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Relationship of Mitral Valve Annulus Plane
and Circumflex-Right Coronary Artery Plane:

Implications for Transcatheter Mitral Valve Implantation
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Mohammad Q. Raza,1 MD, Kanhaiya Lal Poddar,1 MD, Cristian Baeza,2 MD,

Gabriel Maluenda,2 MD, Jose Navia,1 MD, Paul Schoenhagen,1 MD, and
E. Murat Tuzcu,1 MD

Aim: Transcatheter mitral valve implantation (TMVI) is a novel technology for patients
with severe mitral valve disease but at high surgical risk. Imaging guidance during the
procedure is critical for successful device deployment. Identification of the mitral annular
plane (MAP) with fluoroscopy during the procedure is limited by lack of clearly defined
landmarks. We hypothesized that a plane defined by left circumflex-right coronary
arteries (LCX-RCA) would have a consistent relationship to MAP. Methods and results:
We studied 25 patients with gated cardiac computed tomography. We identified the
MAP and the LCX-RCA plane in mid systole and diastole. The distance between the
two planes in prespecified four points (anterior, posterior, medial, and lateral) in the ap-
ical 2 and 3-chamber views. Alignment of the planes was described by cranial/caudal
angulation for both planes in RAO 30� and LAO 90� (lateral) angulation. Mean age was
81 6 9 years, 56% of patients had �21 mitral regurgitation. In mid systole, the distan-
ces between the LCX-RCA plane and the MAP in the four points were < 5 mm in 92%
of patients. In mid diastole, distances were < 5 mm in 100% of patients. In mid systole,
the correlation between the caudal/cranial orientations of the 2 planes was 0.85 and
0.80 in the LAO 90� and RAO 30�, respectively (P 5 <0.001). In mid diastole, this was
0.92 and 0.92 in the LAO 90� and RAO 30�, respectively (P 5 <0.001). Conclusion: LCX-
RCA plane has a close and consistent relationship to the MAP and can be useful to
guide TMVI. Accurate imaging of mitral valve annular plane during TMVI procedure is
challenging. MAP guided by fluoroscopy might be crucial to guide successful prosthe-
sis deployment. A plane defined by the left circumflex- right coronary arteries in the
atrioventricular grove has a consistent relationship with MAP; this can be used aided
by pre-procedural MDCT to guide TMVI procedure. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Transcatheter Mitral Valve Implantation (TMVI) is a
novel evolving technology for patients with severe mitral
valve disease that are at high-risk for surgical interven-
tion. Recently, first in man experiences of TMVI have
been reported after extensive animal experiments [1–14].
The development of this percutaneous technique has
been influenced by the experience with Transcatheter
Aortic Valve Replacement (TAVR) [15–17].

The TAVR experience has demonstrated that trans-
catheter device deployment is largely dependent on pre-
procedural and intraprocedural imaging. Accurate valve
deployment requires coaxial alignment of the fluoro-
scopic imaging plane to aortic annular plane. The aortic
annular plane can be determined using pre-procedural
multidetector computed tomography (MDCT). This
plane is then confirmed with aortography and fluoros-
copy during the procedure [18]. The annular plane of a
tricuspid aortic valve is easily visualized on fluoroscopy
based on clear well defined anatomic landmarks [19].
Similar fluoroscopic guidance for TMVI procedure is
more challenging, even after determining mitral annular
plane (MAP) on MDCT. The main reason is the lack of
anatomic landmarks for fluoroscopic confirmation. Opa-
cification of the left atrium or ventricle requires substan-
tial contrast load. Placing a wire in the coronary sinus is
limited due to anatomical variation and proximity of the

coronary sinus only to the lateral aspect of the fluoro-
scopic annular plane [20–23].

In TMVI procedures currently reported, prosthesis
positioning has been guided mainly with 3-D trans-
esophageal echocardiography (TEE). Although, TEE
has its own inherited limitations, it remains critical for
intra-procedural guidance. Nonetheless, mitral valve
prosthesis positioning might be more reliable if two
modalities exist to complement each other. Fluoros-
copy would have a lot more to add given the complex-
ity of mitral valve anatomy.

We hypothesized that a plane defined by left circumflex-
right coronary artery (LCX-RCA) could provide a consistent
relationship to MAP to guide TMVI. In this study, we
sought the relationship of LCX-RCA plane to MAP in sys-
tole and diastole based on MDCT.

METHODS

We retrospectively identified 25 patients who had
contrast-enhanced gated cardiac MDCT in our institu-
tion. All procedures and data collection were approved
and monitored by the Cleveland Clinic Institutional
Review Board with waiver of individual informed con-
sent.

Image Acquisition

All subjects were scanned on clinical MDCT scanners
(Definition Dual Source/Definition Flash, Siemens Med-
ical Solutions, Erlangen, Germany; or Brilliance 256-
slice, Philips Medical Systems, Best, The Netherlands).
For the contrast enhancement, 50 mL of iodinated con-
trast (Ultravist 370) was administered at 4–5 mL/sec
through the antecubital vein followed by 30–50 mL of
normal saline. Scan range extended from the carina to
the diaphragm during a single inspiratory breath hold.
Spiral data was acquired with retrospective electrocar-
diogram gating using the following parameters: gantry
rotation time¼ 270 to 330 msec; beam collimation rang-
ing from 128 � 0.6 mm to 32 � 0.6 mm; tube voltage¼
100 to 120 kVp; tube current adjusted per patient weight;
and beam pitch of 0.2 to 0.5. Electrocardiogram-based
tube current modulation was used for all patients, with
maximum current turned on between 30 and 70% phases
of the cardiac cycle. Images were reconstructed in 10%
intervals through the cardiac cycle with a section thick-
ness of 0.75 mm.

Measurements

Figure 1 is a diagrammatic illustration of the spatial
relation between the two planes of interest; MAP (shown
in pink) and LCX-RCA plane (shown in green).

Fig. 1. Illustrative diagram showing the relation between the
mitral annulus plane and the LCX-RCA plane. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Measurements were performed using Aquarius iNtu-
ition 4.4 software (TeraRecon, San Mateo, CA). Step
1: Reconstructed images were manually reoriented into
standard 2-dimensional planes; 2-chamber (2C) and 3-
chamber (3C) views (Fig. 2). Step 2: the axial plane
was adjusted on the MAP in 2C and 3C views; relying
on the points of mitral leaflets insertion (Fig. 2). Step

3: Once the MAP was defined in the axial plane panel
(Fig. 2, lower left), the long axis planes were rotated in
that panel to record the specific cranial and caudal angu-
lations for the MAP in Left Anterior Oblique (LAO)
90� and Right Anterior Oblique (RAO) 30� projections.

Coronary arteries were manually tracked and recon-
structed using 3-dimensional mapping and the courses

Fig. 2. Axial plane (green line) is adjusted exactly on the mitral annulus plane in the apical
three-chamber view (upper left) and in the apical two-chamber view (lower right). The axial
plane panel is now showing the mitral valve annulus plane (lower left). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

934 Kapadia et al.

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.
Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).

http://wileyonlinelibrary.com


of RCA and LCX in the atrio-ventricular groove were
examined to guide further steps. Step 4: Another dou-
ble oblique axial plane was reconstructed cutting
through the portions of LCX and RCA in the atrio-
ventricular groove (LCX-RCA plane; Fig. 3, lower

left). Step 5: In the axial plane panel, the long axis
planes were rotated to record the specific cranial and
caudal angulations for the LCX-RCA plane in LAO
90� and RAO 30� projections; similar to what was
done in step 3.

Fig. 3. Axial plane is adjusted to show the left circumflex artery and the right coronary ar-
tery simultaneously in the atrio-ventricular groove (lower left). This axial double oblique plane
level and orientation (green line) is shown in the apical three-chamber view (upper left) and
the apical two-chamber view (lower right). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Step 6: While keeping the LCX-RCA plane in the previ-
ously described axial plane panel, the long-axis planes
were again rotated into standard 2C and 3C views (Fig. 3).
Step 7: in 2C and 3C views, the distance in millimeters
was measured between the LCX-RCA plane (green line in
Figs. 3 and 4) and the mitral annulus (defined by the points

of mitral leaflets insertion) at 4 points: anterior (A), poste-
rior (P), medial (M), and lateral (L) as shown in Fig. 4.

The previously described steps and measurements
were performed both in mid-systole (30% R-R interval)
and mid-diastole (70% R-R interval) phases of the
ECG-gated CT scans.

Fig. 4. The LCX-RCA double oblique axial plane (lower left). Distance from this plane (green
line) to the mitral valve annulus (*) in the previously described four points; anterior “A” and
posterior “P” (apical three-chamber view, upper left) and medial “M” and lateral “L” (in apical
two-chamber view, lower right). Autopsy showing the LCX-RCA plane (upper right). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Intraobserver and Interobserver Variability

All angle projections and distances between the
LCX-RCA plane and the four points were initially per-
formed by one blinded observer, after a 7 weeks inter-
val, all measurements were repeated by the same
observer and a second observer for 10 patients.

Statistical Analysis

Descriptive statistics are presented as mean values
and SD for continuous variables and as frequencies
and percentages for categoric variables. Continuous

variables were compared using Spearman’s correlation
test. A P value of <0.05 was considered statistically signif-
icant. All analyses were performed using JMP statistics
software package. The Bland-Altman analysis was per-
formed to evaluate agreement between measurements and
to assess intraobserver and interobserver variability [24].

RESULTS

Patient Population

Patients’ characteristics are provided in Table I, mean
age was 81.3� 8.8; �2þ MR was present in 15 (60%)
patients. Mean ejection fraction (EF) was 53.4� 10.2%,
Mean Left ventricular end-systolic volume (LVESV),
end-diastolic volume (LVEDV), internal diastolic diame-
ter (LVIDd), internal systolic diameter (LVIDs), left atrial
volume (LAV) and volume index (LAVI) were 41.4�
20.2 ml, 96� 34.6 ml, 45.3� 8.9 mm, 31.4� 9.4 mm,
83.5� 31.4 ml and 46.2� 17.4 ml/m2 respectively.

Separation between LCX-RCA Plane
and the Mitral Annulus

In mid systole, the distances between the LCX-RCA
plane and the mitral annulus anteriorly, posteriorly, medi-
ally and laterally were 3.2� 1.6, 3.2� 1.3, 2.9� 1.8, and
3.2� 1.7 mm, respectively (Fig. 5). The distances were
<5 mm in 92% of the pts.

When only patients with �2 MR were analyzed, dis-
tances anteriorly, posteriorly, medially, and laterally
were 3.1� 1.1, 2.8� 1.2, 2.3� 1.2, and 2.9� 1.4 mm,
respectively (Table II).

In mid diastole, the distances between the LCX-
RCA plane and the mitral annulus anteriorly, posteri-
orly, medially, and laterally were 2.5� 1.1, 2.9� 1.1,
2.6� 1, and 2.6� 1.1 mm, respectively (Fig. 6), these
distances were <5 mm in 100% of the patients.

TABLE I. Study Population Characteristics

Age 81.324� 8.79 year

Gender 44% males

Hypertension 96%, (N¼ 24)

Diabetes 36%, (N¼ 9)

Hyperlipidemia 76%, (N¼ 19)

CAD 96%, (N¼ 24)

CABG 28%, (N¼ 7)

EF 53.4� 10.2%

LVEDV 96� 34.6 ml

LVESV 41.4� 20.2 ml

LVIDd 45.3� 8.9 mm

LVIDs 31.4� 9.4 mm

LAV 83.5� 31.4 ml

LAVI 46.2� 17.4 ml/m2

BMI 26.788� 7.38 kg/m2

Fig. 5. Distances from the LCX-RCA plane to the mitral valve
annulus in systole anteriorly, posteriorly, medially, and laterally
were 3.2 6 1.6, 3.2 6 1.3, 2.9 6 1.8, and 3.2 6 1.7 mm, respectively.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE II. Comparison between Patients with <2 MR and
Those with �2 MR Regarding Distances between the Two
Planes in the Four Prespecified Points

Mid systole Mid diastole

�2 MR <2 MR P Value �2 MR <2 MR P Value

Anterior 3.1� 1.1 3.4� 2.1 0.6 2.5� 1.1 2.4� 1 0.8

Posterior 2.8� 1.2 3.9� 1.2 0.03 2.6� 1.3 3.4� 0.7 0.08

Medial 2.3� 1.2 3.9� 2 0.04 2.5� 1 2.8� 1.1 0.6

Lateral 2.9� 1.7 3.8� 2.2 0.2 2.5� 1.1 2.7� 1.1 0.7

Fig. 6. Distances from the LCX-RCA plane to the mitral valve
annulus in diastole anteriorly, posteriorly, medially, and
laterally were 2.5 6 1.1, 2.9 6 1.1, 2.6 6 1, and 2.6 6 1.1 mm,
respectively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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When only patients with �2 were analyzed, distances
anteriorly, posteriorly, medially, and laterally were
2.5� 1.1, 2.6� 1.3, 2.5� 1, and 2.5� 1.1 mm, respec-
tively (Table II).

Relation of LCX-RCA Plane to Mitral Valve
Annulus Plane

In mid systole, the correlation between the caudal/
cranial orientations of the 2 planes was 0.85 and

0.80 in LAO 90� and RAO 30�, respectively

(P¼<0.001 for both; Figs. 7A and 8A). Further, 80%

and 68% of patients had a MVA plane within 10� (cau-

dal/cranial) of the LCX-RCA plane in LAO 90 and

RAO 30 projections, respectively; 96 and 80% of

patients had it within 20� in those same projections,

respectively.
When only patients with �2 MR were analyzed, the

correlation between the caudal/cranial orientations of

Fig. 8. A: Correlation between cranial/caudal angulation of the LCX-RCA plane and the mi-
tral valve annulus plane in the RAO 30� projection in mid systole. r 5 0.8, P 5 <0.001. B: The
corresponding Bland-Altman plot; coefficient 5 0.04, P 5 0.79. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

Fig. 7. A: Correlation between cranial/caudal angulation of the LCX-RCA plane and the mi-
tral valve annulus plane in the LAO 90� projection in mid systole. r 5 0.85, P 5 <0.001. B: The
corresponding Bland-Altman plot; coefficient 5 0.05, P 5 0.68. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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the two planes was 0.85 and 0.81 in LAO 90 and RAO
30, respectively (Table III).

In mid diastole, the correlation between the caudal/
cranial orientations of the 2 planes was 0.92 and 0.92
in LAO 90� and RAO 30�, respectively (P¼<0.001
for both; Figs. 9A and 10A); 88 and 68% of patients
had a MVA plane within 10� (caudal/cranial) of the
LCX-RCA plane in LAO 90 and RAO 30 projections,
respectively, 100% and 92% of patients had it within
20� in those same projections, respectively.

When only patients with �2 MR were analyzed, the
correlation between the caudal/cranial orientations of
the two planes was 0.98 and 0.94 in LAO 90� and
RAO 30�, respectively (Table III).

Furthermore, Bland Altman graphs were plotted to
further elucidate the linear relationship and to rule out
any bias (Figs. 7B, 8B, 9B, and 10B). The unstandar-
dized coefficient ranged from 0.02 to 0.05 (close to
0.01) for all relationships. The presence of systematic
error was not confirmed since zero was included in the
95% CI and the points were symmetrically distributed

around the zero on the Bland-Altman plot. In addition,
P-values obtained through linear regression of differ-
ence over means were not significant in any of the
plots, thus ruling out any proportional bias.

Intraobserver and Interobserver Variability

Mean difference by Bland-Altman analysis for both
repeat measurements by the same and second observer
are listed in Table IV.

DISCUSSION

This study demonstrated that it is feasible to recon-
struct a plane defined by left circumflex and right cor-
onary arteries as they traverse the atrio-ventricular
groove. This LCX-RCA plane appears to correlate reli-
ably with the mitral valve annulus plane in both mid
systole and mid diastole. The distance between the for-
mer plane and the mitral annulus is variable but yet

Fig. 9. A: Correlation between cranial/caudal angulation of the LCX-RCA plane and the mi-
tral valve annulus plane in LAO 90� projection in mid diastole. r 5 0.92, P 5 <0.001. B: The cor-
responding Bland-Altman plot; coefficient 5 0.02, P 5 0.795. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE III. Comparison between Patients with <2 MR and Those with �2 MR Regarding Correlation of Planes in Different Pro-
jections

Mid systole Mid diastole

LAO 90 RAO 30 LAO 90 RAO 30

�2 MR <2 MR P Value �2 MR <2 MR P Value �2 MR <2 MR P value �2 MR <2 MR P Value

0.85 0.85 0.8 0.81 0.77 0.6 0.98 0.86 0.7 0.94 0.83 0.3

Mitral Valve Annulus and LCX-RCA Planes in TMVI 939

Catheterization and Cardiovascular Interventions DOI 10.1002/ccd.
Published on behalf of The Society for Cardiovascular Angiography and Interventions (SCAI).

http://wileyonlinelibrary.com


definable, and in all patients was found to be <5 mm
as measured in 4 predefined locations.

Prior data from our group, evaluating the relation-
ship between mitral annulus and coronary sinus dem-
onstrated significantly large and less consistent
distance between the two structures, indicating that the
coronary sinus plane is not parallel to the MAP [22].
These findings were subsequently confirmed by several
other studies [21,25]. The focus of these studies was to
predict if devices deployed in the coronary sinuses
would be able to change the geometry of the mitral
annulus to decrease the degree of mitral regurgitation.
In contrast, with TMVI, it is critical to define the mi-
tral annulus based on consistent anatomical landmarks.
The coronary sinus is a limited landmark due to the
fact that its relationship is limited to the lateral aspect
of the mitral annulus. Therefore, precise alignment of
the fluoroscopic planes is challenging. Furthermore, the
significant variation in distance and trajectory of coro-

nary sinus in relation to mitral annulus as defined in
prior studies makes its use even more challenging.

In the TAVR experience, procedural planning with
MDCT has become an integral part of the procedure.
Based on dedicated reconstruction of the 3-D dataset,
CT allows to predict fluoroscopic projection angles,
which are coaxial to the aortic valve [18,19]. This pre-
procedural data is verified by the interventionist during
the procedure using aortic root angiography. In TMVI,
the area that would need to be opacified with contrast,
either left ventricle or left atrium, is large and the
annulus lacks clear landmarks.

Optimum positioning of the valve would theoreti-
cally reduce the risk of mechanical complications
including paravalvular leakage (PVL), embolization
and insufficient deployment. PVL is much less toler-
ated in the mitral position compared to the aortic. In
most of the TMVI animal and human cases reported
until now, TEE was the main modality to determine

TABLE IV. Mean Difference with Standard Deviation Regarding Interobserver and Intraobserver variability

Variable

Intraobserver agreement,

mean�SD (95% CI)

Interobserver agreement,

mean�SD (95% CI)

MA RAO 30 (�) �3.6� 2 (�7.9 to 0.8) 4.0� 2.4 (�1.4 to 9.0)

MA LAO 90 (�) 0.4� 2 (�4 to 4.5) �2.6� 1.5 (�5.9 to 0.74)

LCX-RCA RAO 30 (�) �2.4� 2 (�7 to 2) 1.9� 2.1 (�2.8 to 6.5)

LCX-RCA LAO 90 (�) �0.6� 1.9 (�4.7 to 3.6) �2.1� 1.8 (�6.1 to 2)

Lateral Distance (mm) �0.1� 0.4 (�0.9 to 0.7) �0.1� 0.5 (�0.9 to 0.8)

Medial distance (mm) 0.1� 0.4 (�0.8 to 0.9) �0.2� 0.4 (�0.9 to 0.6)

Anterior Distance (mm) �0.4� 0.2 (�0.7 to 0.1) 0.2� 0.3 (�0.4 to 0.9)

Posterior distance (mm) �0.1� 0.4 (�0.9 to 0.7) �0.05� 0.3 (�0.6 to 0.5)

Fig. 10. A: Correlation between cranial/caudal angulation of the LCX-RCA plane and the mi-
tral valve annulus plane in the RAO 30� projection in mid diastole. r 5 0.92, P 5 <0.001. B: The
corresponding Bland-Altman plot; coefficient 5 0.05, P 5 0.58. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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the mitral valve annular plane. In the long term animal
model reported by Benai et al., failure to position the

valve occurred in 5 animals (14% of the cases), which
is a significant percentage, and three out of seven ani-
mals had 2/4 PVL [3]. In another human case of
TMVI, the implantation failed and caused severe PVL
and the prosthesis had to be explanted and replaced
with conventional surgery [6]. TEE remains crucial for

intraprocedural guidance, but having a fluoroscopic
confirmation of the mitral valve annular plane is highly
desirable for optimum device delivery.

In this manuscript, we are proposing a novel concept.
We suggest that the LCX-RCA plane has a constant cor-

relation with the MAP, and that this correlation is pre-
served during the entire cardiac cycle. This could be
applied during TMVI by first defining the LCX-RCA
plane using either simultaneous contrast opacification or
by insertion of radiopaque guide-wires in both coro-
naries; which can be easily done in the catheterization
laboratory. Combined with preprocedural CT data defin-
ing the relationship between the LCX-RCA and MAP,
the angiographic plane defined by the coronary arteries
could then be used to ensure proper positioning of the
mitral valve prosthesis before deployment. LAO 90� and
RAO 30� projections were chosen for ergonomic con-
venience. Since most of the TMVI procedures reported

Fig. 11. Fluoroscopy images illustrating TMVI in an animal model using the novel concept of
LCX-RCA plane. A: Guide-wires in LCX (arrow) and RCA (arrowhead). B: Left ventriculogram
while guide-wires in place. C: LCX-RCA plane correlating with MAP (red dotted line) during
left ventriculogram. D: Mitral Valve prosthesis (asterisk) implanted with the help of guide-
wires in LCX and RCA. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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to-date were performed via transapical approach, posi-
tioning the C-arm in those projections is feasible from a
practical standpoint. Based on the CT data acquired prior
to the TMVI (including the separation and possibly the
angle between both planes), it would be possible to
define the anatomical position of the annulus with good
precision in real-time and define the corresponding fluo-
roscopic angulation. Special software can be developed
to serve that purpose, as has been the case for TAVR
[26].

Figure 11 represents an animal model where the
LCX-RCA plane was used to guide TMVI, by simulta-
neous insertion of radiopaque guide-wires in both coro-
naries. Of particular interest, the plane demarked by
the valve prosthesis is in close relationship with the
plane defined by the wires positioned in the LCX-RCA
coronaries.

Limitations of this study include small sample size,
which calls for larger studies in the future to confirm
the reported findings. We also need further studies to
analyze these relationships in patients with mitral valve
pathologies. It is also not known whether the correla-
tion between LCX-RCA and MAP would be affected
by conduction abnormalities such as right or left bun-
dle branch block and the difference in coronary posi-
tion timing. This concern could also extend to the
impact of pulmonary hypertension and the differences
in right and left ventricular systolic function. Another
important consideration is the historically proven sad-
dle shaped configuration of the mitral valve, which
makes a planar representation of its annulus quite chal-
lenging. However, recent studies have suggested that
using a more planar D-shaped contour seems to be
more convenient for the purpose of guiding transcathe-
ter mitral valve procedures [27]. Finally, the usefulness
of this novel technique will need to be tested to see if
it improves device positioning and outcomes, as the
observed geometric variability may exceed the accepta-
ble positioning error for available valves.

In summary, we describe a novel method of identify-
ing the MAP, which can be used in the cardiac cathe-
terization laboratory to complement TEE in the context
of TMVI procedural guidance.
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