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FROM DYNAMIC MRI FOR GUIDING INTERVENTIONS
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ABSTRACT

Transcatheter aortic valve implant (TAVI) has emerged as a
prominent approach for treating aortic stenosis. Success of
such implants depends upon the accurate assessment of the
geometric features such as the diameter, center and orien-
tation of the aortic valve annulus (AVA). In this paper, we
present a method for extracting these geometric features from
magnetic resonance images (MRI). The method is based on
finding an optimal fit for a circular ring mimicking AVA in
the aortic root. Moreover, the presented approach provides
dynamic tracking of the AVA in CINE MR images. This ap-
proach can be used for preoperative planning of prosthetic
valve implantation, as well as for the emerging MRI guided
manual, or with robot-assisted, annuloplasty.

Index Terms— Aortic Valve Annulus, Magnetic Reso-
nance Imaging, Robot-Assisted Cardiac Surgery.

1. INTRODUCTION

Aortic stenosis is the most common valvular heart disease
prevalent in the elderly population [1]. Conventional ther-
apy for the treatment of aortic stenosis involves a surgery for
replacing the aortic valve. This surgical procedure entails
cardiopulmonary bypass that may pose high risks to certain
patients [2]. An alternative approach, the transcatheter aor-
tic valve implant (TAVI), has been introduced to overcome
the shortcoming of the conventional aortic valve replacement
[3]. Success of a minimally-invasive TAVI surgery highly de-
pends upon proper preoperative planning as well as accurate
intraoperative placement of the implant. One of the major
steps during the preoperative planning is accurate estimation
of various AVA geometric features, such as its diameter, cen-
ter, and orientation. Determination of these AVA geometric
features is crucial to deciding the size and type of the pros-
thesis valve to be used. Deployment of a small prosthesis
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may lead to prosthesis embolization; whereas, prosthesis with
a size larger than the optimum may damage the aortic root
or even cause a high-grade atrioventricular block. Thus, ac-
curately estimating AVA geometric features is crucial to the
success of TAVIL.

Generally, image-based, pre-operative measurement of
the AVA geometric features is based on transthoracic echocar-
diography (TTE), transesophageal echocardiography (TEE),
and multi-slice computed tomography (MSCT). Currently,
there is no gold standard of using a particular method over
other for measuring the AVA size before TAVI [4]. An al-
ternative to ultrasound and x-ray based methods, is MRI for
tracking AVA. As compared to other imaging modalities for
estimating AVA, MRI offers certain features beneficial to
both preoperative planning and intraoperative guidance: it is
non-invasive (unlike TEE that requires access via the esoph-
agus), does not involve ionizing radiation (unlike MSCT),
and provides superior soft tissue contrast with a large field-
of-view (unlike TTE). It should be noted that MRI also has
certain limitations, including: offering limited access to the
patient inside standard cylindrical MR scanners, not as fast
as ultrasound imaging, and entailing high and rapidly switch-
ing magnetic field gradients that impose restrictions on the
employed interventional tools. However, the aforementioned
benefits have led numerous research efforts on the develop-
ment of MRI-guided TAVI procedures [5, 6, 7].

In addition to measuring AVA geometric features pre-
operatively, MRI can also be used intraoperatively during
TAVI to guide a prosthesis valve [5]. Minimally invasive
image-guided robot-assisted systems have been proposed for
transapical aortic valve replacement [6]. For these robotic
systems, apart from the AVA diameter, it is also important to
understand how the AVA moves with respect to its surround-
ing tissue during a cardiac cycle. The AVA center acts as a
target for the robot’s end effector, and the AVA orientation
specifies the direction along which the prosthesis valve can
be deployed.

In this work, we propose a method that determines vari-
ous geometric features (including diameter, center and orien-
tation) of an AVA and also helps in the preoperative visualiza-
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Fig. 1: Representative examples of the two imaging planes used by
the proposed method for the extraction of the geometric features of
the AVA. Only the diastolic and systolic phases are shown (out of
20 frames over the cardiac cycle). (a) This long axis plane is used
to calculate points X1 ¢ and X3 ¢ (shown in blue color). The white
dotted line on image plane 1 shows the projection of imaging plane
2 on it. (b) The second imaging plane, a short axis view, is used to
calculate points X2 ¢ and X4 ¢.

tion and tracking of its motion relative to the other anatomical
structures inside the heart. The latter property is pursued in
view of the emerging MRI-guided aortic valve implantation
with robotic assistance [5] or without it [6].

2. METHODOLOGY

The proposed approach consists of three computational steps.
First, certain points corresponding to an AVA are selected on
dynamic cardiac images. Second, an initial approximation
on the AVA is calculated in the initialization phase. Finally,
the approximate values are further optimized. The follow-up
sections describe each step in details.

For the sake of a clear explanation, we first introduce
some terms: At a time instance ¢ during the cardiac cycle,
the AVA can be described as a circular ring with a radius R
centered at a point Cy, where Cy € R? (Although patholog-
ical studies shows AVA as semilunar crown-like ring, for the
purpose of TAVI it is treated as a circular shaped ring). These
geometric entities are relative to the MR scanner coordinate
system. Furthermore, the orientation of this ring in the three-
dimensional (3D) space can be defined by an axis described
by a vector Ny that passes through the center Cy and is or-
thogonal to the plane on which the ring lies.

2.1. Aortic Valve Annulus Point Selection

The motion of an AVA is not restricted on a single plane.
Therefore, it is not possible to accurately analyze the AVA
features with the aid of a single two-dimensional (2D) image
with fixed orientation. In order to locate the dynamic AVA,
two imaging planes are used. The first plane is a long axis
view of left ventricle (LV) depicting the apical region of the
heart, the mitral valve and the aortic valve (Fig. 1(a) shows
a representative example of such plane marked as Plane 1).
The second plane is a short axis view prescribed to include
the aorta, the aortic valve and left ventricle (Fig. 1(b) shows
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Fig. 2: Aortic valve annulus position with respect to short and long
axis slices for a single time instant. The positioning of annulus
for complete cardiac cycle (within the marked rectangular area) is
shown in Figure 3.

such a plane marked Plane 2). In this proof-of-concept work
we use CINE MR images with a time resolution of 60 msec.
Since the datasets were collected during breath hold and were
ECG triggered, they can be straightforwardly registered in a
four-dimensional (4D) space. Note that they share the same
inherent coordinate system of the MRI.

Two points: (Xj¢,X3¢) and (Xg ¢, X4,¢), are marked
for every time frame on the first and the second imaging plane,
respectively. These points are represented in 3D space as
Xit = [Xit: Yits zi7t]T with respect to the MR scanner co-
ordinate system. These points can be marked for different
time frames either manually or with automated algorithms
(e.g. [8, 9]). The points are marked on an image where the
aortic leaflet is attached to the aortic wall (shown in Fig. 1).
The four points are then denoted in the form of a vector Xy =
(X1, X2t, X3¢, Xg,¢]-

2.2. Aortic Valve Annulus Initialization

The initialization phase gives an approximation of the values
of Cy, R;, and Ny for an AVA. The Singular Value Decompo-
sition (SVD) technique is applied on the vector X4 to factor-
ize it into unitary matrices Uy and Vi, and a diagonal matrix
Dti

Xy =UgDe Ve )]

Since the four points {X; ¢ }7_,; almost lie on a plane, the
vector X that represents the points in the MR scanner coor-
dinate system is transformed to a vector Xt = 5(“, th,
ngt, X4,t] in the SVD space by applying following transfor-
mation:

Xy = UTXy ©)
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Fig. 3: Representative results of AVA tracking with the proposed method showing 10 (out of 20) frames at selected instances over a cardiac
cycle. The blue curve represents the aortic valve annulus for different time intervals. The cardiac cycle is discretized into 20 time frames.
Only 10 frames at regular time interval (t={2i : i is from 0 to 9}) are shown.

Then, we fit a circle in 2D space to the transformed points
{Xht}?:l in the vector X; using the fitting technique pro-
posed by Taubin [10]. In this way, we will obtain the esti-
mated center Ct and radius R;. Note that the z coordinate of
the transformed points is ignored in this process.

Finally, an inverse transformation is applied to compute
the corresponding estimated center in the MR coordinate sys-
tem: B

Ce¢ = UGy 3)

Similarly, the direction vector Ny representing the orien-
tation of the AVA in 3D space is calculated as:

Nt = (XZ,t - Xl,t) X (X:},t - Xl,t) 4)

N = Uy N, (5)

2.3. Aortic Valve Annulus Optimization

To optimize the AVA features, we define an energy function
E; (Eq. 6). Minimizing this energy function further optimizes
the values of Cy, R;, and N for the AVA. For a time instance
t, E; represents the summation of distances between the AVA
circumference and the marked points X ;:

N

4
Bo=3" (R + [ Rul? — 2R Kl sin6)* 6)

=1
Xit = Xit — Gy )

where 6 is the angle between the vector XLt and N;.

3. RESULTS

The proposed approach was tested on MR data sets collected
from three healthy volunteers. The MRI data sets were col-
lected with true fast imaging, steady state precession (True-
FISP) pulse sequence with the acquisition parameters: TR =
2.3 ms, TE = 1.4 ms, o = 80°, slice thickness = 6 mm, and
acquisition matrix = 224x256. For a single cardiac cycle, de-
pending upon the MR scanner, 20 to 25 cardiac image sam-
ples were captured. In our experimental studies, the t value
varies from 1 to 20.

The average AVA diameters of the three subjects were
found to be 26.81 mm, 26.25 mm, and 24.56 mm, respec-
tively. Changes in the AVA diameter in a cardiac cycle are
shown in Fig. 5. The motion of the AVA is visually ana-
lyzed in a 3D space using two oblique MRI planes. Fig. 2
shows the relative position of the AVA with respect to dif-
ferent anatomical structures inside the heart, depicted on a
long and short axis view for a single time instant. The com-
plete motion of the AVA for a cardiac cycle is shown in Fig.
3. In the given example, the image plane used for marking
the points (X1 ¢, X3,¢) is the same as that of long axis view
slice. However, the imaging plane used for marking point
(X2, X4¢) is different from the short axis view shown in
Fig. 2 and Fig. 3. The blue curve in Fig. 3 shows that the
AVA aligns accurately with the new short axis view. The pro-
posed method also helps to track the motion of an AVA in
general. The positions of an AVA relative to each other for
different time instances in a cardiac cycle are shown in Fig.
4.

[e———— Cardiac Cycle ———>

Fig. 4: Composite motion of an aortic valve annulus. (a) The cardiac
cycle is color-coded (as shown on the time scale). Each color repre-
sents the position of the aortic valve annulus at different instants of
the cardiac cycle. All the positions are relative to the MR coordinate
system. (b) A dark-blood MR image is used to show the relative
position of the aortic valve annulus with respect to heart.

To validate the results for every marker point X; ¢ (i = 1
to4, and t =0 to 19), we measure the average of the minimum
distances between the marker points and the circumference of
the AVA (represented by E'x;). Table 1 shows the changes in
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Fig. 5: The measured diameter of the aortic valve annulus in a car-
diac cycle extracted from the CINE MR images.

Ex1, Exa, Exs, and Ex4 in a cardiac cycle. As the pixel
size of the given images is 1.56 mm x 1.56 mm, we rounded
the minimum distances between the marker points and the cir-
cumference of the AVA in terms of pixels. For example, if the
distance is between 0 and 1.56 mm, it was rounded to 1 pixel.
Table 1 shows the percentage of samples for which the error
value is measured in terms of pixels.

4. DISCUSSION

The proposed method was investigated on the high contrast
CINE MR data. While such MR data are suitable for pre-
operative planning, CINE MR is not a true real-time MR se-
quence suitable for intraoperative analysis. Our future work
will investigate the method with real-time MRI. With the help
of tissue tracking algorithms [8, 9] and RT-cine MR images,
it would allow us to track the motion of the AVA in real-
time. This will enable the application of this method for
guiding robot-assisted prosthetic valve delivery system for
aortic valve replacement under real-time-MRI guidance via
transapical approach [5, 6]. The imaging planes used by our
method to detect the AVA have the similar orientations to
those of RT-MRI planes for guiding the robot’s end effec-
tor. The proposed method could also be applied for tracking
the motion of annulus of right atrioventricular and pulmonary
valve by capturing dynamic MR cardiac images at different
orientations. However, the mitral valve annulus cannot be
tracked with the given technique because of its non-circular
shape.

5. CONCLUSIONS

In this paper, we propose a simple yet effective method to
quantitatively analyze the motion of the AVA using dynamic
cardiac MR images. The method tracks the center, orientation
and diameter of the annulus over a cardiac cycle. Compared
with other methods, our approach gives a dynamic composite
view of AVA motion with respect to other anatomical struc-
tures inside the heart. The results visually show that the circu-
lar ring representing the AVA found by our approach fits well
on any dynamic cardiac MR images depicting aortic valve.
The method would be useful, especially in TAVI under MR
guidance.

Error (Pixels) Average Minimum Distances (mm)

Subject <1 1to2 | Fx1 | Ex2 | Ex3 | Exa
1 78.8% 16.3% 0.25 0.00 1.33 1.48
2 77.5% 12.5% 0.64 247 0.25 0.00
3 75.3% 10.4% 1.56 0.10 1.91 1.00

Table 1: Error is measured in term of pixel spacing for the three
subjects. Also, the average minimum distances Fx1, Ex2, Exa,
and E x4 for the four points: X1 ¢, X2 ¢, X3,¢, X4,¢ are measured.
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