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Abstract

Background—Apical displacement of the coaptation point of the mitral valve (MV) in response 

to ischemic mitral regurgitation (IMR) represents remodeling of the MV apparatus. Whereas it 

implies chronicity, it lacks specificity in discriminating normal from a significantly remodeled MV 

apparatus. Regional aspects of MV remodeling have shown superior value over global remodeling 

in predicting recurrence after MV repair for IMR. Quite possibly, presence of specific regional 

changes in MV geometry that are unique to chronic IMR patients could also be used to diagnose 

the presence and track progression of remodeling. Knowledge of these changes in MV apparatus 

in patients with IMR can possibly be used to identify patients for surgical intervention before 

irreversible remodeling occurs.

Methods—Three-dimensional transesophageal echocardiographic data were collected from 

patients who underwent MV surgery for IMR (IMR group, n = 66), and from patients with normal 

valvular and biventricular function (control group, n = 10). The acquired data of the MV were 

geometrically analyzed to make regional comparisons between the IMR and the control group to 

identify measurements that reliably differentiate normal from remodeled MVs.

Results—Lengthening of the middle potion of the anterior annulus (A2 regional perimeter: 

11.149 mm versus 9.798 mm, p = 0.0041), larger nonplanarity angle (147.985 versus 140.720 

degrees, p = 0.0459), and increased tenting angle of the posteromedial scallop of the posterior 

leaflet (P3 tenting angle: 44.354 versus 40.461 degrees, p = 0.0435) were sufficient in 

differentiating between IMR and the control group.
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Conclusions—Specific three-dimensional changes in MV geometry can be used to reliably 

identify a significantly remodeled valve apparatus.

Ischemic mitral regurgitation (IMR) is a challenging clinical condition with considerable 

debate regarding the optimal therapy. In addition to the clinical context, chronicity and 

severity of mitral regurgitation (MR), and likelihood of recurrence are considered during 

surgical decision-making. Whereas mitral valve (MV) repair has certain advantages over 

replacement [1–3], it is associated with a higher rate of recurrent MR after repair [1, 2, 4–6]. 

Therefore, recommendations based on these data favor MV replacement over repair for 

IMR. Interestingly, patients who undergo MV repair and do not have recurrent MR have 

significantly better postoperative functional status than patients who had recurrent MR [1]. 

Possibly, the MV apparatus of those with recurrent MR after MV repair had irreversibly 

remodeled, and predictably, no benefit was derived from repair. Therefore, optimal timing of 

IMR surgery and selecting patients before irreversible remodeling would be clinically 

beneficial.

Apical displacement of the coaptation point is considered a sign of chronicity of MR and 

significant valvular remodeling. It is a global measure and lacks discriminatory value in 

differentiating normal from a remodeled MV as result of chronic IMR. Recent studies have 

demonstrated that regional geometric distortions in the mitral valve apparatus (eg, restriction 

of the posteromedial scallop of the posterior leaflet [P3 region]) could possibly be used to 

predict the likelihood of recurrence of MR after MV repair [4, 7]. Regional restrictions of 

leaflet motion are the endpoint of localized remodeling of MV apparatus. There could 

possibly be other changes in the architecture of the MV apparatus that predispose this 

regional leaflet restriction. Knowledge and description of these specific regional differences 

in MV geometry between normal MVs and those with IMR can be clinically useful in 

addressing the pathophysiology and in selecting the timing and the nature of most suitable 

intervention.

In this study, we describe the three-dimensional (3D) conformation of the MV by virtual 

reconstruction from 3D echocardiographic data and by quantifying regional measurements 

of geometry with precision. These regional measures were then compared between patients 

with IMR who underwent MV repair/replacement and patients with normal MV function at 

our medical center to identify the discriminating structural alterations in patients with IMR.

Patients and Methods

This study was conducted as part of an ongoing Institutional Review Board-approved 

protocol for intraoperative three-dimensional transesophageal echocardiographic (3D-TEE) 

data collection with waiver of informed consent. For the purpose of this study, data of only 

patients who underwent elective cardiac surgery with intraoperative 3D-TEE were included. 

The IMR group consisted of patients undergoing elective coronary artery bypass grafting 

and MV repair/replacement at our institution between 2008 and 2016. In the IMR group, any 

degenerative component in the MV (prolapse, flail, perforation), stenosis, or any other 

valvular abnormality (aortic stenosis, tricuspid regurgitation) were considered to be 

exclusionary criteria. The control group consisted of patients undergoing coronary artery 

Mahmood et al. Page 2

Ann Thorac Surg. Author manuscript; available in PMC 2019 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bypass graft surgery at our institution with normal intracardiac chamber dimensions, 

biventricular systolic function, and valvular function. The IMR MVs and control group MVs 

were geometrically analyzed and compared.

Equipment and Imaging Protocol

All echocardiographic data were collected after induction of general anesthesia, and before 

sternotomy and institution of cardiopulmonary bypass. A comprehensive two-dimensional 

TEE examination was performed, followed by a focused 3D-TEE examination. Images were 

acquired through a mid esophageal four-chamber view using the Philips iE-33 Ultrasound 

System with an X7–2t TEE probe (Phillips Healthcare, Andover, MA). The 3D-TEE 

imaging protocol has been described previously [8]. Briefly, imaging of the MV was 

initiated in the mid esophageal four-chamber window to include the entire mitral annulus 

leaflets and the coaptation point in the region of interest. The R-wave gated imaging of the 

MV was initiated during a brief period of apnea and lack of patient movement. For patients 

with irregular rhythm, a single-beat, wide-angle mode was used for image acquisition. 

Acquired images were immediately assessed by the 3D quantification software for quality 

and lack of imaging artifacts. Satisfactory data were then exported to a USB drive in the 

digital imaging for communication in medicine (DICOM) format for offline analysis.

Assessment of Regurgitation Severity

Intraoperative severity of MR was assessed with the vena contracta method [9]. The vena 

contracta width was measured in the mid esophageal four-chamber view with color flow 

Doppler and using the zoom mode to measure the narrowest portion of the MR jet (Fig 1) 

[4].

Virtual Reconstruction and Regional Analysis

All acquired data were analyzed using the Image Arena Software (TomTec Imaging Systems 

GmBH, Munich, Germany). Within the environment of the Image Arena, 4D MV 

Assessment Version 2 software was launched for further semiautomated analysis. The 

process started with identification of end diastole as the first frame with MV closure and end 

systole as the last frame before the MV started to open. The mid systole frame number was 

defined as the median of the end diastole frame number and the end systole frame number. 

In mid systole, the MV annulus was manually marked in anteroposterior and anterolateral-

posteromedial dimensions, and the apical aortic annulus point was identified. Based on these 

temporal and spatial landmarks, annular dimensions and a digital leaflet topographical 

surface data were generated. For each MV analysis, a .mat file containing a triangular 

surface mesh for each systolic frame was exported from the software for further geometric 

analysis. Each mesh consisted of 1,600 Cartesian coordinates defining annular and 

commissural points, and discriminating between anterior and posterior surface triangles of 

the leaflet surface. The .mat file was imported to R software (R Core Group, Vienna, 

Austria) for virtual reconstruction and regional analysis.

The R software was used to plot each valve in 3D space (Fig 2, Video), and global and 

regional measurements were computed using the Cartesian coordinates of the valve’s points. 

Carpentier’s classification of MV nomenclature was used to describe MV anatomy [10,11]. 
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Measurements that were obtained included anteroposterior and anterolateral-posteromedial 

diameters, tenting height, regional and global perimeters, regional and global leaflet areas, 

commissure width and path length, regional and global tenting volumes, nonplanarity angle, 

and regional tenting angles (Table 1).

Statistical Analysis

Student’s t test was used to compare means of each of the global and regional parameters 

between the IMR group and the control group at mid systole. A significance level of 0.05 

was used to identify factors that differed significantly between the two groups. These factors 

were entered as potential predictors into a bidirectional stepwise logistic regression model 

using the Akaike information criterion cutoff for inclusion, defining diagnosis (IMR versus 

control) as the binary response. The R software accomplishes this by algorithmically adding 

and removing predictors until the model fit (measured by the Akaike information criterion) 

can no longer be improved with additional iterations. The predictors of IMR in the final 

regression model were considered nonredundant informative regional measures that are 

sufficient in predicting incidence of MR and therefore indicative of MV remodeling. The 

model’s calibration and discrimination were evaluated with a Hosmer-Lemeshow hypothesis 

test and a c-statistic, respectively.

Results

In all, 76 patients undergoing cardiac procedures between 2008 and 2016 were included in 

the study. Of these 76 patients, 66 patients were undergoing MV procedures for IMR (IMR 

group) and 10 had normal valvular and biventricular function (control group). The patients 

with IMR were older, had greater body mass index, and had poorer left ventricular ejection 

fractions than patients without MR (Table 2).

Regional measurements that differed between the IMR group and the control group at a 0.05 

significance level were as follows: anteroposterior diameter, A2 regional perimeter, anterior 

perimeter, A1 regional leaflet area, A3 regional leaflet area, anterior leaflet area, A3 regional 

tenting volume, nonplanarity angle, and P3 tenting angle (Table 3). The values for each of 

these measurements indicated that MVs with IMR were generally dilated and more tethered 

than normal MVs (Table 3). Many of these measurements exhibited strong correlations with 

each other (Fig 3), which supported the need for model selection.

Applying the model selection criterion showed that a valve could be diagnosed using only 

the A2 regional perimeter, nonplanarity angle, and P3 tenting angle (Fig 4, Table 4). More 

specifically, patients with IMR exhibited annular lengthening in A2 region, increased 

nonplanarity angle, and increased tethering in P3 region as compared with patients with 

normal MVs. A Hosmer-Lemeshow hypothesis test showed that the model was well 

calibrated (p = 0.636), and a c-statistic calculation showed that the model had very strong 

discriminative ability (c = 0.787).
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Comment

In this study, we have demonstrated that there are numerous geometric differences in the 

MV apparatus of patients with IMR as compared with patients having normal MVs. 

Differences in regional MV structure and function have been described in previous studies 

[4,6,12–14]. Our results have identified additional specific structural parameters that can 

reliably identify an MV apparatus that has undergone significant remodeling. Specifically, 

annular lengthening in the A2 region, increased nonplanarity angle, and increased tenting in 

P3 region are indicative of IMR related remodeling. These geometric alterations reliably 

differentiated the two groups in our study. Our results support and add to the previously 

demonstrated regional distortions in MV geometry in patients with IMR [14–16]. In this 

study, the IMR group consisted of patients who underwent surgical intervention for IMR and 

therefore had significant MV apparatus remodeling. The results are also significant in that 

they can be used to quantify the extent and track the progression of remodeling of the MV 

apparatus by performing serial echocardiograms. This methodology may be applied 

longitudinally to track MV remodeling, with a focus on the identified structural 

deformations. That would allow for comparison of outcomes such as worsening MR grade 

or recurrent MR after surgery between patients managed conservatively and those 

undergoing surgical therapy. It is possible that such an investigation would suggest that the 

three identified deformations can be used in deciding the timing of surgery in patients with 

IMR.

Global MA dilation and apical displacement of the coaptation point have traditionally been 

considered the hallmarks of chronic remodeling requiring therapy [3,17,18]. These global 

measures, however, do not describe the regional heterogeneity of the MV apparatus in 

response to ischemia. Ischemic remodeling variably affects various components (ventricular, 

annular, leaflet) of the MV apparatus [13,19,20]. Significant regional remodeling in IMR 

patients is a predictor of recurrence after surgical MV repair [4, 7]. Based on the extent of 

remodeling, appropriate patient selection for MV repair can possibly reduce the incidence of 

recurrent MR and improve functional recovery [4]. Our study has demonstrated lengthening 

of A2 regional perimeter, increased nonplanarity angle, and increased tenting in the P3 

region as additional differentiating features between normal and IMR patients. Lengthening 

of annular perimeter in the A2 region, which is normally considered a fibrous/rigid portion, 

implies significant annular distortion. Indeed, it is apparent that lengthening of annular 

perimeter in the A2 region is strongly correlated with additional annular distortions, such as 

lengthening of annular perimeter in posterior regions and greater annular area (Fig 3). 

Similarly, an increased nonplanarity angle implies significant flattening of the saddle shape 

of the mitral annulus [2,15,16,21,22].

Traditional geometric analyses of the mitral valve have been based on global measures alone 

[19], and reconstructions from limited spatial points in the 3D space [23]. Moreover, some 

methodologies require forcibly fitting the mitral annulus to a planar surface [24]. In addition, 

correlations between regional measures of annular conformation have not been investigated 

with a degree of precision [25]. Using our methodology, reconstructing the entire MV from 

1,600 spatial points allowed us to obtain more robust global and regional measures about the 

geometry of the MV. The superior spatial resolution also enabled us to appreciate the 
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nonplanar geometry of the MA without making geometric assumptions. Moreover, rather 

than identifying all regional anatomical differences between healthy MVs and IMR MVs, we 

reduced the outcomes to three nonredundant informative regional measures that are 

sufficient in describing remodeling. It is also worth noting that although numerous global 

measurements were considered, no such measures differed between the two groups, 

supporting the hypothesis that regional distortions, rather than global distortions alone, 

should be considered when evaluating therapies. Nonplanarity angle and annular dimensions 

can be measured in a clinically feasible fashion and possibly incorporated into clinical 

decision making. Most commercially available 3D analytical software have the capability of 

making these assessments. Therefore, the impact of our findings can be evaluated during 

routine clinical assessment.

We can identify a few limitations of the study. First, we do not have the outcome data 

regarding recurrence of MR after repair in this patient cohort. However, the current study 

was not focused on outcome, but rather on the heterogeneity of MV architecture in patients 

with IMR. Second, our analyses were performed retrospectively and would need validation 

in a prospective study. However, our study confirmed the presence of some changes in mitral 

annular geometry that have been demonstrated in previous reports [4, 7, 15, 17, 23]. 

Therefore, we are confident in the validity of our finding. Although the size of the control 

group is somewhat limited, the variance of the 10 control valves is similar to the variance of 

the 66 diseased valves (Table 3), suggesting that increasing the sample size would not 

significantly alter the results.

In conclusion, our study has demonstrated significant changes in MV apparatus geometry in 

patients with IMR as compared with patients having normal valvular and biventricular 

function. These regional geometric changes can be used to identify significant MV apparatus 

remodeling that may warrant intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
Mid esophageal four-chamber view of a regurgitant mitral valve, utilizing the vena contracta 

(VC) method to grade the severity of mitral regurgitation.
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Fig 2. 
Three-dimensional reconstruction of (A) ischemic and (B) normal mitral valves at mid 

systole, with anteroposterior and anterolateral-posteromedial points marked. Regions are 

also identified. (A = anterior, AL = anterolateral; P = posterior, PM = posteromedial.)
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Fig 3. 
Correlation plots describing the collinearity of regional measurements that differed between 

ischemic regurgitant valves and normal mitral valves. (AP = anteroposterior.)
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Fig 4. 
Annotated illustrations of the three-dimensional reconstructions previously presented, 

clearly labeling (A) A2 regional perimeter, (B) nonplanarity angle, and (C) P3 tenting angle. 

(A = anterior; AL = anterolateral; P = posterior; PM = posteromedial.)
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Table 2.

Demographic Data for Ischemic Mitral Regurgitation Group and Control Group

Variable IMR (n = 66) Control (n = 10)

Sex

 Male 39 9

 Female 27 1

Age, years, mean ± SD 68.74 ± 9.86 61.90 ± 10.22

Body mass index, kg/m2, mean ± SD 30.44 ± 6.23 27.23 ± 4.10

Procedure

 Repair 54 0

 Replacement 2 0

 Other 10 10

Ejection fraction prebypass, %, median 40–45 50–55

IMR = ischemic mitral regurgitation.
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