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Purpose: To develop a clinically feasible whole-heart free-breathing 
diffusion-tensor (DT) magnetic resonance (MR) imaging 
approach with an imaging time of approximately 15 mi-
nutes to enable three-dimensional (3D) tractography.

Materials and 
Methods:

The study was compliant with HIPAA and the institutional 
review board and required written consent from the par-
ticipants. DT imaging was performed in seven healthy vol-
unteers and three patients with pulmonary hypertension 
by using a stimulated echo sequence. Twelve contiguous 
short-axis sections and six four-chamber sections that 
covered the entire left ventricle were acquired by using si-
multaneous multisection (SMS) excitation with a blipped-
controlled aliasing in parallel imaging readout. Rate 2 and 
rate 3 SMS excitation was defined as two and three times 
accelerated in the section axis, respectively. Breath-hold 
and free-breathing images with and without SMS acceler-
ation were acquired. Diffusion-encoding directions were 
acquired sequentially, spatiotemporally registered, and 
retrospectively selected by using an entropy-based ap-
proach. Myofiber helix angle, mean diffusivity, fractional 
anisotropy, and 3D tractograms were analyzed by using 
paired t tests and analysis of variance.

Results: No significant differences (P . .63) were seen between 
breath-hold rate 3 SMS and free-breathing rate 2 SMS 
excitation in transmural myofiber helix angle, mean diffu-
sivity (mean 6 standard deviation, [0.89 6 0.09] 3 1023 
mm2/sec vs [0.9 6 0.09] 3 1023 mm2/sec), or fractional 
anisotropy (0.43 6 0.05 vs 0.42 6 0.06). Three-dimen-
sional tractograms of the left ventricle with no SMS and 
rate 2 and rate 3 SMS excitation were qualitatively similar.

Conclusion: Free-breathing DT imaging of the entire human heart can 
be performed in approximately 15 minutes without section 
gaps by using SMS excitation with a blipped-controlled 
aliasing in parallel imaging readout, followed by spatio-
temporal registration and entropy-based retrospective im-
age selection. This method may lead to clinical translation 
of whole-heart DT imaging, enabling broad application in 
patients with cardiac disease.
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Pulse Sequence
DT imaging was performed in seven 
healthy volunteers and three patients 
with pulmonary hypertension by using 
a clinical 3-T MR imaging unit (Skyra; 
Siemens Healthcare, Erlangen, Germa-
ny) equipped with a 45-mT/m gradient 
system and a 34-element cardiac re-
ceive coil. Imaging was performed with 
an electrocardiographically gated dif-
fusion-encoded STE sequence (Fig 1a)  
volume selected in the phase-encode 
axis by using a slab-selective radio-
frequency pulse (4). Acquisition pa-
rameters were field of view of 360 
3 200 mm, resolution of 2.5 3 2.5 
mm, section thickness of 8 mm, in-
plane generalized autocalibrating 
partially parallel acquisition rate of 2 
(12), echo time of 34 msec, b values 
of 0 and 500 sec/mm2, 10 diffusion-
encoding directions, and eight mag-
nitude averages (repetitions). Twelve 
short-axis sections were acquired at 
the systolic sweet spot (160 msec after 
the R wave) to mitigate strain effects 

that affect the three-dimensional (3D) 
continuum of the heart requires full 
anatomic coverage (6–8).

Simultaneous multisection (SMS) 
excitation with blipped-controlled 
aliasing in parallel imaging (CAIPI) 
emerged as a unique echo-planar im-
aging technique to acquire multiple 
sections simultaneously while minimiz-
ing the SNR penalty typical of other 
acceleration techniques (9,10). SMS 
has been used for cardiac DT imaging 
with breath holding but with limited 
spatial coverage (11).

In this work, we present an ap-
proach to perform free-breathing DT 
imaging that combines SMS with (a) 
sequential acquisition of all repetitions 
of each diffusion-encoding direction, 
increasing the likelihood of achieving 
the largest number of usable images, 
and (b) spatiotemporal registration 
followed by retrospective selection of 
free-breathing diffusion images to pre-
vent the use of navigator echoes and 
controlled respiration. The purpose of 
this work was to develop a clinically 
feasible whole-heart free-breathing 
DT imaging approach with an imaging 
time of approximately 15 minutes to 
enable 3D tractography.

Materials and Methods

H.B. is an employee of Siemens 
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reporting.
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Advances in Knowledge

 n Diffusion-tensor (DT) imaging of 
the entire human heart can be 
performed in vivo by using simul-
taneous multisection (SMS) exci-
tation with a blipped-controlled 
aliasing in parallel imaging 
readout.

 n Acquiring all repetitions of each 
diffusion-encoding direction se-
quentially increases the likeli-
hood of achieving the largest 
number of usable images.

 n Spatiotemporal registration, fol-
lowed by retrospective selection 
of free-breathing diffusion 
images, prevents the need for 
navigator echoes or controlled 
respiration.

 n Free-breathing DT imaging of the 
entire human heart can be per-
formed without section gaps in 
approximately 15 minutes, 
enabling three-dimensional 
tractography.

 n SMS-accelerated free-breathing 
DT imaging compares favorably 
to breath-hold DT imaging and 
can be applied to patients with 
severe cardiopulmonary 
disease.

Implications for Patient Care

 n The ability to perform free-
breathing DT imaging of the 
entire heart in approximately 15 
minutes could facilitate the clin-
ical translation of cardiac DT 
imaging.

 n Free-breathing DT imaging 
enables the measurement of 
myocardial structure in patients 
with severe cardiovascular 
disease.

Diffusion-tensor (DT) magnetic 
resonance (MR) imaging of 
the heart can be performed 

in vivo with a dual-gated stimulated 
echo (STE) sequence (1) or a gated 
motion-compensated pulsed gradient 
spin-echo sequence (2). Respiratory 
motion has been addressed by using 
breath holds, synchronized breathing, 
or navigator echoes (1,3,4). When 
combined with the long repetition 
time and low signal-to-noise ratio 
(SNR), both methods are inefficient, 
leading to long imaging times. Conse-
quently, in most studies, DT imaging 
involving acquisition of a subset of 
short-axis sections of the left ventri-
cle (LV) has been performed. With 
this approach, approximately 25% 
of the LV is imaged in about 20 mi-
nutes (4,5). However, accurate eval-
uation of focal myocardial alterations 
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Study Design
Approval of the institutional review 
board of the hospital and written con-
sent from each study participant were 
obtained. The study was compliant 
with the Health Insurance Portability 
and Accountability Act. The data were 

divided by 4. Variable-rate selective 
excitation was used to reduce radio-
frequency power (14). For rate 2 SMS 
excitation, separation between simul-
taneously excited sections was 48 mm, 
while separation was 32 mm for rate 3 
SMS excitation.

(3,13). SMS excitation was followed 
by a blipped-CAIPI readout by using a 
section-phase-section zonal excitation 
scheme (Fig 1a). For rate 2 SMS ex-
citation, the relative phase axis shift 
was field of view divided by 3, while 
rate 3 SMS excitation was field of view 

Figure 1

Figure 1: Tractography of the entire human heart in vivo. (a) Dual-gated STE sequence. Three 90° excitation pulses 
(RF ) are applied over two successive heartbeats. The excitation (RF-1), refocusing (RF-3), and diffusion dephase 
and rephase occur at the same time in the R-R intervals, thereby exploiting the periodicity of heart motion to rewind 
motion-related dephasing. Additionally, the long diffusion time (including mixing time), allows a sufficient b value to be 
produced on clinical imagers without the need for an excessively long echo time ( TE). (b) Tractograms of the heart in a 
healthy male subject in his mid-30s, acquired with STE. Twelve contiguous short-axis sections were acquired with no 
SMS excitation during multiple breath holds. Tractograms of the whole heart were generated and color-coded by using 
myofiber helix angle (HA). A magnified view of fiber tracts intersecting a region of interest in the LV lateral wall exhibits 
the progression in HA from endocardium to epicardium. ECG = electrocardiogram, EPI = echo-planar imaging, G

d
 = 

diffusion-encoding gradient.
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Results

Breath-hold DT Imaging Acquisition
With no SMS excitation, 96 breath 
holds (12 sections, eight repetitions) 
were required to cover the entire LV 
without section gaps. An example of 
whole-heart tractography performed 
during breath hold without section 
acceleration (ie, no SMS excitation) 
is shown in Figure 1b. Rate 2 and 
rate 3 SMS excitation decreased the 
number of breath holds to 48 and 
32, respectively. Only minor qualita-
tive differences between tractograms 
of the LV with no SMS excitation 
and rate 2 or rate 3 SMS excitation 
during breath hold were observed  
(Fig 2). No significant differences (P 
. .69) were seen in transmural HA, 
mean diffusivity (mean 6 standard 
deviation, [0.85 6 0.08] 3 1023 mm2/
sec, [0.88 6 0.09] 3 1023 mm2/sec, 
and [0.89 6 0.09] 3 1023 mm2/sec, 
respectively), or FA (0.41 6 0.02, 0.42 
6 0.05, and 0.43 6 0.05, respectively) 
between no SMS excitation and rate 2 
or rate 3 SMS excitation (Fig E1a–1c 
[online]).

Free-breathing DT Imaging Acquisition
Free-breathing DT images acquired 
with the sequential gradient order 
are shown in Figure E2a (online). The 
eight repetitions at a b value of 0 sec/
mm2 (first column) were acquired se-
quentially, followed by the eight im-
ages in the first diffusion-encoding 
direction (second column), and so 
forth. Figure E2b (online) demon-
strates how the stepwise addition of 
STR and ERIS improves the quality of 
mean diffusivity, FA, and HA maps. 
For a midventricular section, the en-
tropy measure EM varied between 
6.39 and 7.17, with ER ∈ [0, 6.54], 
which corresponds to the bottom 20% 
of EM values.

Comparison between Breath-hold and 
Free-breathing Acquisitions
Successful tractography of the entire 
LV was achieved by using both breath-
hold rate 3 SMS excitation and free-
breathing rate 2 SMS excitation (Fig 
E3a, 3b [online]). Our accelerated 

approach based on matching radial 
intensity profiles over all repetitions. 
This approach recovers translations 
and rotations by minimizing the mean 
square distance between profiles of 
a reference image obtained with a b 
value of 0 sec/mm2 and all other diffu-
sion-weighted images.

Entropy-based Retrospective Image 
Selection
Respiratory motion during the mix-
ing time causes marked signal cancel-
lation on some of the images. These 
corrupted images must be rejected 
to maximize the resulting SNR. After 
STR, we applied entropy-based ret-
rospective image selection (ERIS) to 
accept or reject the diffusion-free and 
diffusion-weighted images. An entropy 
measure (EM) based on Shannon’s def-
inition of entropy was calculated from 
the distribution of signal intensity 
within the myocardium across repe-
titions (16). Images with EM within 
a prescribed range ER were accepted 
(EM ∈ ER), while those highly affected 
by artifact were rejected (EM ∉ ER). 
The acceptance range ER was indepen-
dently adjusted for a b value of 0 sec/
mm2 and each diffusion direction.

Image Analysis
Mean diffusivity, fractional anisotropy 
(FA), and HA were calculated as de-
scribed previously (17–19). Tractogra-
phy was performed by numerically in-
tegrating the primary eigenvector field 
into streamlines by using an adaptive 
5th-order Runge-Kutta approach (8). 
Statistical comparison between groups 
in the study was performed by using a 
paired t test and analysis of variance. 
Authors’ principal contributions include 
sequence development (T.G.R., K.S., 
and H.B.), reconstruction development 
(S.F.C., K.S., and H.B.), data acquisi-
tion (C.M., T.G.R., and D.E.S.), and 
image processing and analysis (C.M. 
and M.P.J.). K.S. and colleagues in-
vented the blipped-CAIPI SMS echo-
planar imaging technique used in this 
study, and Massachusetts General Hos-
pital holds the patent. All authors had 
more than 10 years of experience with 
MR imaging in these roles.

collected in three phases. Phase I in-
volved breath-hold imaging in a cohort 
of seven healthy volunteers. The entire 
LV was imaged in its short-axis ori-
entation with no SMS excitation and 
rate 2 and rate 3 SMS excitation. In 
phase II, free-breathing DT imaging 
was performed in the same cohort 
with no SMS excitation and rate 2 
and rate 3 SMS excitation, but rate 
3 SMS excitation yielded insufficient 
image quality. Therefore, during free 
breathing, the entire LV was imaged 
by using rate 2 SMS excitation in its 
short-axis orientation. To further re-
duce the imaging time, we acquired six 
contiguous horizontal long-axis (four-
chamber view) sections by using rate 
2 SMS excitation. Separation between 
simultaneously excited sections in the 
four-chamber view was 24 mm. All 
other acquisition parameters were as 
indicated earlier. In phase III, patients 
with pulmonary hypertension under-
went imaging by using free-breathing 
rate 2 SMS excitation.

Sequential Acquisition of Diffusion-
encoding Directions
For breath-hold DT imaging, the de-
fault interleaved gradient ordering was 
used (1,3–5,15). In each breath hold, 
images acquired with a b value of 0 
sec/mm2 were followed by acquisition 
in 10 diffusion-encoding directions with 
a b value of 500 sec/mm2. Eight repe-
titions, each requiring a breath hold, 
were performed for magnitude aver-
aging. When free breathing is intro-
duced, some images must be rejected 
because of periodic displacement from 
respiration. The default interleaved 
gradient order tended to distribute 
these image rejections unevenly across 
the diffusion directions. In contrast, 
acquiring the diffusion directions se-
quentially evenly distributes the rejec-
tions across all the diffusion directions 
and ensures sufficient samples of each 
diffusion-encoding direction.

Spatiotemporal Registration
Spatiotemporal registration (STR) was 
developed to reduce the misregistra-
tion that resulted from respiratory mo-
tion. STR is an automated registration 
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Discussion

While cardiac diffusion imaging was 
first demonstrated in 1994 (20), its 
clinical translation has been challeng-
ing. There has been a renewed in-
terest in this field owing to stronger 
gradients, multichannel receive coils, 
dedicated higher-order shimming, and 
acceleration techniques (12,21,22). In 
previous studies, multiple breath holds 
or synchronized breathing (1,3) has 
been required, with partial anatomic 
coverage of the LV and comparatively 
long imaging times (4,5), even with 
accelerated techniques, such as SMS 
excitation (11). In this study, we dem-
onstrate a free-breathing DT imaging 
approach with complete coverage of 
the human heart in approximately 15 
minutes, enabling 3D tractography.

Central to this effort has been 
our ability to accelerate image acqui-
sition. In-plane acceleration by using 

(Fig E4a [online]). There was no signif-
icant difference between short-axis and 
four-chamber acquisitions (P . .34) for 
HA, mean diffusivity ([0.9 6 0.09] 3 
1023 mm2/sec and [0.89 6 0.08] 3 1023 
mm2/sec, respectively), or FA (0.42 6 
0.06 and 0.42 6 0.05, respectively) (Fig 
E4b–E4d [online]).

Patients with Pulmonary Hypertension
All three patients had advanced pulmo-
nary fibrosis (Fig E5a [online]) compli-
cated by pulmonary hypertension and 
right ventricular volume overload (Fig 
E5b [online]). Free-breathing DT im-
aging with rate 2 SMS excitation was 
performed successfully in the short-axis 
and four-chamber views. Myofibers in 
the subendocardium and midmyocar-
dium of the septum assumed a more 
rightward orientation (blue), noticeably 
at the right ventricular insertion points, 
as shown by means of tractography and 
the helix angle map (Fig E5c [online]).

approach combined with STR and ERIS 
demonstrates the feasibility of produc-
ing tractograms by using free-breath-
ing rate 2 SMS excitation, with qual-
ity comparable to that obtained with 
breath-hold rate 3 SMS excitation. No 
significant differences between breath-
hold rate 3 SMS excitation and free-
breathing rate 2 SMS excitation (P . 
.63) were seen in HA profiles, mean 
diffusivity ([0.89 6 0.09] 3 1023 mm2/
sec and [0.9 6 0.09] 3 1023 mm2/sec, 
respectively), or FA (0.43 6 0.05 and 
0.42 6 0.06, respectively) (Fig E3c 
[online]).

Comparison between Short-Axis 
and Four-Chamber Free-breathing 
Acquisitions
Free-breathing DT imaging with rate 2 
SMS excitation was performed success-
fully for the short-axis and four-cham-
ber views of the heart, producing simi-
lar HA maps and tractograms of the LV 

Figure 2

Figure 2: Tractography of the LV performed by using SMS excitation with a blipped-controlled aliasing in parallel 
imaging readout in a healthy male subject in his mid-30s. Fiber tracts of the entire LV and tracts within a region of in-
terest in the lateral wall were obtained from acquisitions with no SMS excitation, rate 2 SMS excitation, and rate 3 SMS 
excitation. The tractograms were consistent across all acquisitions. However, the number of breath holds was reduced 
from 96 with no SMS excitation to 48 and 32 with rate 2 and rate 3 SMS excitation, respectively.
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