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Hongjiang Wei, Magalie Viallon, Benedicte M. A. Delattre, Kevin Moulin, Feng Yang, Pierre Croisille, and
Yuemin Zhu*

Abstract—Free-breathing cardiac diffusion tensor imaging
(DTI) is a promising but challenging technique for the study of
fiber structures of the human heart in vivo. This work proposes
a clinically compatible and robust technique to provide three-di-
mensional (3-D) fiber architecture properties of the human heart.
To this end, 10 short-axis slices were acquired across the entire
heart using a multiple shifted trigger delay (TD) strategy under
free breathing conditions. Interscan motion was first corrected
automatically using a nonrigid registration method. Then, two
post-processing schemes were optimized and compared: an al-
gorithm based on principal component analysis (PCA) filtering
and temporal maximum intensity projection (TMIP), and an al-
gorithm that uses the wavelet-based image fusion (WIF) method.
The twomethods were applied to the registered diffusion-weighted
(DW) images to cope with intrascan motion-induced signal loss.
The tensor fields were finally calculated, from which fractional
anisotropy (FA), mean diffusivity (MD), and 3-D fiber tracts were
derived and compared. The results show that the comparison
of the FA values

showed no significant difference, while
the MD values ( mm /s,

mm /s, ) were
significantly different. Improved helix angle variations through
the myocardium wall reflecting the rotation characteristic of
cardiac fibers were observed with WIF. This study demonstrates
that the combination of multiple shifted TD acquisitions and
dedicated post-processing makes it feasible to retrieve in vivo
cardiac tractographies from free-breathing DTI acquisitions. The
substantial improvements were observed using the WIF method
instead of the previously published PCATMIP technique.

Index Terms—Diffusion tensor imaging (DTI), fiber architec-
ture, free-breathing, in vivo heart.

I. INTRODUCTION

T HE HUMAN heart muscle is composed of cardiac my-
ocytes that are 80–100 m in length and have a cylindrical

shape, with a radius of 5–10 m. These myocytes are branched
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and are attached to each other by intercalated disks. Therefore,
from a microscopic point of view and strictly speaking, the my-
ocardium does not contain so-called fibers as opposed to brain
white matter tissue. However, the attached and branched cardiac
myocytes form elongated and orientation preference structures
and are, for simplicity, often regarded as fibers or bundles of
fibers. Diffusion-weighted (DW) magnetic resonance imaging
is a valuable technique for probing microscopic structures of bi-
ological tissues by measuring changes in the signal due to water
molecule diffusion [1]. By acquiring DW images with different
diffusion gradient directions (at least six), one can obtain dif-
fusion tensors [i.e., diffusion tensor imaging (DTI)] [2]. DTI
has been used to depict fiber architecture properties in ex vivo
human hearts [3]–[7], in healthy human hearts [8]–[13], and
in patients [14]–[17]. Respiratory gated approaches [13], [18]
were often preferred tominimize the effect of respiratorymotion
in DTI acquisitions, although the data can also be obtained from
multiple breath-holding acquisitions [18]–[20]. Although more
patient friendly, respiratory gated strategies imply increased ac-
quisition time [21] because only 30%–40% of the respiratory
cycle [22] is actually used for the acquisitions.
The motivation is high for a 100% duty cycle free-breathing

DTI acquisition method that has a high patient compliance rate.
The most significant problem for in vivo cardiac DTI is the
additional and large signal loss as a result of phase modulation
due to respiratory and cardiac motions during the diffusion
encoding gradients. The first attempt to collect in vivo human
diffusion data on the heart used a stimulated echo acquisition
mode (STEAM) [8]. Cardiac diffusion imaging using STEAM
preparation confers the advantage of having a significantly
shorter scan time per RR interval (the interval between two
ECG R waves), thus reducing the intrascan motion, but inher-
ently doubling the total scan time compared with spin-echo
sequences [13] because encoding and decoding must take place
in two consecutive cardiac cycles. Using this technique, Reese
et al. demonstrated the feasibility of mapping fiber orientations
quantitatively in human subjects; they found that cardiac DW
imaging has a significant sensitivity to myocardial deformation
due to the motion. Tseng et al. [10] presented a method of ob-
taining accurate diffusion data by requiring strain-encoded data
and defining a “sweet spot” in the cardiac cycle where the net
effect of the strain on the observed diffusion approximates zero.
Several implementations [8], [9], [13] were used to compensate
for motion-induced signal loss, including retrospective nav-
igators and breath-holding, which required acquisition times
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of approximately 7 min/slice. In the majority of these studies,
however, either a single [10], [12], [13] or a group of three
[18] slices could be acquired. A 3-D reconstruction of cardiac
fiber architecture was proposed using more slices to derive an
in vivo human atlas through conformal mapping schemes [24].
Nevertheless, neither three [18] nor five [23] slices are ideal for
the 3-D fiber architecture reconstruction of the entire heart. The
3-D cardiac fiber architecture construction using a streamline
algorithm would benefit from a higher number of slices.
The aim of this study was to investigate the feasibility of

in vivo cardiac DTI and 3-D fiber tracking of the entire heart
under free breathing conditions without any respiratory syn-
chronization. To this end, motion-reduced in vivo cardiac DTI
datasets were acquired at end-diastole using a multiple shifted
trigger delay (TD) acquisition strategy. A nonrigid registration
method [31], [32] was used to correct interscan motion. Then,
two different postprocessing methods were performed on the
multiple TD DW images to compensate for the intrascan signal
loss. One is the previously validated PCATMIP method [25],
[26], [33], which is based on principal component analysis
(PCA) combined with temporal maximum intensity projection
(TMIP). Another is a wavelet-based image fusion (WIF) ap-
proach combined with the recently developed PCA denoising
method [40]. The final corrected DW images were used to cal-
culate the tensor field, from which diffusion parameters, such
as fractional anisotropy (FA), mean diffusivity (MD), helix
angle (HA), and in vivo fiber architecture (3-D fiber tracts),
were calculated and compared. The ground-truth simulated
data using polarized light imaging (PLI) were also processed
using the newly proposed WIF technique and compared with
those of PCATMIP.

II. MATERIALS AND METHODS

Our method is globally described as below. First, 10 short-
axis slices covering the entire heart DW images were acquired
with less signal loss at the end of diastole than in the systole [33].
The acquisitions occurred inside an optimal time window using
a multiple shifted TD strategy under free breathing conditions.
The interscan motion was first corrected automatically using a
nonrigid registration method [32]. Then, the WIF method was
applied to the registered DW images to cope with intrascan mo-
tion-induced signal loss. The noise in the DW images was re-
moved using a state-of-the-art algorithm based on PCA with a
local pixel grouping approach [40]. These DW images were then
used to calculate the tensor fields. Subsequently, FA, MD, and
fiber angles were calculated from the tensor fields. Finally, the
3-D fiber architecture of the human heart was obtained from
multi-slice data using the streamline algorithm [46].

A. WIF Processing Scheme

Wavelet fusion techniques [35], [36] are commonly used to
combine multiple images into a single image by retaining de-
sired local features in each image and thus providing a more
accurate description of the object. In our case, we would like
to collect all of the meaningful diffusion information from the
input images (multiple TDs) while discarding the parts that were
strongly affected by motion. Fig. 1 shows a schematic diagram

Fig. 1. DW images fusion scheme using the wavelet transform in a two-level
decomposition. Wavelet transformed images from the source images include
one low-frequency portion (up-left of the multiscale wavelet transformed im-
ages) and six high-frequency portions. First level decomposition produces four
subbands: 1LL, 1LH, 1HL, and 1HH, which denote the low-low frequency,
low-high frequency, high-low frequency, and high-high frequency bands, re-
spectively. The 1LL subband will be the input of the second level decomposi-
tion, further resulting in another four subbands (2LL, 2LH, 2HL, and 2HH).

Fig. 2. High-frequency band distribution of wavelet coefficients is different
for the DW images exhibiting different motion effects. (a) Two TD images with
their high-frequency bands; the top row image is acquired with less motion and
the bottom row image with greater motion. (b)–(d) Histograms of the wavelet
coefficients of the images that were less influenced by motion (black line) and
those of the image that were greatly influenced by motion (red line), respec-
tively. (b) Low-high band. (c) High-low band. (d) High-high band.

to better illustrate the concept and procedure of the WIF ap-
proach. The basic idea is to perform the multiple scale decom-
position on each source image; the transform coefficients of
both the low-frequency and high-frequency bands are then fused
with a certain pixel-level fusion rule at each scale. The most
important aspect in this scheme is the manner of combining
the wavelet coefficients. As observed in Fig. 2(b), the high-fre-
quency band distribution is different for the images with dif-
ferent motion artifact levels. More specifically, the spreading
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of the wavelet coefficient distribution of the more motion-cor-
rupted image is narrower than that of a less motion-degraded
image. That is to say, the image with more motion effects yields
more wavelet coefficients that are close to zero and less wavelet
coefficients with large magnitudes compared with the images
that are less influenced by motion. This motivates us to propose
a fusion rule for high-frequency bands. The rule consists of only
selecting the information from the high-frequency band yielding
a wider spreading distribution. More specifically, for the coef-
ficient to be chosen at location , we set a
window centered on it for local coefficient statistics. The high-
frequency coefficients of the fused image [denoted as ]
are produced by combining those of the two source images [de-
noted as and ] as

(1)

where and are the standard deviations (SDs) of
the high-frequency coefficients in the window of the two input
images, respectively.
The low-frequency wavelet coefficients reflect the global in-

formation of the entire image. Normally, signal loss is regional
in DW images, and the low-frequency coefficients do not signif-
icantly fluctuate. However, at some TDs, the motion can affect
the entire heart, thus leading to a decrease in the magnitude of
low-frequency coefficients. The low-frequency band represents
the signal magnitude of the image; therefore, for each pixel lo-
cation , the largest absolute wavelet coefficient was selected
among different TDs to avoid signal loss.
By applying the above fusion rule to the wavelet coefficients

of each location, we obtained the combinedwavelet coefficients.
The fused image is then obtained by performing the inverse
wavelet transform of the combined wavelet coefficients. In this
study, we used Daubechies wavelets with eight vanishing mo-
ments, which has been widely used in image fusion [38], [39].
The detailed fusion steps (Fig. 1) are summarized as follows.
Step 1) The multiple TD DW images corresponding to

the same diffusion encoding direction are decom-
posed into wavelet-transformed images (two-level
wavelet decomposition using Daubechies wavelets
is used to bring out the detailed information in the
diffusion-weighted images of the human heart).
The transformed images include one low-frequency
portion (low-low band) and six high-frequency
portions (low-high bands, high-low bands, and
high-high bands).

Step 2) The transform coefficients of different bands are
fused with the proposed fusion rule.

Step 3) The fused spatial image is obtained by applying the
inverse wavelet transform on the fused wavelet co-
efficients from Step 2.

Step 4) Steps 1–3 are repeated for the DW images in all of
the diffusion encoding directions as well as the b0
image (no diffusion weighting).

In vivo cardiac DTI is highly susceptible to noise. The noise,
primarily at the level of DW images, can produce errors in
the subsequent calculations of diffusion parameters [33], [37].
Thus, after the WIF, removing the noise is crucial for the prac-

Fig. 3. (a) Simulated 10 TD DW images with cardiac motion. (b) Reference
DW image. (c) PCATMIP result. (d) WIF result.

tical use of DTI for the human heart. We used a state-of-the-art
algorithm for denoising images based on PCA with a local pixel
grouping approach [40]. More details can be found in [40].

B. Simulation

Simulated data were obtained as proposed in [33]. Briefly,
the diffusion behavior of water molecules in the cardiac fiber
structure was firstly simulated based on a series of cardiac PLI
data using the Monte Carlo method [41]. Simulated DW im-
ages were then generated in six directions with b-value
s/mm . 43 slices covering the whole heart were simulated from
PLI data. Rician noise was added to the simulated DW images to
imitate real noise situations. In parallel, an empirical model de-
scribing the relationship between cardiac motion and diffusion
signal intensity was established by combining the DENSE [47]
and DW images acquired at the same time points through the
entire cardiac cycle. According to cardiac motion information
obtained from DENSE acquisitions and the proposed motion
model, the corresponding signal loss was calculated and was
added to the simulated DW images to mimick in vivo cardiac
DW images contaminated with realistic intrascan cardiac mo-
tion. A temporal resolution of 10 ms of DENSE encoded data
in diastole can be achieved by interpolating from the original
acquired DENSE data. Therefore, 10 DW images at 10 TDs in
diastole with signal loss caused by cardiac motion were gener-
ated for each diffusion encoding direction, which resulted in a
total of 60 multiple directional and multiple TD DW images and
six reference images with a null diffusion gradient.
The obtained simulated data with added noise and motion

artifacts are shown in Fig. 3(a). The 10 TD DW images were
hence reconstructed using the above described WIF technique
and compared with those of PCATMIP. One direction of the
ground-truth data to be compared with is shown in Fig. 3(b).
The signal-to-noise ratio (SNR) of the DW images was then
defined to assess the quality of the processed DW images from
different methods. Diffusion tensor-derived parameters such as
FA and MD were also evaluated. The SNR of the DW images
was defined by

(2)

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 15,2021 at 11:33:44 UTC from IEEE Xplore.  Restrictions apply. 



WEI et al.: FREE-BREATHING DIFFUSION TENSOR IMAGING AND TRACTOGRAPHY OF THE HUMAN HEART IN HEALTHY VOLUNTEERS 309

where denotes the pixel intensity mean over the left ven-
tricle (LV) wall and “Noise” was measured as the standard de-
viation (SD) of the pixel intensities over the LV wall.

C. Real Data Acquisitions

Images were acquired on a 1.5T clinical scanner (MAG-
NETOM Avanto, Siemens AG, Healthcare Sector, Erlangen,
Germany) with a maximum gradient strength of 45 mT/m and
a maximum slew rate of 200 mT/m/ms. Six healthy volunteers
were recruited in this study, including four males and two
females with a mean age of years (from 25 to 50).
For DW image acquisitions, we chose a single-shot twice-re-
focused spin-echo echo-planar imaging (EPI) sequence with
optimized bipolar diffusion encoding gradients [27], improved
fat suppression using a gradient reversal technique [28], and
standard global phase correction [29]. The twice-refocused
spin echo diffusion encoding scheme reduces the impact of
eddy current artifacts [34]. All subjects gave informed consent
to the institutional review board-approved study protocol prior
to participation.
Prior to the diffusion acquisitions, standard 2-chamber,

4-chamber, and short-axis cines were acquired. The time cor-
responding to minimal motion in diastole was chosen on the
short-axis and long-axis views of the cine sequences and was
considered as the optimal central time position of the acquisi-
tion time window [26], [33] for each multiple-directional and
multiple TD diffusion scan. The acquisition window is long
enough for the diffusion encoding preparation and the length
of the EPI echo train. For each of the 12 gradient directions
(diffusion weighting) as well as the b0, 10 shifted acquisitions
with increased TD (by 10 ms) were sequentially performed.
To cover the entire LV, 10 slices (thickness mm) were ac-
quired in the short-axis view without any interslice gap. These
resulted in the acquisition of 1300 DW images and a total scan
time of approximately 25 min to cover the entire heart for each
volunteer (assuming an average heart rate of 60 beats/min). The
localized first- and second-order shimming was performed with
an adjustment box fitting the entire heart. Because multiple
slice imaging is not realistic with breath-holding scanning due
to the high number of breath holds required, all scans were
performed under free breathing. The main MRI parameters
are as follows: ms, spatial resolution

mm , acceleration rate (parallel imaging,
GRAPPA), partial Fourier , matrix size
FOV mm bandwidth Hz, directions

, and s/mm .

D. Interscan Motion Correction

Respiratory and cardiac motions affect free-breathing diffu-
sion acquisitions in two ways depending on the nature of the
motion with respect to the acquisition time. First, there is the
interscan motion corresponding to the movement of the organ
during the period between two consecutive diffusion acquisi-
tions. Second, the intrascan motion occurs between each line
of space during the single-shot measurement. The intrascan
motion leads to phase-related artifacts that manifest as a severe
signal loss of the DW images [30].

Fig. 4. Definition of helix , transverse , and sheet angles with re-
spect to the tensor’s primary (V1) and tertiary (V3) eigenvectors.

To correct interscanmotion, a fast nonrigid image registration
algorithm [31], [32], [50], chosen for its accuracy and repro-
ducibility in noisy cases, was applied to the multiple-directional
and multiple TD DW images. The image registration was per-
formed within MATLAB (R2010b, MathWorks, Inc., Natick,
MA, USA).

E. Intrascan Motion Correction Using WIF

After interscan motion correction, we applied the PCATMIP
[25], [26], [33] and WIF methods to the registered
TD-shifted DW images with multi-directions and images
to obtain a unique set of final and multi-direc-
tional motion-corrected DW images.

F. Data Analysis and Quantification of Diffusion Parameters
The image post-processing was performed using MATLAB.

The diffusion parameters were measured in the LV after manual
segmentation of the myocardium in the b0 image (null diffu-
sion gradient) and the exclusion of the papillary muscles. The
diffusion tensor was calculated for each voxel using the signal
intensities from the 12 DW images and the b0 image. The eigen-
values and eigenvectors were then obtained for each tensor.
Two quantitative diffusion parameter maps were derived from
the eigenvalues and eigenvectors: FA and MD [42]. FA is an
index of the degree of deviation of the observed diffusion from
isotropic or free diffusion, andMD is the first moment of the dif-
fusion tensor, which represents the mean diffusivity. The max-
imal local diffusion direction, revealed by the primary eigen-
vector of the diffusion tensor, is along the fiber direction, while
the secondary eigenvector is assumed to lie within the laminar
sheet. The tertiary eigenvector would be related to the normal
of the laminar sheet [48]. The principal eigenvector of the diffu-
sion tensor was taken to represent the mean intravoxel fiber ori-
entation. HA ( in Fig. 4) was computed as the angle between
the short-axis plane and the projection of the angle on the tan-
gent plane of the epicardium. Transverse angle (TA) ( in Fig. 4)
was computed as the angle between the projection of the fiber in
the short-axis plane and tangent plane. The laminar sheet angle
(SA) ( in Fig. 4) is the angle between the plane containing the
radial and longitudinal directions and the projection of the ter-
tiary eigenvector in this plane. To improve the tensor field res-
olution (more exactly, apparent resolution), the diffusion ten-
sors were interpolated in the plane by a factor of 2 using the
Log-Euclidean method, which avoids swelling effects [44]. 3-D
fiber tracts were constructed by integrating the principal eigen-
vectors from the diffusion tensor fields using a streamline algo-
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Fig. 5. Fiber tracts derived from (a) simulated reference images, (b) reference
noise motion images, (c) PCATMIP-processed images, and (d) WIF-pro-

cessed images. Red, green, and blue colors of the tensors represent the local
orientation of the fibers, and indicate left-right-, up-down-, and anterior–poste-
rior-oriented fiber populations, respectively.

rithm. The parameters used for tracking were 0.05 for the FA
threshold and 20 voxels for the minimal fiber length [43]. 3-D
visualization of the tensors with cylinder glyphs was achieved
with medInria (INRIA Sophia-Antipolis, France).
To evaluate different postprocessing methods for in vivo car-

diac DTI based on the diffusion data acquired at multiple shifted
TDs, a comparison was performed betweenWIF and previously
validated PCATMIPmethods [33]. The respective FA,MD, HA,
and tensor fields were compared. The fiber HA was calculated
over five transmural zones of the LV. Finally, the 3-D fiber tracts
were constructed and compared.
Differences in diffusion tensor parameters obtained with the

two processing methods were assessed using the Wilcoxon
signed-rank test. Measurements were presented as the

, and was considered to be statisti-
cally significant. All statistical computations were performed
using SPSS 20 (SPSS Inc., Chicago, IL, USA).

III. RESULTS

A. Results on Simulated Data

The DW images [Fig. 3(c) and (d)] corrected using the WIF
method offered an overall increased SNR (5.9) compared with
the PCATMIP (5.3). Table I provides a quantitative analysis
of the impact of cardiac motion on SNR and fiber architecture
properties. After processing by the WIF, we observed lower
FA values with respect to the PCATMIP % . We also ob-
served smaller MD values with respect to the WIF % .
Although the FA and MD values obtained from the WIF were
higher than the reference true value, they were much closer to
the reference values than those obtained via PCATMIP. Fig. 5(a)
shows the ground-truth fiber architecture. The noise and motion
strongly impact the fiber structure reconstruction, and the 3-D
fiber tracts were completely corrupted by the motion, as shown
in Fig. 5(b). The proposed WIF technique enables an efficient
correction of the data and further enables one to retrieve the
fiber architecture from the artifacted DW images. We can also
visually appreciate the superior improvement of the tractog-
raphy after postprocessing with WIF compared with PCATMIP
[Fig. 5(c) and (d)].

B. Results on In Vivo Data

Fig. 6 shows an example of in vivo cardiac DW images of
a volunteer acquired near the base of the heart. Although the
multiple shifted TD acquisitions were collected at end-diastole
where in-plane and through-plane heart motion of the LV were
minimal, signal intensity fluctuations due to residual cardiac

TABLE I
QUANTITATIVE ANALYSIS OF THE IMPACTS OF CARDIAC MOTION ON SNR AND
FIBER ARCHITECTURE PROPERTIES USING SIMULATED DATA. MD VALUES

ARE IN UNITS OF MM /S

Fig. 6. (a) Free-breathing short-axis DW images resulting from one diffusion
acquisition performed at 10 TDs in diastole on a volunteer. Visible spatial signal
intensity fluctuation resulting from spatially variable intrascan motion. (b) Cor-
responding processed DW images using the PCATMIP (left) and WIF (right)
methods.

and respiratory motions remain important in the free-breathing
acquisitions. Fig. 6(a) shows the registered DW images of the
10 TD acquisitions in a given diffusion gradient direction.
TD-specific regional signal losses in the myocardium are
clearly visible. Fig. 6(b) shows the DW image obtained after
applying the PCATMIP and WIF methods to the 10 TD regis-
tered DW images. The combined images exhibit substantially
reduced signal loss due to intrascan motion and presented a
reduced noise. The combined image obtained using the WIF
method had better image quality than that obtained using the
PCATMIP method. The DW images [Fig. 6(b)] corrected using
the WIF method offered an increased SNR (5.6) compared with
those of the PCATMIP (5.08). Significant difference was found
between mean (5.7) and (5.0) over all
the subjects, .
Fig. 7 illustrates the FA and MD maps of a volunteer. The

mean FA and MD values in each volunteer and the mean values
from all of the volunteers are given in Fig. 8(a) and (b). Both
the FA and MD values were defined as the mean values over the
10 slices of each subject. The global
was higher than . No significant difference
was found between FA values .

mm /s) was significantly lower than
( mm /s), .
The means SD of the HA values in the five layers for all

of the volunteers are shown in Fig. 9(a). With PCATMIP, the
mean HAs varied from in the endocardium layer,
through in the mid-endocardium layer and
in the mid-wall, and in the mid-epicardium layer to

in the epicardium layer. With WIF, the mean HAs
varied from in the endocardium layer, in
the mid-endocardium layer and in the mid-wall, and
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Fig. 7. Examples of FA and MD maps derived using the PCATMIP and WIF
methods. Left: PCATMIP. Right: WIF.

Fig. 8. FA and MD values (means SD) in each subject and mean values from
all of the volunteers obtained using the two methods. (a) FA values in the LVs.
(b) MD values in the LVs. MD values are in units of mm /s.

in the mid-epicardium layer to in the
epicardium layer. The negative-to-positive angles of the fibers
when moving from the epicardiaum to endocardium are an im-
portant characteristic of the human cardiac fiber architecture, as
described in [45]. The mean TAs obtained from PCATMIP were

, and in the en-
docardium layer, the mid-endocardium layer, the mid-wall, the
mid-epicardium layer, and the epicardium layer, respectively.
With WIF, the mean TAs were in the endocardium
layer, in the mid-endocardium layer,
in the mid-wall, in the mid-epicardium layer, and

in the epicardium layer. The comparison on TAs
was performed on each layer between PCATMIP andWIF, with

, and for the
endocardium, mid-endocardium, mid-wall, mid-epicardium,
and epicardium layers, respectively. The mean SAs obtained
from PCATMIPwere , and

for the five layers from endocardium to epicardium.
With WIF, the mean SAs were in the endocardium
layer, in the mid-endocardium layer,
in the mid-wall, in the mid-epicardium layer, and

in the epicardium layer. No statistically significant
differences were found for the SA values between PCATMIP
and WIF with ,
and for the five layers from endocardium to epi-
cardium. The transverse angle shows a stable mean value of
zero along the transmural depth [Fig. 9(b)]. This indicates
that fibers are mostly oriented parallel to the wall surface.
The sheet angle does not appear to have a significant corre-
lation with the transmural depth [Fig. 9(c)]. Similar results
were obtained in a previous study [49]. The HA diagrams

Fig. 9. Helix angle, transverse angle, and sheet angle distributions in LV.
(a)–(c) Plots of the helix angle, transverse angle, and sheet angle with respect to
the transmural positions from the endocardium to the epicardium. (d) Diagrams
of the means SD of the helix angles. The diagrams depict the different regions
(anterior, anterolateral, inferolateral, inferior, inferoseptal, and anteroseptal),
which are further equally divided into five layers across the left ventricle.

Fig. 10. 3-D visualization of tensor fields using superquadric glyphs derived
using the (a), (c) PCATMIP and (b), (d)WIFmethods. (a) and (b) Original tensor
fields without interpolation. (c) and (d) Tensor fields after interpolating from (a)
and (b), respectively. Helical pattern of the cardiac fiber orientations is clearly
depicted by the principal eigenvector. (e) and (f) Tensors zoomed from the ROIs
in (c) and (d), respectively. Red, green, and blue colors of the tensors represent
the local orientation of the fibers, which indicate anterior-posterior-, left-right-,
and up-down-oriented fiber populations, respectively.

based on AHA segmentation are furthermore depicted in
Fig. 9(d). No statistically significant differences were found
when comparing six different regions (anterior, anterolateral,
inferior, inferolateral, inferoseptal, anteroseptal) in the same
layer either for PCATMIP or for WIF . The HA
values in the WIF and PCATMIP studies show differences
in some regions (

,
and ).
The tensor fields derived from the two methods are shown

in Fig. 10. Globally, the helical structures of cardiac fibers can
be observed from both PCATMIP [Fig. 10(a) and (c)] and WIF
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Fig. 11. In vivo 3-D fiber tracts of a volunteer derived using the PCATMIP [(a),
(b), (e)] and WIF [(c), (d), (f)] methods. The red, green, and blue colors of the
tracked fibers indicate the x, y, and z components of the local orientation of the
fiber, respectively.

[Fig. 10(b) and (d)] methods. The orientation of the tensors
changed uniformly, as indicated by their colors varying from
purple on the lateral wall to green on the inferior wall. How-
ever, in the subendocardial and subepicardial layers, the tensors
provided via PCATMIP were noisier, as indicated by the arrows
in Fig. 10(a). WIF with noise removal produced homogeneous
tensors [Fig. 10(b)]. The transmural variation was visible in the
LV by zooming in on a ROI (region of interest). The orientations
of the tensors clearly show the distributions of positive angles
on the endocardium and negative angles on the epicardium via
the WIF method [Fig. 10(f)]. The improvement due to WIF can
be more clearly observed by comparing Fig. 10(e) with (f).
Finally, the examples of in vivo 3-D fiber architecture are

presented in Fig. 11. The fiber orientations of the LV show a
circularly symmetric pattern viewed from the top of the heart
[Fig. 11(a) and (c)]. For a better depiction of the helical struc-
ture, a shutter located at the lateral wall viewed from the epicar-
dial surface is shown in Fig. 11(e) and (f). Fibers in the endo-
cardium track from the posterior base to the anterior apex, while
those in the epicardium track from the anterior base to the pos-
terior apex. Myofibers in the mid-myocardium have zero HA.
The regular changes in the fiber orientations in the shutter can
be better observed using WIF compared with PCATMIP. The
fiber tracking results in the shutter of the same ROI are assessed

Fig. 12. In vivo 3-D fiber tracts of another volunteer derived using the
PCATMIP (top) and WIF (bottom) methods.

TABLE II
QUANTITATIVE ANALYSIS OF CARDIAC FIBER IN THE SAME ROI OBTAINED
USING THE PCATMIP AND WIF METHODS. THE UNIT OF THE FIBER LENGTH

IS IN MILLIMETERS. SD MEANS STANDARD DEVIATION

in terms of the length and the number of fibers, which are pre-
sented in Table II. The results show that the maximum and mean
fiber lengths are found to be greater via the WIF method than
those obtained via PCATMIP. Fig. 12 presents the fiber archi-
tecture of the second volunteer. Again, we can recognize the
main helical structure of the LV. The WIF method always pro-
vided more continuous fiber tracts than the PCATMIP method
in any given view of the heart. The obtained fiber tracts were
strongly consistent with what we know from an ex vivo cardiac
DTI study [7].

IV. DISCUSSION

This study investigated in vivo human cardiac DTI under free
breathing using different postprocessing methods. The multiple
shifted TD acquisitions combined with postprocessing enabled
us to obtain a coherent fiber tractography of the entire heart.
The HA distribution was consistent with the helical structure of
myocardial fibers [7], [14], [17], [18]. The results demonstrate
the capacity of the PCATMIP and WIF methods to preserve the
integrity of the directional information contained in the mul-
tiple-directional DW image acquisitions. WIF combined with
the denoising method provides more accurate fiber tractography
than PCATMIP as shown in simulations and more continuous
fiber tracts than PCATMIP performed on in vivo data.
The data were acquired on a 1.5T clinical scanner, and the

value of 200 s/mm was selected. Although this value is lower
than that used in the literature [13], [14], [16], [18], it was suf-
ficient to reveal the diffusion anisotropy in the myocardium.
Using the twice-refocused spin echo sequence, the SNRwas too
low for values , and this value was chosen as the best
compromise in terms of SNR on our 1.5T scanner using this
sequence. Some contamination from perfusion to the apparent
diffusion coefficient (ADC) cannot be excluded even though the
values obtained for MD are consistent with the values obtained

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 15,2021 at 11:33:44 UTC from IEEE Xplore.  Restrictions apply. 



WEI et al.: FREE-BREATHING DIFFUSION TENSOR IMAGING AND TRACTOGRAPHY OF THE HUMAN HEART IN HEALTHY VOLUNTEERS 313

by others [17], [18], [20]. The b values should ideally be in-
creased, especially in patients, where perfusion modifications
or inflammatory processes frequently occur and induce regional
variations. Improvements in the system hardware and especially
the gradient strength should soon enable the use of higher
values at a markedly reduced TE.
The in vivo diffusion data acquired at end-diastole has a lim-

ited spatial resolution. In principle, (physical) spatial resolution
is fixed once the image acquired. Nevertheless, we used inter-
polation to improve the apparent spatial resolution of DTI data.
Although the used Log-Euclidean diffusion tensor interpolation
[44] does not increase the true spatial resolution, after interpo-
lation, classical fiber architectures were clearly obtained in our
volunteers.
In vivo DTI of the human heart is challenging due to mo-

tion and the intrinsically low SNR of the DW images. The cen-
tral challenge of in vivo cardiac DTI is signal loss as a result of
phase modulation due to motion during the diffusion encoding
gradients. While some approaches have used dedicated MRI se-
quences to compensate for physiological motion [10], [13], our
approach differs from these in that it uses DW sequences avail-
able on clinical scanners and acquires data over multiple shifted
TD acquisitions in diastole. A previous study [33] demonstrated
that signal loss can be minimized in a short systole window as
well as in end-diastole. However, the heart motion is hetero-
geneous, and the bulk motion-induced signal loss is spatially
variable and time-dependent. It is therefore difficult to correctly
obtain true diffusion information by repeating the acquisitions
at the same TD, and it is statistically more efficient to use the
multiple shifted TD acquisitions to maximize the chance to col-
lect a motion-free signal. Our results showed that signal loss due
to cardiac motion can be, to some extent, overcome through the
combination of a dedicated acquisition strategy and adequate
postprocessing methods. Our study showed that both PCATMIP
and WIF permitted the recovery of DW signal intensities while
preserving directional diffusion information; however, more ac-
curate results were obtained with WIF.
Although the multiple shifted TD acquisitions were collected

at end-diastole where in-plane and through-plane heart motions
of the LV were minimal, the cardiac and respiratory motions
could not be completely eliminated due to free-breathing ac-
quisitions. Even small differences in respiratory position due to
motion cause significant image misregistration. Image registra-
tion is mandatory to correct for interscan motion and is a key
step in ensuring geometrical consistency among different direc-
tions and TD per slice. It is by design only capable of correcting
for in-plane motion and cannot compensate for larger through-
plane motion. In our study, the cardiac DTI images were ac-
quired at different time points in a predefined time window.
This time window was always during mid- to end-diastole and
corresponded to minimal motion (in-plane and through-plane)
of the left ventricle on the short-axis and long-axis cine se-
quences. Despite the residual through-plane motion, we obtain
significant 3-D fiber architectures from the in vivo data with
free-breathing conditions. The results are also in coherence with
previous studies [17], [18], [20], [48]. However, the residual
motion can contaminate cardiac DTI measurements and could
result in some loss of tensor field coherence between slices. Ad-

Fig. 13. Comparison of tensor fields and fiber tractographies obtained from a
reduced number of TDs.

ditionally, the streamline tracking by integrating the principal
eigenvectors from tensor fields could produce errors in fiber
structure construction. We can observe that the 3-D fibers in
Fig. 11(b) are sometimes discontinuous in some part of the LV;
this is because the principal eigenvectors in these regions are
so incoherent or sparse that it is very difficult to correctly track
the fibers. This is especially obvious near the apex. Correcting
through-plane motion during data acquisitions remains an im-
portant topic of further investigation.
The number of TDs used in this study, 10, was an approxi-

mate number and a good compromise between the acquisition
time and the robustness of fiber quality given motion. Recon-
struction using a reduced number of TDs was possible in some
volunteers, but most of the time, the reduced number of TDs re-
sults in the degradation of the tensor field and fiber tractography
quality, as illustrated below (Fig. 13). Therefore, fewer acquisi-
tions will not produce the same accuracy. However, the number
of acquisitions per direction is a limiting factor for the scan time
and an important aspect to be improved in the future.
In this work, we adopted two image combination approaches

that enabled us to fuse registered DW images acquired at
different TDs. PCATMIP provides high SNR by selecting the
highest signal intensity from the input images, while WIF splits
the image into sub-images of low- and high-frequencies, which
enables us to collect desired features from each decomposed
image and combine them using an appropriate fusion rule.
Our study showed that selecting wavelet coefficients following
the proposed fusion rule can preserve meaningful diffusion
information. After further applying a noise removal method,
this processing scheme can reconstruct a more accurate helical
myofiber pattern than PCATMIP.
Despite the motion and noise difficulties in DTI, the car-

diac fiber structure we obtained is consistent with previous
ex vivo [7] and in vivo [18], [24], [48] studies. The mean
FA
and MD ( mm /s,

mm /s) are similar to those
of previous studies ( and
mm /s for breath-holding acquisitions and and

mm /s for navigator acquisitions) in
healthy volunteers [18] via 3T scanner. The previous study
on accelerating cardiac DTI using simultaneous multislice
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imaging has also shown a similar FA and MD
( mm /s) values [20]. It should be noted
that the quantitative results in the present study were relative to
the acquisitions at end-diastole. We may consider differences
between the data acquired at different cardiac phases. Although
not yet well understood, the fiber architecture of the human
heart is dynamically reorganized during the cardiac cycle in
relation to the myocardial strain. Furthermore, the WIF method
provides lower FA and MD values than PCATMIP, which is
strongly consistent with our previous study [33]. The higher
MD value in the epicardium and endocardium borders may be
due to free-breathing artifacts or a segmentation issue. The HA
range obtained in the present study is approximately from 41
on the endocardium to on the epicardium for PCATMIP
and from 44 to for the WIF method. The WIF method
gives a wider HA range that is more in agreement with ex vivo
literature [7]. The study reported in [18] of healthy in vivo
human hearts showed ranges of HA variations from
on the endocardium to on the epicardium for the
breath-holding study and from on the endocardium
to on the epicardium for a navigated acquisition
free-breathing study. The HA distribution of the study [48] on
healthy in vivo human hearts vary from approximately 55 on
the endocardium to approximately on the epicardium for
free breathing using a respiratory navigator. The HA ranges
obtained using the WIF method are slightly narrower than
those in a previous ex vivo human cardiac study (HA variations
from on the endocardium to on the
epicardium) [7]. We should consider many factors that may
influence HA range, such as in vivo and ex vivo data, data
acquired at different cardiac phases, spatial resolution, and
motion artifacts. The segmentation algorithm used to extract
the HA values in each layer imposes averaging and may also
be responsible for the narrower HA range. Comparing different
segmentation algorithms to extract robust quantitative HA data
will be a very important issue for future cardiac DTI in clinics.
For the in vivo data, significant differences were found for the

TA values between PCATMIP and WIF with
, and for the endocardium,

mid-endocardium, mid-wall, mid-epicardium, and epicardium
layers, respectively. No statistically significant differences were
found for the SA values between PCATMIP and WIF with

, and for the
five layers, respectively. The differences in TA or SA between
PCATMIP and WIF were also observed with simulated data.
The TA values obtained from the simulated data for PCATMIP
were , and
in the endocardium layer, mid-endocardium, mid-wall, mid-epi-
cardium, and epicardium layers, respectively. The TA values
were , and for
WIF. The comparison on TAs was performed on each layer be-
tween PCATMIP and WIF showing significant differences with

, and
for the five layers, respectively. The SA values obtained from
PCATMIP were , and

for the five layers, respectively. With WIF, the mean
SAs were in the endocardium layer, in the
mid-endocardium layer, in the mid-wall,

in the mid-epicardium layer, and in the epicardium
layer. The comparison on SAs between PCATMIP andWIF was
also performed on the five layers showing no statistically signif-
icant differences with
and , respectively. In the absence of ground truth, the
results obtained from the simulated data are of crucial impor-
tance. The TA obtained fromWIF shows a stable mean value of
zero along the transmural depth [Fig. 9(b)]. This indicates that
fibers are mostly oriented parallel to the wall surface. Similar
results were obtained in a previous study [49]. The TA variation
across the heart wall suggests that WIF would be more robust
than PCATMIP for fiber tracking applications. Further work is
needed to know whether the proposed WIF is also able to pre-
serve small pathological structural information while improving
tractography quality.
These preliminary experiments demonstrate that the pro-

posed approach (a dedicated acquisition method combined with
advanced postprocessing) has the potential to accommodate
physiological motion. Although the reproducibility of this
work must be evaluated, the proposed approach is feasible for
showing in vivo fiber structures of the normal heart and may
have important implications for the in vivo study of heart fiber
structures in various diseases. The proposed approach does not
require reliable navigator synchronization and could be easy
to implement. The acquisition of multiple TD datasets leads to
a total scan time of approximately 25 min for each volunteer,
which is slightly higher than the acceptable acquisition time
scale for clinical applications. The influence of the number
of TD shifts needed to provide reliable results should also be
investigated. Future work will then concentrate on investigating
this aspect in an attempt to minimize the number of TD shifts
and in turn further reduce the total scan duration.

V. CONCLUSION

This work demonstrated that in vivo human cardiac DTI
with free breathing is feasible in an acceptable scan time.
The combination of a multiple shifted TD acquisition strategy
and adequate postprocessing methods has the potential to
enhance our understanding of in vivo cardiac fiber structures.
To our best knowledge, this is the first comparison study on
the reconstruction of the entire human heart fiber architecture
with free-breathing acquisitions using different processing
methods. The obtained HA maps indicate the myocardial fiber
orientation of the LV, which shows a circularly symmetric
pattern from approximately 41 on the endocardium to
on the epicardium for PCATMIP and from 44 to for
WIF. The TA variation across the LV from WIF indicates that
fibers are mostly oriented parallel to the wall surface. The
fiber tractographies provided via WIF are more continuous
than those obtained using PCATMIP, which suggests that the
WIF processing scheme is superior for retrieving diffusion
information.
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