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Abstract

Two-dimensional (2D) ultrasound or echocardiography is one of the most widely used
examinations for the diagnosis of cardiac diseases. However, it only supplies the geometric and
structural information of the myocardium. In order to supply more detailed microstructure
information of the myocardium, this paper proposes a registration method to map cardiac fiber
orientations from three-dimensional (3D) magnetic resonance diffusion tensor imaging (MR-DTI)
volume to the 2D ultrasound image. It utilizes a 2D/3D intensity based registration procedure
including rigid, log-demons, and affine transformations to search the best similar slice from the
template volume. After registration, the cardiac fiber orientations are mapped to the 2D ultrasound
image via fiber relocations and reorientations. This method was validated by six images of rat
hearts ex vivo. The evaluation results indicated that the final Dice similarity coefficient (DSC)
achieved more than 90% after geometric registrations; and the inclination angle errors (IAE)
between the mapped fiber orientations and the gold standards were less than 15 degree. This
method may provide a practical tool for cardiologists to examine cardiac fiber orientations on
ultrasound images and have the potential to supply additional information for diagnosis of cardiac
diseases.
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1. INTRODUCTION

Two-dimensional (2D) cardiac ultrasound imaging or echocardiography is one of the most
convenient and routine imaging modality in cardiology because it is non-invasive, lack of
radiation, inexpensive and fast for dynamic imaging [1]. It can supply the information for
the diagnosis of the mass and shape of the heart, pumping capacity, and systolic/diastolic
functions. Generally, these parameters only supply the pathological deformation of the
myocardial geometries or structures [2]. On the other hand, cardiac fibers are the basic
structural, mechanical, and electrophysiological units to generate the diastolic or systolic
cycle and to pump the bloods from the ventricles into the circulation [3]. Particularly, the
cardiac fiber orientation plays an important role in determining the stress distribution within
the cardiac walls and in determining the electrical activation spreading during beating
periods [4, 5]. Registering cardiac fiber orientations from magnetic resonance diffusion
tensor imaging (MR-DTI) to ultrasound images may supply more detailed microstructure
information of the myocardium [6-8]. This could also help cardiologists to better understand
the cardiac physiology and have the potential to supply new information for the diagnosis of
cardiac diseases.

Currently, MR-DTI has been utilized to extract the fiber orientations of cardiac fibers
because of its ability in measuring the diffusion tensors of the water in biological tissue [9—
14]. Unfortunately, this imaging is very time consuming and have severe artifacts during in
vivo cardiac imaging. It can image three-dimensional (3D) fiber orientations at a high
resolution ex vivo. The aim of this study is to register cardiac fiber orientations from a 3D
MR-DTI volume to 2D ultrasound images. This 2D/3D registration problem has been
investigated for other purposes in our group [15,19]. Huang et al. proposed a method to
register dynamic 2D dynamic ultrasound image and 3D preoperative CT volume for cardiac
invasive surgeries [16]. Both spatial and temporal registrations are used to map images for
the beating heart surgery application. For the purpose of imaged-guided therapy for prostate
cancer, Fei et al. provided a slice-to-volume algorithm to register the live-time
interventional MR 2D images to the preoperative high-resolution MR volume [17]. It could
achieve high accuracies with different image noises, inhomogeneity, and artifacts. However,
these registrations were between the 2D/3D images of the same objects. For our purpose, the
MR-DT]I data are not acquired from the same subject in vivo and they are from template
hearts ex vivo instead. Then, the previous methods could not be directly applied here
because both 2D ultrasound images and 3D MR-DTI volumes are from different hearts.

Therefore, in this project, we propose a registration method to map cardiac fiber orientations
from a 3D MR-DTI volume to 2D ultrasound images. First, for the template heart, its
geometry and fiber orientations are imaged by ultrasound and DTI in the short-axis,
respectively. They are registered and fused into one volume as the template, which includes
both ultrasound intensity and fiber orientations. Second, the target 2D ultrasound image is
registered to the template volume to search for the best matching slice via rigid and non-
rigid registrations. Finally, according the deformation field derived from the registration, the
cardiac fiber orientations of the best matching slice from the template volume are inversely
deformed as the mapped results of the target 2D ultrasound image. The method,
experimental design and its evaluation are described in the following sections.
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2. Methods

In this study, we used an intensity based registration approach. The whole procedure of
registering cardiac fiber orientations from the 3D MR-DTI volume to the 2D ultrasound
image is illustrated in Figure 1. We use the ultrasound images that were acquired in the
short-axis view. After data acquisitions, the 3D volume of the template heart is
reconstructed, which includes both ultrasound intensities and DT fiber orientations. Then,
for a target 2D ultrasound image form another heart, its geometry is first registered to the
template volume based on intensity registration and then the template fiber orientations are
inversely mapped back to the ultrasound image as its results.

A. Data acquisition and pre-processing

The ultrasound volumes of three fixed rat hearts were imaged by the Vevo 2100 ultrasound
system (FUJIFILM VisualSonics, Inc., Toronto, Canada) with a 30 MHz transducer. B-
mode ultrasound images of the hearts in the short-axis view were acquired from apex to
base, slice by slice, at a 0.2 mm thickness interval in a field of view (FOV) of 15.4x20x20
mm3. The hearts were then imaged by a high-field Biospec 7 T MR scanner (Bruker
Corporation, Massachusetts, USA) using an RF coil with an inner diameter of 30 mm.
Before DTI data acquisition, anatomical MR images were acquired with a voxel resolution
of 0.078 mm x 0.078 mm x 0.156 mm3. Then, the cardiac fiber orientations were imaged in
30 directions by the spin echo sequences at a 0.234 mm isotropic resolution in an FOV of
30x30x20 mm3, Each slice was also imaged in the short-axis view from the ventricular apex
to the base.

After the data acquisitions, the 3D geometry of each heart was reconstructed from the MR
images after semi-manually segmentation using the Analyze software (AnalyzeDirect Inc.,
Overland Park, USA). Then, the tensors of DTI data were decomposed into three
eigenvectors and cardiac fiber orientations were tracked by a determinative method of
fractional anisotropy. Both ultrasound and DTI volumes are fused in one template volume.

B. Geometric registration and fiber orientation deformation

Slice-by-slice searching—As the 2D ultrasound and 3D template slices are all in the
short-axis view, the first step is to find the first similar slice of the volume via slice-by-slice
searching. In this step, the 2D ultrasound image (Iyg) is registered to each slice of the
template volume by a rigid registration followed by the log-Demons registration [18] based
on ultrasound intensities. Rigid registration is based on the sum of the intensity squares and
the log-Demons registration is stopped for each slice after 200 iteration or the consistent
errors is lower than 1074, Then, the most similar slice (S1) of the volume is chosen with the
maximum mutual information between the slice and its registered image (I1). For the given
target image (T) and the reference image (R), their mutual information is defined as follows
[19-22]:

MI(T,R)=3, prq(t,7)log () o)’

0]
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Here, prR(t, 1) is the joint probability, pr(t) and pr(r) are both marginal probabilities of the
intensity histograms of both images. The corresponding transformation fields are set as: Tq
for rigid registration and T, for log-demons registration.

Neighbor space searching—After the S; searching, another affine registration is
applied to the template volume to search the final best slice in the neighbor space of S;.
Though all images are supposed in the short-axis view, the real acquisitions may have some
transformation. The affine transform does not consider the shear transformation. During the
affine transform searching process, the transform is initialized as an identity matrix. It is
optimized by a nonlinear least-squares optimizer in MATLAB 2013a (The MathWorks, Inc.,
Natick, MA). The similarity criterion is the square differences between I, and the
corresponding slice from the transformed volume. After 200 iteration or the consistent error
is lower than 1074, the optimization process stops. Its searching slice is defined as S, and its
corresponding affine transformation is Ts.

Cardiac fiber relocation and reorientation—After intensity based geometry
registrations, the corresponding transform matrixes Ty, To, and T3 are applied to relocate the
cardiac fiber orientations (F). Here T; and T, are inversely utilized. For the fiber
orientations, the rigid and affine transformation follows the preservation of principal
direction (PPD) method [23]. Here, the fiber orientations are represented by the first
eigenvectors of the MR-DTI data. Moreover, this method can also be extended to the
deformable transformations by an approximate affine transformation A =1d + J(T,) where Id
is the identity matrix and J is the Jacobian matrix. Then, the mapped fiber orientations for
2D ultrasound image can be written as:

TN T TyF

F=—g— @
‘T11‘T21'T3'F||

C. Evaluations

Various evaluation methods have been used to validate image registration [20, 24-30]. The
first quantitative evaluation of the volume registration is conducted by comparing the
registered volume with the corresponding target volume. The Dice similarity coefficient
(DSC) is used as the performance assessment score of the similarity between both volumes.
It is computed as follows:

2Volum(R N S)

DSC(R, 5)= Volum(R)+ Volum(S)’ ®)

where Rand Srepresent the voxel set in the volumes of both registered volume and the
corresponding target volume, respectively.

In order to evaluate the extracted cardiac fiber orientations, both estimated orientation and
the gold standard in the same voxels are compared by two parameters: the acute angle error
(AAE) and the inclination angle error (IAE). The acute angle is utilized to measure the
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angular separation between both orientations of the same fiber by inverting the absolute of
their dot product in 3D into an angle [23, 31].

3. Results

3.1 Registration results on ultrasound volumes

We evaluated the registration method using 6 ultrasound images from rat hearts. Their
template volumes were from different hearts. The geometry registration and cardiac fiber
orientations mapping results were evaluated by the three parameters of DSC, AAE and IAE.

The procedure of the geometry registration and its typical result are shown in Figure 2.
Figure 2(a) is the 2D target ultrasound image that needs to be registered to a 3D volume of
the template heart with known fiber orientations. In the first step, the target slice was quickly
registered to each slice of the 3D volume of the template heart. Figure 2(b) indicates the
result after a rough rigid registration slice-by-slice to find the most similar one in the 3D
volume of the template heart. After that, the rigid registered target slice was deformed to
match the geometry of the selected 3D volume slice. Figure 2(c) is the result after log-
demons registration to the selected slice in the 3D volume of the template heart by the step
in Figure 2(b). The 3D template volume was then optimized via an affine transform to find
the best matching slice for (c). Based on the optimization, the inversely transformed result of
(c) is shown in Figure 2(d). For comparison, the fusion result of both deformed image of the
2D slice and the corresponding 2D image in the 3D volume are shown in Figure 2(f).

3.2 The inverse deformation of cardiac fiber orientation

After geometric registration, the cardiac fiber orientations were registered from the template
heart to the 2D target ultrasound image based on the geometric registration matrix. The
cardiac fiber orientation of the template heart was imaged by high-resolution MR-DTI ex
vivo. The results of the cardiac fiber orientations estimation are shown in Figure 3. Figure
3(a) presents the fiber orientations in a 2D slice selected from the template heart and three
images correspond to three different fiber directions. Figure 3(b) indicates the fiber
orientations estimated for the target 2D slice, which is based on the deformation field
derived from the geometric registration. These estimated fiber orientations can be compared
with the real ones imaged by MR-DTI shown in Figure 3(c).

In order to quantitatively compare the estimated fiber orientations with the real one from
MRI-DTI, both geometric registration and cardiac fiber mapping of 6 images were evaluated
by DSC, AAE and IAE, respectively. These results indicate that after rigid registration the
mean DSC was 83.0+5.5%. After deformable registration it increased to 92.5+1.7%. After
the multi-step geometry registration, the fiber orientations were estimated. The mean AAE
was 30.1+1.2 degree and the mean IAE was 13.3+£0.6 degree. The detailed results were
shown in Table 1.

4. Conclusions

We investigated the registration between cardiac fiber orientations from a 3D MR-DTI
volume and 2D ultrasound images. The fiber orientations of the 3D DTI were imaged ex
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vivo and the 2D ultrasound images were acquired in vivo. Based on our proposed procedure,
the fiber orientations could be mapped to the 2D imaged ultrasound images in clinical
applications. This method may supply additional information for the cardiac diagnosis using
2D ultrasound images.
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(b)

(d) §3)

Figure 2.
Example results of the image registration and inverse transformations. (a) Input 2D

ultrasound image. (b) Result of the 2D image after rigid registration slice by slice from the
3D template volume. (c) Result after log-demons registration. (d) Result after affine
registration inversely. (e) Corresponding slice in the volume. (f) Fusion of (d) and (e).
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(a) Fiber orientation of template

(b) Mapped results after geometry registrations

(c) Gold standard

Figure 3.
Registered cardiac fiber orientations from DTI volume to 2D ultrasound geometry. (a) DTI

fiber orientations. (b) Mapped results after geometric deformations. (c) Gold standard.
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