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Abbreviations 

 

AP/ M-L  Anterior-posterior/ medial-lateral 

AS   Aortic stenosis 

BSA               Body surface area 

BMI               Body mass index 

BP                Blood pressure  

CAD              Coronary artery disease 

CAVI              Cardio-ankle vascular index 

CKD              Chronic kidney disease 

FMR              Functional mitral regurgitation  

HDL/ LDL         High-density lipoprotein/ low-density lipoprotein 

HF                Heart failure 

IVST              Interventricular septal wall thickness 

LA / LV            Left atrium/atrial/left ventricle/ventricular 

LVEDV/LVESV     Left ventricular end-diastolic and end-systolic volume 

LVDD             Left ventricular diastolic diameter 

LVID              Left ventricular internal diameter 

MV               Mitral valve/valvular  

PWT              Posterior wall thickness  

RT3DE            Real-time 3D echocardiography 
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Abstract 

Functional mitral regurgitation (FMR) is a complication in patients with ischemic and 

dilated cardiomyopathy, and is associated with poor clinical outcome. Recently, 

enlargement of the mitral valve (MV) has gained attention as a compensatory 

mechanism for FMR. I aimed to elucidate the clinical factors that are associated with 

reduced MV leaflet area and coaptation-zone area using real-time 3D echocardiography 

(RT3DE).  

 

This study had two steps. The first step was to find which clinical factors were 

associated with MV in 175 patients with normal left ventricle (LV) size and ejection 

fraction. There was a significant relationship between the MV leaflet area and the 

coaptation-zone area (r=0.481, p<0.001). MV leaflet area was strongly and positively 

associated with body surface area (BSA) (r=0.907, p<0.001). MV leaflet area/BSA was 

independently associated with diastolic blood pressure (p<0.001) and LV end-diastolic 

volume (LVEDV) index (p<0.001). Both MV coaptation-zone area/BSA and MV 

coaptation-zone area/MV leaflet area were positively and independently associated with 

LVEDV index (p=0.001, p=0.003). MV coaptation-zone area/MV leaflet area was 

negatively and independently associated with coronary artery disease (CAD) (p=0.034)   
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The second step was to determine if MV leaflet and coaptation-zone areas were 

associated with atherosclerosis assessed by cardio-ankle vascular index (CAVI) in 66 

patients with normal LV size and ejection fraction. CAVI is a blood pressure-

independent parameter of arterial stiffness. In multivariable analysis, mean CAVI was 

independently associated with MV leaflet area/BSA (r =-0.440, p=0.015) and with MV 

coaptation-zone area/BSA (r =-0.611, p<0.001), and with MV coaptation-zone area/MV 

leaflet area (r =-0.530, p<0.001). 

 

In conclusion, the MV leaflet area might be intrinsically determined by body size. On 

the other hand, some clinical factors associated with atherosclerosis might also 

influence MV leaflet and coaptation-zone areas, which are associated with the 

generation of FMR.  
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Introduction 

Functional mitral regurgitation (FMR), also known as secondary mitral regurgitation 

(MR), is caused by geometrical abnormalities of the subvalvular mitral complex (Figure 

1) and is a common complication in patients with non-ischemic or ischemic 

cardiomyopathy even in the absence of structural abnormalities of the mitral valve (MV) 

(Figure 2). FMR elicits left ventricular (LV) volume overload by regurgitation, leading to 

progressive myocardial dysfunction associated with poor clinical outcome over the world 

[1, 2].  

 

In a patient with heart failure (HF), the complication of FMR is a critical factor underlying 

the poor clinical outcome [3]. Continuous LV overload by FMR progresses to LV systolic 

dysfunction and LV remodeling, resulting in further deterioration of MV tethering and 

FMR [4]. LV systolic dysfunction also increases cardiac preload and decreases cardiac 

afterload, decreasing the force of pressure differential strength of MV leaflet coaptation, 

in turn causing dynamic FMR [5–8]. As all the above pathological factors develop 

continuously, FMR is associated with a poor prognosis in patients with HF. In HF 

complicated with FMR (Figure 3), the prognosis is poor during treatment whether or not 

the LV ejection fraction becomes normal, because cardiac preload and LV ventricular 
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volume overload are still higher in HF with FMR than without it.  
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Figure 1. Pathophysiology of functional mitral regurgitation in dilated or ischemic 

cardiomyopathy. 

 

Produced by Boqing Xu  

 

In dilated cardiomyopathy or ischemic cardiomyopathy with FMR, the distance between 

papillary muscles (shifted into posterior and lateral displacement) and MV leaflets is 

increased passively. At the same time, because the length of chordae tendineae remain 

constant, becoming insufficient to connect the passively displaced papillary muscles and 

MV leaflets, this elicits tethering of the mitral leaflets, and inappropriate leaflet 

coaptation, resulting in regurgitation.  

 

Ao, aorta. LA, left atrium. LV, left ventricle. MV, mitral valve. FMR, functional mitral 

regurgitation. 
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Figure 2. Non-ischemic cardiomyopathy complicated by function mitral regurgitation  

 

 

 

Figure 2A. Echocardiography shows that the MV leaflets were tethered to the apical 

direction in mid systole resulting in the loss of valve coaptation in a patient with dilated 

cardiomyopathy. 

Figure 2B. Color Doppler image shows a central jet of FMR caused by MV tethering 

with LV dilatation. 

Ao, aorta. LA, left atria. LV, left ventricle. MV, mitral valve. MR, mitral regurgitation. 

FMR, functional mitral regurgitation. 
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Figure 3. Left ventricular pressure-volume curve in heart failure complicated by FMR 

and without FMR. 

 

Produced by Boqing Xu 

 

In heart failure with FMR, the curve in end-diastole, the left ventricle suffers from 

volume overload compared with non-FMR. But at the end of systole, the stroke volume 

in FMR heart failure is much smaller than in a non-FMR one. This pathological process 

leads to poor clinical outcomes. 

 

HF, heart failure. FMR, functional mitral regurgitation.  
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FMR is also known to be associated with poor clinical outcomes in patients with atrial 

fibrillation (AF) [9]. The dilated left atrium (LA) pushes the crest of the LV inlet against 

the posterior MV leaflet, and the MV annular plane is displaced in the superior 

direction, causing atriogenic MV leaflet tethering [10–15]. AF complicated by FMR 

becomes increasingly important because 9% AF (1-10 years) and 29% AF (>10 years) 

have FMR with poor clinical outcome [11, 16]. Furthermore, FMR is also associated 

with a poor outcome in ischemic cardiac disease [17, 18]. Thus, FMR accounted for 

one-fifth of complications due to acute myocardial infarction and half of those who 

suffered from congestive heart failure [19]. The pathology is that ischemic remodeling 

of the LV causes displacement of papillary muscles and changes the MV leaflet 

adaptation (enlargement and stiffness [19]), resulting in tethering of the leaflets and 

reducing their coaptation [20].  

 

FMR is expected to increase further in the near future with the growing number of HF 

patients [21]. Therefore, it is critical to understand the pathophysiology of FMR and to 

establish preventive and therapeutic strategies for the condition. 

 

There is considerable evidence from animal experiments and clinical studies [22, 23] 
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that the tethering of the MV leaflets by a dilated LV and papillary muscle displacement 

plays a central role in the generation of FMR (Figure 1) [24]. The leaflets of the MV 

remain closed during the systolic phase of the LV with the help of papillary muscle 

contraction and the chordae tendineae connecting them normally. In a dilated LV, the 

distance between the papillary muscles and MV leaflets is increased passively, whereas 

the length of chordae tendineae remains constant [1]. These geometrical abnormalities 

of the mitral complex lead to a shift of the mitral tips in the apical direction, resulting in 

malcoaptation of the MV leaflets and generation of FMR. LV dilation also may cause 

mitral annular dilation, which is also postulated to contribute to the progression of FMR 

[25, 26].  

 

Recently, MV leaflet size has gained attention as a possible underlying mechanism of 

progression of FMR, because the size of the MV leaflets is an essential component of 

the closure of the valve [19, 23, 27, 28]. MV leaflets are dynamic and influenced by 

multiple factors [29]. In patients with a dilated LV, the mitral leaflets may be elongated 

due to stress imposed by tethering, and mitral leaflet elongation due to tethering may 

compensate for a reduced MV coaptation-zone area. However, as some patients have 

FMR without significant LV dilation, such as those with degenerative aortic stenosis 
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(AS) [30–33], it has been suggested that atherosclerosis-related risk factors might 

influence the mitral leaflet degeneration [34], presenting with a reduced size and 

hindering compensatory mitral leaflet elongation. It has been reported that 

compensatory and intrinsic metabolism occurs within the MV leaflet, named 

endothelial-mesenchymal trans-differentiation capacity and that this capacity actively 

enlarges the size of the MV leaflet area through a complex embryonic developmental 

pathway in the leaflet tissue [35, 36]. 

 

According to the above, it has been hypothesized that atherosclerosis-related risk factors 

may be associated with MV leaflet size and coaptation. Real-time 3D echocardiography 

allows quantitative measurements of the MV leaflet area and subvalvular apparatus with 

3D software (Figure 4). To address this hypothesis, I planned a two-step study using 

RT3DE in patients with normal LV size and function, where the MV tethering did not 

influence the MV leaflet size and coaptation. The first study was to find which clinical 

factors were associated with MV in patients with normal LV size and ejection fraction. 

The second study was aimed to determine if the MV leaflet and coaptation-zone areas 

were associated with the severity of atherosclerosis as assessed by the cardio-ankle 

vascular index (CAVI). 
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Figure 4. Reconstruction of the mitral complex by real-time 3D echocardiography. 

 

 

Mitral valvular (MV) leaflets can be reconstructed by 3D software (RealviewTM) using 

real-time 3D echocardiographic images. It allows 3-dimensional measurements of the 

mitral complex including the MV leaflet area. The blue ball represents the MV annulus. 

The color area enclosed inside the MV annulus represents the MV leaflet area for 

measuring at the time of the onset of MV closure. The color area enclosed inside the 

MV annulus, when measured in the time of mid-systole, represents the MV base-clear- 

zone area. A, anterior. AL, anterior-lateral papillary muscle. L, lateral. M, medium. P, 

posterior. PM, posterior-medium papillary muscle. V0, the endpoint of the maximum 

tenting length in coaptation. Y, y-axis. Z, z-axis. 
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Step 1 study 

Aims 

I aimed to determine if the MV leaflet area is associated with the MV coaptation-zone 

area and to identify the clinical factors associated with MV leaflet size and coaptation-

zone area in patients with normal LV systolic function and LV size using RT3DE. 

Methods 

1. Study subjects 

3D echocardiographic volume data were obtained in consecutive subjects who 

underwent conventional echocardiography using iE33 (Philips, Andover, MA, USA) for 

screening or assessing heart disease, from 8 October 2015 to 31 December 2017 at the 

University of Tokyo Hospital. Out of the pooled 3D data set, I screened my study 

subjects according to 2D echocardiographic screening criteria and added retrospective 

3D echocardiographic analysis. 

 

My 2D echocardiographic screening criteria were normal LV dimension (an indexed LV 

end-diastolic diameter < 3.3 cm/m2) [37] and normal systolic function (LV ejection 

fraction ≥ 50%) without regional LV wall motion abnormalities in mixed clinical 

conditions. The study enrolled 386 patients with normal LV dimensions and ejection 
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fraction. I excluded patients with cardiomyopathy, atrial fibrillation, and significant 

valvular heart disease except for FMR in which MV was structurally normal, as all 

might influence mitral leaflet size [19, 23, 27, 28]. Patients with atrial fibrillation were 

excluded from this study for an inadequate forming 3D echocardiographic image due to 

irregular heart rates. This is because the whole 3D volume data of the mitral complex 

requires combined 3D images of 4 heartbeats at the same interval. Furthermore, based 

on a previous study that reported normal values of 3D echocardiographic measurements 

and their gender differences, I finally enrolled only cases who had normal LV size by 

3D echocardiographic measurements (LV end-diastolic volume index of 26~74 ml/m2 

for males, and 28~64 ml/m2 for females) [38]. I collected clinical data on each patient at 

the time of the first visit to the hospital and during the follow-up period from medical 

records. I also determined if patients had hypertension, diabetes, dyslipidemia, coronary 

artery disease (CAD), chronic kidney disease (CKD), ischemic stroke, or a regular 

smoking habit and if they were on hemodialysis. Hypertension was defined as systolic 

blood pressure (BP) ≥140 mmHg or a diastolic BP ≥90 mmHg, measured repeatedly, or 

the use of antihypertensive therapy. Diabetes mellitus was defined as an overnight 

fasting serum glucose ≥126 mg/dL on at least two separate occasions or treatment with 

antidiabetic therapy. Dyslipidemia was defined as a serum level of total cholesterol 
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≥220 mg/dL, triglycerides ≥150 mg/dL, low-density lipoprotein (LDL) cholesterol ≥140 

mg/dL, or high-density lipoprotein (HDL) cholesterol <40 mg/dL, or the use of lipid-

lowering therapy. The presence of CAD was defined as a history of CAD, which was 

previously established if a major coronary artery had >50% diameter stenosis based on 

coronary angiography or computed tomography. CKD was defined as a gradual loss of 

renal function over time that progressed to 2nd stage CKD (eGFR 60-90ml/min/1.73m2) 

or more severe stages. Ischemic stroke was diagnosed based on the findings of magnetic 

resonance imaging. This cross-sectional study was approved by the institutional ethics 

committee of the University of Tokyo (# 2650), and the requirement for informed 

consent was waived because I used de-identified data routinely collected during daily 

practice. 

2. Conventional echocardiography 

Conventional echocardiography was performed consecutively in a prospective fashion. 

Two-dimensional and color Doppler imaging was performed to screen for valvular 

stenosis or regurgitation. LV mass and left atrial (LA) volume index were measured by 

2-dimensional echocardiography, according to published guidelines [37]. I used the 

cube formula to calculate LV mass during the end-diastolic period: LV mass (g) = 0.8 × 

1.04× [(IVST + LVID + PWT)3 - LVID3 ] + 0.6 (g) (IVST, interventricular septal wall 



20 

 

thickness; LVID, LV internal diameter; PWT, posterior wall thickness.) [37]. LV mass 

index was calculated as LV mass/ body surface area (BSA). LA volume was measured 

using the biplane area-length method [37]. LA volume index was calculated as LA 

volume/BSA. I obtained transmitral diastolic flow by pulsed-wave Doppler from the 

apical four-chamber view (Figure 5). Peak velocities of the early (E-wave) and late (A-

wave) phases of the mitral inflow pattern from Doppler recordings were measured in the 

apical four-chamber view, and their ratio (E/A) was calculated. The peak early diastolic 

(e’) velocity of the septal mitral annulus was measured by pulsed tissue Doppler 

imaging in the apical four-chamber view. The ratio of the E-wave to the e’ velocity 

(E/e’) was calculated as an index of LV filling pressure [39]. The severity of MR was 

graded semi-quantitatively by color Doppler studies of the spatial distribution of the 

regurgitate jet [40]. The echocardiographic machines and laboratory are maintained 

under the guidelines of the Japanese Society of Echocardiography [41].  
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Figure 5. Mitral inflow pattern in echocardiography. 

 

The sampling point of pulsed-wave Doppler was - at the point of mitral closure in the 

apical windows (left). Normal mitral inflow showed a predominant E-wave at early 

diastole, and a small A-wave at late diastole (right). DT, deceleration time. LA, left 

atria. LV, left ventricle. 
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3. 3D echocardiographic data acquisition and LV volume measurements 

An iE33xMATRIX system (Philips, Andover, MA, USA) was used, which was equipped 

with a highly ergonomic X5-1 transducer for RT3DE acquisition. Transthoracic 3D 

images (Figure 6) were taken from the apical window during a deep breath-hold with the 

patient in the lateral decubitus position. Full-volume 3D volumetric data were obtained 

by combining four ECG-triggered, wedge-shaped sub-volumes. The recorded RT3DE 

data sets included the complete MV anatomic apparatus, and the entire LV in the 

pyramidal data set. Frame rates (16-22 frames/s) were selected based on imaging depth 

(12-16 cm). The 3D images were digitally stored by experienced sonographers and then 

transferred to a work station. I used commercially available Q-lab 3D computer software 

(Philips, Andover, MA, USA) to determine the LV end-diastolic and end-systolic volumes 

(LVEDV and LVESV) (Figure 7) [42]. The cavity of the LV in each image plane was 

manually traced, and the LV volume was calculated using the multiplanar Simpson 

method. Ejection fraction (EF %) was calculated by: EF% = 100 x (LVEDV - 

LVESV)/LVEDV [37]. 

 

The echocardiography was performed by echocardiographers and cardiologists (with 

clinical internships less than four years). The measurement accuracy was periodically 
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checked by intra-devices variability (the same subject was measured by all devices, then 

the variability of the results checked.) and by inter- and intra-observer variability 

(mostly carried out between the echocardiographers), according to the guidelines of the 

Japanese Society of Echocardiography [41].  
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Figure 6. Full-volume 3D volumetric data using 3D echocardiography. 

 

Full-volume 3D volumetric data including the whole heart were obtained in the apical 

window using RT3DE. 

RT3DE, real-time 3D echocardiography.  
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Figure 7. Measurements of left ventricular end-diastolic volume using Q-lab 3D 

computer software. 

 

 

 

The cavity of the LV in each image plane was manually traced, and the LV volume was 

calculated using the multiplanar Simpson method.  

LV, left ventricle. 
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4. 3D echocardiographic quantification of the mitral complex 

Custom software (RealviewTM, YD, NARA, Japan) was used to analyze the mitral 

complex geometry from the RT3DE volume data, as described previously [28, 43, 44]. 

Initially, the time of MV closure onset was identified. The 3D volumetric image was 

automatically cropped into 18 sequential planes spaced at equal radial distances (10°). 

Then the anterior-posterior (A-P) and medial-lateral (M-L) plane of the MV annulus 

position was objectively determined by the aortic valvular and MV geometries among 

these planes. Subsequently, the sagittal planes of the MV depicted in all 18 sequential 

plane images were traced. From the above, 3D images of the mitral complex were 

finally reconstructed automatically. Additionally, the timing of mid-systole was 

determined and the 3D reconstruction of the mitral apparatus repeated in the same 

manner as described above (Figure 8).  

 

From these reconstructed 3D images of the MV apparatus, MV parameters were 

calculated by Realview at the time of MV closure and mid-systole, as previously 

described [28, 43, 44]. These parameters included the MV annular area, annular 

circumferences, annular diameter (A-P and M-L), annular height (from the saddle-

shaped mitral annulus by a non-planar index), mean and maximum tenting length, 

tenting volume, and tenting area (Figure 8). The saddle-shaped mitral annulus was 
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located in a plane, while the distance between the leaflets and the mitral annulus was 

maintained. The maximum tenting length was calculated as the distance from the 

annular plane to the most distant tethering site of the leaflet, and the mean tenting length 

was calculated as the average distance between the annular plane and the tethered 

leaflets. Tenting volume was determined as the volume enclosed between the annular 

plane and the mitral leaflets. MV leaflet size was determined as the tenting area at the 

time of MV closure onset. MV coaptation-zone area was calculated by subtracting the 

MV tenting area at mid-systole from the MV tenting area at the MV closure onset 

(Figure 8).  
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Figure 8. The quantity of mitral complex by real-time 3D echocardiography. 

 

Sagittal images (8, 12) of the MV at the time of MV closure onset among 18 equally-

segmented rotated images, which were automatically obtained from the 3D volumetric 

image. The yellow points represent the mitral annulus in the sagittal plane. The green 

points represent the MV leaflets in the frontal plane. The mitral annulus and the traced 

mitral leaflets were marked in the same way on each of the 18 equally-segmented 

rotated images.  

Then, 3D images of the mitral annulus and leaflets were automatically constructed by 

rotation of the MV annulus in the sagittal plane and MV leaflets in the frontal plane in 

each segmented image, and these images were used to quantify the parameters of MV 

geometry at the onset of MV closure. The same images of the mitral apparatus at mid-

systole were also completed.  

 

AL and PM, antero-lateral and postero-medial papillary muscle. Maximum tenting 

length is the distance between Vo and annular plane. Mean tenting length is the 

average distance between the annular plane and the leaflets. The purple area (images 8, 

12) in each of 18 segmented images rotated automatically forming the tenting volume. 

MV, mitral valve. V0, the endpoint of the maximum tenting length in coaptation.  
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5. Reproducibility of 3D echo quantification of mitral leaflets  

For assessing the reproducibility of 3D echo quantification of mitral leaflet size and 

coaptation-zone areas, two independent observers were invited to perform 3D 

echocardiographic measurements. Each observer repeated the measurements 

subsequently in 10 cases respectively, and in the different cardiac cycles.  

6. Statistical analysis 

All data were expressed as the mean ± SD for continuous variables and as percentages 

for categorical variables, and all statistical analyses were conducted utilizing SPSS24.0 

software (SPSS Inc, Chicago, IL, USA). Intra-observer and inter-observer variability, 

inter-beat variability of the MV leaflet area, and MV base-clear zone area were assessed 

by intra-class correlation coefficient analysis. Pearson’s linear correlation analysis was 

used to determine correlations between the MV parameters and the echocardiographic 

and clinical variables. Multivariable linear regression was performed to assess the 

factors that determined the MV leaflet area and coaptation-zone area. Variables with 

p<0.10 in univariable analysis were incorporated into the multivariable linear regression 

model. Statistical significance was defined as a two-tailed p-value < 0.05.  

  



30 

 

Results  

Intra-observer and inter-observer variabilities of MV leaflet measurements using 3D 

software showed good reproducibility and are summarized in Table 1. Out of 386 

enrolled cases, 211 were considered to be inadequate for 3D echo analysis on account of 

poor 3D echocardiographic images of MV. By the time of the accepted publication of 

the first part of this step 1 study [45], there were 135 analyzed cases in the manuscript. 

As cases were continuously enrolled until 31 December 2017, 3D echo analysis was 

ultimately performed in 175 out of 386 cases (45.3 %) in this step of the study (Figure 

9). Although patients with FMR were not excluded, none of the patients had significant 

(more than mild) FMR (trivial MR, 150 cases (85.7%); mild MR, 7 cases (4.0%)) 

(Figure 9). Table 2 shows the characteristics of 175 patients and the results of 3D 

measurements of the LV and conventional echocardiographic parameters. The results of 

3D measurements of MV parameters are summarized in Table 3. The average MV 

leaflet area was 10.7±1.7 cm2, and the average MV coaptation-zone area was 1.8±0.7 

cm2. A significant relationship between MV leaflet area and coaptation-zone area was 

first found (r=0.481, p<0.001) (Figure 10A). Then, a significant relationship between 

MV leaflet area/BSA and coaptation-zone area/BSA was found (r=0.590, p<0.001) 

(Figure 10B).  
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Table 1. Intra-observer and inter-observer variability and intra-beat and inter-beat 

variability of MV leaflet area and basal-clear zone area 

 

Intra-class correlation coefficients 

 Intra-observer P-value Inter-observer P-value 

MV leaflet area 0.934 <0.001 0.826 <0.001 

MV base-clear zone area 0.954 <0.001 0.874 <0.001 

  Inter-beat P-value 

MV leaflet area 0.747 <0.001 

MV base-clear zone area 0.708 <0.001 

 

MV, mitral valvular. 
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Figure 9. The study cases in study 1. 

 

 

 

Finally there were 175 cases were enrolled in study 1.  
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Table 2. Patient characteristics and echocardiography (Step 1 of the study) 

 

Variables n =175 

Age (years) 61 ± 15 

Male 87 (49.7 %) 

Body surface area (m2) 1.7 ± 0.2 

Body mass index (kg/m2) 24.0 ± 4.2 

Heart rate (bpm) 70 ± 12 

Systolic blood pressure (mmHg) 137 ± 22 

Diastolic blood pressure (mmHg) 76 ± 13 

Comorbidities 

Hypertension 79 (45.1%) 

Type II diabetes mellitus 21 (12.0%) 

Dyslipidemia 60 (34.3%) 

Coronary artery disease 13 (7.4%) 

Ischemic stroke 5 (2.9%) 

Chronic kidney disease 31 (17.7%) 

Hemodialysis 5 (2.9%) 

Smoking 23 (13.1%) 

3D Echocardiography 

LVEDV index (ml/m2) 56.5 ± 8.1 

LVESV index (ml/m2) 20.0 ± 4.6 

LV ejection fraction (%) 64.8 ± 5.5 

2D echocardiography 

LV mass index (g/m2) 78.7 ± 15.8 

LA volume index (ml/m2) 28.7± 9.2 

E/A 1.0 ± 0.4  

 Septal e’  6.4 ± 2.5 

E/e’ 11.9 ± 4.2 

 

LVEDV and LVESV, left ventricular end-diastolic and end-systolic volumes; LV, left 

ventricular; LA, left atrial. 
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Table 3. Mitral valve geometric parameters at the onset of MV closure and mid-systole 

 

MV variables At MV closure onset At mid-systole 

Mean ± 

SD 

Range Mean ± 

SD 

Range 

Annular area (cm2) 8.4 ± 1.2 5.6 ~ 11.5 7.3 ±1.1 4.6 ~ 10.3 

Annular circumference 

(mm) 

103.5 ± 7.2 84.2 ~ 121.1 96.7 ±7.5 76.7 ~ 114.5 

AP – diameter (mm) 31.7 ±2.3 25.8 ~ 38.1 29.6 ±2.4 23.3 ~ 35.8 

ML – diameter (mm) 33.4 ±2.5 26.6 ~ 39.3 30.9 ±2.5 23.5 ~ 36.4 

Annular height (mm) 3.1 ±0.6 0.9 ~ 4.9 3.9 ±0.7 1.5 ~ 5.6 

Max tenting length (mm) 6.5 ±1.9 3.0 ~ 14.2 4.9 ±1.9 1.6 ~ 11.4 

Mean tenting length (mm) 3.2 ±1.2 0.8 ~ 7.9 1.9 ±1.2 -0.1 ~ 5.6 

Tenting volume (cm3) 2.1 ±0.9 0.6 ~ 5.2 1.2 ±0.6 0.2 ~ 3.3 

Leaflet area (cm2) 10.7 ±1.7 7.0 ~ 15.3 － － 

Base-clear zone area (cm2) － － 8.9 ±1.5 5.1 ~ 14.2 

Coaptation-zone area 

(cm2)  

－ － 1.8±0.7 0.2 ~ 4.0 

 

AP, anterior-posterior; MV, mitral valve; ML, medial-lateral. 
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Figure 10. (A) Correlation between the mitral valvular leaflet area and coaptation-zone 

area. (B) Correlation between the mitral valvular leaflet area/BSA and coaptation-zone 

area/BSA 

 

(A) MV leaflet area was significantly associated with MV coaptation-zone area. 

(B) MV leaflet area/BSA was significantly associated with MV coaptation-zone 

area/BSA 

BSA, Body surface area. 
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In the general healthy population, echocardiographic parameters may change according 

to body size, age, or heart size. Thus, I selected BSA, BMI, age, and LV size, but not 

other clinical factors, and examined which parameters were adequate to index mitral 

leaflet area in patients with normal LV size and function. Then, among body size, age, 

and LV size, the association between MV leaflet area and BSA were compared in order 

to identify the major determinants of the MV leaflet area. Therefore, body mass index 

(BMI), age, and LV volume were obtained by RT3DE, to explore which was the major 

determinant of MV leaflet area among body size, age, and LV size in subjects without 

LV dilatation. From that, the MV leaflet area was found to be strongly and positively 

associated with BSA (r=0.907, p<0.001). It also had a significant but weaker association 

with age, LVEDV, and LVESV (Figure 11, Table 4). In multivariable analysis, BSA and 

LVEDV were the parameters independently and positively associated with the MV 

leaflet area (Table 4). When the same univariable analyses were repeated for the MV 

coaptation-zone area, there were significant associations with BSA, age, LVEDV, and 

LVESV (Figure 12, Table 5), but these were weaker than those with the MV leaflet area. 

In multivariable analysis, LVEDV was independently and positively associated with the 

MV coaptation-zone area (Table 5). When the independent associations of the clinical 

factors were compared with the MV leaflet area and coaptation-zone area, BSA had a 
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greater influence on the MV leaflet area, whereas LVEDV had a greater influence on the 

MV coaptation-zone area. 
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Figure 11. Correlations between mitral valvular leaflet area and body surface area (A), 

age (B), left ventricular end-diastolic volume (C), and left ventricular end-systolic 

volume (D). 

 

 

MV leaflet area was more strongly associated with BSA than with age, LVESV, or 

LVEDV. 
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Table 4. Univariable and multivariable analyses of the relationships of MV leaflet area 

with BSA, BMI, and age, and LV volume 

 

Variables MV leaflet area (cm2)  

Univariable analysis 

 Correlation coefficient P-value 

BSA (m2) 0.907 <0.001 

BMI (kg/m2) 0.649 <0.001 

Age (years) -0.280 <0.001 

LVEDV (ml) 0.634 <0.001 

LVESV (ml) 0.482 <0.001 

Multivariable analysis 

 Standardized coefficient P-value 

BSA (m2) 0.736 <0.001 

BMI (kg/m2) 0.058 0.088 

Age (years) -0.018 0.489 

LVEDV (ml) 0.276 <0.001 

LVESV (ml) 0.028 0.471 

BSA, body surface area; BMI, body mass index; LVEDV and LVESV, left ventricular 

end-diastolic and end-systolic volumes; MV, mitral valvular. 
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Table 5. Univariable and multivariable analyses of the relationships of MV coaptation-

zone area with BSA, BMI, age, and LV volume 

 

Variables

  

MV coaptation-zone area (cm2) 

Univariate analysis 

 Correlation coefficient P-value 

BSA (m2) 0.257 0.001 

BMI (kg/m2) 0.140 0.064 

Age (years) -0.208 0.006 

LVEDV (ml) 0.434 <0.001 

LVESV (ml) 0.380 <0.001 

Multivariable analysis 

 Standardized coefficient P-value 

BSA (m2) 0.088 0.390 

BMI (kg/m2) -0.048 0.610 

Age (years) -0.119 0.106 

LVEDV (ml) 0.324 0.004 

LVESV (ml) 0.092 0.389 

 

BSA, body surface area; BMI, body mass index; LVEDV and LVESV, left ventricular 

end-diastolic and end-systolic volumes; MV, mitral valvular. 
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Figure 12. Correlations between mitral valvular coaptation-zone area and body surface 

area (A), age (B), left ventricular end-diastolic volume (C), and left ventricular end-

systolic volume (D). 

 

MV coaptation-zone area was significantly but weakly associated with BSA, age, 

LVESV, and LVEDV. 

BSA, body surface area; LVEDV/SV, left ventricular end-diastolic volume/ end-systolic 

volume; MV, mitral valve. 
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In light of the close relationship between MV leaflet area and BSA, MV leaflet area and 

coaptation-zone area were indexed by BSA. In addition, MV coaptation-zone area was 

also indexed by MV leaflet area. The associations between these indexed parameters 

and the clinical and echocardiographic parameters were examined by univariable and 

multivariable linear regression analyses (Table 6, 7, 8). In univariable analysis, MV 

leaflet area/BSA was significantly associated with diastolic blood pressure, a history of 

hemodialysis, LVEDV index, and LVESV index (Table 6); MV coaptation-zone 

area/BSA was significantly associated with the presence of CAD, LVEDV index, and 

LVESV index (Table 7); MV coaptation-zone area/MV leaflet area was significantly 

associated with the presence of CAD, LVEDV index, and LVESV index (Table 8). In 

multivariable analysis, diastolic blood pressure and LVEDV index were independently 

associated with MV leaflet area/BSA (Table 6); the LVEDV index was independently 

associated with MV coaptation-zone area/BSA (Table 7); Presence of CAD and LVEDV 

index were independently associated with MV coaptation-zone area/BSA (Table 8). 
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Table 6. Univariable and multivariable analyses of MV leaflet area/BSA with clinical 

factors 

 

Variables MV leaflet area /BSA (cm2/m2)  

Correlation coefficient P-value 

Univariable analysis 

Age (years) -0.089 0.240 

Male 0.121 0.110 

Heart rate (bpm) -0.067 0.383 

Systolic BP (mmHg) 0.050 0.514 

Diastolic BP (mmHg) 0.195 0.010 

Hypertension -0.006 0.939 

Type II diabetes mellitus -0.025 0.741 

Dyslipidemia 0.078 0.306 

Coronary artery disease 0.007 0.922 

Ischemic stroke -0.029 0.699 

Chronic kidney disease 0.051 0.502 

Hemodialysis 0.226 0.003 

Smoking -0.045 0.556 

LVEDV index (ml/m2) 0.469 <0.001 

LVESV index (ml/m2) 0.423 <0.001 

LA volume index 

(ml/m2) 

0.045 0.553 

Multivariable analysis  
Standardized coefficient P-value 

Diastolic BP (mmHg) 0.262 <0.001 

Hemodialysis 0.078 0.238 

LVEDV index (ml/m2) 0.370 <0.001 

LVESV index (ml/m2) 0.168 0.082 

 

BSA, body surface area; BP, blood pressure; LVEDV and LVESV, left ventricular end-

diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve. 
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Table 7. Univariable and multivariable analyses of MV coaptation-zone area/BSA with 

the clinical factors 

 

Variables MV coaptation-zone area/BSA (cm2/m2) 

Correlation coefficient P-value 

Univariable analysis 

Age (years) -0.127 0.095 

Male -0.028 0.710 

Heart rate (bpm) -0.067 0.381 

Systolic BP (mmHg) -0.019 0.805 

Diastolic BP (mmHg) 0.070 0.359 

Hypertension -0.061 0.424 

Type II diabetes mellitus -0.059 0.436 

Dyslipidemia 0.053 0.485 

Coronary artery disease -0.162 0.032 

Ischemic stroke -0.081 0.288 

Chronic kidney disease 0.003 0.966 

Hemodialysis 0.091 0.230 

Smoking -0.024 0.748 

LVEDV index (ml/m2) 0.386 <0.001 

LVESV index (ml/m2) 0.336 <0.001 

LA volume index 

(ml/m2) 

-0.025 0.746 

Multivariable analysis  
Standardized coefficient P-value 

Age (years) -0.136 0.060 

Coronary artery disease -0.132 0.062 

LVEDV index (ml/m2) 0.340 0.001 

LVESV index (ml/m2) 0.082 0.424 

 

BSA, body surface area; BP, blood pressure; LVEDV and LVESV, left ventricular end-

diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve. 
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Table 8. Univariable and multivariable analyses of MV coaptation-zone area/ MV 

leaflet area with the clinical factors 

Variables MV coaptation-zone area/MV leaflet area (cm2/cm2) 

Correlation coefficient P-value 

Univariable analysis 

Age (years) -0.129 0.089 

Male -0.059 0.434 

Heart rate (bmp) -0.059 0.436 

Systolic BP (mmHg) -0.035 0.650 

Diastolic BP (mmHg) 0.030 0.694 

Hypertension -0.067 0.375 

Type II diabetes mellitus -0.068 0.370 

Dyslipidemia 0.038 0.617 

Coronary artery disease -0.182 0.016 

Ischemic stroke -0.089 0.244 

Chronic kidney disease -0.009 0.909 

Hemodialysis 0.043 0.570 

Smoking -0.019 0.799 

LVEDV index (ml/m2) 0.343 <0.001 

LVESV index (ml/m2) 0.291 <0.001 

LA volume index (ml/m2) -0.038 0.614 

Multivariable analysis 

 Standardized coefficient P-value 

Age (years) -0.132 0.072 

Coronary artery disease -0.153 0.034 

LVEDV index (ml/m2) 0.316 0.003 

LVESV index (ml/m2) 0.056 0.596 

BSA, body surface area; BP, blood pressure; LVEDV and LVESV, left ventricular end-

diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve. 
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Step 2 study 

Aims 

Based on the results of the first step, I aimed to determine if the MV coaptation-zone 

area was associated with the severity of atherosclerosis as assessed by cardio-ankle 

vascular index (CAVI) or by other clinical factors in patients with normal LV systolic 

function and size, by RT3DE. 

Methods 

1. Study subjects 

For the second step of the study, 3D echocardiographic volume data were also 

determined in consecutive subjects who underwent conventional echocardiography 

using iE33 (Philips, Andover, MA, USA) for screening or assessing cardiac diseases, 

from 8 October 2015 to 31 December 2019. These subjects visited our hospital for 

medical care, a health check, or a preliminary investigation of disease. Out of the pooled 

3D data sets, subjects were consecutively examined with 2D echocardiographic 

screening and CAVI screening criteria and then added to the retrospective 3D 

echocardiographic analysis. 

2D echocardiographic screening criteria were examined in subjects with normal LV 

dimensions (an indexed LV end-diastolic diameter; males < 3.2cm/m2, females < 3.3 
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cm/m2) [46] and systolic function (LV ejection fraction ≥ 50%) [47], without regional or 

global LV wall motion abnormalities in a variety of clinical conditions. Next, patients 

were excluded who suffered from cardiomyopathy, atrial fibrillation, or significant 

valvular heart disease, except FMR, for the reason that these diseases per se could 

influence the mitral leaflet size [19, 23, 27, 28]. Furthermore, according to a previous 

study that reported normal values of 3D echocardiographic measurements and their 

gender differences, the step 2 study finally enrolled only cases who appeared to have 

normal LV size by 3D echocardiographic measurements (LV end-diastolic volume index 

of 26~74 ml/m2 for males, and 28~64 ml/m2 for females) [38]. The clinical data were 

recorded on each patient at the time of the first diagnosis and during the follow-up 

period from the case history. By looking at the patient’s history, it was determined if 

they had hypertension, diabetes, dyslipidemia, CAD, CKD, ischemic stroke, or a regular 

smoking habit, and if they had been on hemodialysis. Patients with peripheral artery 

disease (stenosis or occlusion of the abdominal aorta, iliac artery, and/or lower 

extremity arteries) [48] were excluded, because CAVI does not serve as a surrogate of 

arterial stiffness in patients with these diseases. This cross-sectional study was approved 

by the institutional ethics committee of the University of Tokyo (# 2650), and the 

requirement of informed consent was waived because only de-identified data routinely 
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collected during daily practice were used. This step of the study enrolled 112 patients.  

2. Conventional echocardiography  

Conventional echocardiography was performed consecutively in the same manner as in 

the step 1 study. 

3. 3D echocardiographic data acquisition and LV volume, CAVI measurements  

The iE33xMATRIX system (Philips, Andover, MA, USA) specially devised with a 

highly ergonomic X5-1 transducer for RT3DE acquisition was used for taking 3D 

echocardiography. Transthoracic 3D images were acquired from the apical window 

during a deep breath-holding period in the same manner as in the step 1 study. 

 

Cardio-ankle vascular index was measured by the VS2000 system (Fukuda, Tokyo, 

Japan), and the mean CAVI was calculated as an average value of the right and left 

CAVI. 

 

All the above echocardiographic and CAVI measurements were checked and taken by 

echocardiographers and cardiologists. The date of CAVI measurements mostly was 

before the echocardiographic examinations with mean 652±822 days (range -273 ~ 

3341 days). The accuracy was periodically checked by intra-device variability (the same 



49 

 

subject was measured by all devices, then the variability of the results examined) and by 

inter- and intra-observer variability (mainly carried out between the 

echocardiographers), in accordance with the guidelines of the Japanese Society of 

Echocardiography [41].   

4. 3D echocardiographic quantification of the mitral complex  

Custom software (Realview, YD, NARA, Japan) was used for analyzing the mitral 

complex geometry from the RT3DE volume data, following the same method as used 

previously [28, 43, 44]. MV leaflets and coaptation-zone areas were determined in the 

same manner as in the step 1 study.  
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5. Statistical analysis  

All data were presented as the mean ± SD for continuous variables and as percentages 

for categorical variables, and all statistical analyses were calculated using SPSS24.0 

software (SPSS Inc, Chicago, IL, USA). Pearson’s linear correlation was used to 

determine the associations between the MV parameters and echocardiographic and 

clinical variables. Multivariable linear regression analysis was applied to assess the 

factors that determined the MV leaflet area and coaptation-zone area. Variables with 

p<0.10 in univariate analysis were selected and included in a multivariable linear 

regression model. Statistical significance was determined as a two-tailed p-value < 0.05. 
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Results  

Out of the 112 cases enrolled, 46 were considered to be inadequate for 3D echo analysis 

because of poor 3D echocardiographic images of the MV. Consequently, 3D echo 

analysis and CAVI were performed in 66 out of 112 cases (58.9%) in the step 2 study 

(Figure 13). Although patients with FMR were not excluded, none of the patients had 

significant MR in step 2. Trivial MR was seen in 55 cases (83.3%) and mild MR in 4 

cases (6.1%) out of the 66 subjects (Figure 13).  

 

Table 9 shows the characteristics of 66 patients and the results of 3D measurements of 

the LV and conventional echocardiographic parameters. The results of 3D 

measurements of MV parameters are summarized in Table 10. The average MV leaflet 

area was 10.7±1.4 cm2, and the average MV coaptation-zone area was 1.3±0.4cm2. 
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Figure 13. The study cases in study 2. 

 

 

Finally, there were 66 cases were enrolled in study 2.  
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Table 9. Patient characteristics, echocardiography and CAVI (step 2 study) 

 

Variables n =66 

Age (years) 66 ± 13 

Male 42 (63.6 %) 

Body surface area (m2) 1.7 ± 0.2 

Body mass index (kg/m2) 24.3 ± 4.4 

Heart rate (bpm) 69 ± 11 

Systolic blood pressure (mmHg) 136 ± 23 

Diastolic blood pressure (mmHg) 73 ± 14 

Comorbidities 

Hypertension 41 (62.1%) 

Type II diabetes mellitus 26 (39.4%) 

Dyslipidemia 33 (50%) 

Coronary artery disease 21 (31.8%) 

Ischemic stroke 6 (9.1%) 

Chronic kidney disease 16 (24.2%) 

Hemodialysis 2 (3%) 

Smoking 16 (24.2%) 

3D Echocardiography 

LVEDV index (ml/m2) 54.5 ± 6.1 

LVESV index (ml/m2) 20.3 ± 3.0 

LV ejection fraction (%) 62.8 ± 3.4 

2D echocardiography 

LV mass index (g/m2) 84.7 ± 20.2 

LA volume index (ml/m2) 31.9 ± 10.7 

E/e’ 12.9 ± 4.3 

Right CAVI 8.6 ±1.5 

Left CAVI 8.6 ±1.6 

Mean CAVI 8.6 ±1.5 

 

LVEDV and LVESV, left ventricular end-diastolic and end-systolic volumes; LV, left 

ventricular; LA, left atrial; CAVI, cardio-ankle vascular index. 
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Table 10. Mitral valve geometrical parameters at the onset of MV closure and cardiac 

mid-systole 

 

MV variables At MV closure onset At cardiac mid-systole 

Mean ± SD Range Mean ± SD Range 

Annular area (cm2) 8.6 ± 1.0 6.7 ~ 11.5 7.7 ±1.0 5.6 ~ 10.3 

Annular 

circumference (mm) 

104.7 ± 6.3 92.0~ 121.1 99.4 ±6.3 84.6 ~ 114.5 

Leaflet area (cm2) 10.7 ±1.4 8.35 ~ 15.1 － － 

Basal-clear-zone area 

(cm2) 

－ － 9.4 ±1.2 7.0 ~ 12.6 

Coaptation-zone area 

(cm2)  

－ － 1.3±0.4 0.8~ 2.5 

 

MV, mitral valve. 
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According to the step1 study, MV leaflet and coaptation-zone areas were indexed by 

BSA. In addition, MV coaptation-zone area was also indexed by MV leaflet area. The 

associations between these indexed parameters and the clinical and echocardiographic 

parameters were examined by univariable and multivariable linear regression analyses 

(Table 11, 12, 13). In the univariable analyses of MV leaflet area/BSA and clinical 

factors, age and mean CAVI was significantly associated with MV leaflet area/BSA (r = 

-0.464, p<0.001, table 11, Figure 14A). In the multivariable analysis, mean CAVI was 

the only factor independently associated with MV leaflet area/BSA (r = -0.440, 

p=0.015, table 11). In the univariable analysis of table 12, MV coaptation-zone 

area/BSA was significantly associated with age, hypertension, dyslipidemia, 

echocardiographic LV diastolic parameter E/e’, and mean CAVI. Among them, MV 

coaptation-zone area/BSA was strongly associated with mean CAVI (r= -0.740, 

p<0.001, Figure 14B). In the multivariable analysis shown in table 12, mean CAVI was 

independently associated with MV coaptation-zone area/BSA (r = -0.611, p<0.001). In 

the univariable analysis of table 13, MV coaptation-zone area/MV leaflet area was 

significantly associated with age, hypertension, echocardiographic LV diastolic 

parameter E/e’, and mean CAVI. Among them, MV coaptation-zone area/ MV leaflet 

area was strongly associated with mean CAVI (r= -0.695, p<0.001, Figure 15). In the 
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multivariable analysis shown in table 13, mean CAVI was independently associated 

with MV coaptation-zone area/MV leaflet area (r = -0.530, p< 0.001). 
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Table 11. Univariable and multivariable analyses of MV leaflet area/BSA with clinical 

factors 

 

Variables MV leaflet area/BSA (cm2/m2) 

Univariable analysis 

 Correlation coefficient P-value 

Age (years) -0.335 0.006 

Heart rate (bpm) 0.058 0.646 

Systolic BP (mmHg) -0.171 0.169 

Diastolic BP (mmHg) -0.067 0.592 

Hypertension -0.069 0.583 

Type II diabetes mellitus -0.127 0.309 

Dyslipidemia -0.189 0.129 

Coronary artery disease 0.052 0.676 

Ischemic stroke 0.096 0.442 

Chronic kidney disease 0.134 0.282 

Hemodialysis 0.002 0.987 

Smoking 0.132 0.291 

LVEDV index (ml/m2) -0.026 0.837 

LVESV index (ml/m2) 0.130 0.296 

LV ejection fraction (%) -0.237 0.055 

LV mass index (g/ m2) -0.037 0.768 

LA volume index 

(ml/m2) 

0.022 0.861 

E/e’ -0.107 0.391 

Mean CAVI -0.464 <0.001 

Multivariable analysis 

 Standardized coefficient P-value 

Age (years) 0.010 0.955 

LV ejection fraction (%) -0.143 0.217 

Mean CAVI -0.440 0.015 

 

BSA, body surface area; BP, blood pressure; LV, left ventricle; LVEDV and LVESV, left 

ventricular end-diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve; 

CAVI, cardio-ankle vascular index. 
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Table 12. Univariable and multivariable analyses of MV coaptation-zone area/BSA with 

the clinical factors 

 

Variables MV coaptation-zone area/BSA (cm2/m2) 

Univariable analysis 

 Correlation coefficient P-value 

Age (years) -0.626 <0.001 

Heart rate (bpm) -0.129 0.307 

Systolic BP (mmHg) -0.204 0.100 

Diastolic BP (mmHg) 0.109 0.384 

Hypertension -0.272 0.027 

Type II diabetes mellitus -0.204 0.100 

Dyslipidemia -0.247 0.045 

Coronary artery disease -0.215 0.083 

Ischemic stroke -0.104 0.405 

Chronic kidney disease -0.085 0.499 

Hemodialysis -0.040 0.747 

Smoking -0.037 0.769 

LVEDV index (ml/m2) 0.040 0.748 

LVESV index (ml/m2) 0.126 0.312 

LV ejection fraction (%) -0.145 0.246 

LV mass index (g/m2) -0.146 0.242 

LA volume index (ml/m2) -0.072 0.567 

E/e’ -0.445 <0.001 

Mean CAVI -0.740 <0.001 

Multivariable analysis 

 Standardized coefficient P-value 

Age (years) -0.102 0.454 

Hypertension 0.073 0.493 

Dyslipidemia -0.085 0.435 

Coronary artery disease -0.064 0.482 

E/e’ -0.113 0.298 

Mean CAVI -0.611 <0.001 

BSA, body surface area; BP, blood pressure; LV, left ventricle; LVEDV and LVESV, left 

ventricular end-diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve; 

CAVI, cardio-ankle vascular index. 
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Table 13. Univariable and multivariable analyses of MV coaptation-zone area/MV leaflet 

area with the clinical factors 

Variables MV coaptation-zone area/MV leaflet area (cm2/cm2) 

Univariable analysis 

 Correlation coefficient P-value 

Age (years) -0.598 <0.001 

Heart rate (bmp) -0.149 0.235 

Systolic BP (mmHg) -0.190 0.127 

Diastolic BP (mmHg) 0.126 0.312 

Hypertension -0.280 0.023 

Type II diabetes mellitus -0.197 0.113 

Dyslipidemia -0.231 0.062 

Coronary artery disease -0.242 0.051 

Ischemic stroke -0.129 0.304 

Chronic kidney disease -0.121 0.334 

Hemodialysis -0.042 0.739 

Smoking -0.063 0.613 

LVEDV index (ml/m2) 0.053 0.671 

LVESV index (ml/m2) 0.114 0.364 

LV ejection fraction (%) -0.109 0.385 

LV mass index (g/m2) -0.151 0.226 

LA volume index (ml/m2) -0.080 0.525 

E/e’ -0.456 <0.001 

Mean CAVI -0.695 <0.001 

Multivariable analysis 

 Standardized coefficient P-value 

Age (years) -0.112 0.440 

Hypertension 0.048 0.669 

Dyslipidemia -0.031 0.792 

Coronary artery disease -0.105 0.277 

E/e’ -0.164 0.158 

Mean CAVI -0.530 <0.001 

BSA, body surface area; BP, blood pressure; LV, left ventricle; LVEDV and LVESV, left 

ventricular end-diastolic and end-systolic volumes; LA, left atrial; MV, mitral valve; 

CAVI, cardio-ankle vascular index. 
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Figure 14. Correlations between mitral valvular leaflet area/ BSA, coaptation-zone 

area/BSA, and mean CAVI. 

 

A. MV leaflet area/ BSA was associated with mean CAVI. 

B. MV coaptation-zone area/BSA was associated with mean CAVI. 

BSA, body surface area; CAVI, cardio-ankle vascular index; MV, mitral valve 
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Figure 15. Correlations between MV coaptation-zone area /MV leaflet area and  

mean CAVI. 

 

MV coaptation-zone area/MV leaflet area was associated with mean CAVI. 

CAVI, cardio-ankle vascular index; MV, mitral valve 
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Discussion 

In the first step study, only 175 (45%) cases out of 386 enrolled cases were eligible for 

3D analysis, because precise 3D measurements of the mitral complex required acquisition 

of clear entire 3D volume data of the mitral complex consisting of 18 equally-segmented 

images. Then a significant relationship between MV leaflet area and coaptation-zone area 

was found in subjects who appeared to have a preserved LV ejection fraction without LV 

dilation. In addition, MV leaflet area and coaptation-zone area were linearly correlated 

with BSA. When the clinical factors associated with MV leaflet size and coaptation-zone 

size were explored, the major findings were as follows:  

(1.1) Body size was the strongest determinant of the MV leaflet area. The size of the 

mitral leaflet area might be intrinsically determined by body size in subjects with normal 

LV size and EF.  

(1.2) MV leaflet area/BSA was relatively constant, regardless of differences in clinical 

factors when LV size was normal. However, the LVEDV index or other clinical factors, 

such as diastolic blood pressure, may be associated with MV leaflet area/BSA. In 

particular, the LVEDV index was an important determinant of the MV leaflet area.  

(1. 3) MV coaptation-zone area was also associated with BSA. However, it showed more 

dispersion and variability compared with the MV leaflet area associated with BSA, and 
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its index with BSA was determined mainly by the LVEDV index rather than other clinical 

factors in the presence of normal LV size. MV coaptation-zone area index with MV leaflet 

area was also determined mainly by the LVEDV index, As compared with MV coaptation-

zone area/BSA, CAD was independently and negatively associated with MV coaptation-

zone area/MV leaflet area. 

MV leaflet varied widely among individual patient 

Previous investigations have demonstrated that the measurement of MV annular, 

tenting, and papillary muscle parameters varied widely among individual patients [43]. 

Ultrastructural and cellular changes in the mitral leaflets due to chronic mechanical 

loading have been reported [49]. Also, reductions of cell number and disoriented 

collagen fibers increased elastin fibers, and decreased mucopolysaccharides were 

observed histologically in the MV of individuals over 60 years of age [50]. 

Furthermore, other studies have indicated that the MV leaflets are active living 

structures with their own metabolic and compensatory mechanisms and that their 

structure can be modified by various clinical factors [35, 36, 51–53]. However, unlike 

the aortic valve, structural changes in the MV leaflets related to age, atherosclerosis, and 

other clinical factors are not well understood. 

The determinants of MV leaflet area in normal LV size 
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As shown in the step 1 study, the MV leaflet area had a significant relationship with the 

MV coaptation-zone area, indicating the importance of MV leaflet size for proper MV 

closure in patients with normal LV size. A reduced MV leaflet area even in patients 

with normal LV size could result in a reduced MV coaptation-zone area and the 

generation of FMR. Furthermore, the MV leaflet area was associated with BSA, age, 

and LV size in univariable analysis, and the strongest association was with BSA. 

Although the MV leaflet area decreased slightly with age, age was not independently 

associated with MV leaflet area in multivariable analysis. Therefore, decreased MV area 

with aging might be mainly related to decreased body size during aging. It is known that 

LV size can be increased in patients with acquired conditions that require high cardiac 

output, such as athletes [54], those with anemia, and those on hemodialysis [55]. 

However, the step 1 study suggests that the most important intrinsic determinant of 

mitral leaflet size might be body size. The results suggest that it might be reasonable to 

index the MV leaflet area by BSA for comparison among individuals with different 

clinical characteristics.  

The determinants of MV coaptation–zone area in normal LV size 

MV coaptation-zone area was also associated with BSA. But this association was 

weaker than the association of the MV leaflet area with BSA. Besides, LVEDV was the 
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only independent determinant of the MV coaptation-zone area, suggesting there is a 

close relationship between MV coaptation-zone area and LV size. As previous studies 

suggested [19, 23, 27, 28], the MV coaptation-zone area, which is an essential 

component of complete MV closure, is significantly influenced by tethering and the 

subvalvular apparatus, and the determinants of MV coaptation-zone area might be more 

diverse and complicated than the determinants of MV leaflet area size. This might 

account for the result of larger dispersion and variability in the MV coaptation-zone 

area than the dispersion in MV leaflet size in the present step of this study. 

The influence of clinical factors on the MV leaflet area/BSA 

To examine the influence of clinical factors on the MV leaflet area when BSA was 

accounted for, the factors associated with MV leaflet area/BSA were explored. Lower 

diastolic blood pressure was independently associated with a decreased MV leaflet area 

/BSA and a larger LVEDV index and also was independently related to a larger MV 

leaflet area /BSA. In particular, LVEDV was strongly associated with MV leaflet 

area/BSA. Since LV size can be changed in response to acquired conditions or various 

heart diseases, the MV leaflet area might be stretched according to LV size. From that, 

LV remodeling enlargement is the most important factor among the acquired clinical 

factors, even in patients without significant LV dilation. On the other hand, the 
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associations between MV leaflet area/BSA and the clinical factors other than LV size 

were weak or not significant. Consequently, MV leaflet size could be influenced by 

these clinical factors, but it was mainly determined by body size, and MV leaflet 

area/BSA should remain relatively constant as long as LV size remains within normal 

limits.  

 

Lower diastolic blood pressure is recognized as a surrogate for increased arterial 

stiffness [56]. In this study, patients did not appear to have any significant aortic 

regurgitation. From that, lower diastolic blood pressure was presumably associated with 

advanced atherosclerosis [57, 58]. Degenerative changes due to atherosclerosis, 

represented by decreased diastolic blood pressure, might be associated with 

degenerative changes in MV tissue and decreased MV leaflet area and might be 

attenuated the compensatory mechanism. In patients with advanced atherosclerosis, a 

reduced MV leaflet area might be one of the mechanisms for FMR.    

The influence of clinical factors on MV coaptation-zone area/BSA and MV 

coaptation-zone area/MV leaflet area 

In the present results, MV coaptation-zone area/BSA was significantly reduced in 

patients with CAD. Reduced MV coaptation-zone in CAD may be a risk factor for FMR 
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in ischemic patients with relatively mild LV dilation compared with patients with 

idiopathic dilated cardiomyopathy. One possible explanation for decreased MV 

coaptation in CAD is a degenerative change in the MV coaptation-zone in association 

with systemic atherosclerosis. Reduced MV leaflet size and coaptation–zone area in 

patients with CAD due to atherosclerosis might be associated with a high prevalence of 

FMR. Although patients with LV regional wall motion abnormalities were excluded by 

the visual assessment on echocardiography, latent contractile abnormalities caused by 

CAD might lead to a decreased coaptation-zone area. However, only 13 patients with 

apparent CAD were included in this study. Further investigation with a larger number of 

CAD patients is needed to address this issue. MV coaptation-zone area/MV leaflet area 

was also determinate by LVEDV index as MV coaptation-zone area and MV leaflet area 

were. However, pathological determinants including CAD might be different among 

these parameters and remains to be explored in further studies. 

 

In the second step of the study, the associations of atherosclerosis and other clinical 

factors with MV leaflets and coaptation-zone areas indexed with BSA were explored. 

The major findings were as follows: 

(2.1) the reductions of MV leaflet and coaptation-zone area/BSA and MV coaptation-
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zone area/MV leaflet area were independently and positively associated with mean 

CAVI, the stronger of those relations being with MV coaptation-zone area/BSA.  

(2.2) MV leaflet area/BSA was relatively constant, regardless of differences in the 

clinical factors other than mean CAVI (including age and LV ejection fraction) when LV 

remained normal in size and function. The major finding of the observation about MV 

coaptation-zone area/BSA and MV coaptation-zone area/MV leaflet area were as 

follows.  

(2.3) MV coaptation-zone area was relatively constant, regardless of differences in the 

clinical factors other than mean CAVI (including age, hypertension, dyslipidemia, 

coronary artery disease, and echocardiographic LV diastolic parameter E/e’). However, 

mean CAVI was the only clinical factor that was independently associated with MV 

coaptation-zone area/BSA. MV coaptation-zone area/MV leaflet area was similarly 

relatively constant, regardless of associating with age, hypertension, echocardiographic 

LV diastolic parameter E/e’. 

 

Relationship between MV leaflets and atherosclerosis 

CAVI is widely used for assessing atherosclerosis as a blood pressure-independent 

parameter of arterial stiffness at measuring time and reported to be associated with 
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cardiovascular risks and events [59,60]. The results of step 2 suggested that reductions 

of both the MV leaflet and coaptation-zone area were independently associated with the 

mean CAVI when BSA was accounted for. This suggests that atherosclerosis, which was 

represented by mean CAVI, might be associated with degenerative changes in the MV 

leaflet tissue and decreased MV coaptation-zone area.  

 

In histology, the cross-sectional structure of MV leaflets is divided into three layers 

(atrialis, spongiosa, fibrosa). In the atrialis layer, there are endothelium, subendothelial 

connective tissue, and elastin sheets, which have the same histological structure as in 

vascular layers, for maintaining the elasticity of the leaflets [61]. Pathological studies 

[62] have indicated that foam cells appear in early atherosclerotic lesions [63], and can 

also be found in affected patients on the endothelium of mitral leaflets.  

 

Consequently, in patients with advanced atherosclerosis, the atrialis layer of MV leaflets 

might be degenerated, presenting with a reduction of the MV leaflet area and coaptation 

ability, which might be one of the mechanisms for the pathology of FMR.  

Relationship between MV leaflets and clinical factors other than mean CAVI 

The MV leaflet area/BSA was relatively constant, regardless of differences in the 
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clinical factors other than mean CAVI, which included age and LV ejection fraction 

when LV was kept within normal size and function. Ultrastructural and cellular changes 

in the mitral leaflets due to chronic mechanical loading have been reported [49]. It is 

because of this that mechanical loading from the SBP, LVESV index or LV ejection 

fraction might reduce the MV leaflet area/BSA if the LV has any pathological processes. 

In our observations, the MV leaflet area/BSA was relatively constant because of the 

presence of normal LV function. A reduction in cellularity, disoriented collagen fibers, 

and increased elastin fibers with reduced mucopolysaccharides has been seen in the 

mitral valves of individuals over 60 years of age [50]. Consequently, the structure of 

MV leaflets, which are active living structures with their own metabolic and 

compensatory mechanisms, can be modified by various clinical factors [35, 36, 51–53] 

when LV loses its normal size. 

Observation on MV coaptation-zone area/BSA and MV coaptation-zone area/ MV 

leaflet area, and other clinical factors other than mean CAVI;  

The MV coaptation-zone area was relatively constant, regardless of differences in the 

clinical factors other than mean CAVI, which included age, hypertension, dyslipidemia, 

coronary artery disease, and echocardiographic LV diastolic parameter E/e’), in the 

presence of normal LV size and function. It is because of this that the microcirculation 
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in the MV annulus and leaflet transition zone [64–67] gives insufficient support to the 

MV leaflet intrinsic metabolism, reducing the MV coaptation size in hypertension and 

coronary artery disease. However, only 26 patients with type II diabetes mellitus were 

included in this step of the study. Further investigation with a larger number of patients 

with coronary artery disease is needed to address this issue. Dyslipidemia increases 

blood viscosity together with hypertension, causing increased shear stress on the MV 

coaptation-zone. Consequently, MV coaptation can be attenuated. Owing to the same 

pathology as the MV leaflet, the MV coaptation-zone is also affected by the aging 

process when cardiac aging occurs. When compare between MV coaptation-zone 

area/BSA and MV coaptation-zone area/MV leaflet area, they are both relatively 

constant, but the results indicated that MV coaptation-zone area/MV leaflet area was 

less sensitive to systemic pathological factor such as dyslipidemia. 

 

Consequently, the MV coaptation was relatively constant under conditions of normal LV 

function and was independently associated only with the mean CAVI. 

 

Limitations 

For both steps of the study, the MV area was calculated at the onset of mitral leaflet 
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closure. However, it has been shown that the mitral leaflet stretches during systole [68]. 

Accordingly, the mitral leaflet area measurements and also the coaptation-zone area may 

have been underestimated. However, this should not affect the associations between the 

coaptation-zone area and the clinical factors. Since this study was conducted in a single-

center, there may have been some selection bias in the study population. It is also 

noteworthy that in this study, MV geometry was evaluated by 3D echocardiography. 

Although the advances made in 3D echocardiography have been remarkable, it still has 

limited spatial and temporal resolutions. Further advancement of 3D echocardiography 

or other imaging modalities may bring greater and more precise insight into this research 

area. Finally, the study subjects did not include patients with significant FMR. It is 

because I consecutively enrolled patients with normal LV size and function. As a result, 

none of enrolled patients had significant MR unfortunately. Therefore, further study is 

needed to examine the relationship between the MV leaflet area and the mechanisms of 

FMR. Nevertheless, the study is the first to provide some insight into the clinical factors 

that can reduce the MV leaflet coaptation-zone area, which might increase the risk of 

progressively poor clinical FMR.   
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Conclusions 

Even in patients with normal LV systolic function and size, MV leaflet size had a 

significant impact on competent MV coaptation. MV leaflet area might be intrinsically 

determined more by body size than age and LV size, while the MV leaflet area/BSA is 

relatively constant. LVEDV might be associated with a reduction of the MV leaflet area. 

MV coaptation-zone area might be reduced during the progression of atherosclerosis. 

LV diastolic function was the determinant of the MV coaptation-zone area. Coronary 

artery disease might reduce the MV coaptation-zone area.  
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