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Introduction

Mitral regurgitation (MR) has a high prevalence in older 
patient populations of industrialized nations (1). Its etiology 
can be broadly categorized into primary and secondary MR. 
Primary MR is characterized by pathologic changes of the 
valve, causing valvular dysfunction. In contrast secondary 
MR is defined by a structurally intact mitral valve with 
functional impairment secondary to ventricular remodeling. 
With decreasing prevalence of rheumatic heart disease and 
an increasing percentage of older individuals, degenerative 
MR is now the most common primary etiology (1). Various 
cardiomyopathies are the underlying cause of secondary MR, 
with ischemic heart as the most common etiology. Because of 
high prevalence of co-morbidities and associated risk, surgical 
mitral valve repair or replacement is deferred in a significant 
percentage of patients (2). For these patients transcatheter 

repair/replacement are emerging as treatment options (3).
During open-heart repair/replacement, direct or video-

endoscopic visualization of the mitral valve structures guide 
surgical management. Because transcatheter approaches 
lack direct visualization, peri-procedural imaging is critical. 
Pre-procedural imaging of the mitral valve defines the 
presence of disease, confirms inclusion and exclusion 
criteria based on anatomic and functional characteristics, 
guides selection of appropriate device size, and determines 
eligibility of peripheral or central vascular access. Intra-
procedural imaging guides the procedure, identifies 
immediate procedural success and complications. Similar to 
open surgical approaches, post-procedural imaging confirms 
long-term outcome.

Echocardiography remains the ‘Reference Standard’ for 
identifying, monitoring and grading mitral valvular disease, 
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in the pre- and post-operative period. Echocardiography 
and angiography are essential for intra-procedural imaging. 
Magnetic resonance imaging (MRI) and computed 
tomography provide complementary information in 
selected clinical scenarios and patient populations. A 
strength of multidetector computed tomography (MDCT) 
is detailed three-dimensional (3D) reconstructions of mitral 
valve anatomy, including precise measurement of annular 
dimensions. It has therefore gained increasing acceptance 
as a component of pre-procedural assessment in the context 
of transcatheter valve interventions (4). MRI provides 
additional functional and anatomic analysis.

In this review we summarize anatomy of the mitral 
complex and current status of various transcatheter mitral 
valve interventions, and discuss the imaging modalities for 
characterization of the mitral valve, in the peri-procedural 
period.

Anatomy of the mitral valve structures

The mitral valve complex includes the annulus, the 
commissures, the two valve leaflets, the chordae tendineae, 
and the papillary muscles (Figure 1). 

The mitral annulus has a parabolic rather than planar 
geometry, with peaks toward the anterior and posterior 
edges (5). This unique shape is thought to lessen the 
stress exerted on the valve leaflets during systole. The 
anterolateral and posteromedial commissures are the points 

where the two mitral leaflets attach to each other (6). 
Fibrous thickenings external to the mitral valve commissures 
are known as the right and left trigones. The mitral annulus 
is divided into the anterior and posterior portions. The 
anterior portion of the mitral annulus lies between the right 
and left trigone and is in very close association with the 
aortic annulus. The fibrous continuity of the anterior mitral 
valve leaflet with the non-coronary and left-coronary leaflet 
of the aortic valve is also known as the aortic mitral curtain 
(Figure 2) (7). The fibrous nature of the anterior mitral 
annulus makes it less prone to pathological remodeling (8).  
In contrast, the posterior portion of the annulus is 
predominantly muscular and thus prone to remodeling (9). 
It is important to note the close association of the coronary 
sinus with the posterior portion of the annulus, which is 
the basis for indirect annuloplasty procedures. The mitral 
annulus is a dynamic structure which undergoes a variety of 
deformations during the cardiac cycle including folding and 
contraction during systole, as well as translation in response 
to ventricular filling (5). The deformation of the annulus is 
a significant challenge for device stability in transcatheter 
mitral valve implantation (2). 

The anterior and posterior mitral valve leaflets border 
the aortic valve, and the free cardiac wall, respectively. 

Figure 1 Mitral valve complex. The mitral valve complex includes 
the valve itself (annulus and two leaflets), the chordae tendineae, 
and the papillary muscles.

Figure 2 Mitral leaflets. The three portions of the posterior 
mitral leaflet, named from lateral to medial are P1, P2 and P3. 
The anterior leaflet similarly is divided into three portions named 
A1, A2 and A3, from lateral to medial. The fibrous continuity of 
the anterior mitral valve leaflet with the non-coronary and left-
coronary leaflet of the aortic valve is known as the aortic mitral 
curtain.
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The leaflets attach to each other at the anterolateral and 
posteromedial commissures. The posterior leaflet, narrower 
than the anterior leaflet, covers approximately two-thirds of 
the annular opening. Indentations, better known as scallops, 
accommodate the curved coaptation line, and define three 
portions of the posterior leaflet (named from lateral to 
medial P1, P2 and P3) (7). The anterior leaflet similarly is 
divided into three portions (named A1, A2 and A3, from 
lateral to medial) (Figure 2). Each leaflet contains three 
zones: the basal zone is the area where the leaflet connects 
to the annular ring, the clear zone is the central portion of 
the leaflet, and the rough zone is the coapting portion of 
the leaflet, along its free edge. 

The papillary muscles are located in the anterolateral 
and posteromedial positions and originate from the middle 
to apical region of the left ventricle. The anterolateral 
papillary muscle usually has dual blood supply from the 
circumflex and left anterior descending coronary artery. 
The posteromedial papillary muscle is most frequently 
supplied by the right coronary artery and less commonly 
by a dominant circumflex. Extending from the tip of each 
papillary muscle are chords known as chordae tendineae, 
which attach to the leaflets. Each papillary muscle 
distributes chords to the ipsilateral side of both leaflets. 
Primary chords attach to the free edge of the leaflet. 
Secondary chords attach to the ventricular surface of the 
rough zone. Both primary and secondary chords arise from 
papillary muscles. In contrast, tertiary chords may arise 
directly from the left ventricular wall and insert exclusively 
into the middle and basilar portions of the posterior leaflet. 
Primary chords are thinner and function to maintain 
leaflet apposition and valve closure. Dysfunction of these 
primary chords results in acute MR (7). Secondary chords 
are thought to play a role in maintaining left ventricular 
size rather than leaflet apposition (7). Longer and thicker 
secondary chords are referred to as strut chords and 
attach only to the anterior leaflet. These strut chords are 
responsible for the fibrous continuity of mitral annulus with 
the left ventricular myocardium (10). Strut chords are under 
constant tension and help maintain size and shape of the left 
ventricle. Transection of strut chords results in alterations 
in left ventricular geometry and can lead to left ventricular 
remodeling (11). 

In summary, the mitral valve apparatus is a complex 
anatomical structure. Detailed pre-procedural and 
intra-procedural imaging is needed to ensure successful 
transcatheter procedures, including mitral valve repair and 
replacement. 

Transcatheter mitral valve implantation/
replacement (TMVI/TMVR) 

Percutaneous treatments for valvular heart disease have 
undergone rapid development and gained popularity in 
recent years (12). Current strategies including leaflet repair 
(13-17), annuloplasty (18-22), percutaneous LV remodeling 
devices (23) have been reviewed in recent papers. 

However, these techniques are often unable to eliminate 
MR completely and depend on native valve components. 
TMVI/TMVR is a developing technique for patients with 
severe mitral valve disease who are poor surgical candidates. 
If successful, TMVI has the potential to treat a wider 
range of mitral pathologies compared to percutaneous 
annuloplasty and leaflet repair technologies, including 
mitral stenosis (24-26).

However, because of the complex anatomy of the mitral 
structures, significant technical challenges will need to 
be solved (2,27). The complex geometry with significant 
variability between patient and the larger size makes the 
implantation into the mitral annulus more difficult than 
valve deployment into the more symmetric, planar, and 
smaller aortic annulus. The relative lack of calcifications, 
which serve as a fluoroscopic landmark and is known to 
provide stability in TAVR valve deployment, will likely 
affect positioning and anchoring of the mitral valve devices. 
It is further unknown if subsequent annulus remodeling 
may impact on medium-term results after implantation. 
Peripheral access is associated with a highly curved catheter 
course (both transseptal and transaortic access). Other 
anatomical considerations include protection of patency 
of the coronary sinus, circumflex coronary artery and LV 
outflow tract with device implantation. High transvalvular 
gradients and dynamic motion of the mitral annulus during 
the cardiac cycle adds to technical difficulties and raises 
engineering concerns about device durability. A number of 
devices are currently in development.

TMVI devices for native mitral valve

Fortis valve
The FORTIS valve (Edwards Life Sciences Corp, CA, 
USA) is a self-expanding nitinol stent with three bovine 
pericardial leaflets implanted via a transapical route. 
Paddles are present on the central valve body, which can be 
deflected away from the body to attach to the native valve 
leaflets and then tightened to secure the leaflets between 
the paddles and the body. An atrial flange portion of the 
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valve rests in the left atrium and functions to prevent the 
structure from interfering with aortic valve function. 

The procedure is performed under general anesthesia 
using TEE and fluoroscopic guidance. Rapid pacing is 
not necessary as blood flow is maintained throughout the 
procedure. Following transapical puncture, a guidewire 
is placed and TEE and fluoroscopy are used to confirm 
absence of chordal entanglement. Final echocardiographic 
evaluation, preferably using two-dimensional (2D) and 3D 
TEE, is done before the paddles are closed and the device is 
released allowing full deployment. Post-deployment, TEE 
is used to confirm positioning of the valve and function. 

Initial experiences with the device include a case series 
of five treated patients (27). These patients were poor 
candidates for surgery and MitraClip based on anatomical 
findings. Thorough pre-procedural imaging of patients 
included coronary angiogram, TEE and ECG-gated 
CT. Anatomic inclusion criteria for the 29 mm FORTIS 
valve determined by echocardiography included an 
intercommissural annular diameter between 30 and 44 mm, 
posterior leaflet length of >0.5 cm and an anterior leaflet 
length of <2.3 cm. Anatomical contraindications included 
P2 leaflet prolapse, predominant commissural MR, and a 
left ventricular end diastolic diameter less than 4 cm (27). 
CT was utilized mainly for imaging of the subvalvular 
apparatus including papillary muscles and chordae. 
Unfavorable subvalvular anatomy for leaflet capture during 
device implantation included irregular papillary muscle 
head branching, fused papillary muscle heads, chordae 
extending to subannular groove of mitral valve and large 
strut chordae (27). Assessment of fluoroscopic angles 
perpendicular to the mitral annulus was difficult, requiring 
greater reliance on TEE. Following the procedure, patients 
were placed on dual antiplatelet therapy and anticoagulation 
with warfarin on day 1 with target INR of >2.5. Single 
antiplatelet therapy and warfarin was continued after 3 months. 
Three of the 5 patients survived beyond 30 days. One patient 
died from intractable heart failure despite procedural success 
and another patient experienced very high transvalvular 
pressures resulting in device displacement and heart failure 
worsening. Current device development is not active.

NaviGate valve
The transcatheter mitral device developed by NaviGate 
Cardiac Structures Inc. (Irvine, California, USA) is 
composed of trileaflet equine pericardial leaflets mounted 
on a self-expandable 21 mm height nitinol stent with 
a truncated cone configuration and annular winglets 

for anchoring the native mitral leaflets. Early animal 
study results have shown successful implantation in the 
acute swine model. There was no coronary artery or left 
ventricular outflow obstruction and echocardiographic 
evaluation showed excellent function and accurate position 
of the successfully deployed valves. An interesting aspect 
was that successful implantation could be performed using 
all three approaches, trans-septal, trans-apical and trans-
atrial. Chronic animal studies are in process for this device. 

Medtronic valve
The Medtronic valve is a trileaflet nitinol self-expanding 
valve that has a large atrial inflow portion and a short circular 
outflow portion. The device is delivered via a transatrial 
approach. 2D and 3D TEE in combination with fluoroscopy 
are used to guide delivery of the implant, verify final 
positioning and evaluate valve function. Successful animal 
implantation has been performed using echocardiographic 
and fluoroscopic guidance. The support arms of the device 
capture the anterior and posterior native mitral leaflets at the 
A2 and P2 positions. Successful implantation with absence of 
valvular leakage has been completed in animals and further 
valve development is underway (6). 

CardiAQ valve
The CardiAQ valve (CardiAQ Valve Technologies, CA, 
USA) has a self-expanding nitonol frame supporting three 
leaflets of bovine pericardial tissue. Initial experience 
with this device was collected in swine with successful 
implantation in 14 of 19 animals (2). The first human 
experience with the device was on June 12, 2012 in Denmark 
where an 86 year old gentleman with 4+ MR was declined 
for surgery and MitraClip placement. A transapical approach 
was used to implant the CardiAQ valve. Despite a properly 
positioned and well-functioning valve, the patient died 
three days following the procedure secondary to multiorgan 
failure (2). This device currently has an FDA investigational 
disease exemption to undergo feasibility studies. 

Tiara valve
The Tiara valve (Neovasc Inc, British Columbia, Canada) 
is a self-expanding bioprosthesis with bovine pericardial 
tissue. It has a D shaped structure to fit the mitral orifice 
and prevent LV outflow tract obstruction. Initial experience 
showed successful implantation in 29 of 36 swine with failure 
mainly due to improper positioning or failure of the valve 
anchors (28). Two human cases of Tiara valve implantation 
were performed via transapical approach in January and 
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February 2014 in British Columbia, Canada (29). The 
procedures were completed without any complication and 
patients improved in MR and left ventricular volumes (2). 
The tiara is the first transcatheter mitral valve to receive an 
FDA conditional investigational device exemption approval 
for use in a feasibility trial which is currently underway.

Tendyne valve
The Tendyne valve (Tendyne Inc., MN, USA) is a trileaflet 
pericardial valve that is delivered transapically and secured 
via a tether near the LV apex using a pad that sits on the 
epicardium. Following successful porcine implantations, the 
valve was implanted in two human individuals in 2013 (30).  
The procedure eliminated severe MR in one patient and 
reduced the severe MR to grade 1 in the other patient (2). 
The Tendyne valve system has also been approved for 
feasibility studies which are currently underway. 

Others
Cardiovalve (Valtech Cardio Ltd, Israel) and Endovalve 
are additional implantable valves that are subject to current 
evaluation (2). MitrAssist (MitrAssist Medical, Israel) is another 
valve implant placed on top of the native valve that works in 
conjunction with the valve to improve valve functionality. 
Caisson TMVR (Caisson), Cardiovalve (Valtech), MitraCath 
(Emory University, Atlanta, USA), HighLife Mitral Valve 
(HighLife) and the MitrAssist valve (MitrAssist) are additional 
valves in preclinical development (30).

Valve in valve replacement

TMVI using a valve in valve replacement approach, in 
which prosthetic valves are implanted into a valve annulus 
which already has a poorly functioning degenerating 
prosthesis in place, may also be a viable alternative to valve 
replacement surgery (31). The SAPIEN XT and the Sapien 
3 valves (Edwards, CA, USA) as well as the Melody valve 
(Medtronic, MN, USA) have been used in dysfunctional 
mitral bioprostheses for valve-in-valve implantation and 
in annuloplasty rings for valve in ring implantation. These 
valves have shown excellent hemodynamic results with low 
transvalvular gradients and low incidences of perivalvular 
regurgitation (32-37). 

Peri-procedural imaging 

Imaging can be divided into pre-, intra-, and post- 
procedural imaging. Pre-procedural imaging is used 

to establish diagnosis and describe details/severity of 
pathology. A critical aspect of pre-procedural planning 
is 3D image reconstruction along defined planes. Intra-
procedural imaging guides the procedure and is critical for 
precise placement of the device. Post-procedural imaging is 
used for ongoing surveillance.

Pre-procedural imaging

Echocardiography
2D echocardiography remains the standard method for 
identification of mitral valve disease and grading of its 
severity. Transthoracic and transesophageal echocardiography 
(TTE and TEE) allow accurate anatomic and functional 
assessment. 

The geometry and dimensions of the mitral annulus, 
presence of annular calcification, valve leaflet morphology 
leaflet motion, anatomy of the subvalvular apparatus 
including chordae tendineae and papillary muscles, and left 
ventricular morphology can be assessed. Parasternal long 
axis or apical long axis views are typically used to measure 
the anterior-posterior diameter of the annulus while the 
apical two chamber view (intercommissural) is used to 
measure inter-commissural diameter (Figures 3,4).

Severity of mitral stenosis is evaluated by continuous 
wave Doppler-based measurement of pressure half-time, 
planimetry of valve orifice area and characterization of the 
mean pressure gradient across the valve by measuring blood 
flow velocity. Regurgitation severity measurement using 2D 
and 3D methods involves measuring regurgitant orifice area 
by PISA methods, proximal regurgitant jet width, diameter 
of the vena contracta and pulmonary vein flow patterns (38). 

Left ventricular size and function are important 
parameters, describing the impact of left ventricular 
remodeling and dysfunction on mitral valve function. 
Notably, severely reduced ejection fraction (<25%) has been 
an exclusion criteria for many of the landmark clinical trials 
of transcatheter mitral repair techniques (23). 

In the context of  pre-procedural  planning, 3D 
echocardiography allows dedicated analysis after the image 
acquisition (Figure 5). In contrast to 2D echocardiography, 
where the acquisition plane is determined at the time of 
acquisition, the acquired 3D volumetric datasets centered 
on the mitral valve can be reconstructed along any plane 
during data analysis. This allows detailed measurements of 
the mitral annulus similar to 3D reconstruction of CT data. 
Data comparing 3D echocardiography with MDCT for 
mitral valve geometry evaluation showed highly comparable 
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measurements between the two modalities with minimal 
interobserver variability (39). In addition volume rendered 
display of the data provides a more intuitive understanding 
of the 3D relationship and anatomy of the mitral structures 
in what has been called ‘surgical views’. There is also recent 
data describing superior accuracy of 3D TEE compared to 
2D echocardiographic imaging in quantifying severity of MR 
by allowing better morphologic evaluation of the regurgitant 
orifice and flow convergence (40). In degenerative MR, 
automated quantitative analysis of 3D TEE images is 
capable of providing data concerning particular mitral valve 
pathology such as flail gap and flail width.

Detailed, structured assessment of leaflet anatomy 
and motion by echocardiography allows understanding 
the etiology of MR and classification of valve pathology. 
In the classification described by Carpentier et al., type I 
MR is characterized by normal leaflet motion with leaflet 
perforation responsible for regurgitation, type II involves 

excessive movements of the leaflets including prolapse and 
flail, type IIIa involves restricted movements of the leaflets 
due to fibrosis and IIIb from systolic apical tethering due 
to ventricular remodeling, annular dilatation and papillary 
muscle ischemia (41). Functional MR (Carpentier 3b), 
in which the structure of the papillary muscles, chordae 
and valve leaflets are normal results from left ventricular 
dilatation. 

The experience with percutaneous valve repair demonstrates 
the impact of a detailed assessment on eligibility for the 
procedure as well as procedural approach. For example, it 
has been demonstrated that annuloplasty or valve repair 
devices are unlikely to be able to treat very lateral or very 
medial leaflet tethering (23). Greater length of the flail 
segments may necessitate placement of multiple devices 
in percutaneous leaflet repair procedures (23). Flail leaflet 
regions in close proximity to the commissures may also 
complicate percutaneous leaflet repair. Coaptation length 
and depth relative to the annular plane are also important to 
evaluate and a coaptation length <2 mm has been found to be 
insufficient to allow grasping by a valve repair device (42).

Multi-detector computed tomography (MDCT)
In the context of pre-procedural imaging, a particular 
strength of MDCT is the routine acquisition of 3D data 
sets with high spatial resolution (43). As described above 
for 3D echocardiography, these volumetric datasets allow 
unlimited reconstruction after image acquisition along 
defined planes and therefore provide detailed visualization 
of cardiac morphology. Because the orientation of the data 
volume is standardized by the position of the patient on the 
scanner table, reconstructed planes can be described relative 

Figure 3 Apical long axis echocardiogram. Apical long axis view is 
utilized for measuring the AP diameter of mitral annulus.

Figure 4 Apical two chamber view echocardiogram. Apical 2 
chamber view is utilized for measuring intercommissural length of 
mitral annulus.

Figure 5 3D-TEE of the mitral valve. Enface view shows the 
mitral valve segmental prolapse from the left atrial perspective. 
AML, anterior mitral leaflet; LAA, left atrial appendage; P2 is the 
central segment of the posterior leaflet.
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to the body axes and specifically in angiographic coordinates 
(LAO/RAO-cranial/caudal). 

Cardiovascular CT requires synchronization to the 
cardiac cycle (‘ECG-synchronization’/’gating’). This can be 
achieved by prospectively triggering data acquisition only 
in parts of the cardiac cycle, e.g., systole or diastole. This 
acquisition mode (‘prospective triggering’) has the advantage 
of lower radiation exposure, but limits analysis to a single 
phase of the cardiac cycle. In contrast, acquisition with 
retrospective gating acquires data from the entire cardiac 
cycle, with subsequent reconstruction of datasets in different 
cardiac phases. This acquisition mode (‘retrospective gating’) 
is associated with higher radiation exposure, but allows 
more flexibility. Specifically, retrospective gated acquisitions 
allow time-resolved (4-D) data with a temporal resolution 

of 75 ms and a spatial resolution of 0.5 mm for dual source 
scanners (44). These high-end acquisition protocols provide 
almost isotropic data for detailed 3D and 4D reconstructions 
along any plane throughout the entire cardiac cycle, and are 
typically used for imaging in the context of trans-catheter 
interventions (45,46). 

Details such as mitral annular shape, dimensions, 
and angiographic coordinates, presence and extent of 
annular calcification, coronary sinus anatomy and spatial 
relationship, leaflet anatomy, thickening, calcification, 
tenting height, tethering angles compared to annulus 
plane, and papillary muscle structure, can be appreciated 
on MDCT prior to the intervention (Figures 6-11). The 
CT data can also be co-registered to angiographic data at 
the time of the procedure, as is described with rotational 

Figure 6 Mitral valve anatomy. A 68-year-old female with degenerative mitral valve disease, was evaluated for surgical mitral valve repair. 
There was severe (4+) mitral valve regurgitation due to anterior leaflet prolapse and flail likely related to myxomatous degenerative disease. 
This figure shows the valvular and subvalvular structures, including the papillary muscles (2-chamber view left upper; 3-chamber view right 
upper; two short-axis views in the lower panels, located at the level of the papillary muscles (left) and leaflets (right).
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angiography systems (46,47).
The anatomy of the mitral annulus and valve structures 

varies between patients and impacts procedural success (27). 
3D data sets are particularly useful for exact measurements 
and assessment of orientation of the mitral annular 
plane (23). Blanke et al. proposes a D-shaped approach 
in which the anterior horn of the mitral annulus must be 
excluded when sizing the annulus for device implantation 
to minimize the risk for LV outflow tract obstruction with 
device (48). 

MDCT further allows detailed description and 
quantification of mitral annular calcification, which defines 
contraindication for certain devices. Papillary muscle 
displacement can be evaluated by measuring the left 
ventricular circumference at the base and the tip of the 
papillary muscle (23). 

MDCT allows assessment of the relationship between 
the mitral annulus, coronary sinus and left circumflex 
coronary artery, which is particular important for some 
approaches of transcatheter indirect mitral annuloplasty 
procedures. A wide angle between the sinus and the mitral 
annulus indicates poor pressure transmission from the sinus 
to the annulus and possible procedure failure (23). Studies 
have noted substantial variability in circumflex anatomy and 
MDCT features such as increased posterolateral distance 
between the coronary sinus and left circumflex artery in 
certain patients with annular dilation (49). 

The temporal resolution of 4D MDCT is inferior to 
that of MRI and echocardiogram and, in contrast to 
echocardiography, MDCT does not allow real-time 
imaging (44). Therefore, visualization of thin, mobile 
structures, such as the valve leaflets and chordae tendineae 

Figure 7 Mitral valve anatomy. This figure shows ‘Volume rendered images’ (VRI) of the same patient in Figure 6 in a 4-chamber projection 
(upper panels) and 3-chamber projection (right lower panel).
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is limited, in particular in MDCT in comparison to TEE. 
Furthermore MDCT cannot assess flow and therefore 
cannot directly detect or grade MR. It is limited to 
identification of indirect morphological characteristics of 
regurgitation including, distance between papillary muscles, 
angle of posterior leaflet and tenting height, which correlate 
with functional MR (43).

Another consideration with MDCT is the radiation 
exposure and the use of iodine based contrast material. 
Modern scanners and imaging protocols, and limiting 
coverage to the valvular region allow minimization radiation 
exposure (46). Furthermore, the relatively small risk of 
radiation exposure has to be considered in the context of 
the clinical scenario (50).

The amount of contrast varies with specific protocol and 
should be adjusted to renal function (GFR). Non-contrast 

imaging is an option in patients with renal insufficiency, but 
is of limited utility.

Magnetic resonance imaging (MRI)
Pre-procedural MRI provides incremental information for 
anatomical and functional characterization of the mitral 
annulus and valve. It is used when echocardiographic 
findings are in question, and is considered the gold 
standard for left and right ventricular volumetric 
a s se s sment .  Charac ter i za t ion  o f  funct iona l  and 
hemodynamic parameters is more complex with MRI 
compared to echocardiogram, but MRI has the ability 
to detect regurgitant volume and orifice area (40). Flow 
measurements in Cine MRI can be used to calculate valvular 
pressure gradients, however MR tends to underestimate 
the  v a lue  compared  to  e choca rd iograph y  (5 1 ) .  

Figure 8 Mitral valve anatomy. Planimetry of the CT images for the same patient in Figure 6 (acquired in diastole) allowed confirmation of 
LV dilatation (right lower panel) and left atrial dilatation (left upper and lower panels). 
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Figure 9 Evaluation of the mitral annulus. A 65-year-old male with a longstanding cardiomyopathy with severely dilated LV (LVEDD 8 cm) 
and severe LV dysfunction had severe functional MR with NYHA III symptoms of DOE and fatigue. No obstructive CAD. This figure shows 
images reconstructed at the mitral annular plane. Diameter and are measurements of chambers are shown. MR, mitral regurgitation. 

It should be noted that calcification artifacts (signal void), 
preclude reliable assessment of annular and valvular 
calcification with MRI. Overall, MRI has the potential 
to play a role in pre-procedural understanding of mitral 
anatomy and MR severity, but its incremental value 
to echocardiography in this context is incompletely 
understood.

Angiography
Pre-procedural angiography is a routine part of percutaneous 
valve procedures. The main role is to determine presence 
and severity of coronary artery disease. At the same time 
angiographic features of valvular pathology are evaluated, 
and the spatial relationship of the mitral annulus and valve 
is described in angiographic coordinates. For certain types 
of indirect annuloplasty procedures it is also important to 
define the relationship between the coronary sinus and the 
left circumflex artery. 

Intra-procedural imaging
The goal of intra-procedural imaging in the context of 
percutaneous mitral valve implantation is to ensure accurate 
deployment of the device in the mitral annulus. This is 
critical, because complications such as device embolization 
and paravalvular regurgitation are mainly associated with 
imprecise deployment. 

Fluoroscopy
Fluoroscopy is a central component of percutaneous valvular 
interventions. It guides vascular access and guides catheter 
manipulations in the cardiac chambers (23). If required, 
it can be used to identify the coronary sinus and left 
circumflex artery. Angiography can identify mitral annular 
calcifications and fluoroscopic landmarks surrounding 
the mitral structures, but because of its limited value in 
distinguishing soft tissue structures, precise positioning of 
a device particular at a non-calcified annulus is not feasible 
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with fluoroscopy (27).

TEE
These limitations of fluoroscopy are the rational for the 
expanded role of intra-procedural TEE, which is the 
primary modality used for positioning of the device. 
Common views used on TEE include: the mid-esophageal 
short axis and bicaval views to visualize atrial septum and 
guide the catheter, mid-esophageal commissural view 
(60°–90°) to assess medial-lateral device positioning, mid-
esophageal long axis view (120°–150°), also known as left 
ventricular outflow tract view, to assess the perpendicularity 
of the devices to the mitral annulus and anterior-posterior 
device positioning and finally, a transgastric short axis view 
(0°–30°) to assess coaptation of leaflets (Figures 12,13). An 
incremental value of 3D TEE for accurately visualizing the 
interatrial septum, the distance between the septal puncture 
site and the mitral valve, and guiding deployment of devices 

at the correct anatomical position has been described (52). 
X-plane view imaging allows simultaneous visualization of 
two perpendicular planes, which can facilitate visualization 
of the interatrial septum for transeptal punctures (Figure 14). 

Immediately post-deployment, TEE is used to confirm 
device position and function. Particular attention is paid 
to identification of MR and quantification of its severity, 
complications such as pericardial tamponade, septal rupture, 
coronary sinus trauma and wall motion abnormalities 
from left circumflex artery impingement. Limitations of 
intra-procedural TEE include the need for intubation and 
general anesthesia. 

Intracardiac echocardiogram (ICE)
ICE is a developing tool that has the potential to address 
some of these pitfalls and shows great promise in aiding 
interventional procedures for structural heart disease (53). The 
ICE-catheter, tipped with a miniaturized echocardiographic 

Figure 10 Evaluation of the mitral annulus. This figure shows the coronary vessels in relationship to the annular plane. The left lower panel 
shows the proximal LCX passing along the anterior aspect of the mitral annulus. The great cardiac vein crosses the LCX at the center of the 
crosshair. The right lower panel shows the coronary sinus with the LV pacing lead.
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probe, is placed in the right atrium and notably remains 
stationary throughout the procedure as workstation 
software is manipulated to obtain different views (54). 
However, the experience with 2D-ICE in MitraClip 
implantation demonstrates that it does not allow adequate 
left atrial visualization to allow clip steering, leaflet 
visualization and grasping (55). Transventricular short and 
long axis ICE-views from the right ventricle have a role 
in evaluating left ventricular function and the presence 
of complications like tamponade and residual MR during 
the procedure. 3D ICE, in the future, may allow a more 
detailed anatomical characterization to guide interventional 
procedures for valvular and structural heart disease and in 

certain scenarios may allow to replace TEE in the guidance 
of percutaneous structural interventions and reduce the 
need for angiography (56,57).

The specific role of the different imaging modalities in 
guiding interventional procedures has not been compared, 
because most procedures on the mitral valve have been 
monitored primarily by TEE and fluoroscopy combined. 
Therefore data regarding the clinical benefit of specific 
intra-procedural imaging protocols is limited (58). 

Conclusions

MR has a high prevalence in older patient populations 

Figure 11 Fusion non-contrast CT and non-contrast MRI. An 80-year-old male with polyvalvular disease (severe TR, mod-severe MR), CAD 
(s/p CABG '09), and chronic kidney disease (CKD, baseline creatinine: 2.4–2.6) and recent hospital admissions heart failure was evaluated. He 
was deemed not to be an operable candidate. Non-contrast CT and MRI images were fused. The left and right upper panels images show a 
bright blood MRI and a CT image at the mitral annulus, respectively. The left and right lower panels show fused images (left lower 50CT-50 
MRI; right lower 75MRI-25CT). Moderate mitral annular calcification is better seen with CT. MRI, magnetic resonance imaging.



156 Natarajan et al. Peri-procedural imaging for transcatheter mitral valve replacement

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2016;6(2):144-159cdt.amegroups.com

Figure 13 Evaluation of parameters prior to mitral intervention. Coaptation length and depth (demonstrated in upper 2 panels) relative to 
the annular plane are also important to evaluate and a coaptation length <2 mm has been found to be insufficient to allow grasping by a valve 
repair device. Flail gap and width (demonstrated in lower panels) is also important to assess as it can complicate device placement. 

Figure 12  Assessment of  leaf let  coaptat ion length via 
echocardiogram.

of industrialized nations. For patient with significant co-
morbidities and associated high surgical risk, transcatheter 
mitral repair/replacement is emerging as a treatment option. 
Several valve systems are in different stages of development, 
with some already implanted in the context of clinical trials. 
Because of the lack of direct visualization and the complex 
anatomy of the mitral annulus/mitral valve, pre- and intra-
procedural imaging is critical for these procedures.

Pre-procedural  echocardiography remains  the 
‘Reference Standard’ for identification and grading of 
MR, measuring annulus size and studying leaflet anatomy 
and mobility. Because of its ability for advanced 3D and 
4D analysis, MDCT provides incremental anatomical 
characterization. During the procedure fluoroscopy 
guides catheter manipulation, but TEE use is more 
critical for device deployment, secondary to its superior 

Coaptation 
length  
≥2 mm

Coaptation 
depth  
<11 mm

Flail gap  
<10 mm

Flail width  
<15 mm
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soft tissue visualization. ICE is emerging as an intra-
procedural modality that has the potential to guide valvular 
interventions while minimizing the need for intubation and 
general anesthesia (53). 

As more experience develops with TMVI/TMVR 
devices, it will be critical to understand the relative role of 
various imaging modalities used in pre-procedural planning 
and intra-procedural guidance. Studies addressing this need 
will help provide uniformity in the evaluation of the mitral 
apparatus in the context of transcatheter interventions. 
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