder of the ROC curve (Figure 4.2), a tenting area of 2.65cm was 

associated with significant functional MR with a sensitivity of 83% and a specificity 

of 83% (AUC 0.87，p<0.001). The corresponding sensitivity and specificity were 

66% and 72% for a Ts-Dif of 85ms (AUC 0.74，p<0.001). The prevalence of 

significant functional MR was the highest in patients who had both tenting 

area>2.65cm^ and Ts-Dif >85ms (76.5%), the lowest in those with neither factors 

(4.5%), and was intermediate in those with only one 

factor (38.3%) (X^=54.64, 

p<0.001) (Figure 4.3). Figure 4.4 illustrated an example of patient who had neither 

significant functional MR nor significant LV global systolic dyssynchrony, whereas 

figure 4.5 illustrated an example of patients with significant functional MR and 

significant LV global systolic dyssynchrony. 
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Figure 4.2 Mitral valve tenting area and left ventricular (LV) global dyssynchrony 

(Ts-Dif) predict the presence of significant functional mitral regurgitation. 

Receiver-operating characteristics curves showing the performance of mitral valve 

tenting area (solid line) as well as the maximal difference in time to peak systolic 

velocity among the 12 LV segments (Ts-Dif) (dotted line) in predicting the presence 

of significant functional mitral regurgitation. 
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Figure 4.3 Impact of mitral valve tenting and left ventricular global dyssynchrony on 

the presence of significant functional mitral regurgitation (MR). 
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^ Apical long- axis view 

Figure 4.4 An example of patient without significant functional mitral regurgitation 

(EROA 9mm\ and no excessive left ventricular global systolic dyssynchrony 

(Ts-Dif 32ms). The mitral valve tenting area was 2.80cm . Arrows are indicating the 

peak systolic velocity. 
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Figure 4,5 An example of patient with significant functional mitral regurgitation 

(EROA 34mm^), and significant left ventricular global systolic dyssynchrony (Ts-Dif 

112ms). The mitral valve tenting area was 3.60cm^. Arrows are indicating the peak 

systolic velocity. 
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4.4 Discussion 

In the present study, we demonstrated that in patients with LV systolic dysfunction, 

mitral valve tenting area was the most powerful predictor for the presence of 

significant functional MR. The other independent predictor was global LV systolic 

dyssynchrony, which had incremental value to mitral valve tenting area. 

4.4.1 Mitral Valve Deformation as the Major Determinant of Functional MR 

Several geometric and hemodynamic factors are interrelated and serve to determine 

the presence and degree of functional MR. Among them, mitral valve deformation 

caused by subvalvular tethering is considered to be the main determinant of MR 

severity (83, 84, 87). In prior studies, multiple parameters had been proposed for the 

assessment of mitral valve deformation, such as tenting area (83), tenting height (83), 

tenting volume by three-dimensional echocardiography (187), as well as leaflets 

concavity (101). In these studies, the degree of functional MR was found closely 

related to the extent of mitral valve deformation. In the present study, we also 

observed significant correlation between EROA and mitral valve deformation. 

Among multiple echocardiographic parameters assessed, mitral valve tenting area 

had the highest correlation coefficient of 0.655 with EROA. In fact, mitral valve 

tenting area is the strongest predictor for significant functional MR among the only 

parameters related to mitral valve deformation. 

4.4.2 Contribution of LV Systolic Dyssynchrony to Functional MR 

LV intraventricular systolic dyssynchrony is a subject of growing attention, in 

particular when patients with systolic dysfunction were assessed (143，145, 186). 

Apart from its prognostic importance (186), its implication in cardiac 
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resynchronization (151, 173, 182, 184，185, 188, 189), LV dyssynchrony may also 

play a role in the pathophysiologic mechanism of functional MR in patients with LV 

systolic dysfunction or heart failure. In early studies, the relationship between 

functional MR and dyssynchrony was demonstrated indirectly through the surrogate 

measurement of QRS duration, where higher degree of functional MR was associated 

with longer QRS duration (123，173, 182，184，185, 188，189). With the development 

of TDI, it provides another non-invasive tool to quantify regional motion and the 

severity of LV mechanical dyssynchrony. By using TDI derived velocity, a recent 

study has suggested that in patients with systolic dysfunction, systolic dyssynchrony 

was shown not to be an independent determinant of functional MR in the whole 

study patients that consisted of 39 ischemic and 35 non-ischemic subjects (84). Only 

in the subgroup analysis that the authors concluded LV systolic dyssynchrony was an 

independent determinant of functional MR in non-ischemic patients, but not ischemic 

ones. By applying TDI strain measurement between the two papillary muscles in 32 

patients with non-ischemic dilated cardiomyopathy, another study concluded that 

regional dyssynchrony and LV chamber sphericity were independent determinant of 

functional MR, though surprisingly neither mitral valve tenting area nor coaptation 

distance were significant (125). 

In the current study with a large sample size, we examined the potential predictive 

value of LV systolic dyssynchrony in patients with systolic dysfunction. In particular, 

we had performed a detailed analysis that included parameters of representing both 

global (Ts-Dif) and regional (APM-PPM delay) LV systolic dyssynchrony into 

multivariate analysis model. This will differentiate whether global or inter-papillary 

dyssynchrony will play an independent role. It was shown that Ts-Dif not only had a 
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larger correlation coefficient with EROA than APM-PPM delay, but in fact 

APM-PPM delay was no more an independent predictor of functional MR when 

Ts-Dif was also included into the statistical model. Interestingly QRS duration was 

not different between the two groups with and without significant functional MR. 

Therefore, it appears that the development of functional MR is not only determined 

by the uncoordinated motion generated from the two papillary muscles, but rather 

different LV segments with dyssynchronous motion in concerto contribute to the 

development of functional MR. The previous study by Agricola et al (84) was not 

able to different whether global or regional dyssynchrony would play a more 

important role as they measure eight segments adjacent to papillary muscles which 

would have included contribution of both factors. 

LV systolic mechanical dyssynchrony may contribute to the severity of functional 

MR by several pathways. Firstly, the presence of LV global systolic mechanical 

dyssynchrony may decrease the efficiency of LV contraction during systole, thus 

decrease LV closing force acting on the mitral leaflets (90). Secondly, 

dyssynchronous contraction of the papillary muscle insertion site of the LV free wall 

may induce geometric distortion of the mitral valve apparatus (121，122). Lastly, 

dyssynchronous contraction of the LV basal segments may render a 

non-simultaneous contraction of papillary muscles and adjacent LV walls, resulting 

in uneven timing of leaflet coaptation (128), 

From our study, we have found out that a cutoff value of Ts-Dif of 85ms predicted 

the development of functional MR in our cohort that consisted of both ischemic and 

non-ischemic patients. This value indicated only moderate level of intraventricular 
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dyssynchrony, when compared with previously published value of 100ms which 

might favorable response after cardiac resynchronization therapy for heart failure 

patients (185). Of note, this cutoff value provides an incremental predictive value 

over MV tenting area of >2.65 cm^ in predicting functional MR. 

In conclusion, our study showed in patients with LV systolic dysfunction, significant 

functional MR is a relatively common condition. Significant functional MR was 

predicted not only predominately by the mitral valve tenting area, but also the degree 

of global LV systolic dyssynchrony. Furthermore, a cutoff value of Ts-Dif >85ms and 

mitral valve tenting area >2.7cm^ was determined. The predictive values of these 

parameters need to be further assessed by large sample size studies. 
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CHAPTER 5 DIFFERENTIAL CHANGES IN LEFT VENTRICULAR 

MYOCARDIAL DEFORMATION IN PATIENTS WITH AND WITHOUT 

FUNCTIONAL MITRAL REGURGITATION 

5.1 Background 

Functional mitral regurgitation (MR) is increasingly recognized as a ventricular 

disease, in which the primary problem exists in the left ventricular (LV) myocardium 

rather than in the mitral valve itself. During the development of congestive heart 

failure, the LV undergoes complex change in geometry and function, accompanied 

by alterations of individual myocardial deformational components (190, 191). The 

presence of functional MR may further burden the failing LV with additional volume 

overload. However, it is unknown whether there is any difference in myocardial 

deformation between heart failure patients with and without functional MR. The 

recently introduced and validated modality of two-dimensional speckle tracking 

echocardiography (2DSTE) enables angle independent assessments of myocardial 

deformation in different directions. Therefore, the objectives of this study were to 

examine by 2DSTE whether the individual myocardial deformational component 

(radial, circumferential, longitudinal strain and rotation) and the basal to apical 

segmental myocardial deformation were different between heart failure patients with 

and without significant MR. 

5.2 Methods 

5,2.1 Patients 

This study consisted of 45 patients with LV systolic dysfunction (defined as LV 

ejection fraction<50%) and significant functional MR [effective regurgitant orifice 
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area (EROA) >20 mm ] (51, 52), 90 patients with matched ejection fraction but no 

significant functional MR (EROA<20 mm. )，and 45 normal controls who came from 

the community. One hundred and forty-seven patients with LV systolic dysfunction 

were recruited consecutively in the heart failure registry in the Prince of Wales 

hospital of Hong Kong for clinical signs and symptoms of heart failure from January 

2007 to September 2008. Among them, 47 patients had significant functional MR 

(EROA>20 mm2), 2 of whom were excluded from this study because of the 

inadequate image quality for 2DSTE analysis. They were matched for LV ejection 

fraction with 90 patients with LV systolic dysfunction and insignificant functional 

MR (EROA<20 mm^) who came from the other 100 patients with LV systolic 

dysfunction. 

5.2.2 Echocardiography 

Echocardiographic evaluation (Vivid 7 and EchoPac PC 7.0.0, Vingmed-General 

Electric, Horton, Norway) included quantification of MR, evaluation of LV systolic 

function and LV global remodeling, examination of LV mechanical dyssynchrony, 

and assessment of individual myocardial deformational component. 

The severity of MR was evaluated by effective regurgitant orifice area EROA which 

was calculated using the proximal isovelocity surface area (PISA) method, as well as 

regurgitant volume and regurgitant fraction which were calculated by the continuity 

equation (179). In patients with no or trivial MR by color Doppler echocardiography, 

the EROA was assumed as zero. 
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LV end-systolic (LVESV) and end-diastolic (LVEDV) volumes and LV ejection 

fraction were measured using the biplane Simpson's method (181). LV cavity length 

and mid cavity width were measured at end-systole and end-diastole using apical-4 

chamber view. The end-systolic and end-diastolic sphericity indices were calculated 

to evaluate the geometric change of the LV (173). 

LV mechanical dyssynchrony was assessed by two-dimensional color tissue Dopper 

imaging (TDI) in three apical views (i.e. apical 4-chamber, 2-chamber, and long-axis 

views). The standard deviation of time to peak systolic velocity (Ts) among the 12 

LV segments (Ts-SD) was calculated as the parameter for LV systolic mechanical 

dyssynchrony (151, 182-184). 

Myocardial deformation measurements were performed by 2DSTE in the three apical 

views and parasternal short-axis views at basal, mid and apical levels. The data was 

accepted when the tracking quality satisfied the automatic evaluation of the system in 

all the six segments in the view. Then the longitudinal, circumferential and radial 

strain curves were obtained for each segment in the 18-segmental LV model. And the 

rotation curves were obtained in each segment of the basal and apical parasternal 

short-axis views. The peak systolic longitudinal (s-long), circumferential (e- circum) 

and radial (e-radial) strains were measured in each segment while the peak rotation 

(Rot) was only assessed in the segments of basal and apical level. The following 

parameters were calculated for assessing global and segmental multidirectional 

myocardial deformation. 

Global s-long: Mean longitudinal peak systolic strain of the 18 LV segments 

Basal s-long: Mean longitudinal peak systolic strain of the 6-basal LV segments 
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Mid 8-1 ong: Mean longitudinal peak systolic strain of the 6-mid LV segments 

Apical 8-long: Mean longitudinal peak systolic strain of the 6-apical LV segments 

Global s-radial: Mean radial peak systolic strain of the 18 LV segments 

Basal e-radial: Mean radial peak systolic strain of the 6-basal LV segments 

Mid e-radial: Mean radial peak systolic strain of the 6-mid LV segments 

Apical 8- radial: Mean radial peak systolic strain of the 6-apical LV segments 

Global 8-circum: Mean circumferential peak systolic strain of the 18 LV segments 

Basal 8-circum: Mean circumferential peak systolic strain of the 6-basal LV segments 

Mid e-circum: Mean circumferential peak systolic strain of the 6-mid LV segments 

Apical 8-circum: Mean circumferential peak systolic strain of the 6-apical LV 

segments 

Basal Rot: Mean rot of the 6-basal LV segments 

Apical Rot: Mean rot of the 6-apical LV segments 

Tor: Net-difference between basal and apical mean Rot 

5,2.3 Statistical Analysis 

Categorical data are summarized as frequencies and percentages. Continuous data 

between two groups were compared by unpaired t-test. Categorical data were 

compared by Chi square test. Relationship between deformational parameters and LV 

geometry was identified by Pearson's correlation. A probability value of p<0.05 was 

considered as statistically significant. 

5,3 Results 

5.3.1 Reduction of LV Myocardial Deformation in Patients with LV Systolic 

Dysfunction 
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The comparison on myocardial deformation between normal controls and patients 

with LV systolic dysfunction is shown in Table 5.1. As the patients were older 

(66士 13 vs. 51 士9, pO.OOl) and predominantly male (73.3% vs. 53.3%, x^=6.24, 

p=0.012), the p values presented in the table were adjusted for age and gender. 

Compared with the normal controls, patients with LV systolic dysfunction showed 

remarkable reduction in all the measured components of myocardial deformation, 

including global e-long, global e-circum, global e-radial and Tor (all p<0.001). The 

findings were similar when the corresponding individual LV plane (basal, mid, apical) 

was compared between the two groups (all p<0.001). 

When the mean-2SD from the normal controls was used to derive the cutoff values 

for different myocardial components, it was -16.3% for global 8-long, -20.4% for 

global £-circum, 24.5% for global 8-radial and 11.1 degree for torsion. As a result, 

the impairment of global 8-long was found in 96.3%, global e-circum in 100%, 

global E-radial in 78.4% and LV torsion in 72.7% of the patients with LV systolic 

dysfunction. 
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Tables. 1 Comparisons between normal controls and patients with LV systolic 

dysfunction 

Normal 

controls 

N=45 

Patients with LV 

systolic dysfunction 

N=135 

P value 

Global e-long, % 

Basal s-long, % 

Mid s-long, % 

Apical e-long, % 

Global 8-circum, % 

Basal 8-circum, % 

Mid s-circum，% 

Apical £-circum, % 

Global 8-radial, % 

Basal 8-radial, % 

Mid 8-radial, % 

Apical s-radial, % 

Torsion, degree 

Basal rotation, degree 

Apical rotation, degree 

- 2 1 . 3 士 2 . 5 

-21.0 士 2.9 

- 2 1 . 1 士 2 . 4 

-21.9 士 4.6 

- 2 7 . 0 土 3 . 3 

- 2 1 . 7 士 3 . 7 

- 2 5 . 8 士 4 . 5 

- 3 3 . 6 士 4 . 9 

45.1±10.3 

4 7 . 5 士 1 3 . 1 

53.6±15.4 

3 3 . 9 士 1 8 . 3 

2 1 . 7 士 5. 3 

- 7 . 5 士 3 . 7 

14.1±5.1 

-10.U3.1 

- 1 0 . 9 士 3 . 6 

- 9 . 6 士 3 . 7 

- 9 . 9 士 4 . 6 

- 9 . 8 士 3 . 0 

-11.3 士 3 . 9 

-9.5±3.6 

-8.7 士 4.5 

1 8 . 5 士 9 . 7 

2 1 . 9 士 1 3 . 7 

2 1 . 4 士 1 3 . 6 

12.2±11.1 

8 . 1士5. 5 

-5.1±3.5 

3.0 士 4.7 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

<0.001* 

*P value adjusted for age and gender. 

LV, left ventricle; s-circum，circumferential peak systolic strain; 8-long, longitudinal 

peak systolic strain; e-radial, peak radial systolic strain. 
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5,3,2 Differences in Individual Components of Myocardial Deformation and LV 

Geometry between Patients with and without Significant Functional MR 

The patients with and without significant functional MR were comparable in age， 

gender, ejection fraction, etiology of hear failure and medications, except that MR 

was more severe in the former group measured by the EROA, regurgitant volume 

and regurgitant fraction (all p<0.001). 

Comparisons on the individual component of myocardial deformation between 

patients with and without significant functional MR showed differential changes 

(Table 5.2). The global 8-radial (p=0.011) and global e-circum (p=0.023) were 

significantly decreased in patients with significant MR, whereas no difference was 

found in the global e-long between the two groups (p=0.486) (Figure 5.1a), At the 

same time, the degree of Tor was similar in patients with and without MR (p=0.309) 

(Figure 5.1b). 

The patients with significant functional MR also had higher degree of LV remodeling 

compared to patients without significant functional MR, as reflected by a larger 

LVEDV (p=0.042) and LVESV (p=0.047), as well as increased end-systolic (p=0.024) 

and end-diastolic (p=0.022) LV cavity width and end-diastolic sphericity index 

(p=0.018) (Table 5.3 and Figure 5.2). In addition, significant correlations were found 

between end-systolic LV cavity width and global s-circum (r=0.484, p<0.001) and 

global £-radial (r=-0.471, pO.OOl) (Figure 5.3), A larger Ts-SD was also observed 

with the MR patient group (p<0.001) (Table 5.3). 
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Table 5.2 Comparison of individual components of myocardial deformation between 

patients with and without significant functional MR 

Patients with 

significant 

functional MR 

N=90 

Patients without 

significant 

functional MR 

N=45 

value 

Global s-long, % 

Global 8-circum, % 

Global e-radial, % 

Torsion, degree 

-10.3 士 2.9 

-10.2士 3.1 

20.0 土 9.0 

8.4±5.7 

-9.9±3.6 

-9.0±2.8 

15.6士 10.2 

7.4 士 5.1 

0.486 

0.023 

0.011 

0.309 

MR, mitral regurgitation; Other abbreviaitons as in Table 5.1 
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Table 5.3 Differences in left ventricular volumes and geometry between patients with 

and without significant functional MR 

Patients with Patients without P 

significant significant value 

functional MR functional MR 

N=90 N=45 

LV end-diastolic volume, ml 163士53 184士67 0.042 

LV end-systolic volume, ml 114土44 135 士 61 0.047 

LV ejection fraction, % 31 士8 28 士 9 0,141 

End-systolic LV cavity length, cm 8.0 士 0.9 8.1±1.0 0.335 

End-systolic LV cavity width, cm 4.6 士 0.7 5.0 士 1.0 0.024 

End-systolic LV sphericity index 1.75 士 0.26 1.67 士 0.25 0.079 

End-diastolic LV cavity length, cm 8.7±0.8 8.7±1.0 0.612 

End-diastolic LV cavity width, cm 5.3±0.7 5.6 士 0.8 0.022 

End-diastolic LV sphericity index 1.64 士 0.18 1.56 士 0.18 0.018 

Ts-SD, ms 28.0 士 18-2 44.5 士 21.3 <0.001 

Ts-SD, standard deviation in time to peak systolic velocity among 12 LV segments; 

Other abbreviations as in Table 5.1 and 5.2. 
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Global £ - long Global £ - circum Global £ - radial 

1^0.011 

1^0.023 

T 

Torsion Apical rotation Basal rotation 

P=0.309 
I I 

• 
P=0.513 
I I 

m . 

12 
P=0.010 

• Patients without significant MR _ Patients with significant MR 

Figure 5.1 Bar charts showing the differences in mean longitudinal (global s-long), 

circumferential (global e-circum) and radial (global e-radial) peak systolic strain of 

the 18 left ventricular segments (a) and left ventricular torsion and rotation (b) 

between patients with and without significant functional mitral regurgitation (MR). 
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cm 
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• Patients without significant MR ^ Patients with significant MR 

Figure 5.2 Bar charts comparing left ventricular (LV) end-diastolic volume (LVEDV) 

and end-systolic volume (LVESV) (a), as well as end-diastolic and end-systolic LV 

cavity width (b) between patients with and without significant functional mitral 

regurgitation (MR). 
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Figure 5.3 Scatter plots showing the correlation between end-systolic left ventricular 

(LV) cavity width and mean circumferential peak systolic strain of the 18 LV 

segments (global s-circum) (a); and the correlation between end-systolic LV cavity 

width and mean radial peak systolic strain of the 18 LV segments (global 8-radial) (b) 

in patients with LV systolic dysfunction. 
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5,3.3 Differences in Segmental Myocardial Deformation between Patients with and 

without Significant Functional MR 

When the segmental e-long, e-circum and 8-radial from basal to apical planes were 

compared between the two patient groups, a similar differential change was observed 

as that for the global deformation. As shown in Table 5.4, no difference occurred in 

the segmental e-long of all the three levels. On the other hand, patients with 

significant functional MR had decreased values in basal e-radial (p=0.012), mid 

s-radial (p=0.010) and mid-circum (p=0.014) while the basal e-circum also showed a 

trend of lower value in patients with MR (p=0.093). Although Tor was identical 

between patients with and without significant MR, the degree of basal Rot was 

smaller in the former group (p=0.01) (Figure 5.1b). Interestingly, there was no 

difference found in apical segments for all the deformation components between the 

two patient groups (Table 5.4). 
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Table 5.4 Comparison of segmental myocardial deformation between patients with 

and without significant functional mitral regurgitation 

Patients with Patients without P 

significant significant value 

functional MR functional MR 

N=90 N=45 

Basal s-long, % -11.3 士 3.7 -10.2 士 3.5 0.096 

Mid 8-long, % -9.9 士 3.7 -9.0 士 3.5 0,209 

Apical s-long, % -9.7 士 4.2 -10.4 士 5.4 0.384 

Basal 8-circum, % -11.7 士 4.2 -10.5 士 3.2 0.093 

Mid 8-circum, % -9.9 土 3.9 -8.5 士 2.8 0.014 

Apical e-circum, % -9.0 士 4.4 -7.9 士 4.8 0.176 

Basal 8-radial, % 24.1 士 13.6 17.8 士 13.0 0.012 

Mid s-radial, % 23.5 士 13.4 17.2 士 13.0 0,010 

Apical e-radial, % 12.5 士 10.2 11.8 士 12.9 0.743 

Basal rotation, degree -5.7±3.6 -4.1 士 2,8 0.010 

Apical rotation, degree 2.8士4.6 3.3 士 4.9 0.513 

Abbreviations as in Table 5.1 and 5.2. 



5,4 Discussion 

In the present study, we demonstrated that all the myocardial deformational 

parameters were depressed in patients with LV systolic dysfunction compared with 

normal controls, including the longitudinal, circumferential and radial strains, as well 

as LV torsion. The circumferential and radial strains were further decreased in 

patients with significant functional MR, which was only significant in basal and mid 

LV segments but not in apical segments. The degree of LV basal rotation was also 

lower in the MR patient group. Furthermore, the decrease in myocardial deformation 

was associated with greater extent of LV remodeling as reflected by the LV cavity 

dilatation. 

LV myocardial architecture has been described in previous studies as a transmural 

continuum between two helical fiber geometries, where longitudinal fiber with a 

right-handed helical geometry in the subendocardial layer transitions into a 

circumferential direction in the mid wall and becomes longitudinal again in a 

left-handed helical geometry in the subepicardial layer (192). Due to the complex 

alignment of the myocardial fibers, LV deformation during systole can be expressed 

in three ventricular coordinates: a longitudinal shortening, a circumferential 

shortening and a radial thickening. In addition, rotational movements around the long 

axis of the LV are produced as a result of the helical orientation of the subendocardial 

and subepicardial myocardial fibers. 

The reduction in individual myocardial deformational components in patients with 

LV systolic dysfunction has been reported, though the extent of impairment may not 

be the same in each component (190, 191). The longitudinal myocardial fibers 
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aligned at the subendocardial and subepicardial layers are responsible for the 

majority of LV systolic function (193) and more susceptible to pathological 

conditions. Therefore, the impairment of long-axis myocardial deformation can be 

observed earlier than the short-axis deformation, even before the onset of heart 

failure symptoms and the occurrence of LV dysfunction (194, 195). On the other 

hand, in patients with LV systolic dysfunction where the longitudinal myocardial 

fibers are severely impaired, LV contraction is likely to be more determined by the 

short-axis myocardial fibers. Despite identical ejection fraction and s-long in the 

present study, the differential changes in s-circum and e-radial between patients with 

and without significant MR suggests that higher degree of functional MR is 

associated with more severe ventricular disease which cannot be identified by 

ejection fraction. This is also supported by previous findings that greater extent of 

functional MR is associated with increased mortality, independent of the degree of 

LV systolic dysfunction measured by ejection fraction (51). 

The progression of heart failure is characterized by progressive LV remodeling, 

where the dilation of LV mid cavity dimension resulting in a more spherical LV 

represents a major geometric change. This spherical shape of LV may further 

increase the workload of the heart and cause worsening of cardiac function. The 

increase in LV cavity width is accompanied by the reduction in short-axis function 

which are important in maintaining the normal shape of the LV. This will in turn give 

rise to further deterioration in LV geometry. In the current study, though all the 

parameters of myocardial deformation decreased in patients with LV systolic 

dysfunction compared with normal controls, the radial and circumferential strain was 

further reduced in patients with significant functional MR, which was associated 
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with a greater LV remodeling, in particular LV mid cavity dimension. In addition, the 

differential change was found in basal and mid but not apical segments. This implies 

that LV remodeling not only causes apical and outward displacement of the papillary 

muscles which leads to incompetence of mitral leaflets, but also relates to functional 

MR through the change in myocardial deformation, LV geometry, mitral annular 

contraction and mechanical dyssynchrony as well. 
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CHAPTER 6 IMPACT OF REDUCTION IN FUNCTIONAL MITRAL 

REGURGITATION ON REVERSE REMODELING RESPONSE AFTER 

CARDIAC RESYNCHRONIZATION THERAPY 

6.1 Background 

Cardiac resynchronization therapy (CRT) is an established therapy for patients with 

advanced chronic heart failure with prolonged QRS duration (146). Clinical data 

have suggested the beneficial role of CRT on symptoms, functional capacity 

(148-150), cardiac function (151，152) and prognosis (153-155). On cardiac 

functional assessment, apart from evidence of improvement in systolic function 

leading to left ventricular (LV) reverse remodeling, improvement of functional mitral 

regurgitation (MR) has been described in previous studies (90, 120-122，166). In fact, 

improvement of functional MR could be an important component underlying the 

favorable hemodynamic changes and gain in systolic function due to volume 

unloading effect in the LV and pressure offload in the left atrium (LA) (196，197). 

However, it has not been explored whether the presence of pre-pacing functional MR 

and its improvement might have impact on the improvement of LV systolic function 

and reverse remodeling. Therefore, the present study was aimed to examine the 

impact of baseline MR and MR improvement on the extent of changes in LV volume 

and ejection fraction after CRT. 

6.2 Methods 

6,2.1 Patients 

The study population consisted of 83 patients with advanced congestive heart failure 

who had received CRT implantation for three months. The inclusion criteria for 
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receiving CRT were compatible with the current guideline, i.e. evidence of LV 

systolic dysfunction with LV ejection fraction <35% despite optimal medical therapy, 

NYHA class III and IV as well as QRS duration on surface ECG > 120ms (146). All 

patients were in sinus rhythm before device implantation. Patients with clinical or 

echocardiographic evidence of other cardiac disease，structural abnormalities of the 

mitral valve apparatus or more than mild aortic regurgitation were excluded from this 

study. The atrioventricular interval was optimized using Ritter's method on day one 

after the implantation (178). Clinical and echocardiographic assessments were 

performed before and three months after CRT. The study protocol was approved by 

the Ethics Committee of the institution and written informed consents were obtained 

from all the patients. 

6.2.2 Echocardiography 

Transthoracic echocardiography was performed (Vivid 7, Vingmed-General Electric, 

Horton，Norway) before and three months after CRT implantation. LV end-diastolic 

volume (LVEDV), end-systolic volume (LVESV) and ejection fraction were 

calculated using biplane Simpson's method (181). In the apical 4-chamber view, the 

LV end-systolic and end-diastolic cavity length and mid-cavity width were measured. 

The end-systolic and end-diastolic sphericity indices were estimated for assessment 

of the change in LV geometry (173). At three months after CRT, patients with a 

reduction in LVESV of >15% were defined as responders of LV reverse remodeling 

(173). 

MR was quantified semi-quantitatively from color flow Doppler images in the apical 

4-chamber view by the ratio of MR jet area to LA area (JA/LAA). The severity of 
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MR was graded on a three-point scale: no or mild (JA/LAA<20%), moderate 

(JA/LAA 20-40%), severe (JA/LAA>40%). At three months after CRT, a reduction 

of at least one grade in MR was considered a significant improvement in MR (179). 

LV mechanical dyssynchrony was assessed by two-dimensional color tissue Doppler 

imaging (TDI) using the 6-basal and 6-mid segmental model. The standard deviation 

(Ts-SD) in the time to peak systolic velocity among the 12 LV segments was 

calculated as the parameter for global LV systolic dyssynchrony (151, 182-184). 

6.2.3 Clinical Assessment 

Assessment of clinical status included New York Heart Association (NYHA) 

functional class and Minnesota Living with Heart Failure (MLWHF) quality of life 

score. 

6.2.4 Statistical Analysis 

Continuous variables were expressed as mean士SD. Categorical data were 

summarized as frequencies and percentages. Paired t-test or Wilcoxon signed ranks 

test was used when appropriate to compare between baseline and after CRT. 

Unpaired t-test was used to compare between responders and nonresponders. 

One-way ANOVA or Pearson chi-square test was used when appropriate to compare 

among the three patient groups. Determinants of LV reverse remodeling were 

identified by univariate logistic regression followed by backward stepwise 

multivariate logistic regression. A p value <0.05 was considered statistically 

significant. 

6.3 Results 
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6.3.1 LVReverse Remodeling and Improvement in MR after CRT 

The demographic and clinical characteristics of the patients are shown in Table 6.1. 

At 3 months after CRT implantation, LV reverse remodeling was achieved by the 

reduction in LVEDV and LVESV, as well as gain in ejection fraction (all p<0.001) 

(Table 6.2). Forty-five out of 83 patients (54%) were found to be the responders with 

the reduction of LVESV >15% while the other 38 (46%) were nonresponders. 

Improvement of LV geometry was achieved by a greater extent of decrease in the LV 

width (p<0.001) than the length (p<0.05) which resulted in a higher sphericity index 

(p<0.05), i.e. a less globular shape of LV. 

When compared between baseline and three month, functional MR was significantly 

improved after CRT in terms of the JA/LAA ratio and the grade of MR severity (both 

p<0.05) (Table 6.2). In the 35 patients with no or mild MR before device 

implantation, the MR JA/LAA showed minimal changes (from 8士7% to 5±7%, 

p=0.006) and none of the patients had any change in MR grade after CRT. On the 

other hand, in the 48 patients who had more than mild pre-pacing MR, it was reduced 

significantly after CRT as reflected by a decrease in the JAA/LAA (38±15% vs. 

29士 15 %, p<0.001) and the MR grade (moderate: 30, severe: 18 vs. no or mild: 17, 

moderate: 20, severe: 11, p<0.001). Among the 48 patients, 22 (45.8%) had at least 

one grade of MR reduction after CRT while the other 26 (54.2%) patients did not 

have such improvement，including 1 with one grade of worsening and 25 without any 

change of grade in MR. Both the patients with more than mild MR (n=48) and those 

with no or mild MR (n=35) before implantation showed significant LV reverse 

remodeling response after CRT (all p<0.001), however there were no differences in 

the degrees of reduction in LVEDV (-7.7 士 12.8 vs. -10.0±13.8%) and LVESV 
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(-17.1士16.0 vs. -18.6士 16.6%) as well as gain in ejection fraction (7.2士7.1 vs. 

7.0±6.8%) (all p=NS). Similarly，no significant difference was found in responder 

rate between the two groups (54.3% vs. 54.2%, x^=0’ p=1.0). 

In addition, LV mechanical dyssynchrony was improved after CRT, as reflected by a 

significant reduction in Ts-SD (p<0.05). The clinical status was also significantly 

improved, which included a lower NYHA class (p<0.001) and MLWHF quality of 

life score after CRT (p<0.005) (Table 6.2). 
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Table 6.1 Baseline demographic and clinical characteristics of the study population 

Parameters Patients (n=83) 

Age, years 

Gender, % male 

Etiology of heart failure, % ischemic 

NYHA class, % patients 

III 

IV 

MLWHF Quality of life score 

Medications: 

Diuretic 

ACEi or ARB 

P-Blocker 

Spironolactone 

Nitrate 

Digoxin 

65士 13 

62 (74.7%) 

39 (47.0%) 

81 (97.6%) 

2 (2.4%) 

27 士 20 

77% 

85% 

79% 

28% 

28% 

14% 

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; 

MLWHF, Minnesota Living with Heart Failure; NYHA, New York Heart 

Association. 
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Table 6.2 Comparison of echocardiographic and clinical parameters at baseline and 

three months after cardiac resynchronization therapy 

Parameters Baseline 3-Month P value 

LV end-diastolic volume, ml 168士56 154士61 <0.001 

LV end-systolic volume, ml 123士48 102 士 50ml <0.001 

LV ejection fraction, % 28 士 6 36 士 8 <0.001 

End-systolic LV cavity length, cm 8.1 士 0.9 7.9 士 0.9 0.032 

End-systolic LV cavity width, cm 4.7 士 0.8 4.4 士 0.9 <0.001 

End-systolic LV sphericity index 1.7 士 0.3 1.9 士 0.3 <0.001 

End-diastolic LV cavity length, cm 8.7±0.9 8.6±0.9 0.028 

End-diastolic LV cavity width, cm 5.5±0.9 5.2 士 0.9 <0.001 

End-diastolic LV sphericity index 1.6 士 0.2 1.7 士 0.3 0.011 

Ts-SD，ms 39 士 15 34士 17 0.010 

JA/LAA, o/o 25 士 20 19±17 <0.001 

Grade of MR, % <0.001 

No or mild 42 61 

Moderate 36 25 

Severe 22 13 

MLWHF Quality of life score 27 士 20 21 土 19 0.003 

NYHA class, % patients 

T 0 C 

<0.001 

i 

II 0 

0 

75 

III 98 17 

IV 2 0 

LV，left ventricle; JA/LAA, ratio of the mitral regurgitant jet area to left atrial 
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MR, mitral regurgitation; Ts-SD, the standard deviation in time to peak systolic 

velocity among the 12 LV segments. Other abbreviations as in Table 6.1. 
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6.3.2 MR Improvement in Responders and Nonresponders 

Table 6.3 displays the baseline and change in LV volumes and functional MR 

between the responders and nonresponders of reverse remodeling. Before the device 

implantation, no difference was observed in MR severity no matter the JA/LAA 

(p=0.928) or the grade of MR (p=0.904) was used. Although responders had slightly 

smaller LVEDV at baseline (p=0,043)，the LV ejection fraction was comparable 

between the 2 groups of patients. At 3 months after CRT, the reduction of MR 

JA/LAA was significantly greater in responders than nonresponders (p<0.001). 

Meanwhile, despite the identical grade of MR at baseline, the grade of MR at 

3-month follow up was markedly lower in responders (p<0.001). Not surprisingly, 

the reduction in LV volumes and gain in ejection fraction were more obvious in 

responders than nonresponders (all p<0.001). 

122 



Table 6.3 Comparison of mitral regurgitation and left ventricular remodeling between 

responders and nonresponders 

Parameters Responder Nonresponder P 

(11=45) (11=38) value 

Baseline JA/LAA, % 25 士 17 25 士 22 0.928 

Grade of MR at baseline, % 0.904 

Mild 42.2 42.1 

Moderate 37.8 34.2 

Severe 20.0 23.7 

Baseline LV end-diastolic volume, ml 157士44 182士67 0.043 

Baseline LV end-systolic volume, ml 114±37 133±58 0.075 

Baseline LV ejection fraction, % 28±5 28±7 0.954 

Absolute change in JA/LAA, % -11 士 11 -2±10 <0.001 

Grade of MR at 3-inonth, % 0.004 

Mild 77.8 42.1 

Moderate 15.6 36.8 

Severe 6.7 21.1 

Change in LV end-diastolic volume, % -16 士 12 0士 9 <0.001 

Change in LV end-systolic volume, % -30士 11 -3 士 7 <0.001 

Absolute change in LV ejection fraction, % 11 士6 2士 5 <0.001 

Abbreviations as in Table 6.2. 
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6.3,3 The Relationship between Functional MR and Degree of LVReverse 

Remodeling 

In the 48 patients who had more than mild MR at baseline, significant correlation 

was observed between the percentage change in LVESV and the change in MR 

JA/LAA after CRT (r=0.583, p<0.001) (Figure 6.1). When the improvement of MR 

J A/LA A was included in a multivariate logistic regression model with other baseline 

parameters such as pre-pacing MR JA/LAA, LV ejection fraction, LV cavity width at 

end-systole and Ts-SD，the Ts-SD before implantation (j3=1.074，p二0.014) and 

improvement of MR JA/LAA (p=0.885, p二0.002) were the independent determinants 

of LV reverse remodeling. 
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20,00 如.00 

Change in the ratio of MR jet area to left ahial area (%) 

Figure 6.1 Scatter plots showing the correlation between the change in left 

ventricular end-systolic volume (LVESV) and the change in the ratio of mitral 

regurgitant (MR) jet area to left atrial area after cardiac resynchronization therapy. 
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Furthermore, the 48 patients were divided into two groups, i.e. the patients with a 

significant MR improvement identified by at least one grade reduction after CRT 

(Group 1，n=22) and those without (Group 2, n=26). The 35 patients with no or mild 

functional MR at baseline were classified into Group 3. 

Although the LV volumes at baseline were relatively larger in Group 1 and Group 2, 

the LV ejection fraction was comparable among the three groups. At 3-month after 

CRT, all the three groups showed improvement in LVESV and ejection fraction while 

the reduction in LVEDV was not observed in Group 2 (Table 6.4). Furthermore, the 

magnitude of LV reverse remodeling was different among the three groups when 

assessed by absolute and percentage changes in LVESV after CRT. Interestingly, the 

greatest reduction in LVESV was found in Group 1 (-36±18ml or -29.1士13.6°/o), the 

least in Group 2 (-9士 14ml or -7.0士9.6%), and intermediate in Group 3 (-19土 19ml or 

-18.6士 16.6%) (all p<0.05) (Figure 6.2a). Similarly, Group 1 showed the greatest gain 

in LV ejection fraction (12.2士5.5%)，which was followed by Group 3 (7.0±6.8%), 

and was the least in the Group 2 (3.0±5.5%) (all p<0.05) (Figure 6.2b). Accordingly, 

the responder rate was the highest in Group 1 (86.4%)，intermediate in the Group 3 

(54.3%), and was the lowest in Group 2 (26.9%) (x^=16.96, p<0.001). Figure 6.3 to 

6.5 showed examples of the extent of changes in LVESV among the three groups. 

With respect to the changes in LV geometry, both end-systolic and end-diastolic 

sphericity indices were increased in Group 1，while only end-systolic sphericity 

index was increased in Group 3, but were neither of them in Group 2 after CRT 

(Table 6.4). 

For baseline clinical status, the NYHA class and quality of life score were similar 
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among the three groups. At 3-month after CRT, NYHA class was significantly 

improved in all the three groups, though improvement of quality of life score was 

only observed in Group 1 and Group 3, but not in Group 2 (Table 6.4). 
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P<0.001 P=0.042 

Patients with 
MR improvement 

Patients without Patients -with no or 
MR improvement mild MR at baseline 

Figure 6.2 Bar charts comparing the extent of reduction in left ventricular 

end-systolic volume (LVESV) (a) and gain in left ventricular ejection fraction (b) 

among the three groups, namely patients with mitral regurgitation (MR) 

improvement, patients without MR improvement and patients with no or mild MR at 

baseline. 
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(a) (c) 

Figure 6.3 A patient from Group 1 before (a&b) and after (c&d) cardiac 

resynchronization therapy. The ratio of mitral regurgitant jet area to left atrial area 

decreased from 27% to 4% (a&c). And there was 48.9% reduction in left ventricular 

end-systolic volume (b&d). 
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(a) (c) 

(d) 

Figure 6.4 A patient from Group 2 before (a&b) and after (c&d) cardiac 

resynchronization therapy. The ratio of mitral regurgitant jet area to left atrial area 

increased from 47% to 52% (a&c). And there was 9.9% increase in left ventricular 

end-systolic volume (b&d). 
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(C) 

• • 
(d) 

Figure 6.5 A patient from Group 3 before (a&b) and after (c&d) cardiac 

resynchronization therapy. The mitral regurgitation at baseline and 3 months are 

trivial (a&c) with 37.8% reduction in left ventricular end-systolic volume (b&d). 

133 



6.4 Discussion 

The present study demonstrated that the improvement of MR was related to LV 

reverse remodeling (i.e. LV end-systolic volume reduction^ 15%) after CRT. The 

extent of LV reverse remodeling was greatest in patients with MR improvement 

(-29.1 士 13.6%)，followed by those with "no or mild" MR at baseline (-18.6士 16.6%)， 

and was least in those without MR improvement (-7.0士9.6o/o). 

Although improvement of functional MR after CRT has been described in previous 

studies (90，120-122, 166), its impact on LV reverse remodeling has not been 

explored. The present study illustrated that improvement of functional MR, but not 

the degree of pre-pacing functional MR, was an important determinant of LV reverse 

remodeling. The extent of LV reverse remodeling (measured by reduction of LVESV) 

showed no difference between patients with more than mild pre-pacing MR and 

those with “no or mild" pre-pacing MR. At the same time, the comparison between 

responders and nonresponders showed no difference in pre-pacing MR. However, the 

extent of LV reverse remodeling (measured by reduction of LVESV) was more than 

4-fold different in patients with and without significant improvement of MR (-29.1 

vs. -7.0%). Consequently, the prevalence of volumetric responders was more than 

3-fold different between the two groups (86.4% vs. 26.9%). Interestingly, patients 

without significant pre-pacing MR showed intermediate response for the extent of 

reduction in LVESV and prevalence of volumetric responders. Therefore, it appears 

that the status of functional MR plays a pivotal role in determining CRT response. 

In heart failure patients, functional MR could have been caused by a few major 

factors, namely failure of mitral leaflet coaptation due to mid cavity dilatation, 
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regional displacement of papillary apparatus resulting in incomplete coaptation and 

LV dysfunction resulting in poor coaptation force (83，85-87, 94). In the presence of 

wide QRS complexes, MR could have been worsened by the dyssynchrony of LV or 

papillary muscle attaching sites that dissipates contractile force and distorts mitral 

apparatus geometry by uncoordinated regional contraction (84，120, 121, 125). Of 

note, the presence of functional MR per se could have worsened LV volumetric 

overload and exacerbate left atrial pressure and volume overload, which will set up a 

vicious cycle that accelerates LV remodeling and deterioration of systolic function. 

Therefore，when patients responded to CRT and developed a more synchronous 

timing of LV contraction, the LV would show initial response by improving the 

forward systolic force and increasing ejection fraction. In the subset who also have 

co-existing functional MR, the beneficial effect will be augmented through additional 

reduction of MR by increased mitral valve coaptation force and improved 

synchronicity of the papillary muscles and the nearby LV wall (90，120，122). When 

initial LV reverse remodeling is achieved, the favorable improvement of LV 

geometry with decrease in LV mid-cavity dilatation will further alleviate the amount 

of restrictive mitral leaflet movement during systole. As a result, a positive feedback 

mechanism will be established which contributes to further LV reverse remodeling 

and reduction of functional MR, 
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CHAPTER 7 IMPROVEMENT OF EARLY- AND LATE-SYSTOLIC 

FUNCTIONAL MITRAL REGURGITATION AND IMPROVEMENT OF 

MITRAL DEFORMATION AFTER CARDIAC RESYNCHRONIZATION 

THERAPY 

7.1 Backgrounds 

Treatment of functional mitral regurgitation (MR) is of clinical importance, since the 

presence of functional MR in heart failure patients is associated with reduced 

survival (33，34，40，51). Several studies have suggested that cardiac 

resynchronization therapy (CRT) results in improvement of functional MR in 

refractory heart failure that may be related to the increase in mitral valve coaptation 

force(90), reduction of papillary muscle dyssynchrony (120-122) and LV reverse 

remodeling (151, 164). However, the pattern of functional MR is more complex and 

not homogenous that systolic MR has been observed to occur in two distinctive 

periods, namely early-systolic MR which starts from the isovolumic period and 

late-systolic MR (61-64). In order to understand the effect of CRT on functional MR 

and its mechanisms, it would be interesting to investigate the changes in the biphasic 

pattern in addition to the total MR after CRT. Therefore，the objectives of the present 

study were to examine whether CRT would improve early- or late-systolic MR, or 

both; and to explore the determinants of MR improvement at different phases. 

7.2 Methods 

7,2J Patients 

This study consisted of 48 patients who had at least mild functional MR at baseline 

and received CRT. Patients with clinical or echocardiographic evidence of other 
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cardiac disease or greater than mild aortic regurgitation were excluded. Before the 

device implantation, the patients were all in symptomatic heart failure [i.e. New York 

Heart Association (NYHA) functional class III: 100%] despite optimal medical 

therapy, who had evidence of LV systolic dysfunction (ejection fraction <35%) and 

wide QRS complex (> 120ms) on surface ECG All patients were in sinus rhythm 

before device implantation. The atrioventricular interval was optimized using Hitter's 

method on day one after the implantation (178). Clinical and echocardiographic 

assessments were performed before and three months after CRT. The study protocol 

was approved by the Ethics Committee of the institution and written informed 

consents were obtained from all the patients. 

7.2.2 Echocardiography 

Echocardiographic evaluation (Vivid 7 and EchoPac PC 7.0.0, Vingmed-General 

Electric, Horton, Norway) included quantification of MR, LV systolic function and 

LV global remodeling, assessment of mitral valvular deformation, and examination 

of LV global and regional dyssynchrony. 

For the assessment of MR severity, both the overall severity of MR and its early- and 

late-systolic components were evaluated. The total MR volume was calculated by the 

continuity equation as previously described (179). Early- and late-systolic MR were 

estimated by the instantaneous MR flow rate at early and late-systole which was 

calculated by using the proximal isovelocity surface area (PISA) method (179). The 

dynamic change in the severity of MR was calculated by frame-by-frame analysis 

throughout the period from mitral valve closure to mitral valve opening. Then images 

at the timing of the maximum proximal flow convergence area at early- and 
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late-systole were separately selected for assessing the instantaneous MR flow rate 

(64). At three months after CRT, a reduction of >10% in MR volume was considered 

a significant improvement in MR. Similarly, a 10% reduction or greater in early- and 

late-systolic MR flow rate was regarded as an improvement in early- and 

late-systolic MR, respectively. 

For the assessment of LV global remodeling and systolic function, LV end-diastolic 

volume (LVEDV), end-systolic volume (LVESV) and ejection fraction were 

calculated using biplane Simpson's method (181). LV cavity length and width were 

measured at end-systole and end-diastole. LV sphericity index was calculated to 

assess LV geometry (173). The maximal rate of LV pressure rise (+dp/dt) was 

estimated on the MR continuous-wave Doppler spectrum (180). 

For mitral valvular deformation, systolic mitral valve tenting area and tenting height 

were measured (83). 

LV mechanical dyssynchrony was assessed by two-dimensional color tissue Dopper 

imaging (TDI) in three apical views (i.e. apical 4-chamber, 2-chamber, and long-axis 

views). The maximal difference of time to peak systolic velocity (Ts) among the 12 

LV segments (Ts-dif) was calculated as the parameter for global systolic 

dyssynchrony (151, 182-185), while the absolute difference in Ts between the mid 

lateral and mid inferior segments was taken to reflect regional dyssynchrony between 

the anterolateral and posteromedial papillary muscle at their attaching sites 

(APM-PPM delay). 
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7,23 Clinical Assessment 

Clinical assessments included New York Heart Association (NYHA) functional class 

and Minnesota Living with Heart Failure (MLWHF) quality of life score. 

7,2,4 Statistical analysis 

Continuous variables are expressed as mean士SD. Categorical data are summarized as 

frequencies and percentages. Paired t-test or Wilcoxon signed ranks test was used 

when appropriate in comparison between baseline and after CRT. Unpaired t-test or 

chi-square test was used when appropriate in comparisons between patients with and 

without significant improvement in total MR after CRT. Determinants of 

improvement in total, early-systolic and late-systolic MR were identified by 

univariate logistic regression followed by backward stepwise multivariate logistic 

regression. A p value <0.05 was considered statistically significant. 

7.3 Results 

7J.1 Improvement in Total Functional MR and Its Early- and Late-systolic 

Components after CRT 

The demographic and clinical characteristics of the patients are shown in Table 7.1. 

At three months after CRT, significant reductions in the total MR volume (3 8土20 vs. 

33士21ml，p<0.01), as well as the early- (71 士52 vs. 60±51ml/s, p<0.01) and 

late-systolic (49士46 vs. 42士46ml/s, p<0.05) components of MR were observed 

(Table 7.2). The mean reduction in total MR volume was -5±11ml (•14.3±32.7o/o)， 

while that in early- and late-systolic MR were -11 士22ml/s (-17.5士29.40/0) and 

-7士21ml/s (-16.7士40%) respectively. Interestingly, both the baseline (71 士52 vs. 

49±46ml/s, p<0.001) and improvement (-11 士22 vs. -7士21ml/s，p<0.01) in functional 

139 



MR is greater in early- than late-systolic MR. By using the cutoff value of >10% 

reduction, a significant improvement in total MR was found in 24 (50%) patients. 

Similarly, a significant improvement in early- and late-systolic MR was identified in 

24 (50%) and 20 (42%) patients, respectively. As a result, improvement of both 

early- and late-systolic MR was observed in 14 (29%) patients, improvement of only 

early-systolic MR in 10 (21%), improvement of only late-systolic MR in 6 (12%) 

while lack of improvement in either phase in 18 (38%) patients. 

As shown in Table 7.2，LV reverse remodeling was evident at three months with the 

reduction of LV volumes and gain in ejection fraction (all p<0.001). Improvement of 

LV geometry was achieved by a greater extent of decrease in the LV width than the 

length which resulted in higher values of sphericity index, i.e. a less globular shape 

(all p<0.05). Improvement of mitral valvular deformation was observed, as reflected 

by reduction in tenting area and tenting height (both p<0.01). In addition, LV global 

dyssynchrony was decreased after CRT, whereas no change of LV regional 

dyssynchrony was observed (Table 7.2). 



Table 7.1 Baseline demographic and clinical characteristics of the study population 

Parameters Patients (n=48) 

Age, years 

Gender, % male 

Etiology of heart failure, % ischemic 

NYHA class, % patients 

III 

IV 

MLWHF Quality of life score 

Medications: 

Diuretic 

ACE inhibitor or angiotensin receptor blocker 

P-Blocker 

Spironolactone 

Nitrate 

Digoxin 

67 士 13 

32 (66.7%) 

22 (45.8%) 

48 (100%) 

0 (0%) 

27±19 

77% 

89% 

77% 

34% 

32% 

19% 

ACE, angiotensin-converting enzyme; MLWHF, Minnesota Living with Heart 

Failure; NYHA, New York Heart Association. 
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Table 7.2 Changes in mitral regurgitation and other echocardiographic parameters at 

three months after cardiac resynchronization therapy 

Baseline 3-Month P value 

MR volume, ml 38±20 33±21 0.002 

Early-systolic MR flow rate, ml/s 71 士 52 60士 51 0.001 

Late-systolic MR flow rate, ml/s 49±46 42 士 46 0.032 

LV end-diastolic volume, ml 181士59 169 士 66 <0.001 

LV end-systolic volume, ml 135士51 114士55 <0.001 

LV ejection fraction, % 27 士 6 34 士 8 <0.001 

LV +dp/dt, mmHg/s 729士265 837士312 0.011 

End-systolic LV cavity length, cm 8.1 士 1.0 8.0 士 1.0 0.140 

End-systolic LV cavity width, cm 5.1 士 0.7 4.6士0.8 <0.001 

End-systolic LV sphericity index 1.63 士 0.22 1.74 士 0.25 0.002 

End-diastolic LV cavity length, cm 8.8±0.9 8.6 士 1.0 0.016 

End-diastolic LV cavity width, cm 5.8±0.8 5.4 士 0.8 0.001 

End-diastolic LV sphericity index 1.54 士 0.18 1.60 士 0.19 0.017 

Tenting area, c m � 2.2 土 0.7 2.0 士 0.7 <0.001 

Tenting height, cm 1.1±0.3 1.0 士 0.3 0.001 

Ts-dif, ms 108士36 93 士 40 0.023 

APM-PPM delay, ms 65 士 35 66 士 36 0.880 

APM-PPM delay, the absolute difference in time to peak systolic velocity between 

the mid lateral and mid inferior left ventricular segments; LV，left ventricle; MR, 

mitral regurgitation; Ts-Dif, the maximal difference in time to peak systolic velocity 

among the 12 LV segments. 
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7.3.2 Comparisons between Patients with and without Significant Improvement in 

MR after CRT 

According to the percentage reduction in total MR volume after CRT, the 48 patients 

were divided into two groups, i.e. patients with improvement in total MR defined by 

a reduction of >10% (Group 1, n=24) and those without (Group 2，n=24). Table 7.3 

shows the comparisons between the two groups before and after the CRT. Despite no 

differences in baseline total MR volume, early- and late-systolic MR flow rate, 

Group 1 showed a reduction of all the three MR parameters by 33% (pO.OOl)，37% 

(p<0.001) and 40% (p=0.004) respectively. However, Group 2 showed a significant 

increase in total MR volume by 5% (p=0.045) and late-systolic MR flow rate by 7% 

(p=0.014) with no change in early-systolic MR flow rate (p=NS) (Table 7.3) (Figure 

7.1). In Group 1, improvement of both early- and late-systolic MR was observed in 

14 (58%), improvement of only early-systolic MR in 7 (29%) and improvement of 

only late-systolic MR in 3 (13%) patients, while none of the patients showed absence 

of improvement in both components. On the contrary, these figures were 0，3 

(12.5%), 3 (12.5%) and 18 (75%) patients respectively in the Group 2 (Group 1 vs. 

Group 2，冗2=33.60，p<0.001). 

The baseline echocardiographic parameters of LV volume, geometry, contractility 

and mitral valvular deformation were comparable between the two groups (Table 

7.3). At 3-month follow up, the Group 1 showed evidence of LV reverse remodeling 

with significant decrease in both LVESV and LVEDV (both p<0.001) and a dramatic 

increase in ejection fraction by 11% (absolute value) (p<0.001). In contrast，there 

was no reduction in LVEDV and only a mild reduction in LVESV (p=0.014), while 

ejection fraction increased slightly by 3% in the Group 2. Most of the other 
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echocardiographic parameters assessed were only improved in the Group 1, which 

included the favorable decrease in LV cavity length (both p<0.01), increase in 

sphericity index (both p<0.01), increase in +dp/dt (p=0.004), as well as decrease in 

tenting area (p<0.001) and tenting height (p=0.004) (Table 7.3). For dyssynchrony 

assessment, parameters for global systolic dyssynchrony of Ts-dif (p<0.05) and 

regional dyssynchrony of APM-PPM delay (p<0.05) at baseline were significantly 

greater in the Group 1 than Group 2. Interestingly, both Ts-dif (p<0.001) and 

APM-PPM delay (p=0.016) were shortened significantly after CRT in the Group 1 

indicating an improvement of systolic dyssynchrony. On the other hand, the 

APM-PPM delay was further prolonged after CRT (p=0.015) in the Group 2，while 

Ts-dif showed no significant change after CRT. 



P<0.001 P-0.045 

Patients with improvement 
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Patients without improvement 

in total MR 

P<0.001 
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P=0.004 P=0.014 

Patients -mth improvement Patients without improvement 
in total MR in total MR 

I I Baseline 翻 3-month follow-up 

Figure 7.1 Changes in different components of mitral regurgitation (MR) after 

cardiac resynchronization therapy. 

Comparison of severity of total MR volume (a); early-systolic MR flow rate (b) and 

late-systolic MR flow rate (c) at baseline and three months after cardiac 

resynchronization therapy. Patients were segregated into those with improvement of 

total MR with and those without. 
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7,3,3 Determinants of Improvement in Total, Early and Late-systolic MR after CRT 

Determinants of improvement in total MR (i.e. >10% reduction) at 3-month after 

CRT were examined in which changes in LV volume, geometry, +dp/dt, mitral 

valvular deformation as well as global and regional measures of LV systolic 

dyssynchrony were examined (Table 7.4). In the univariate model, the changes in 

LVESV, LV cavity width, ejection fraction, tenting area, tenting height，Ts-dif and 

APM-PPM delay correlated with the improvement in total MR. However, in 

multivariate analysis, only the reductions of LVESV (P=0.596, p=0.044) and tenting 

area (p=0.721, p=0.047) were confirmed to be independent determinants of 

improvement in total MR (Table 7.4). 
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Further analysis were performed to determine independent predictors of 

improvement in early- and late-systolic MR. The results of multivariate regression 

model analysis are shown in Tables 7.5 and 7.6. It was observed that independent 

determinants of improvement in early-systolic MR included reductions of LVESV 

(p=0.723, p=0.014) as well as Ts-dif (p=0.926, p=0.039). In contrast, independent 

determinants of improvement in late-systolic MR were reductions of mitral valve 

tenting area (P=0.889, p=0.004) and Ts-dif (p=0.977，p=0.024). Figure 7.2 showed an 

example of patient with reductions in both early- and late-systolic MR, as well as LV 

reverse remodeling and improvement in LV global dyssynchrony. 
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Figure 12 An example of patient with reduction in both the early= and late=systolic 
mitral regurgitation (MR)„ This patient also demonstrated significant left ventricular 



(LV) systolic dyssynchrony at baseline which was improved after cardiac 

resynchronization therapy (CRT) as well as LV reverse remodeling at 3-month, a, 

early-systolic MR before CRT; b, late-systolic MR before CRT; c, LV end-systolic 

volume was 189ml before CRT; d, early-systolic MR after CRT; e, late-systolic MR 

after CRT; f, LV end-systolic volume was 153ml after CRT; g, Color-coded tissue 

Doppler imaging with myocardial velocity curves generated from the 12 LV 

segments before CRT (the dyssynchrony parameter, Ts-dif, was 162ins); h, 

Myocardial velocity curves of the 12 LV segments after CRT (Ts-dif was 76ms). 

Arrows are indicating peak systolic velocity. 
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7.4 Discussion 

This study documented the effectiveness of CRT in reducing functional MR in 

patients with advanced heart failure with specific emphasis on different phases of 

MR. CRT decreased total MR by reducing both the early- and late-systolic functional 

MR. And the reduction in early-systolic MR was significantly greater than the 

reduction in late-systolic MR. The determinants of improvement of functional MR in 

different systolic phase appeared to be different. While improvement of early-systolic 

MR was determined by the degree of LV reverse remodeling as well as global 

dyssynchrony, improvement of late-systolic MR was determined by reduction of 

mitral valve tenting area and global dyssynchrony. 

7.4.1 Effect of CRT on Early- and Late-systolic Components of Functional MR 

Many studies have described the improvement of functional MR after CRT (90, 

120-122, 151, 164, 166)，but few of them take functional MR as a dynamic lesion 

which varies in severity over the whole regurgitant period, though this is important 

for understanding the mechanism of reducing MR by CRT. Former study with a 

smaller population (n=19) reported that CRT only reduce early-systolic MR (64). 

However, our study with a larger population of patients with functional MR received 

CRT (n=48) observed a reduction of both early- and late-systolic MR, which is in 

contrast to the earlier study. Moreover, compared with patients who only had 

improvement in either early- or late-systolic MR, patients with both improvements in 

early- and late- systolic MR appears to be more likely to have improvement in the 

overall severity of MR. 

7.4.2 Determinants of Improvement in Early- versus Late-systolic Functional MR 

157 



Different factors might operate at different period of systolic phase that determine the 

severity of functional MR. In previous studies, it has been observed that in patients 

with globally dilated LV and severely impaired LV systolic function, the 

early-systolic peak was greater than the late-systolic one (64). On the other hand, in 

patients with localized inferior myocardial infarction where there was no obvious LV 

global remodeling but presence of local LV remodeling, the late-systolic peak was 

greater than the early-systolic one (65). These early observations suggested that the 

early-systolic MR is closely related to the amount of global LV remodeling, while the 

late-systolic MR is more likely to be contributed by mitral apparatus deformation as 

a result of local LV remodeling. 

Understandably, during early-systole, the dilated LV causes papillary muscle 

displacement, which exerts significant tethering forces on the mitral leaflets, 

resulting in restricted leaflet motion and incomplete leaflets closure. During 

late-systole, when the LV segments with earlier activation already contracted, the 

delayed LV segments were left behind the contracting ventricle, resulting in more 

severe local remodeling and valvular deformation. 

Previous studies have suggested that factors might have explained the reduction of 

functional MR by CRT. These include LV reverse remodeling (151，164), 

improvement of papillary muscle dyssynchrony (120-122), increase in ventricular 

closing force (90) and augmented long-axis myocardial function (168, 198). Of note, 

these studies did not attempt to measure and segregate early- from late-systolic MR, 

while the determinants of functional MR were not established statistically, but rather 

only descriptive observations of improvement in MR and other parameters of cardiac 
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function. The current study with a much larger sample size revealed that although the 

severity of global dyssynchrony determined the amount of both early- and 

late-systolic MR, other determinants were different in different phases of MR. 

During early-systole, the presence of LV dilatation will cause outward displacement 

of papillary muscles which exerts significant tethering force on the mitral leaflets and 

results in incomplete leaflets closure. Therefore, significant LV reverse remodeling 

will reduce the amount of LV mid-cavity dilatation and diminish mitral leaflet 

tethering, leading to the decreased early-systolic MR. 

In contrast, during late-systole when the contractile LV segments have completed 

most of the systolic motion, the hypokinetic or akinetic LV segments are lagged 

behind resulting in localized remodeling. This will result in increased mitral valve 

deformation and consequently development of late-systolic functional MR. CRT may 

decrease mitral valve deformation by increasing LV closing force (90) and 

decreasing inter-papillary muscle dyssynchrony (120-122), giving rise to the 

reduction in late-systolic MR. 

Interestingly, improvement of LV systolic dyssynchrony has shown to exert a 

positive impact in both early- and late-systolic MR in the present study. A previous 

study has shown that CRT achieves resynchronization by homogenously delaying 

systolic contraction to a later timing (151). It is likely that reduction of LV systolic 

dyssynchrony with improvement of both global and regional coordination of 

contraction which in turn will decrease the distortion of mitral apparatus geometry 

and facilitate simultaneous closure of mitral leaflets. Furthermore, with improvement 
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of systolic synchronicity, the concerted systolic force development will be enhanced 

as segments are recruited to contract in a similar timing. This will be reflected by an 

increased mitral valve coaptation force and shortened regurgitant period (90). 

In conclusion, CRT reduced both early- and late-systolic functional MR in patients 

with evidence of pre-pacing MR. The improvement of early-systolic MR was 

determined by the extent ofLV reverse remodeling while those of late-systolic MR 

was determined by the decrease in mitral valve tenting area. Furthermore, LV 

systolic dyssynchrony is another independent determinant of improvement of both 

early- and late-systolic MR. 
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CHAPTER 8 SUMMARY 

8.1 Pathogenesis of Functional Mitral Regurgitation (MR) in Systolic Heart 

Failure 

Functional MR broadly denotes abnormal function of normal leaflets in the context 

of impaired left ventricular (LV) systolic function. It is frequently observed in 

patients with congestive heart failure and severely affects cardiovascular mortality 

and morbidity (33, 34). 

The primary mechanism of functional MR is believed to be the imbalance between 

the tethering force and the closing force which is initiated by global and regional LV 

remodeling in systolic heart failure (87). The presence of remodeling causes 

alterations in the normal geometric relationship between the ventricle and mitral 

valve apparatus by displacing the papillary muscles apically and/or outward, which 

results in tethering of the mitral leaflets and apical displacement of the coaptation 

zone (91-94). On the other hand，the impaired contraction of myocardium occurring 

in systolic heart failure with LV remodeling further disturbs the balance by 

decreasing the ventricular closing force (62，87). Furthermore, multiple factors are 

suggested to be involved in the pathogenesis of this force imbalance, including LV 

remodeling and dysfunction (62，85, 86，91, 92, 94)，leaflet tenting (83, 101)，annular 

dilation and dysfunction (11, 102-106), as well as mechanical dyssynchrony (84, 

125). Consequently, these changes lead to the deformation of the mitral valve 

apparatus and reduction in the coaptation area of the leaflets. 
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8.2 LV Systolic Dyssynchrony as a Determinant of the Severity of Functional 

MR 

LV systolic mechanical dyssynchrony describes the uncoordinated contraction 

among different regions of the heart due to the difference in timing to reach the 

maximal movement or deformation during systole. It is commonly observed in 

patients with congestive heart failure, irrespective of the QRS duration on surface 

ECG. The prevalence is about 70% in wide QRS and more than one third in narrow 

QRS complexes (143-145). The presence of significant systolic dyssynchrony not 

only reduces the efficiency of LV systolic contraction, but also associates with a 

higher risk of cardiac events (186). 

LV intraventricular dyssynchrony induces discoordinated contraction between 

different LV segments that the regional wall contractions are not effectively 

converted to pressure build-up in the LV but rather cause substantial blood volume 

shifts within the LV cavity. This will give rise to a decrease in LV contraction 

efficiency and the rate of pressure rise during systole (+dp/dt) that reduces the 

closing forces acting on the mitral leaflets (90). Secondly, dyssynchrony between the 

LV segments supporting the papillary muscles will produce uncoordinated regional 

LV mechanical activation in these segments, resulting in geometric changes in mitral 

leaflet attachments and implying tethering of the mitral leaflets (120). Thirdly, 

asynchronous contraction of the LV basal segments may render a non-simultaneous 

contraction of mitral annulus and adjacent LV walls, associated with the annular 

dilation and deformation where the leaflet tethering will be further compounded 

(128). In the current study, although mitral valvular tenting was the strongest 

determinant of MR severity, the existence of significant intraventricular mechanical 
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dyssynchrony was also found to be an independent factor that had an incremental 

predictive value over the mitral valve deformation. In the presence of significant 

valvular tenting，severe functional MR was observed in 77% of the patients with 

mechanical dyssynchrony and in 59% of those without. Therefore, it is indicated that 

functional and geometric changes induced by LV intraventricular dyssynchrony in 

systolic heart failure could affect the severity of functional MR. 

It has been postulated that both LV global dyssynchrony which calculates all the LV 

segments and regional dyssynchrony which only reflects the inter-papillary muscle 

delay are involved in the pathogenesis of functional MR. However, previous studies 

only reported the association between MR and the inter-papillary muscle contraction 

delay (125) or the delay among the eight segments adjacent to papillary muscles 

which could have included the contribution of global and/or regional dyssynchrony 

(84). In the present study, both LV global dyssynchrony which measured the 

maximal difference in the time to peak systolic velocity (Ts) among the 12 LV 

segments (Ts-Dif) and regional dyssynchrony which measured the difference in Ts 

between the LV segments underlying papillary muscles (APM-PPM delay) were 

investigated and compared. As a result, global dyssynchrony had a larger correlation 

coefficient with the severity of functional MR than inter-papillary muscle 

dyssynchrony, though the latter was also found to be associated with MR in 

univariate analysis. Nevertheless, by using multivariate analysis, global but not 

regional dyssynchrony was the independent determinant of MR severity, in addition 

to the mitral valvular deformation. Therefore, it appears that functional MR is not 

only determined by the uncoordinated motion generated from the two papillary 
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muscles, but rather different LV segments with dyssynchronous motion in concert 

contribute to the development of functional MR. 

8.3 LV Remodeling, Myocardial Deformation and Functional MR 

The progression of heart failure is characterized by progressive LV remodeling, 

which is defined as the change in size, shape and function of the LV that occurs in 

response to pathological stimuli. LV remodeling after myocardial infarction or in 

early stage of dilated cardiomyopathy has been regarded as the initial event for the 

development of functional MR (85, 86，91，92，94). In ischemic and nonischemic 

cardiomyopathy, LV remodeling causes functional MR through annular dilation, 

papillary muscle displacement, leaflet tethering, reduced myocardial contractility, as 

well as systolic dyssynchrony. Although the mitral leaflet tenting appeared 

predominant in previous studies (83, 84) and this study as well to determine the 

severity of functional MR, it should be regarded as the common pathway attributed 

by various factors including LV remodeling. It has been demonstrated in prior studies 

that the tethering force increases with the more spherical ventricle and therefore the 

presence of functional MR in heart failure is dependent on alterations in LV shape 

( 9 1，9 2，9 4 ) . 

Functional MR is increasingly recognized as a ventricular disease rather than a 

valvular problem, where myocardial performance accompanied by LV remodeling 

will provoke more research interests and clinical implications. Our current study 

observed that despite comparable ejection fraction between the two groups, more 

severe functional MR was associated with further impairment in short-axis 

myocardial deformation and greater extent of LV remodeling, in particular in terms 
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of short-axis dimension. In addition, the extent of LV remodeling was related to the 

degree of myocardial systolic impairment. This differential change in myocardial 

deformation implies that higher degree of functional MR is associated with more 

severe ventricular disease which can not be identified by ejection fraction. On the 

other hand, functional MR as a complication of LV dilation and systolic dysfunction, 

can further aggravate LV remodeling by overloading the ventricle. Therefore, a 

vicious cycle is formed between LV remodeling and functional MR which leads to 

deterioration of heart failure and poor prognosis. 

8.4 Favorable Effects on Functional MR Caused by Cardiac Resynchronization 

Therapy (CRT) 

CRT has been proposed as an effective device therapy in patients with drug 

refractory heart failure presented with systolic dyssynchrony (146). It improves 

symptoms, exercise capacity and quality of life, induces LV reverse remodeling as 

well as decreases mortality and heart failure hospitalization (148-152, 154, 155). 

Reduction of functional MR acutely or in the long-term after CRT have also been 

demonstrated by a number of studies (90’ 120-122, 152, 155，166). In the present 

study, apart from the conventional measurement of total MR volume, the changes in 

different phases of MR after CRT were particularly analyzed. It was found that 

reduction of both early- and late-systolic MR occurred at three months after the 

therapy, in contrast to a previous study with much smaller population (n=19) which 

reported only the improvement in early-systolic MR. 

Furthermore, the predictors of early- and late-systolic MR reduction after CRT were 

investigated. Consequently, the improvement of LV systolic dyssynchrony was an 
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independent determinant for both early- and late-systolic MR reduction. Diminished 

systolic dyssynchrony improves global and regional coordination of contraction that 

may decrease the distortion of mitral apparatus geometry and increase mitral valve 

coaptation force. This corroborates the findings in previous studies that reduction of 

functional MR after CRT was associated with decreased mechanical dyssynchrony 

(120-122), increased closing force (90)，improved mitral valve deformation (121， 

122), and LV reverse remodeling (152). However, these studies did not attempt to 

measure early- from late-systolic MR separately, nor predictor of MR improvement 

was identified. In addition to mechanical dyssynchrony, the improvement of 

early-systolic MR was also determined by the extent of LV reverse remodeling while 

the reduction of late-systolic MR by the improvement of mitral valve deformation. It 

could be explained by that LV reverse remodeling reduces the amount of LV 

mid-cavity dilatation and diminishes mitral leaflet tethering, whereas increased LV 

closing force and decreased inter-papillary muscle dyssynchrony causes the change 

in mitral leaflet tenting by correcting the localized remodeling of the hypokinetic or 

akinetic LV segments that "left behind" the contracting ventricle. 

8.5 Contribution of MR Reduction to LV Reverse Remodeling after CRT 

Despite the compelling beneficial effects of CRT on improving clinical status, 

cardiac function, reverse remodeling and prognosis, approximately 30% of patients 

treated with CRT do not respond to treatment when evaluated by composite clinical 

and/or echocardiographic endpoints (172). A number of factors could result in lack 

of response, such as ischemic etiology of heart failure, baseline mechanical 

dyssynchrony and LV end-diastolic diameter (173，174). Some previous studies also 

related the severity of pre-pacing MR to responses after CRT (174-176). 
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Unfortunately, the extent of LV reverse remodeling after CRT was not reported in 

most of them. However, baseline MR severity appeared not to be a determinant of 

the change in LVESV in our current study. 

On the other hand, the present study showed the association between changes in MR 

severity and volumetric responses to CRT, similar to the findings of previous studies 

(151, 173). In responders, MR was reduced significantly after CRT; however in 

non-responders，the extent of MR reduction was much less or remained unchanged. 

Moreover, we observed that the degree of LV reverse remodeling was the greatest in 

patients with significant MR reduction after CRT, moderate in those with no or only 

mild MR at baseline and the least in those without MR reduction. Understandably, 

the improvement of functional MR could be an important component underlying the 

favorable hemodynamic changes and gain in systolic function due to volume 

unloading effect in the LV and pressure offload in the left atrium after CRT (196， 

197). In patients who have no or mild MR at baseline, LV reverse remodeling is 

achieved by a more synchronous timing of LV contraction, resulting in improved 

forward systolic force and increased ejection fraction. In patients who have 

significant pre-pacing functional MR, the beneficial effect will be augmented 

through the change of MR. The reverse remodeling process will be accelerated by an 

additional offload effect caused by MR reduction. However, in patients without 

improvement of MR, the process of LV reverse remodeling will be slowed or even 

reversed by the volume overload caused by the persistent MR after CRT. 
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