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Abstract

OBJECTIVES: The complexity of the mitral valve (MV) anatomy and function is not yet fully understood. Assessing the dynamic movement
and interaction of MV components to define MV physiology during the complete cardiac cycle remains a challenge. We herein describe a
novel semi-automated 4D MV model.

METHODS: The model applies quantitative analysis of the MV over a complete cardiac cycle based on real-time 3D transoesophageal
echocardiography (RT3DE) data. RT3DE data of MVs were acquired for 18 patients. The MV annulus and leaflets were semi-automatically
reconstructed. Dimensions of the mitral annulus (anteroposterior and anterolateral–posteromedial diameter, annular circumference,
annular area) and leaflets (MV orifice area, intercommissural distance) were acquired. Variability and reproducibility (intraclass correlation
coefficient, ICC) for interobserver and intraobserver comparison were quantified at 4 time points during the cardiac cycle (mid-systole,
end-systole, mid-diastole and end-diastole).

RESULTS: Mitral annular dimensions provided highly reliable and reproducible measurements throughout the cardiac cycle for interobser-
ver (variability range, 0.5–1.5%; ICC range, 0.895–0.987) and intraobserver (variability range, 0.5–1.6%; ICC range, 0.827–0.980) comparison,
respectively. MV leaflet parameters showed a high reliability in the diastolic phase (variability range, 0.6–9.1%; ICC range, 0.750–0.986),
whereas MV leaflet dimensions showed a high variability and lower correlation in the systolic phase (variability range, 0.6–22.4%; ICC
range, 0.446–0.915) compared with the diastolic phase.

CONCLUSIONS: This 4D model provides detailed morphological reconstruction as well as sophisticated quantification of the complex MV
structure and dynamics throughout the cardiac cycle with a precision not yet described.

Keywords: Echocardiography •Mitral valve • 4D reconstruction •Model

INTRODUCTION

Substantial progress in surgical and percutaneous treatment of struc-
tural mitral valve (MV) disease has reinforced the interest in non-
invasive quantitative analyses of MVmorphology and function [1, 2].

With the advances of real-time 3D transoesophageal echocardiog-
raphy (RT3DE) and the introduction of RT3DE-based comprehensive
MV reconstructions, improved quantification and characterization of
the MV has been realized [3–5]. Multiple studies show the feasibil-
ity of RT3DE-based MV models to accurately assess the MV appar-
atus [6–10]. However, the existing models are limited by static
measurements at a predefined phase of the cardiac cycle without
inclusion of any motion. These measurements are time-consuming
and hence difficult to integrate into clinical practice [9, 11].

We herein present a novel semi-automated RT3DE-based 4D
MV model, which allows a comprehensive quantitative analysis of
MV annulus and leaflets during the entire cardiac cycle. Model
specifications, reproducibility by inter- and intraobserver variabil-
ity and 4D visualization are reported and discussed.

MATERIALS ANDMETHODS

Patients

In surgical patients with isolated coronary artery diseases (CADs)
who underwent coronary artery bypass graft surgery, a clinically indi-
cated RT3DE [12] was performed after induction of general anaes-
thesia and endotracheal intubation but prior to surgery. Exclusion
criteria for RT3DE were (i) contraindication to transoesophageal
echocardiography, (ii) the presence of MV disease (regurgitation
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and/or stenosis graded higher than grade 1+) and (iii) concomitant
cardiac valve disease (aortic, pulmonary and tricuspid valve). Written
informed consent was obtained from each individual patient.

Echocardiography

RT3DE was performed using an iE33 ultrasound system equipped
with an X7-2t transoesophageal echocardiography matrix trans-
ducer (both Philips Deutschland GmbH, Hamburg). Electrocardio-
graphically (ECG)-gated full-volume and 3D zoom data sets for the
MV were acquired over four cardiac cycles at a frame rate of 10–30
frames per second (Fig. 1A). All examinations in this study were per-
formed by two certified cardiac anaesthesiologists (according to the
European Association of Cardiovascular Imaging). Preoperative trans-
thoracic 2D echocardiography determined left ventricular ejection

fraction, end-diastolic volume and end-systolic volume. A standard
examination protocol was used for all examinations.

Image segmentation and mitral valve modelling

RT3DE data were analysed using specifically designed software
(eSie ValvesTM, Siemens Medical Solutions, USA). Besides image
visualization and interactive navigation functionality, the software
includes a workflow comprising automated MV segmentation, fast
interactive model validation and model-based 2D and 3D mea-
surements throughout the cardiac cycle [see items (i) to (iv)]. The
automated segmentation is based on an algorithm, which has
been described before [13–15].

Data selection and preparation for modelling. In each
subject the highest quality RT3DE data set (Fig. 1A) was selected for

Figure 1: Technique for 4D modelling of the mitral valve (MV). (A) Full volume 3D transoesophageal data acquisition of the MV. (B) After import of real-time 3D echo-
cardiography (RT3DE) data set into modeling software, automated representation in left atrial view, intercommissural view, long axis view, and full volume view fol-
lowed by automated identification of landmarks of MV annulus and leaflets (magenta trigones, and center of posterior annulus, red leaflet tips, and green
commissures) After visual verification of landmarks by the observer follows the automated identification of further landmarks of the MV annulus and leaflet tips
(green: posterior leaflet; blue: anterior leaflet) (C) in 50 differently orientated planes (D). (E) After another visual inspection of the landmarks by the observer, auto-
mated modelling of the MV is based on the landmarks. This procedure is repeated semi-automatically for each frame of the cardiac cycle.
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further analyses. Quality criteria were: highest frame rate, least
stitching artefacts and complete depiction of all MV structures over
the entire cardiac cycle. After importing the data into the software,
the MV is presented in different views (Fig. 1B). Subsequently, the
data set can be manually corrected with regard to the exact
duration and end-points of the cardiac cycle, if indicated, using
visual identification of end-systolic and end-diastolic frames. The
end-systolic frame was defined as the last frame just before MV
opening and the end-diastolic frame was defined the last frame just
before aortic valve opening.

Landmark motion model. Initial recognition of the MV within
the RT3DE data set was performed automatically by detection of
seven major landmarks of the MV annulus and leaflets for each
frame (Fig. 1B). The major landmarks are: the left trigone, the right
trigone, the middle of the posterior annulus, the leaflet tips of the
anterior and posterior leaflet in the plane between the middle of
the posterior and anterior annulus, and the two commissures. In
addition to these seven major landmarks, a total of 459 landmarks

of the MV annulus are detected automatically in 50 differently
orientated planes over each frame to depict detailed morphology
of the MV (Fig. 1C and D). All landmarks can be corrected
manually in each frame by the observer if indicated (e.g. stitching
artefacts in the imported RT3DE data sets).

Comprehensive mitral model. A MV model was subsequently
computed based on all aforementioned landmarks (Fig. 1E).

Quantification and 4D visualization. After visual verification
of the accuracy of the surface model, the 4D MV model was
displayed (Fig. 1E) with automatic quantification of MV morphology
(Supplementary Figure I). With the presented model 39 different
morphological parameters of the MV are currently issued over the
entire cardiac cycle (Supplementary Table I). Measured data were
exported for statistical analysis per frame and per percentage
(from 0 to 90% in steps of 10%) of the cardiac cycle. Final MV
model visualization was carried out per frame (Fig. 2) (Video 1).

Figure 2: Four-dimensional visualization of mitral valve morphology for the entire cardiac cycle. (A–E) Systole an (F–L) diastole. The colour gradient shows the distance
of the anatomical structure above (red) and below (blue) the annular level (green).
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Data analysis

Proof of robustness and repeatability regarding interobserver and
intraobserver comparison of the computed MV model was con-
ducted selecting six key parameters. Specifically, MV annular
geometry was described by the anteroposterior diameter, anterolat-
eral–posteromedial diameter, annular area and annular circum-
ference. Leaflet geometry was described by its intercommissural
distance (distance between both commissures) and MV orifice area
(area of valve orifice projected into its least square plane). All mea-
surements were performed in mid-systole, end-systole, mid-diastole
and end-diastole. The mid-systolic frame was defined as the middle
frame between the end-diastolic frame and the end-systolic frame.
The mid-diastolic frame was defined as the middle frame between
the end-systolic frame and end-diastolic frame. Reproducibility of
measurement was determined by repeating identical measurements

Video 1: Four-dimensional visualization and computed measurements of
mitral valve morphology for the entire cardiac cycle.

Table 1: Patient characteristics

Variable n = 18

Clinical
Age (years) 68 ± 10
Women, n (%) 5 (28)
Body-mass index (kg/m2) 30 ± 5

NYHA class, n (%)
I 1 (5)
II 10 (56)
III/IV 7 (39)

CCS angina class, n (%)
I 3 (17)
II 2 (11)
III 13 (72)
IV 0 (0)

Extent of coronary artery disease, n (%)
One-vessel disease 0 (0)
Two-vessel disease 5 (28)
Three-vessel disease 13 (72)
Logistic EuroSCORE 6 ± 11

Echocardiography
Left ventricular ejection fraction, % 54 ± 13
End-diastolic volume, ml 90 ± 36
End-systolic volume, ml 47 ± 36

Mitral regurgitation, n (%)
Grad 0 14 (78)
Grad 1+ 4 (22)
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on stored 3Ddata sets on 2 different dayswithin 2months by the same
observer (intraobserver) and a different observer (interobserver).

Statistical analysis

All continuous data are presented as mean ± standard deviation
(SD) and categorical data as percentage. Normal distribution of

all continuous variables was confirmed with the Kolmogorov–
Smirnov test. Student’s paired t-test was used to evaluate for statis-
tically significant difference between measurements. Interobserver
and intraobserver variability were reported as bias±levels of
agreement (LOA, 2 SD) as determined by Bland and Altman [16].
Reproducibility was assessed using the intraclass correlation coef-
ficient (ICC) and Bland–Altman analysis. All analyses were per-
formed using IBM SPSS Statistics Version 20 (IBM Deutschland

Figure 3: Representative Bland–Altman plots for interobserver comparison during mid-diastole. Analyses show the mean of observations (plotted along the x-axis)
and differences between the measurements (plotted along the y-axis) of the two observers. Solid line indicates bias and dotted lines indicate two standard deviations
above and below bias. All graphs for parameters in mid-diastole. Bland–Altman analysis for interobserver comparison for the entire cardiac cycle in Supplementary
Figure I. (A) Anteroposterior diameter, (B) anterolateral–posteromedial diameter, (C) annular circumference, (D) mitral annular area, (E) intercommissural distance and
(F) mitral valve orifice area.
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GmbH, Ehningen). A probability value of <0.05 was considered
statistically significant.

RESULTS

Patient characteristics and procedural data

Eighteen patients (mean age 68 ± 10 years; 13 males) underwent
standard coronary bypass graft surgery. The mean left ventricular
ejection fraction was 54 ± 13% (Table 1). The majority of patients
(72%) had three-vessel coronary artery disease. The MV was com-
pletely normal in 14 patients (78%). Mild MR was present in 4
patients (22%). Three ECG-gated transoesophageal echocardiog-
raphy data sets for each patient were obtained and recorded.
Image segmentation and MV modelling for each patient were
accomplished in <2 min. Manual correction of landmarks was
needed.

Interobserver comparison

There were non-significant differences between the two observers
for all measurements (P range, 0.05–0.99) except the mid-systolic
intercommissural distance (bias + LOA, −2.73 ± 5.82; P = 0.02) (Table 2).
Bland–Altman analysis plots for interobserver comparison in mid-
systole and mid-diastole showed a random scatter of points
around 0, indicating no systematic bias or no measurement error
proportional to the measurement value (Fig. 3). Supplementary
Figure II show all 24 Bland–Altman analysis plots for all quantita-
tive measurements during mid-systole, end-systole, mid-diastole
and end-diastole.
The lowest variability over the cardiac cycle was seen for the an-

terolateral–posteromedial diameter (range, 0.5–1.5%), whereas
the intercommissural distance showed the highest variability
(range, 3.4–10.7%) (Table 2).
Reproducibility is described for anteroposterior diameter, an-

terolateral–posteriomedial diameter, annular circumference and
mitral annular area (ICC range, 0.895–0.987) (Table 4) . The ICC for
MV orifice area was acceptable at end-systole (0.756), and excel-
lent in all other cardiac phases (range, 0.915–0.986). The ICC for
intercommissural distance was acceptable in diastolic phases
(range, 0.763–0.896), and reasonable in systolic phases (range,
0.571–0.661). These results depict a lower reproducibility in all sys-
tolic phases for intercommissural distance.

Intraobserver comparison

There were no statistically significant differences between the two
observations by one observer (P range, 0.42–0.96) (Table 3).
Bland–Altman analysis plots for intraobserver comparison in mid-
systole and mid-diastole showed no systematic bias or measure-
ment error proportional to the measurement value (Fig. 4).
Supplementary Figure III shows all 24 Bland–Altman analysis plots
for all quantitative measurements during mid-systole, end-systole,
mid-diastole and end-diastole.
The lowest variability over the cardiac cycle was seen in the an-

teroposterior diameter (range, 0.5–1.6%), whereas the MV orifice
area showed the highest variability (range, 0.7–22.4%) (Table 3).
The ICC was excellent over the entire cardiac cycle for antero-

posterior diameter, anterolateral–posteromedial diameter, annular
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circumference and mitral annular area (range, 0.827–0.980) (Table 4).
For MV orifice area, the ICC was reasonable in all systolic phases
(range, 0.446–0.539), and excellent in all diastolic phases (range,
0.977–0.995). For intercommissural distances, the ICC was accept-
able in all diastolic phases (range, 0.750–0.824), and reasonable in
all systolic phases (range, 0.582–0.585).

DISCUSSION

This newly developed RT3DE-based semi-automated 4D MV
model enables pre-eminent quantitative analysis of the MV
morphology and structure. Feasibility, reliability and reproducibil-
ity of patient-specific quantification of the MV geometry over the
entire cardiac cycle are proved herein. MV 4D visualization and
quantification result in a spatial resolution not achieved thus far.

4D reconstruction of mitral valve

RT3DE analysis of the MV apparatus, generally considered a highly
complex structure, is gaining importance while contributing to the
understanding of MV function, especially when considering the
well-known limitations of 2D echocardiography (2DE) [5–7]. It is
obvious that ‘mental reconstruction’ based on separate 2D MV
images does not provide comparable ‘intuitive’ information com-
pared with 3D reconstruction [12]. Thus, the accuracy of 2DE
examinations especially for more complex MV pathologies has
significant limitations [17–19]. RT3DE imaging modalities display
consecutive dynamic 3D images of the MV with subsequent ana-
lysis of each individual component of the MV [20].

Specified software for 3D modelling of the MV based on RT3DE
data has been developed to precisely quantify the MV [3–5, 14,
21]. As previously described, the duration needed for 3D MV
quantification at any selected time during the cardiac cycle (e.g.
mid-diastole) varies between 5 min and 4 h [4, 5, 22]. Adding a
timeline (cardiac cycle) to 3D reconstruction, a so-called 4D re-
construction of the MV can be realized, which represents an
extension with a not yet defined potential for analysis of MV
morphology and function. In addition, the model presented
herein is to the best of our knowledge the first model to perform
complete cardiac cycle 3D analysis of the complete MV apparatus
in <5 min including the opportunity for visual inspection and
manual correction of MV landmarks if indicated. The model also
allows for detailed quantification of even very small

morphological changes of any MV component over the complete
cardiac cycle. This is accomplished using a learning pattern-based
algorithm with subsequent integration in 4D reconstructions
within a Cartesian coordinate system. In addition to pre-eminent
motion pictures of the MV, this allows up to 39 different geomet-
ric measurements at any point of time of the cardiac cycle [13, 14].
It is very likely that, due to the significantly reduced time con-

sumption and excellent low levels of variability for this model, this
technology has a high chance for rapid integration into clinical
practice.
The only exception to the high reproducibility was the meas-

urement of leaflet variables (intercommissural distance, MV
orifice area) during systole (variability range: 8–22%). The reason
for this is that the determination of the exact commissural distance
between the anterolateral and posteromedial commissure is very
difficult in the closed state of the MV. It is widely accepted that the
anterolateral and posteromedial commissures are not exact ana-
tomical landmarks, but rather commissural leaflets. The commis-
sural leaflets provide continuity between the anterior and
posterior leaflet and consist of several millimetres of tissue. Owing
to the small clefts of the commissural leaflets, both observers have
interpreted the end of the commissure differently. In contrast to
systole, the intercommissural distance in mid-diastole showed a
low variability (range: 2–3%). In end-diastole, there was a decline
in variability (range: 3–9%). This can be explained by the fact
that, in many cases, the MV was almost closed. Thus, the value of
the intercommissural distance during the closed state of the MV
must be critically evaluated. Mitral valve area also showed
increased variability during systole. This is explained by the low
values of 0.2 cm2. Through the round of measured values arise at
low values, a high error-including high variability. These are the
measurements that very accurately show the low variability during
diastole.

Limitations

The presented method has limitations, which are outlined below.
(i) The model is based on RT3DE data sets. Accordingly, the lim-
itations of RT3DE also apply for our technology. These have been
well described before [5]. One important limitation is that the
RT3DE data set requires R-wave gating. Also, the image recon-
struction is based on the principle of stitching together multiple
cut planes over four cardiac cycles. Therefore, the measurement
results of the 4D MV model are also composed of four different

Table 4: Intraclass correlation coefficients for interobserver and intraobserver analysis for each mitral valve parameter

Parameters Mid-systole End-systole Mid-diastole End-diastole

Interobserver Intraobserver Interobserver Intraobserver Interobserver Intraobserver Interobserver Intraobserver

Anteroposterior diameter (mm) 0.966 0.945 0.980 0.965 0.912 0.936 0.933 0.926
Anterolateral–posteromedial
diameter (mm)

0.967 0.940 0.977 0.969 0.986 0.980 0.959 0.969

Annular circumference (mm) 0.945 0.925 0.964 0.921 0.939 0.925 0.895 0.827
Mitral annular area (cm2) 0.984 0.975 0.987 0.972 0.976 0.962 0.967 0.942
Intercommissural distance (mm) 0.571 0.582 0.661 0.585 0.896 0.824 0.763 0.750
Mitral valve area (cm2) 0.915 0.446* 0.756 0.539 0.986 0.995 0.981 0.977

All P for ICC <0.01, except *P = 0.03.
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cardiac cycles. Furthermore, (ii) in our experience, suitable RT3DE
data sets with less than 8 frames per cardiac cycle were strictly
limited for 4D reconstruction. In these cases, a detailed tem-
poral allocation to the individual cardiac phases was difficult.
Therefore, a high sampling rate and high data quality during data
acquisition must be accomplished. (iii) Patient-specific severe
calcification of the mitral annulus or complex MV morphology
with billowing and high number of clefts in the RT3DE data sets
required more time for MV modelling. Reasons for this are

time-consuming visual inspections and manual corrections of
landmarks. Despite the time-consuming 4D reconstruction, precise
quantifications of the MV were possible. (iv) Finally, we have not
compared our measurements with independent standards, such as
measurement during surgery. The measurements reported here
are consistent with previously reported values for the mitral
annulus [4, 23]. The accuracy of automated measurements com-
pared with measurements made during surgery needs to be tested
in future studies.

Figure 4: Representative Bland–Altman plots for intraobserver comparison during mid-diastole. Analyses show the mean of observations (plotted along the x-axis)
and differences between the measurements (plotted along the y-axis) of the two observations. Solid line indicates bias and dotted lines indicate two standard devia-
tions above and below bias. All graphs for parameters in mid-diastole. Bland–Altman analysis for intraobserver comparison for the entire cardiac cycle in
Supplementary Figure II. (A) Anteroposterior diameter, (B) anterolateral–posteromedial diameter, (C) annular circumference, (D) mitral annular area, (E) intercommis-
sural distance and (F) mitral valve orifice area.
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CONCLUSION

This newly developed RT3DE-based 4D MV model demonstrates
rapid excellent morphological visualization and comprehensive
quantification of the MV apparatus with high levels of reliability
and reproducibility yet to be reported.

SUPPLEMENTARY MATERIAL

Supplementary material is available at ICVTS online.
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