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Background: Mitral valve (MV) coaptation is very important in MV repair patients. But accurate 
quantitation of the degree of MV coaptation remains challenging. This study aimed to evaluate the utility of 
two-dimensional (2D) and three-dimensional (3D) transesophageal echocardiography (TEE) to assess MV 
coaptation before and after MV repair.
Methods: Forty-eight patients [(age: 52.23±13.31 years; 26 men (54.17%)] undergoing MV repair for 
mitral regurgitation (MR) were studied. We assessed the utility of 2D and 3D TEE to assess MV coaptation 
before and after MV repair. Complete conventional 2D and 3D TEE studies were performed, and the degree 
of the MV coaptation defect before and after surgery was assessed by measuring the MV coaptation length 
(CL) and length index (CLI) with 2D TEE, and the coaptation area (CA) and coaptation area index (CAI) 
with 3D TEE.
Results: CL and CLI were measured successfully in 46 (95.83%) patients and CA and CAI in 39 (81.25%). 
Compared with preoperatively, postoperative CL, CLI, CA, and CAI were significantly increased (CL: 
4.99±0.79 to 9.66±1.09 mm, P<0.05; CLI: 9.30%±2.66% to 38.24%±3.82%, P<0.05; CA: 158.49±64.17 to 
371.33±143.57 mm2, P<0.05; CAI: 9.71%±2.76% to 36.24%±7.26%, P<0.05). Spearman’s rank correlation 
analysis revealed that the CLI and CAI had a significant negative correlation with the degree of MR 
(r=−0.97, P<0.01; r=−0.92, P<0.01, respectively). Furthermore, Pearson's correlation analysis revealed that 
the CLI was significantly correlated with the CAI both preoperatively (r=−0.66, P<0.01) and postoperatively  
(r=−0.67, P<0.01). 
Conclusions: The coaptation variables increased significantly in patients undergoing MV repair. The CLI 
and CAI significantly correlated with MR severity. The CL and CLI determined with 2D TEE are more 
feasible than the CA and CAI determined with 3D TEE. Both 2D and 3D variables may complement each 
other for aiding MV repair. 2D CLI is an alternative to 3D CAI due to its simplicity.
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Introduction

Mitral valve (MV) repair has significant advantages over 
valve replacement for treating mitral regurgitation (MR) 
(1-3). The ultimate objective of surgical valve repair is 
to restore the largest possible leaflet coaptation surface  
(1,4-6). Several investigators have assessed the changes in 
the geometry of the MV after valve repair, using ultrasound 
or magnetic resonance imaging. Information about the 
mitral coaptation zone, especially the degree of MV 
coaptation, has been evaluated in some clinical settings  
(7-9). It has been suggested that valvular regurgitation can 
be predicted through accurate quantification of the degree 
of MV coaptation.

The  coapta t ion  l ength  index  (CLI) ,  which  i s 
defined as the ratio of the coaptation length to the 
anterior  MV leaflet   length,  is  a  two-dimensional 
transesophageal echocardiography (2D TEE) index (7,10). 
The traditional 2D TEE method can be used to measure 
the regional CLI of coaptation in patients with MR and 
to assess the interaction between the degree of mitral 
coaptation and MR severity. However, the 2D TEE method 
is fundamentally limited to one-dimensional measurement. 

Three-dimensional transesophageal echocardiography 
(3D TEE) using the 3D planimetric method provides 
excellent images of the MV geometry and accurately 
measures the mitral coaptation zone (11,12). The 
coaptation area index (CAI), which is defined as the ratio 
of the MV coaptation area to the leaflet area, is a 3D TEE 
index (8,12,13). However, due to its limited accessibility and 
financial constraints, 2D TEE methods of measuring MV 
coaptation that are as efficient as 3D planimetry should be 
explored.

This study extends the traditional 2D TEE method 
to analyze multiple zones of coaptation simultaneously, 
using 3D TEE. We quantified and compared the 2D 
TEE measurement of the CLI and 3D TEE measurement 
of the CAI in patients undergoing MV repair. We also 
aimed to elucidate whether the 2D TEE method is as 
efficient as the 3D TEE planimetric method to assess MV 
coaptation.

Methods

Patients 

Between May 2014 and June 2017, 48 patients who 
underwent MV repair for nonrheumatic MR were selected 
as study subjects. The Carpentier functional classification 

of valve lesions was type II (leaflet prolapse). All patients 
undergoing cardiac surgery underwent 2D TEE and 
3D TEE, which were recorded as part of a routine 
intraoperative echocardiographic protocol. A preoperative 
Doppler-echo analysis showed the presence of moderate 
to severe mitral insufficiency (grade 3/4) or severe 
regurgitation (grade 4/4), evaluated using a scale from 0 to 4, 
in all patients. 

The inclusion criteria were: (I) MR due to mitral leaflet 
prolapse (Carpentier type II); (II) normal left ventricular 
function with a left ventricle ejection fraction  (LVEF) 
greater than 50%; and (III) an MR grade greater than 
moderate (grade 3/4–4/4). 

The exclusion criteria were: (I) subvalvular lesions (e.g., 
those seen in rheumatic disease); (II) another cardiac disease 
(e.g., pericardial, ischemic, congenital, or infiltrative heart 
disease); and (III) atrial fibrillation.

The study was approved by the ethics committee of our 
hospital (No. 2017024X), and written consent was obtained 
from all subjects.

Operative procedure

Patients underwent MV repair using several techniques on 
the mitral leaflets and chordae tendineae including ring 
annuloplasty, edge-to-edge repair  (ETER), chordal 
shortening and transfer, leaflet resection, and artificial 
chordae. Ring annuloplasty was performed in all cases, 
ETER in 22 cases, chordal shortening and transfer in 28 
cases, partial leaflet resection in 10 cases, and artificial 
chordae were added in 10 cases. The implanted rings were 
Carpentier-Edwards Physio Annuloplasty Rings (Edwards 
Lifesciences, Irvine, CA, USA). 

Echocardiographic protocol

All of the echocardiographic examinations were performed 
using ultrasound equipment (IE33 system; Philips Medical 
Systems, Andover, MA, USA), with an X7-2 probe for 
both 2D and 3D images. In  the intraoperative pre- and 
post-cardiopulmonary bypass periods, complete 2D 
TEE and 3D TEE examinations were performed. All the 
echocardiographic parameters were measured in both 
the preoperative and postoperative periods. The severity 
of MR  was  graded  on a  0 to 4 scale  (0=none, 1=mild, 
2=moderate, 3=moderate to severe, and 4=severe), based 
on how far regurgitation extended into the left atrium 
beyond the MV. The LVEF was measured using the biplane 
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Simpson’s method (14,15).

Quantification of MV coaptation with 2D-TEE

The MV consists of three pairs of corresponding segments: 
lateral (A1/P1), middle (A2/P2), and medial (A3/P3). The 
MV was examined in multiple cross-sectional views. The 
MV was imaged in mid-esophageal (ME) long-axis views 
at 120° to 150°, which allowed us to acquire views of the 
lateral, middle, and medial segments (A1/P1, A2/P2, and 
A3/P3). The entire length of the anterior mitral leaflet 
(AML) during the diastolic phase (Ad) and the length of 
the uncoapted AML in the end-systole phase (Ac) were 
measured at the A1/P1, A2/P2, and A3/P3 sites (Figure 1). 

The coaptation length (CL) was defined according to the 
following equation:

CL = Ad − Ac
The CLI was defined as and could be calculated from the 

following equation:
CLI = CL/Ad ×100%
The CL and CLI were measured at A1/P1, A2/P2, 

and A3/P3. The average values of the three regions were 
measured.

Quantification of MV coaptation using 3D TEE

3D images of the MV were acquired using a real-time 3D 

zoom mode in a single cardiac cycle. The volumetric frame 
rate (live 3D zoom mode) was 10 Hz. To evaluate the degree 
of leaflet coaptation, we manually traced the leaflets in the 
following two frames: (I) at the onset of MV closure; and 
(II) at the maximum MV closure. The total leaflet area was 
assessed at the onset of mitral leaflet closure. The changes 
in the tenting surface area in these two frames reflected the 
degree of MV coaptation (7,11-13,16) (Figure 2). 

The coaptation area (CA) was defined according to the 
following equation: 

CA = total leaflet area (TLA) − closed leaflet area in mid-
systole (CLA) 

The CAI was calculated using the following equation: 
CAI = CA/TLA ×100%
All echocardiographic examinations were performed by 

the same operator. To calculate the intraobserver variability, 
we re-measured the stored data of 10 randomly chosen 
examinations one week later (1-week interval).

Statistical analysis

The statistical analysis was performed using the PASW 
Statistics for Windows, Version 18.0 software (SPSS Inc., 
Chicago, IL, USA). Data are expressed as  the mean ± 
standard deviation. Comparisons between different groups 
were assessed using the chi-square and t-tests. Spearman’s 
rank correlation analysis was applied to analyze the 

Figure 1 The TEE view for measurement parameters. Ad, the whole length of the AML, measured during the diastolic stage; Ac, the 
length of uncoapted AML in the end-systole phase; CL, the length of MV coaptation in the end-systole; A1, the lateral segment of anterior 
mitral leaflet; A2, the middle segment of anterior mitral leaflet; A3, the medial segment of anterior mitral leaflet; P1, the lateral segment 
of posterior mitral leaflet; P2, the middle segment of posterior mitral leaflet; P3, the medial segment of posterior mitral leaflet. TEE, 
transesophageal echocardiography; AML, anterior mitral leaflet.
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relationship between the degree of MR and each parameter. 
Furthermore, Pearson's correlation analysis was used  to 
assess the  correlation  between the CLI and CAI, 
including both preoperative and postoperative findings. 
Reproducibility was assessed using the intraclass correlation 
coefficient. Significance was assessed at a P of less than 0.05.

Results

Patient characteristics

The study enrolled 26 (54.17%) male and 22 (45.83%) 
female subjects with an average age of 52.23±13.31 years. 
The patients’ characteristics,  including age, body surface 
area, and clinical comorbidities are shown in Table 1. The 
causes of valve insufficiency were degenerative MV disease 
or a ruptured chordae tendineae, including fibroelastic 
deficiency in 45 patients (93.75%), Barlow disease in 1 
patient (2.08%), and endocarditis in 2 patients (4.17%). 

In the 48 cases studied, P2 prolapse was found in 11 
patients (including 8 patients with P2 flail), P3 prolapse in 
10 patients (including 5 patients with P2 flail), A2 prolapse 
in 14 patients (including 2 patients with A2 flail), A2P2 
prolapse in 9 patients (including 2 patients with P2 flail), 
and A3P3 prolapse in 4 patients.

Ring implantation was attempted and successful in all 
patients. The  implanted  ring  sizes were 28 mm (n=11), 
30 mm  (n=16),  32  mm  (n=16),  and 34  mm  (n=5). 
Furthermore, the average annular size was 30.67±1.90 mm. 
In addition, ETER occurred in 22 cases (45.83%), chordal 
shortening and transfer in 28 cases (58.33%), partial leaflet 
resection in 10 cases (20.83%), and artificial chordae were 
added in 10 cases (20.83%). Preoperatively, the MR grade 
was 3/4 in 5 patients (10.41%) and 4/4 in 43 patients 
(89.58%). Postoperatively, the residual MR grade was 0/4 in 

12 patients (25%) and 1/4 in 36 patients (75%). 

Comparison of the 2D and 3D TEE measurements in the 
assessment of MV coaptation

The CL and CLI were successfully measured using 2D 
TEE in 46 (95.83%) subjects, and the CA and CAI were 
successfully measured using 3D TEE in 39 (81.25%). The 
success rate of the 2D TEE measurement method was 
significantly higher that of 3D TEE (χ2=5.03; P=0.03).

The changes in each echocardiographic parameter 
from preoperatively to postoperatively are summarized in  
Table 2. After MV surgery, the coaptation indexes, including 
the Ad, TLA, and CLA, were significantly decreased after 
adjustment than before adjustment, whereas the CL, CLI, 
CA, and CAI were significantly increased. 

Spearman’s rank-order correction analysis showed that 
there was a significant and negative correlation between the 
severity grade of MR and 2D CLI (r=−0.97, P<0.01) or 3D 
CAI (r=−0.92, P<0.01) (Figure 3). Furthermore, Pearson's 
correlation analysis revealed that 2D CLI significantly 
correlated with 3D CAI (preoperatively: r=0.66, P<0.01; 
postoperatively: r=0.67, P<0.01) (Figure 4).

The intraobserver agreement for the measurements of 
the CLI and CAI were high, with an intraclass correlation 
coefficient of 0.95 for the CLI and 0.92 for the CAI.

Discussion

MV repair is an effective surgical strategy that has 
significant advantages over valve replacement for treating 
patients with MR (1-3). One of the primary goals of MV 
repair is that a large area of leaflet coaptation can be created 
(1,4-6). The degree of MV leaflet coaptation should be an 

Table 1 Patients’ characteristics

Variable (n=48) Minimum value Maximum value Mean value

Age (years) 17 79 52.23±13.31

Body surface area (m2) 1.54 2.02 1.78±0.12

LV end-diastolic diameter (mm) 46 67 55.94±5.44

LA diameter (mm) 32 57 44.42±6.42

LV ejection fraction (%) 53 76 64.67±6.31

Annuloplasty ring size (mm)  28 34 30.67±1.95

Data are expressed as the mean ± standard deviation. LV end-diastolic diameter, LA diameter, and LV ejection fraction are measured by 
TTE. LV, left ventricle; LA, left atrial; TTE, transthoracic echocardiography.
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important parameter when assessing the valve geometry and 
function pre- and postoperatively. Two methods have been 
used to evaluate the actual degree of the MV coaptation 
zone in the clinical setting, including 2D TEE and 2D  
TEE (7,9). 

The traditional 2D TEE method is a simplified 
method that simply and directly measures the length of 
mitral leaflet coaptation, but 2D TEE is fundamentally 
l imited to one-dimensional measurement.  Spatial 
orientation maybe difficult  to determine for 2D TEE, 
and the interpretation of 2D TEE images often requires 
a high level of expertise. The 3D TEE method is 

a novel  technology that provides excellent images of the 
MV geometry and accurate measurements of the mitral 
coaptation zone. Despite the advantages of 3D TEE, it has 
issues such as limited accessibility and financial constraints 
still exist. The analysis of 3D TEE data requires specific 
software and is time-consuming, which limit its widespread 
clinical availability. Therefore, this raises the question as 
to whether the conventional 2D TEE method is likely to 
be as efficient as the 3D TEE method. However, there 
is a paucity of information in the literature on this topic. 
Moreover, the relationship between the 2D TEE and 3D 
TEE methods remains unclear.

Table 2 Preoperative and postoperative parameters

Variables N Preoperative Postoperative t P

Ad (mm) 46 59.22±22.81 25.45±3.53 10.69 <0.01

CL (mm) 46 4.99±0.79 9.66±1.09 −25.20 <0.01

CLI (%) 46 9.30±2.66 38.24±3.82 −50.87 <0.01

TLA (mm²) 39 1,626.86±394.46 1,030.79±239.33 11.95 <0.01

CLA (mm²) 39 1,468.37±354.35 659.46±129.83 16.67 <0.01

CA (mm²) 39 158.49±64.17 371.33±143.57 −11.78 <0.01

CAI (%) 39 9.71±2.76 36.24±7.26 −23.20 <0.01

Data are expressed as the mean ± standard deviation. Ad: anterior mitral leaflet length during the diastolic stage; CL: coaptation length; 
CLI, coaptation length index; TLA, total leaflet area; CLA, closed leaflet area in midsystole; CA, coaptation area; CAI, coaptation area 
index. 

Figure 2 3D morphological analysis of a patient who underwent MV repair. Reconstructed 3D images of the MV apparatus in end-systole (A) 
before surgery and (B) after surgery. 3D, three dimensional; MV, mitral valve; A, anterior; AL, anterolateral commissure; Ao, aortic valve; P, 
posterior; PM, posteromedial commissure.
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Figure 3 The relationship between the degree of MR and the coaptation index, measured with 2D or 3D echocardiography. Spearman’s 
rank correlation analysis showed that the CLI and CAI were negatively correlated with the degree of MR. (A) The correlations between 
the 2D CLI and the degree of MR; (B) the correlations between the 3D CAI and the degree of MR. MR, mitral regurgitation; 2D, two-
dimensional; 3D, three-dimensional; CLI, coaptation length index; CAI, coaptation area index.

Figure 4 The relationship between 2D and 3D assessments for the degree of coaptation. Pearson’s correlation analysis showed that the 2D 
CLI was significantly correlated with the 3D CAI. (A) The correlation between the CAI and CLI before surgery and (B) after surgery. 2D, 
two-dimensional; 3D, three-dimensional; CLI, coaptation length index; CAI, coaptation area index.

Our 2D TEE method could allow us to determine the 
CL by subtracting the length of the uncoapted anterior 
leaflet in the end-systole phase from the whole length of the 
anterior leaflet that is measured during the diastolic stage, 
based on the finding that the length of the anterior leaflet 
is unchanged during the cardiac cycle on 2D TEE images. 
This may be mainly because of the difficulty in measuring 
the exact CL in clinical settings and partially because 
the exact point of leaflet coaptation is usually unclear. 
Furthermore, occasionally, the CL is too short to directly 
measure it (7,17). 

In our  study, the Ad, CL, and CLI were used as 2D 
TEE indexes, and TLA, CLA, CA, and CAI were 3D 

TEE indexes. After MV surgery, the coaptation indexes, 
including Ad, TLA, and CLA, were significantly decreased 
compared with those before surgery, whereas the CL, CLI, 
CA, and CAI were significantly increased. Thus, MV repair 
improved mitral leaflet coaptation in patients with MR due 
to an increase in the CL, CLI, CA, and CAI. We found that 
the CLI and CAI were associated with the severity of MR, 
both before and after surgery. These results highlight the 
importance of the CLI and CAI in determining the degree 
of MR. More importantly, we also found that the CLI 
was significantly correlated with the CAI. These findings 
suggest that CLI measurements that are obtained using the 
2D TEE method have a similar value to CAI measurements 
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that are obtained using the 3D-TEE method. In the present 
study, 27 of 48 (56.25%) patients with anterior leaflet 
prolapse, and 22 of 27 (81.48%) anterior leaflet prolapse 
cases were primarily repaired by ETER. This may help to 
explain why there was a more than half size reduction in the 
anterior leaflet length postoperatively. 

This study revealed the low feasibility of 3D TEE 
compared with 2D-TEE (39 vs. 48 Hz). The causes of the 
lower feasibility of 3D-TEE when compared to 2D-TEE is 
that some patients with severe MR had an exceedingly large 
mitral annular dimension. When using the 3D zoom mode 
acquisition, it was difficult to cover the whole MV in those 
patients. Therefore, 9 of the 48 patients who were screened 
were excluded from the 3D TEE study for this reason. The 
2D TEE provides images with a higher frame rate (49 Hz) 
than the live 3D zoom mode (10 Hz) currently available 
in the clinical setting, which is one of the advantages of 
2D-TEE.

The study’s limitations are as follows. First, the study 
only focused on MR patients with leaflet prolapse. Not 
all pathologies of MR were included, and the applicability 
of this study in patients with other MR pathologies (e.g., 
ischemic or rheumatic disease) needs to be assessed in future 
studies. Second, there are various valve repair techniques, 
including classical resection, neochordae, and edge-to-
edge repair. Due to the small sample size of subgroups for 
valve repair techniques, the effect of different operative 
procedures on our study results needs to be evaluated 
further.

In summary, we compared two different ultrasound 
technologies to assess the results of MV repair, and found 
that the degree of MV coaptation significantly increased 
after MV repair. The 2D TEE CLI and 3D TEE CAI 
are closely associated with the severity of MR before and 
after surgical repair. The 3D TEE CAI parameter is more 
quantitative and accurate than the 2D TEE CLI parameter, 
but the 2D TEE CLI parameter is simple and does not 
take much time. In addition, the coaptation indexes that 
are calculated using 2D TEE can provide a similar value to 
that of the 3D TEE method. Therefore, the 2D TEE CLI 
can be applied as an alternative to the 3D TEE CAI when 
assessing MV coaptation, due to its simplicity.
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