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Abstract

Purpose: Cardiac muscle fibers directly affect the mechanical, physiological and pathological
properties of the heart. Patient-specific quantification of cardiac fiber orientations is an important but
difficult problem in cardiac imaging research. In this study, we proposed a cardiac fiber orientation
estimation method based on three-dimensional (3D) ultrasound images and a cardiac fiber template that

was obtained from magnetic resonance diffusion tensor imaging (DTI).

Methods: A DTI template based framework was developed to estimate cardiac fiber orientations from
3D ultrasound images using an animal model. It estimated the cardiac fiber orientations of the target
heart by deforming the fiber orientations of the template heart, based on the deformation field of the
registration between the ultrasound geometry of the target heart and the MRI geometry of the template
heart. In the experiments, the animal hearts were imaged by high-frequency ultrasound, T1-weighted
MRI, and high-resolution DTI.

Results: The proposed method was evaluated by four different parameters: Dice similarity coefficient
(DSC), target errors, acute angle error (AAE), and inclination angle error (IAE). Its ability of
estimating cardiac fiber orientations was firstly validated by a public database. Then, the performance
of the proposed method on 3D ultrasound data was evaluated by an acquired database. Their average
values were 95.4+2.0% for the DSC of geometric registrations, 21.0+0.76° for AAE and 19.4+1.2° for
IAE of fiber orientation estimations. Furthermore, the feasibility of this framework was also performed

on 3D ultrasound images of a beating heart.

Conclusions: Our proposed framework and its further improvements could contribute to understanding
the dynamic mechanism of the beating heart and has the potential to help diagnosis and therapy of heart

disease.
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I. Introduction

Heart disease is the leading cause of death in the United States.! During the heart beating period, the
cardiac fiber orientation plays an important role in determining both electrical propagation and stress
distribution within the cardiac walls.> Abnormal cardiac fiber orientations directly affect the heart
functions such as ejection fraction, or even cause sudden death in arrhythmia.>* Therefore, estimating
the patient’s personalized cardiac fiber orientations can help not only in understanding the cardiac
pathology but also in the diagnosis and treatment of cardiovascular diseases, especially those with

cardiac remodeling such as cardiac ischemia, ventricular hypertrophies, and heart failures.

Although cardiac fiber orientations are important in understanding heart physiology and
pathology, the determination of cardiac fiber orientations is still difficult. It is a challenging task to

image and quantify fiber orientations in the heart.’

Early efforts were made to directly measure the fiber orientations from histology slices of ex vivo
hearts.* 7 Manual operation and significant time were required for the process. Furthermore, the
accuracy could not be guaranteed because of tissue deformations. Meanwhile, magnetic resonance
diffusion tensor imaging (DTI) was introduced to estimate the fiber orientations of hearts because of its
ability to measure the anisotropic diffusion of water in biological tissues.>** The main advantage of
DTI is that it can image 3D fiber orientations at high resolutions. Unfortunately, DTI can be time
consuming and can have severe motion artifacts during in vivo cardiac imaging. Consequently, these
problems limit its application in the clinic. Recently, Lee et al. applied an ultrasound shear wave
imaging method to this area. Their estimated fiber orientations were correlated with histological
findings and with DT results.**** This procedure still needs to be improved in order to map accurate

3D orientations to the whole heart.

Comparing with those direct imaging methods, rule-based methods were proposed by estimating
personalized cardiac fiber orientations from cardiac models,** *>*" but highly accurate models still need
to be developed. Recently, a new procedure was proposed to estimate the whole cardiac fiber
architecture by shape-based transformations from sparsely acquired in vivo DTI images.'® Meanwhile,
another pipeline based on geometry registrations was developed to estimate the patient-specific cardiac
fiber orientations from ex vivo DTI cardiac fiber template,'® and was applied to ischemic simulations.?
The approach was based on the hypothesis that fiber orientation similarities between two hearts could
be estimated from their geometric similarities. Helm et al. utilized the large deformation diffeomorphic
metric mapping (LDDMM) algorithm to register the cardiac fiber orientation and geometry from DTI
data and the method was validated by histological findings.?* Later, Sundar et al. proposed the idea of
mapping the diffusion tensor of the template onto patient-specific cardiac geometry using an elastic
registration.? Zhang et al. provided an atlas-based geometry pipeline that could deform diffusion
tensor data to patient geometries using the Demons registration method and that could also reconstruct

the cardiac Hermite model.? Lately, Vadakkumpadan et al. applied this hypothesis to estimate the



patient-specific ventricular fiber orientations from in vivo CT images." They also found that the errors

of this method slightly impacted the electricity simulations.

The main focus to date has been on estimating personalized cardiac fiber orientations from MRI
and CT modalities; less attention has been paid to ultrasound imaging. Only a few efforts were made
on investigating the relationships between the myocardium anisotropy and ultrasound characteristics of
heart tissue.??" However, cardiac ultrasound has become one of the most widely utilized modality in
cardiac imaging, because it is a noninvasive, cost-effective, versatile imaging modality without
ionizing radiation while providing real-time imaging and comprehensive clinical information.?
Moreover, when compared with MR or CT, the superior temporal resolution of ultrasound could be
advantageous to patients with arrhythmias or respiratory difficulties. Estimating fiber orientation from
cardiac ultrasound, especially from 3D image volumes, will not only extend the ultrasound applications
but also benefit cardiac diagnosis and therapies. Previously, we mapped cardiac fiber orientations from
DTI to 3D ultrasound volume, but the DTI data was still acquired from the same target heart rather than

from an existed template and only registration errors were evaluated.”

Therefore, this paper provided a DTI template based framework to estimate the personalized
cardiac fiber orientations from 3D ultrasound. It estimated the cardiac fiber orientations of the target
heart by deforming the fiber orientations of the template heart, based on the deformation field of the
registration between the ultrasound geometry of the target heart and the MRI geometry of the template
heart. Its accuracies of performed registrations and fiber orientations were evaluated by high resolution
ultrasound, T1-weighted MRI, and DT images of animal hearts ex vivo. Moreover, its feasibility was

also tested using the 3D ultrasound data of a rat heart in vivo.

This paper is organized as following: Section Il describes the method for data acquisitions, fiber
orientation estimation and its evaluations; Section Ill describes the validation results; Discussions and

Conclusions are described in Sections IV and V, respectively.

1. Methods

In this framework, the geometry of the target heart is from ultrasound images; and the fiber
orientations and geometry of the template heart are from DTI and T1-weighted MR images,
respectively. The target and template hearts are from different subjects. The whole flowchart including
fiber orientation estimations and its validations is illustrated in Fig. 1. First, the geometry of the
template heart from the T1 MR images is registered to the geometry of the target heart from ultrasound
images; and a deformation field between both geometries is generated. Then, based on this deformation
field, the DTI fiber orientations of the template heart are relocated and reoriented as the estimated fiber

orientations of the target heart. Finally, the estimated fiber orientations are evaluated by the ground



truth of the target heart, which comes from fiber orientation as measured by the DTI images of the

target heart.

Template Heart
TI: DTI: Cardiac
Cardiac geometry | fiber orientations

1l !

Geometric Estimated fiber
Registrations orientations

Ground truth of -
. ! . Evaluations
fiber orientations

Ultrasound:
Cardiac geometry

Target T1:

Heart | Cardiac geometry
DTI: Cardiac

fiber orientations

YI/]

FIG. 1. lllustration of validating the cardiac fiber orientations estimated from ultrasound geometry.

I1.A. Data Acquisition

The hearts of three male Sprague Dawley rats were excised and then quickly perfused by 4°C
1xPBS to achieve diastolic arrest and also to clean the residual blood in the heart pools and vessels.
The hearts (20 mm in length, 15 mm in maximum diameter) were then fixed using 4% phosphate
buffered paraformaldehyde (PFA) solution for 14 hours and were then embedded in 2% agar with cubic

shapes for the following imaging procedures.

First, the heart phantoms were imaged by ultrasound. They were settled on the imaging platform
and 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 an FOV of

15.4x18x20 mm®.

After ultrasound imaging, the heart phantoms including the fixed hearts were kept in glass tubes
and immediately placed in a high-field Biospec 7 T MRI system (Bruker Corporation, Massachusetts,
USA). An RF coil with an inner diameter of 30 mm was used to transmit/receive the signals. Before
DTI, T1-weighted anatomical images were acquired at a voxel resolution of 0.078 x 0.078 x 0.156
mm?®. 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 mm?®. Each slice was also imaged in the
short-axis view from the ventricular apex to the base. Then each heart was imaged three times for DTI;
total MR imaging time was 50 hours. After DTI data acquisitions, corresponding diffusion tensors from

the three DT1 volumes were motion corrected and averaged as one volume for the following analysis.

For in vivo 3D ultrasound imaging experiment, a rat was settled on an imaging platform and its

beating heart was imaged in vivo using the same ultrasound imaging system with a 21 MHz transducer.



B-mode ultrasound images of the hearts in the short-axis view were acquired slice by slice from base to
apex at a 0.2 mm thickness. Each slice position was dynamically imaged as a serial of beating cycles
and the pixel size in the B-mode image was 0.06 mm. During the image acquisition, both ECG and
respiration signals were recorded. The 3D ultrasound images in the diastole phase were selected based
on both ECG and respiration signals. After in vivo ultrasound imaging, the animal was scarified and

the fiber orientations of the heart were also imaged by high-resolution DTI.
11.B. Data processing

According to the cardiac fiber estimation procedure, the accuracy of the geometry and fiber
orientation reconstructions will directly affect the results. Thus, highly accurate geometric

segmentation and fiber orientation reconstruction are required, shown in Fig. 2.
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FIG. 2. Processing of cardiac imaging data. (a ) 3D ultrasound image. (b) T1-weighted MR image. (c) DTI data.
(d-e) geometric segmentation results. (f) tensor decomposition of DTI data based on the segmentation mask from
T1-weighted MRI. (g-h) reconstructed 3D geometric volumes. (i) tracked 3D cardiac fibers.

In order to improve accuracy, the myocardium in both T1-weighted MRI and ultrasound images
were segmented slice by slice using the Analyze software (AnalyzeDirect Inc., Overland Park, USA).
In each short-axis slice, the myocardium was segmented by the closed splines interpolated from the
landmark points, which were semi-automatically placed along both endocardium and epicardium. Then
the 3D binary geometric volume of each heart was reconstructed from MRI and ultrasound images,

respectively. Based on the segmented cardiac masks from T1-weighted MRI, the myocardium regions



in DTI data were also segmented by mapping the segmented masks from T1-weighted MR images,
because the hearts were kept stable during both DTI and T1-weighted MR imaging. After that, the
cardiac fiber orientations were reconstructed from DTI data using principle eigenvectors as the fiber
directions, which corresponded to each voxel in geometric volumes. Finally, these cardiac fibers were
tracked using a determinative method of fractional anisotropy® and were then visualized in 3D using
the DSI studio.*

11.C. Cardiac fiber orientation estimation from ultrasound geometry

There are two steps to estimate cardiac fiber orientations from ultrasound geometries: the first is
to generate the deformation field between the ultrasound geometry of the target heart and the geometry
of the template heart from T1-weighted MRI; the second is to relocate and reorient DTI fiber
orientations of the template heart to the target heart as the final results based on the deformation field.
Fig. 3 illustrates this procedure.
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FIG. 3. Flowchart of deforming cardiac fiber orientations based on the geometric registrations between
ultrasound and MRI.

1) Template geometric registration

During the geometry registration step, the template geometry is first registered to target geometry
by supervised affine transformations (translation, rotation, shear, and scaling) using the Analyze
software. After that, a deformable registration is utilized to acquire the final results. For this step,
diffeomorphic transformation is one of the requirements to deform cardiac geometries. Moreover, the
invertible transformation is also needed for the registration of DTI, because the tensor reorientations
are usually derived from the corresponding spatial transformations.* Due to these requirements,
LDDMM was proposed and applied in non-rigid registrations of cardiac geometrics and DTI mapping.
% In order to register different hearts as one statistical template, Peyrat et al. used a hybrid intensity
based registration method by combining thin-plate splines and a dffeomorphic registration algorithm.*
Here, we prefer to utilize the diffeomorphic Demons (DD),* which is not only diffeomorphic for
deformable registration and also computationally efficient. Moreover, Demons was tested to be suitable
for binary image registrations.®

In order to match two images I, and I; by a transformation s, the typical Demons registration
requires a similarity criterion Sim(l,,I;,S) to measure the similarity between both images, and also a
regularization energy Reg(s) to evaluate their transformation likelihood. They are defined as follows:



E(s) = = Sim(lo, ,,S) + — Reg(S), €
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where o; relates to the noise of the image and o weighs the regularization effect. However,
traditional Demons usually cannot supply the diffeomorphic transformations which are necessary for
maintaining the topology of the cardiac anatomical structures and the invertible deformation field for
fiber reorientations of DTI data. Thus, Vercauteren et al. adapted the Demons as an optimization
procedure on the entire space of displacement fields to a space of diffeomorphic transformations
through the exponential. The modified energy function is described as followed

. ° 2
Ediffeo(lo: Il!S! u) = Slm(lovllrs exp(u)) + ||u|| ' (2)

where u is the velocity field and ||u|| is its norm. Its exponential exp(u) is a time stationary
ordinary differential equation (ODE): dp(t) / 0t = u(t)and p is the image position. Then, the
transformation s is updated by exp(u) as the form of s °exp(u). Based on this improvement, the
registration method can provide both efficient computations and invertible transformations between
two geometries.

2) Template fiber orientation deformation

After that, based on the deformation fields generated by the geometric registrations, the fibers
from DTI are first relocated to the corresponding geometric locations and then reoriented as the
estimated fiber orientations of the target heart. Each voxel containing fiber orientation of the template
heart is first relocated to the geometry of the target heart from 3D ultrasound following the
deformation. Then, based on the same deformation fields, each fiber orientation is reoriented by the
strategy of preservation of principal directions (PPD),* which has been utilized in the similar cardiac
fiber orientation estimations.*

11.D. Evaluations

For the purpose of evaluating the performance of our proposed framework, four different
evaluation parameters as illustrated in Fig. 4, and four different evaluation approaches as listed in Table
I, are utilized for the assessments.

1) Evaluation parameters

The first quantitative evaluation of the volume registrations 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(RN S)

PSCRS) = Jotun(R) + volun(s) '
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where R and S represent the voxel sets in the volumes of both registered volume and the
corresponding target volume, respectively.
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FIG. 4. Evaluation methods for validating the accuracy of both geometry and fiber orientation deformation. (a) 3D
geometric overlap ratio between the target (red) and template (yellow) hearts, calculated as DSC. (b) Distance
between the corresponding papillary muscle centers of the template (red dot) and target (blue dot) hearts,
calculated as the target registration error (the distance of the white double-head arrow in the amplified image). (c)
Acute angle a between both imaged and estimated fiber directions. (d) Angle 6 between the tangential directions of
the epicardial contour in the short axis plain and the fiber direction projected in the epicardial tangential surface, as
calculated as the inclination angle.

The other evaluation method for the geometry registrations is the target registration error (TRE),
which calculates the distance between corresponding markers in both volumes. We use the papillary
muscles in the hearts as the anatomic markers. Then, the distance between the mass centers in both
markers is calculated as the target error.

In order to evaluate the estimated cardiac fiber orientations, the acute angle error (AAE) is utilized
to measure the angular separation between both estimated and ground-truth orientations of the same
fiber by inverting the absolute of their dot product in 3D into an angle, which is between 0 ° and 90°. %
% But this angle is insufficient because the cardiac fibers are strictly arranged along the laminar sheets
in myocardium.

Thus, the inclination angle error (IAE) was introduced in this calculation.’” First, each fiber
orientation is projected onto its nearest epicardial tangential plane. Then the angle between the
projected vector and the tangential vector of the epicardial contour in the short axis view is measured as
the inclination angle of each voxel. Finally, the inclination angle error for each voxel is calculated by
taking the absolute difference between both inclination angles of estimated and ground-truth fiber
orientations. These inclination angle errors are arranged from 0° to 180°.



Table 1. Different evaluation approaches to assess the performance of the proposed estimation framework

Evaluation Evaluation
Steps Target Template parameters
1 MRI geometry of canine hearts with Geometry and fiber of healthy canine DSC, AAE,
HF atlas IAE
2 Ultrasound geometry of rat hearts Geometry and fiber of the same rat DSC, TRE
hearts
3 Ultrasound geometry of rat hearts Geometry and fiber of different rat DSC, AAE, IAE
hearts
4 MRI geometry of rat hearts Geometry and fiber of different rat DSC, AAE,
hearts IAE

*HF: heart failure; DSC: Dice similarity coefficient; TRE: target registration error; AAE: acute angle error; IAE:

inclination angle error.

2) Evaluation steps

As shown in Table I, four different evaluation steps were performed in order to rigorously assess
the accuracy and performance of the proposed framework for the estimation of cardiac fiber
orientations.

Evaluation Step 1: Assessing the proposed framework using public canine data. The performance
of both geometric registration and fiber orientation deformation of our method is first evaluated by a
public canine dataset shared by the researchers at Johns Hopkins University, Baltimore, MD,*® which
has been tested by others.’ # In the canine data, we utilize a statistical atlas of 9 healthy hearts as the
template to estimate the cardiac fiber orientations of the hearts with heart failures.*

Evaluation Step 2: Assessing registration errors between T1-weighted MRI and 3D ultrasound of
the same rat hearts. In order to evaluate our framework, the fiber orientations from DTI serve as the
ground truth. Although the rat hearts were fixed before ultrasound and DTI data acquisitions, there
were still difference in orientations and slight geometric deformation between ultrasound and DTI.
Thus, the fiber orientations from DTI are deformed based on the registration between the geometries
from 3D ultrasound and T1-weighted MRI of the same heart, and then serve as the gold standard for
evaluation.

Evaluation Step 3: Assessing the accuracy of the fiber orientations that are estimated from the
ultrasound geometry when the fiber template of a different heart is used for the estimation. Cardiac
fiber orientations of each rat heart, which are estimated from the ultrasound geometry based on the
fiber template of a different heart, are evaluated using the corresponding DT data of the same heart.

Evaluation Step 4: Assessing the accuracy of the fiber orientation that is estimated from the
geometry of T1-weighted MRI when the fiber template of a different heart is used for the estimation.
The cardiac fiber orientations of each rat heart, which are estimated from the geometry obtained from
T1-weighted MRI and are based on the fiber template of a different heart, are evaluated by the



corresponding DTI data. As the MR geometry based fiber orientation estimation has been verified, we
utilize this approach to compare our ultrasound geometry based estimation method.

I11. Results

The feasibility of the proposed method for estimating cardiac fiber orientations from 3D
ultrasound was demonstrated by three rat hearts, which were scanned by 3D ultrasound, T1-weighted
MRI, and DTI. During the evaluations, each heart was separately utilized as the template heart or the
target heart one time. Fig. 5 illustrates the visualizations of the estimated results: the 3D geometry
imaged by T1-weighted MRI and the fiber orientations imaged by DTI of the template heart, and the
3D geometry imaged by 3D ultrasound and the estimated fiber orientations of the target heart. The
quantitative evaluations are presented in the following sections.

MRI Ultrasound

Atlas Target

FIG. 5. Results of the cardiac fiber orientations estimated from 3D ultrasound of a rat heart, based on the
template of MRI and DTI. Left column is the MRI geometry and DTI fiber orientations of the template heart; right

column is the ultrasound geometry and the estimated cardiac fiber orientations of the target heart.

I11.A. Validation using public data (Evaluation Step 1)

We first tested the effectiveness of both geometric registration and fiber orientation deformation
of our proposed method using the public canine database.® The concept of estimating cardiac fiber
orientations from geometries using MRI has been tested in these canine hearts.* %% Their angle errors
or ECG simulations concluded that there were insignificant differences between estimated and real data
using their methods. Hence, we applied these canine heart data to test our procedure. In the canine data,
we evaluated the cardiac fiber orientations of four hearts with heart failure, which were estimated from
a statistical template of nine healthy hearts.* Fig. 6 shows the estimated results of a target heart, the

estimated one from the template, and the corresponding errors. The main errors between geometries



are around the epicardium and endocardium, which is the same to the inclination angle errors between
both fiber orientations. The total estimation results are listed in Table II, including DSC, acute angle
errors, and inclination angle errors. From the table, the mean and standard deviation of the DSCs are
82.7+£2.3% and 95.9+0.9% for both affine and diffeomorphic Demons registrations, respectively. The
AAE are 19.2+1.5° and the IAE are 17.6+0.9. The results from the canine data are similar to those as

d ’19, 20, 22

previously reporte indicating that our proposed method works well in these canine heart data.

(al) (b1) ()

FIG. 6. Results of both geometry and fiber orientation deformation of one slice from the canine heart data,
including their estimation errors. Upper row is the geometric results and the lower row is the fiber orientation
results. (al-a2) Geometry and inclination angles of the target heart. (b1-b2) Geometry and inclination angles of the
template heart. (c1-c2) Estimated geometry and inclination angles of the target heart. (d1-d2) Corresponding errors

between the target and its estimation.

Table 11. Geometry and fiber Reorientation errors using public canine data

DSC (%) AAE IAE
Target Template -
Affine DD (degree) (degree)
HF 1 Healthy 83.7 96.8 17.9 16.5
HF 2 Healthy 84.1 95.5 19.1 17.9
HF 3 Healthy 79.8 94.3 21.3 18.6
HF 4 Healthy 82.3 96.5 18.5 17.2

* HF are the canine hearts with heart failure from [38]; Healthy is the healthy hearts as the template from [34];

DSC: Dice similarity coefficient; AA: acute angle error; IAE: inclination angle error; DD: diffeomorphic Demons.

111.B. Evaluation of the registration between T1-weighted MRI and 3D ultrasound of the same
heart (Evaluation Step 2)

The accuracy of this step was estimated using the DSC and TRE for both rigid and DD
registration. The estimated accuracies for the registration were listed in Table I1l. Although both

ultrasound and T1-weighted MRI data are from the same fixed heart, it can be seen that there are still



more than 10% errors in DSC, and 0.5 mm in TRE between both ultrasound and MRI geometries after
rigid transformation. Therefore, further registration was needed here. Then the DD deformable

registration increased the final accuracy with more than 96% in DSC and less than 0.2 mm in TRE.

Table I11. Evaluations of setting ground truth for each heart

DSC (%) TRE (mm)
Dataset — —
Rigid DD Rigid DD
Rat1 86.6 96.6 0.53 0.19
Rat 2 84.8 97.3 0.42 0.17
Rat 3 82.5 96.5 0.55 0.21

DSC: Dice similarity coefficient; TRE: target registration error; DD: diffeomorphic Demons.

111.C. Evaluation of fiber orientation estimation when a different rat heart is used as the template

(Evaluation Steps 3 and 4)

We evaluated the cardiac fiber orientations estimated from the ultrasound geometries of three rats
as described in Evaluation Step 3. During the estimation process, the utilized template heart for each
target rat heart is listed in Table IV. Then, both the estimated cardiac geometry and fiber orientations
for each heart were compared with its corresponding ground truth of Evaluation Approach 2 for
evaluation. The mean DSC of the geometric registrations was 95.4% for the three hearts. The average

angle errors were 21.0° in AAE and 19.4°in IAE, respectively.

Table IV. Geometry and fiber orientation errors of rat hearts based on Evaluation Steps 3 and 4

Target Template DSC (%) AAE IAE
Geometry RatNo.  (Rat No.) Affine DD (degree) (degree)
usS 1 3 85.3 96.2 20.2 18.4
usS 2 1 82.4 96.9 21.7 20.7
usS 3 2 80.1 93.2 211 19.2
T1-MRI 1 3 86.5 96.9 17.3 16.7
T1-MRI 2 1 80.9 95.9 20.2 191
T1-MRI 3 2 81.5 95.4 194 18.5

*US: ultrasound; DD: diffeomorphic Demons; DSC: Dice similarity coefficient; AA: acute angle error; IAE:

inclination angle error.

After that, Evaluation Approach 4 estimated the cardiac fiber orientations of the three rats from
the T1 geometries. The comparison between evaluation Steps 3 and 4 indicated that the estimation
errors of the ultrasound-based fiber estimation method were comparable to those of the MRI-based
method: the average AAE of Approach 3 was 1.5° higher and the average IAE was 1.3° higher than
those of Approach 4. Moreover, although there were estimation errors in the DTI based estimation

methods, a previous study of ventricular electrophysiological simulations indicated that the IAE of less



than 20° between both estimated and acquired fiber orientations led no significant differences at a

clinically observable level.*

111.D. Estimated fiber orientations from 3D ultrasound images in vivo

The feasibility of the proposed framework was tested on the in vivo 3D ultrasound images of the rat
heart, as shown in Fig. 7. The cardiac geometry in the diastole phase was segmented and reconstructed
from the ultrasound volume. The fiber orientations were estimated by this proposed method, which
used another ex vivo heart as the template. These results demonstrated the feasibility of utilizing our

proposed method to estimate cardiac fiber orientations from a rat heart in vivo.

FIG. 7. 3D ultrasound imaging, geometric reconstruction, and the estimated cardiac fiber orientations of a rat heart
in vivo. (a) 3D ultrasound volume in vivo. (b) Reconstructed cardiac geometry. (c) Estimated cardiac fiber

orientations from the geometry.

1V. Discussion

In this project, we proposed an estimation method to estimate cardiac fiber orientations from 3D
ultrasound volumes, and also evaluated the accuracies with corresponding ground truth. Both the fiber
template and the ground truth were built on the high resolution DTI data. The fundamental idea was
based on the hypothesis that the cardiac fiber orientations are related to the corresponding geometry,
which means the possibility of directly estimating cardiac fiber orientations from its geometry,*®
because cardiac fibers are helically and regularly arranged in the heart.* This arrangement matches the
requirements of the systolic and diastolic motions of myocardium as the heart beats, which must be
efficient and avoid tangling. Furthermore, simulations of a mathematical model indicated that myofiber
bundles were arranged in special minimal surfaces to close the gap between individual myofibers and
their general layers. Therefore, the cardiac fiber orientations could be estimated from its geometry

based on another heart template including cardiac fiber orientations and geometry.



The accuracy of the proposed cardiac fiber orientation estimation method relates to the cardiac
geometries. There are artifacts in the cardiac ultrasound images even in ex vivo imaging, such as
scattering speckles, contrast inhomogeneity, and data drop-out in the image. Moreover, the papillary
muscles can blur the endocardial boundary or add extra regions. Considering imaging quality, accurate
segmentations become important, especially for the purpose of image-guided computational
modeling.”> Current automatic segmentation methods, such as those for the right ventricle
segmentation,* still need improvement for cardiac ultrasound segmentation. Alternatively, the data in
our project were manually segmented by an experienced scientist to ensure the accuracy and
robustness. Besides the errors derived from ultrasound artifacts, the estimation errors could also come
from the geometry registration and fiber reorientation. Thus, we utilized the public canine dataset and
the rat heart data to verify our framework based on different evaluation approaches. Comparing with
the current geometry based registration, further improvement of an intensity based registration method

may be able to improve the accuracy of the fiber estimations.

In this study, the quantitative evaluation was mainly performed on the normal hearts. We plan to
improve the accuracy of the current estimation and then extend its application to potential disease
models, such as ventricular remodeling, in the future. The proposed method has the potential to be
extended to clinical applications. Based on the cardiac template of human beings,* it could estimate
cardiac fiber orientations from 3D ultrasound images of each patient’s heart. In this study,
high-frequency ultrasound images allow us to see the four chambers of the rat heart that has a small size
because the images have a relatively high spatial resolution. For a human heart, cardiac ultrasound
imaging uses a relatively lower frequency e.g. 3.5 MHz, because of a relatively large field of view for a
human heart and because of a relatively deep tissue penetration of low-frequency ultrasound. As far as
the ultrasound images can provide the geometric information of the human heart, as it is true for human
cardiac ultrasound imaging, our method can be used to estimate the cardiac fiber orientation. Our
estimation method was validated by the canine hearts that had a similar scale as the human heart. When
we apply this method to the ultrasound images of human hearts, the template data from an ex vivo
human heart can have a high resolution of 0.43x0.43x 1 mm®. The major concern will focus on
whether we can acquire accurate myocardial geometry from 3D cardiac ultrasound of a human patient.
Most of these geometric and fiber orientation errors will occur in the boundary regions of the
myocardium. However, these errors can be decreased by the improvement of 3D echocardiographic
segmentations.** ** For transesophageal echocardiography (TEE), which has a frequency of up to 10
MHz, it is anticipated that the accuracy of the fiber estimated can be further improved. In these
applications, the estimated fiber orientations can be valuable for clinical cardiac diagnosis when the
fiber information is combined with electrophysiological models.** 1t might also play a role in both
surgical plans and ablation guidance, especially for the wventricular tachycardia and ventricular

arrhythmia.”® 4"



V. Conclusion

In this study, we proposed and evaluated a template-based ultrasound method for cardiac fiber
imaging. The method estimates the cardiac fiber orientations of the target heart by deforming the DTI
data of a template heart, which is based on the deformations between the ultrasound geometry of the
target heart and the geometry of the template heart. The accuracy of this method was evaluated in both

rat and canine hearts.

It is important to visualize and quantify cardiac fiber orientations for cardiac research and clinical
applications because cardiac fiber orientations decide both cardiac electrophysiological and mechanical
properties of the beating heart. As ultrasound imaging has been widely used in cardiac examinations,
the proposed method and its further improvements might contribute to better understanding of cardiac

physiology and may provide a tool for diagnosis of heart diseases.

Acknowledgements

The authors would like to thank Dr. Mary B. Wagner, Ms. Min Shen, and Dr. Rong Jiang in the
Department of Pediatrics of Emory University for their technical assistance on ultrasound imaging.
The authors also thank Dr. Xiaodong Zhang and Dr. Silun Wang, from Yerkes National Primate
Research Center of Emory University, for their assistance in MRI and DTI data acquisitions. This work
was partially supported by NIH grants ROLCA156775 and R21CA176684, Georgia Research Alliance
Distinguished Scientists Award, and the Emory Molecular and Translational Imaging Center (NIH
P50CA128301).

! V.L. Roger, A.S. Go, D.M. Lloyd-Jones, E.J. Benjamin, J.D. Berry, W.B. Borden, D.M. Bravata, S. Dai,
E.S. Ford, C.S. Fox, H.J. Fullerton, C. Gillespie, S.M. Hailpern, J.A. Heit, VV.J. Howard, B.M. Kissela,
S.J. Kittner, D.T. Lackland, J.H. Lichtman, L.D. Lisabeth, D.M. Makuc, G.M. Marcus, A. Marelli, D.B.
Matchar, C.S. Moy, D. Mozaffarian, M.E. Mussolino, G. Nichol, N.P. Paynter, E.Z. Soliman, P.D.
Sorlie, N. Sotoodehnia, T.N. Turan, S.S. Virani, N.D. Wong, D. Woo, M.B. Turner, C. American Heart
Association Statistics, S. Stroke Statistics, "Heart disease and stroke statistics--2012 update: a report
from the American Heart Association," Circulation 125, e2-e220 (2012).

T. Arts, F.W. Prinzen, L.H. Snoeckx, J.M. Rijcken, R.S. Reneman, "Adaptation of cardiac structure by
mechanical feedback in the environment of the cell: a model study," Biophys J 66, 953-961 (1994).

3 P.P. Sengupta, J. Korinek, M. Belohlavek, J. Narula, M.A. Vannan, A. Jahangir, B.K. Khandheria, "Left
ventricular structure and function: basic science for cardiac imaging,” Journal of the American College
of Cardiology 48, 1988-2001 (2006).

P.P. Sengupta, V.K. Krishnamoorthy, J. Korinek, J. Narula, M.A. Vannan, S.J. Lester, J.A. Tajik, J.B.
Seward, B.K. Khandheria, M. Belohlavek, "Left ventricular form and function revisited: applied

translational science to cardiovascular ultrasound imaging," J Am Soc Echocardiogr 20, 539-551 (2007).



10

11

12

13

14

15

16

17

18

G. Buckberg, A. Mahajan, S. Saleh, J.I. Hoffman, C. Coghlan, "Structure and function relationships of
the helical ventricular myocardial band," J Thorac Cardiovasc Surg 136, 578-589, 589 e571-511 (2008).

M. McLean, J. Prothero, "Myofiber orientation in the weanling mouse heart,” Am J Anat 192, 425-441
(1991).

E.K. Theofilogiannakos, G.K. Theofilogiannakos, A. Anogelanaki, P.G. Danias, H. Zairi, T. Zaraboukas,
V. Stergiou-Michailidou, K. Kallaras, G. Anogianakis, "A Fiber Orientation Model of the Human Heart
Using Classical Histological Methods, Magnetic Resonance Imaging and Interpolation Techniques,"
Computers in Cardiology 2008, Vols 1 and 2, 307-310 (2008).

L. Geerts-Ossevoort, P. Bovendeerd, F. Prinzen, T. Arts, K. Nicolay, "Myofiber orientation in the
normal and infarcted heart, assessed with MR-diffusion tensor imaging," Comput Cardiol 28, 621-624
(2001).

L. Geerts, P. Bovendeerd, K. Nicolay, T. Arts, "Characterization of the normal cardiac myofiber field in
goat measured with MR-diffusion tensor imaging,"” Am J Physiol Heart Circ Physiol 283, H139-145
(2002).

M.T. Wu, W.Y.l. Tseng, M.Y.M. Su, C.P. Liu, K.R. Chiou, V.J. Wedeen, T.G. Reese, C.F. Yang,
"Diffusion tensor magnetic resonance imaging mapping the fiber architecture remodeling in human
myocardium after infarction - Correlation with viability and wall motion," Circulation 114, 1036-1045
(2006).

H. Lombaert, J.M. Peyrat, P. Croisille, S. Rapacchi, L. Fanton, F. Cheriet, P. Clarysse, I. Magnin, H.
Delingette, N. Ayache, "Human atlas of the cardiac fiber architecture: study on a healthy population,”
IEEE transactions on medical imaging 31, 1436-1447 (2012).

P. Savadjiev, G.J. Strijkers, A.J. Bakermans, E. Piuze, S.W. Zucker, K. Siddiqgi, "Heart wall myofibers
are arranged in minimal surfaces to optimize organ function," Proc Natl Acad Sci U S A 109, 9248-9253
(2012).

W.N. Lee, B. Larrat, M. Pernot, M. Tanter, "Ultrasound elastic tensor imaging: comparison with MR
diffusion tensor imaging in the myocardium," Phys Med Biol 572012).

W.N. Lee, M. Pernot, M. Couade, E. Messas, P. Bruneval, A. Bel, A.A. Hagege, M. Fink, M. Tanter,
"Mapping Myocardial Fiber Orientation Using Echocardiography-Based Shear Wave Imaging,” leee T
Med Imaging 31, 554-562 (2012).

M.J. Bishop, P. Hales, G. Plank, D.J. Gavaghan, J. Scheider, V. Grau, "Comparison of Rule-Based and
DTMRI-Derived Fibre Architecture in a Whole Rat Ventricular Computational Model,” Lect Notes
Comput Sc 5528, 87-96 (2009).

M. Sermesant, R. Chabiniok, P. Chinchapatnam, T. Mansi, F. Billet, P. Moireau, J.M. Peyrat, K. Wong,
J. Relan, K. Rhode, M. Ginks, P. Lambiase, H. Delingette, M. Sorine, C.A. Rinaldi, D. Chapelle, R.
Razavi, N. Ayache, "Patient-specific electromechanical models of the heart for the prediction of pacing
acute effects in CRT: a preliminary clinical validation," Medical image analysis 16, 201-215 (2012).

K. Lekadir, B. Ghafaryasl, E. Munoz-Moreno, C. Butakoff, C. Hoogendoorn, A.F. Frangi, "Predictive
modeling of cardiac fiber orientation using the Knutsson mapping,” Medical image computing and
computer-assisted intervention : MICCAI ... International Conference on Medical Image Computing and
Computer-Assisted Intervention 14, 50-57 (2011).

C.T.S. Nicolas Toussaint, Maxime Sermesant, Tobias Schaeffter, Sebastian Kozerke , Philip G.
Batchelor "In vivo human cardiac fibre architecture estimation using shape-based DT processing,"”

Medical image analysis2013).



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

F. Vadakkumpadan, H. Arevalo, C. Ceritoglu, M. Miller, N. Trayanova, "Image-based estimation of
ventricular fiber orientations for personalized modeling of cardiac electrophysiology,” IEEE transactions
on medical imaging 31, 1051-1060 (2012).

F. Vadakkumpadan, H. Arevalo, F. Pashakhanloo, A. Alers, F. Dawoud, K.H. Schuleri, D. Herzka, E.
McVeigh, A.C. Lardo, N. Trayanova, "Estimation of ventricular fiber orientations in infarcted hearts for
patient-specific simulations,” Biomedical Imaging (ISBI), 2013 IEEE 10th International Symposium
on, 636-639 (2013).

P. Helm, M.F. Beg, M.l. Miller, R.L. Winslow, "Measuring and mapping cardiac fiber and laminar
architecture using diffusion tensor MR imaging," Ann Ny Acad Sci 1047, 296-307 (2005).

S. Hari Sundar, H., D.G. Shen, G. Biros, H. Litt, C. Davatzikos, "Estimating myocardial fiber
orientations by template warping,” | S Biomed Imaging, 73-76 (2006).

Y. Zhang, X. Liang, J. Ma, Y. Jing, M.J. Gonzales, C. Villongco, A. Krishnamurthy, L.R. Frank, V.
Nigam, P. Stark, S.M. Narayan, A.D. McCulloch, "An atlas-based geometry pipeline for cardiac Hermite
model construction and diffusion tensor reorientation," Medical image analysis 16, 1130-1141 (2012).
S.A. Wickline, E.D. Verdonk, J.G. Miller, "Three-dimensional characterization of human ventricular
myofiber architecture by ultrasonic backscatter,” J Clin Invest 88, 438-446 (1991).

M.R. Holland, A. Kovacs, S.H. Posdamer, K.D. Wallace, J.G. Miller, "Anisotropy of apparent
backscatter in the short-axis view of mouse hearts," Ultrasound Med Biol 31, 1623-1629 (2005).

J. Crosby, T. Hergum, E.W. Remme, H. Torp, "The effect of including myocardial anisotropy in
simulated ultrasound images of the heart," IEEE Trans Ultrason Ferroelectr Freq Control 56, 326-333
(2009).

X. Qin, Z. Cong, R. Jiang, M. Shen, M.B. Wagner, P. Kirshbom, B. Fei, "Extracting cardiac myofiber
orientations from high frequency ultrasound images " Proceedings of SPIE 8675, 867507-867508
(2013).

J. Hung, R. Lang, F. Flachskampf, S.K. Shernan, M.L. McCulloch, D.B. Adams, J. Thomas, M. Vannan,
T. Ryan, Ase, "3D echocardiography: a review of the current status and future directions,” Journal of the
American Society of Echocardiography : official publication of the American Society of
Echocardiography 20, 213-233 (2007).

X. Qin, S. Wang, M. Shen, X. Zhang, M.B. Wagner, B. Fei, "Mapping cardiac fiber orientations from
high resolution DT to high frequency 3D ultrasound," Proceedings of SPIE 9036, 90361-90369 (2014).
P. Mukherjee, S. Chung, J. Berman, C. Hess, R. Henry, "Diffusion tensor MR imaging and fiber
tractography: technical considerations," American Journal of Neuroradiology 29, 843-852 (2008).

F.C. Yeh, V. Wedeen, W.Y.I. Tseng, "Estimation of fiber orientation and spin density distribution by
diffusion deconvolution," Neurolmage 55, 1054-1062 (2011).

T. Vercauteren, X. Pennec, A. Perchant, N. Ayache, "Diffeomorphic demons: Efficient non-parametric
image registration," Neurolmage 45, S61-S72 (2009).

M.F. Beg, P.A. Helm, E. McVeigh, M.I. Miller, R.L. Winslow, "Computational cardiac anatomy using
MRI," Magnet Reson Med 52, 1167-1174 (2004).

J.M. Peyrat, M. Sermesant, X. Pennec, H. Delingette, C. Xu, E.R. McVeigh, N. Ayache, "A
computational framework for the statistical analysis of cardiac diffusion tensors: application to a small
database of canine hearts," IEEE transactions on medical imaging 26, 1500-1514 (2007).

J.K. Shen, B.J. Matuszewski, L.K. Shark, A. Skalski, T. Zielinski, C.J. Moore, "Deformable image

registration - A critical evaluation: Demons, B-spline FFD and spring mass system," Medivis 2008: Fifth



36

37

38

39

40

41

42

43

44

45

46

47

48

49

International Conference Biomedical Visualization - Information Visualization in Medical and
Biomedical Informatics, Proceedings, 77-82 (2008).

D.C. Alexander, C. Pierpaoli, P.J. Basser, J.C. Gee, "Spatial transformations of diffusion tensor magnetic
resonance images," IEEE transactions on medical imaging 20, 1131-1139 (2001).

D.F. Scollan, A. Holmes, R. Winslow, J. Forder, "Histological validation of myocardial microstructure
obtained from diffusion tensor magnetic resonance imaging," Am J Physiol-Heart C 275, H2308-H2318
(1998).

P.A. Helm, H.J. Tseng, L. Younes, E.R. McVeigh, R.L. Winslow, "Ex vivo 3D diffusion tensor imaging
and quantification of cardiac laminar structure," Magnet Reson Med 54, 850-859 (2005).

N.A. Trayanova, "Computational cardiology: the heart of the matter,"” ISRN cardiology 2012, 269680
(2012).

X. Qin, S. Wang, M. Wan, "Improving reliability and accuracy of vibration parameters of vocal folds
based on high-speed video and electroglottography," IEEE transactions on bio-medical engineering 56,
1744-1754 (2009).

X. Qin, Z. Cong, B. Fei, "Automatic segmentation of right ventricular ultrasound images using sparse
matrix transform and level set," Physics in Medicine and Biology 58, 7609-7624 (2013).

Y. Zhu, X. Papademetris, A.J. Sinusas, J.S. Duncan, "A coupled deformable model for tracking
myocardial borders from real-time echocardiography using an incompressibility constraint,” Medical
Image Analysis 14, 429-448 (2010).

P.C. Pearlman, H.D. Tagare, B.A. Lin, AJ. Sinusas, J.S. Duncan, "Segmentation of 3D radio frequency
echocardiography using a spatio-temporal predictor," Medical Image Analysis 16, 351-360 (2012).

A. Sermesant, H. Delingette, N. Ayache, "An electromechanical model of the heart for image analysis
and simulation," IEEE transactions on medical imaging 25, 612-625 (2006).

M. Sermesant, E. Konukoglu, H. Delingette, Y. Coudiere, P. Chinchapatnam, K.S. Rhode, R. Razavi, N.
Ayache, "An anisotropic multi-front fast marching method for real-time simulation of cardiac
electrophysiology," Lect Notes Comput Sc 4466, 160-169 (2007).

B.N. Roberts, P.C. Yang, S.B. Behrens, J.D. Moreno, C.E. Clancy, "Computational approaches to
understand cardiac electrophysiology and arrhythmias," Am J Physiol-Heart C 303, H766-H783 (2012).
Y. Okumura, B.D. Henz, S.B. Johnson, T.J. Bunch, C.J. O'Brien, D.O. Hodge, A. Altman, A. Govari,
D.L. Packer, "Three-Dimensional Ultrasound for Image-Guided Mapping and Intervention Methods,
Quantitative Validation, and Clinical Feasibility of a Novel Multimodality Image Mapping System,"
Circ-Arrhythmia Elec 1, 110-119 (2008).

L. Ottaviano, G.B. Chierchia, A. Bregasi, N. Bruno, A. Antonelli, A.T.A. Alsheraei, A.M. Porrini, E.
Gronda, F. Donatelli, A.L. Duijnhower, P. Brugada, A.S. Montenero, "Cryoballoon ablation for atrial
fibrillation guided by real-time three-dimensional transoesophageal echocardiography: a feasibility
study," Europace 15, 944-950 (2013).

D.P. Zipes, J. Jalife, Cardiac electrophysiology: from cell to bedside. (Saunders/Elsevier, 2009).



