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ABSTRACT 

Accurate extraction of cardiac fiber orientation from diffusion tensor imaging is important for determining heart 
structure and function. However, the acquisition of magnetic resonance (MR) diffusion tensor images is costly and time 
consuming. By comparison, cardiac ultrasound imaging is rapid and relatively inexpensive, but it lacks the capability to 
directly measure fiber orientations. In order to create a detailed heart model from ultrasound data, a three-dimensional 
(3D) diffusion tensor imaging (DTI) with known fiber orientations can be registered to an ultrasound volume through a 
geometric mask. After registration, the cardiac orientations from the template DTI can be mapped to the heart using a 
deformable transformation field. This process depends heavily on accurate fiber orientation extraction from the DTI. In 
this study, we use the FMRIB Software Library (FSL) to determine cardiac fiber orientations in diffusion weighted 
images. For the registration between ultrasound and MRI volumes, we achieved an average Dice similarity coefficient 
(DSC) of 81.6±2.1%. For the estimation of fiber orientations from the proposed method, we achieved an acute angle 
error (AAE) of 22.7±3.1° as compared to the direct measurements from DTI.  This work provides a new approach to 
generate cardiac fiber orientation that may be used for many cardiac applications.  

 

1. INTRODUCTION 

Cardiac fiber orientation has been shown to have serious implications on electrophysiological and mechanical operations 
of hearts [1-4]. Knowledge of these orientations can supply a cardiologist with additional physiological data about 
current or potential cardiac diseases in a patient. In order to estimate the orientation of the cardiac fibers, magnetic 
resonance diffusion tensor imaging (MR-DTI) has been used for in vivo measurements [5, 6]. DTI measures the diffusion 
of water in a tissue under the effects of various magnetic gradients. The rate of water diffusion is highly dependent on the 
orientation of the fibers, with the prolate regions having the highest rate of diffusion and isotropic regions the lowest [7-
9]. Due to the high cost in time and equipment required for MR imaging as well as restrictions in the population that can 
undergo an MRI scan, DTI is not always an option for patients. In contrast, the current ultrasound imaging technology is 
cost effective and easily tolerated by the population but does not currently have the capability of measuring fiber 
orientation. Unlike X-ray imaging or single-photon emission computed tomography, ultrasound imaging is non-ionizing, 
a favorable property for pediatric imaging where patients can be expected to live for many years and are thus more 
susceptible to stochastic effects from radiation.  

Previously, our group has shown that fiber orientations from a DTI template could be mapped onto a cardiac ultrasound 
volume by deforming an MRI volume [10-13]. This involves creating binary masks for the ultrasound and MR volumes, 

Medical Imaging 2016: Ultrasonic Imaging and Tomography, edited by Neb Duric, Brecht Heyde, Proc. of SPIE
Vol. 9790, 979015 · © 2016 SPIE · CCC code: 1605-7422/16/$18 · doi: 10.1117/12.2217296

Proc. of SPIE Vol. 9790  979015-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/30/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



Template Hea

DTI

Ti MRI

Target Hearl

Ultrasound

DTI

art

t

Irri

igenvectors
from FDT

skfrom FAST

skfrom FAST

igenvectors
from FDT

,
ill

gistration

->
Fi bE

Go

Estimate(
Fiber

Orientatio

?r Orientation
)Id Standard

 

 

a time-intens
in order redu
in contrast to
random field
Through the 
depending on
from relative
extract tenso
images were 

Fig. 1. Cardia
while blue des

The basic wo
T1 MRI and
Eigenvectors
US/MRI volu

Fig. 2. Workf
volume. FDT: 

sive process. In
uce the time ne
o manual segme
d (HMRF), dev

use of multip
n the value of 
ely noisy imag
rs from diffus
denoised using

ac fibers reconst
signates a -90◦ or

orkflow for the
d deformed o
s extracted fro
umes. These fib

flow for determ
FMRIB’s Diffu

n this study, we
ecessary for an
entation perfor
veloped by Zh
ple iterations, 
neighboring p

ges without m
ion weighted i
g the SUSAN (

tructed from ma
rientation.   

e procedure is d
onto an ultraso
om the templa
ber orientation

mining cardiac fi
usion Toolbox. F

e propose to us
nalysis, using F
rmed in Analyz
hang et al. to 
FAST updates

pixels. Due to t
manual interact
images through
(Smallest Univ

agnetic resonanc

2.

described in Fi
ound mask fr
ate heart via d
ns were compar

iber orientation 
FAST: FMRIB’s

se the automat
FMRIB’s Auto
ze or other data
enhance the a

s segmentation
this automatic 
tion. In additio
h probability d
value Segment 

ce diffusion tens

 

 METHOD

ig. 2. The temp
rom the target
diffusion tenso
red to the fiber

through the def
 Automatic Segm

ic segmentatio
omated Segmen
a processing so

automatic segm
n by placing c

constraint sys
on, FMRIB’s 
density functio
Assimilating N

sor imaging (M

DS 

plate geometry
t heart via af
or images wer
r orientation ac

formable registr
mentation Tool. 

on in FMRIB S
ntation Tool (F
oftware. FAST
mentation of n
constraints on 
stem, local stru
Diffusion Too

on modeling [1
Nucleus) tool b

 

MR-DTI). Red in

y for the heart w
ffine and non-
re then mappe
cquired from a 

ration of MR im
 

Software Librar
FAST) to creat

T uses a hidden
oisy MR imag
a pixel by pix

ucture can be e
olbax (FDT) w
15, 16]; and ul
box in FSL.   

ndicates a 90◦ or

was determine
-rigid transfor
ed onto the re
DTI of the targ

 

mages and an u

ry (FSL) 
te masks 

n Markov 
ges [14]. 
xel basis 
extracted 
was used 
trasound 

rientation, 

d from a 
rmations. 
egistered 
get heart.  

ultrasound 

Proc. of SPIE Vol. 9790  979015-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/30/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

2.1 Data acq

Healthy rat h
heart was pe
solution of 4
remove PFA 

Ultrasound im
with a 30 M
image the he
USA) with a
directions usi
a resolution o

 

2.2 Mask cre

Ultrasound v
developed fro
in an image 
contain inten
loss of struct
pixels as the 
the FMRIB’s
random field
information e
with a bias f
smoothing of
generating th
further use.  

Fig. 3. Examp
denoising in S
brightness thre

 

quisition 

hearts were ex
erfused with co
4% phosphate 
residue and em

mages were ac
Hz transducer 
art from apex t
an RF coil of 
ing a diffusion
of 0.078 x 0.07

eation 

volumes were f
om the algorith
by comparing

nsities similar t
tures. Results 
region of inter
s Automatic S

ds allows FAS
even in noisy 
field smoothin
f 30 pixels for 
he output imag

le of a rat heart u
SUSAN. Left: 
eshold. 

xcised followin
old 1xPBS sol
buffered para

mbedded into 2

cquired using a
and the B-mo

to base, encom
25 mm diame

n weighted spin
78 x 0.156 mm

first loaded int
hm created by 

g intensity acro
to that of the n
from SUSAN 

rest for smooth
egmentation T
T to identify 
environments 

ng of 20 pixel
a single iterati

ges, each was 

ultrasound imag
Original ultraso

ng IACUC app
lution to remov
formaldehyde 
2% agar to crea

a Vevo 2100 ul
ode method. A
mpassing the en
eter was used 
n echo imaging
3. The total sca

to FSL’s SUSA
Smith and Bra

oss the mask t
nucleus provide

for one rat he
hing. The T1 M
Tool (FAST) to
structures base
[14]. For the T
s for 4 iteratio
ion. Three clas

compared vis

ge with visible le
ound image. Rig

proved method
ve blood from
(PFA).  After

ate a cylindrica

ltrasound syste
A slice thicknes
ntire heart volu
to acquire MR

g sequence. An
an time of the D

AN (Smallest 
ady [18]. SUS
to that of the m
e feature infor
eart are shown

MR image and 
o produce bina
ed on neighbo
T1 images, the
ons. Ultrasoun
ses were used 

sually and the 

eft ventricle (red
ght: Noise redu

 

ds as describe
m the chambers

r 14 hours, the
al phantom.  

m (FUJIFILM
ss of 0.2 mm w
ume. A 7 T Bio
R images. The
natomical infor
DTI for each h

Univalue Segm
AN uses a loc
mask nucleus.
mation and all

n in Fig. 3, wh
despeckled ult
ary masks (Fig

oring pixel info
e Markov rando
nd images used
for the segmen
best for each 

d arrow) and righ
uction using the

ed previously [
s. Each heart w
e hearts were 

M VisualSonics,
was used with 
ospec MRI syst
e pixel size wa
rmation was pr
heart was 36 ho

ment Assimilat
al mask to enh
The regions i

lowing speckle
hich used a loc
trasound image
g. 4 A2). The 
ormation in or
om field (MRF
d an MRF of 
ntation of both
individual vo

ht ventricle (whit
e nearest 10 pix

[11, 17]. Brief
was then fixed
rinsed with 1x

, Inc., Toronto,
the short-axis

tem (Bruker C
as 0.234 mm2

rovided by a T1
ours.  

ting Nucleus) 
hance detected 
inside the mas
e reduction wit
cal mask of 10
e were then loa
use of hidden 

rder to preserv
F) value was s
0.25 with a b

h sets of volum
lume was sele

 

te arrow) before
xels with an ap

fly, each 
d using a 
xPBS to 

, Canada) 
s view to 
orp, MA, 
with 30 

1 MRI at 

tool box 
features 

sk which 
thout the 
0x10x10 
aded into 

Markov 
ve image 
set to 0.1 
bias field 
es. After 
ected for 

e and after 
ppropriate 

Proc. of SPIE Vol. 9790  979015-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/30/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



 

 

2.3 Fiber orientation estimation 

The DTI volumes were first registered to the corresponding T1 volume. The registered DTI volume was then loaded into 
the FMRIB’s Diffusion Tool’s DTIFIT package. The T1 binary mask created in FAST was used to identify the region of 
interest. In addition, the magnetic gradient directions and b values used to acquire the DTI were inserted into DTIFIT in 
order to extract the eigenvectors. FDT fits the measured diffusion within a voxel to a tensor model, enabling the 
calculation of a probability density function for the primary direction of diffusion even in the presence of noise or 
segmented signals. The primary direction is the first eigenvector and is thus assumed to be the orientation of the fiber. 
After acquiring the fiber orientations, the MR and ultrasound masks were loaded into Analyze (AnalyzeDirect Inc., 
Overland Park, USA) to perform a manual affine registration between the ultrasound and MR volumes. The rigidly 
registered template heart (T1 MR) mask was then registered using the log-Demons deformable registration [19] to the 
ultrasound mask of the target heart. The fiber orientations in each voxel of the template heart are then deformed onto the 
ultrasound image by using the preservation of principal direction (PPD) approach [20]. A DTI of the target heart enables 
a validation of the estimated cardiac fiber orientations after deformation. 

 

2.4 Evaluation 

Performance of the proposed method was evaluated by applying the Dice similarity coefficient [10, 11] to determine the 
similarity between ultrasound and MR image volumes, where R is the target volume and T is the deformed template 
volume. A DSC value of 100% indicates perfect overlap of the volumes. 
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The accuracy of the fiber orientation estimation was evaluated using the acute angle error measured by inverting the 3D 
dot product between the ground truth (v1) and the estimated fiber orientation (v2) for each voxel in order to determine the 
separation in the orientation angle [20, 21]. An AAE of 0° signifies complete overlap of fibers between the estimated 
orientations and the ground truth.  
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3. RESULTS 

This method was evaluated on cardiac ultrasound and MR volumes from 5 different rats. Two rat hearts were chosen to 
use as templates. The results were quantified by a DSC and AAE (Table I). The average DSC and AAE were 81.6±2.1% 
and 22.7±3.1 degrees, respectively.  

Typical results from the described procedure are displayed in Fig. 4. Binary segmentation results are shown in Fig. 4 A2 
for T1 volumes and in Fig. 4 B2 for despeckled ultrasound volumes. After segmentation, these volumes were registered 
with the log-Demons approach, with the results shown in Fig. 5. The registration map produced by log-Demons was then 
applied to the fiber orientations from the DTI to estimate the fiber orientations of the heart imaged with ultrasound. 
These fiber orientations are exhibited in Fig. 4 C1-C2 with a comparison of deformed the fiber orientations to the actual 
orientations shown in Fig. 4 C3.  
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We proposed and developed an approach for estimating cardiac fiber orientation from 3D ultrasound volumes by using 
an MR-DTI template. We have shown that FSL can successfully be applied to cardiac diffusion weighted MR images 
and ultrasound images for segmentation and cardiac fiber orientation determination using FAST and DTIFIT. Ultrasound 
images can be despeckled using SUSAN in FSL. The fiber orientation estimation method can provide a tool for many 
cardiac applications.   
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