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ABSTRACT
A precise knowledge of the myocardial fiber architecture is essential to accurately
understand and interpret cardiac electrical and mechanical functions. Diffusion tensor imaging has been used to noninvasively and quantitatively characterize myocardial fiber orientations. However, because the approach necessitates diffusion to be
measured in multiple encoding directions and frequently at multiple weighting levels, the required data set size may present a limitation on its acquisition time efficiency. Applying the principles of reduced encoding imaging (REI), four basic reconstruction schemes, keyhole using direct substitution, keyhole with baseline
correction, symmetrically encoded REI with generalized-series reconstruction
(RIGR), and asymmetrically encoded RIGR, are evaluated in terms of their accuracy
in diffusion tensor fiber orientation mapping of excised myocardial samples. Results
show that the performances of all REI schemes, at approximately 50% reduced
encoding, are at least comparable with that of a control experiment consisting of
proportionally reduced number of full k-space images. Moreover, although performances of the symmetrically and asymmetrically encoded RIGR schemes are similar,
both methods provide significant improvements over the control experiment and the
direct-substitution keyhole technique. These findings demonstrate the potential of
the general REI methodology for diffusion tensor imaging and pave the way for
modified schemes involving rapid imaging sequences or alternative k-space sampling strategies to achieve even better data acquisition time efficiency and performance.
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INTRODUCTION
The myocardial fiber architecture has been implicated
in the pronounced anisotropy of electrical and mechanical behaviors in the heart. For example, electrical wavefront conduction velocity in the myocardium is reported
to be two to three times faster along than across the orientations of myocardial fibers (1,2). Models of the myocardium based on generalized descriptions of structure have
provided basic understanding of their functions. However, a precise quantitative knowledge of the tissue structure is needed to accurately account for functionally significant structural variations due to natural subject-tosubject heterogeneity or structural alterations associated
with diseases, injury, or remodeling (3,4).
Compared with conventional histology, which normally requires destructive sectioning of the tissues examined, the noninvasive nature of magnetic resonance imaging makes it an attractive alternative for assessing
tissue structure. By quantitatively characterizing the microstructure-induced anisotropy of water diffusion, MR
diffusion tensor imaging (5) has been used to assess the
fiber architecture of ordered tissues such as the brain
white matter (6), spinal cord (7,8), cartilage (9), myocardium (10–12), and other musculature (13–15). One underlying hypothesis in these studies is that the eigenvector corresponding to the largest ranked diffusion tensor
eigenvalue (i.e., the direction in which diffusion is fastest) coincides with the local tissue fiber orientation. In
the myocardium, strong evidence to support the hypothesis has been found in the direct correlation of myocardial
fiber orientations measured by magnetic resonance diffusion tensor imaging and conventional histologic techniques (16–18).
In three-dimensional space, the generalized diffusion
tensor is a symmetric, second-order, 3 ⫻ 3 matrix. A
unique solution to the six independent variables of the
diffusion tensor requires diffusion to be quantified in at
least six non-coplanar encoding gradient directions. A
minimal diffusion tensor imaging experiment would thus
consist of seven image acquisitions, including one nonweighted and one diffusion-weighted image in each of
the six predetermined encoding directions. To increase
the accuracy of the measurement, additional acquisitions,
either by including more diffusion encoding directions,
more encoding levels per direction, or a combination of
both, are often used. The obvious drawback is that the

additional acquisitions necessarily lengthen the required
scan time and may therefore present a limitation on the
time efficiency (i.e., temporal resolution) of these experiments. Because of the signal-to-noise ratio trade-off between scan time and image pixel size, the time efficiency
limitation may alternatively represent a constraint in spatial resolution. Therefore, a means to achieve data acquisition time reduction without incurring the proportional
loss in measurement accuracy is desirable to improve the
time or spatial resolution of diffusion tensor imaging experiments.
Except for variations in the amplitudes of the diffusion
encoding gradient pulses that specify the direction and
magnitude of diffusion weighting, the typical diffusion
tensor imaging resembles a dynamic imaging experiment
in that the identical pulse sequence is repeated over time
to encode image contrast changes. Because image contrast is primarily of low spatial frequency in nature, diffusion-weighted images may be reasonably reproduced
from limited central k-space sampling via reduced encoding imaging (REI) techniques such as keyhole (19,20)
and REI by generalized-series reconstruction (RIGR)
(21,22). In general, these techniques require the acquisition of one or more full k-space ‘‘reference’’ data and a
series of limited central k-space ‘‘dynamic’’ data. The
dynamic data are then combined with the outer k-space
of the reference data and reconstructed to produce images
that are effectively obtained at higher temporal resolution
but without the blurring and Gibbs artifacts normally associated with limited k-space sampling. Application of
REI techniques to diffusion tensor imaging may, on the
one hand, offer a direct means to improve the acquisition
time efficiency of diffusion tensor imaging experiments
based on conventional (e.g., spin echo) acquisitions. On
the other hand, because REI involves primarily image
reconstruction, the methodology may be combined with
rapid imaging acquisitions to achieve even higher temporal resolution.
The goals of the current study are to investigate the
applicability of the general REI approach and to evaluate
the performances of specific REI reconstruction schemes
for high-resolution fiber orientation mapping via diffusion tensor imaging in excised myocardial samples. The
schemes examined are keyhole using direct k-space substitution, keyhole with a zeroth-order intensity and phase
correction, symmetrically encoded RIGR, and asymmetrically encoded RIGR. Because the acquisition time effi-

ORDER

REPRINTS

Reduced Encoding Myocardial Fiber Mapping

341

ciency gained via these REI approaches can be likewise
achieved by simply decreasing the number of full k-space
acquisitions in the diffusion tensor data set (i.e., using
half of the full k-space images as opposed to using 50%
reduced encoding in all images), performances of the REI
schemes are evaluated against that of the latter ‘‘control’’
experiment.
MATERIALS AND METHODS
Full k-Space Diffusion Tensor Imaging
Diffusion tensor imaging data used in the present
study are in part included in other studies described previously (16). Briefly, freshly excised canine heart right ventricle samples (n ⫽ 6) were imaged (4 multislice, 1.5mm slice thickness, 30-mm filed of view, 128 readout
points, and 64 phase encoding steps) in the short-axis
plane using a 7.1-T Oxford instrument (Oxford, UK) with
a modified spin echo sequence that minimized crossterms between the diffusion encoding and imaging gradient pulses (14). For each experiment, diffusion of water
was measured in six non-coplanar gradient directions
given by g T ⫽ (gx , gy , gz) ∈ {(1, 1, 0), (0, 1, 1), (1, 0,
1), (⫺1, 1, 0), (0, ⫺1, 1), (1, 0, ⫺1)}, with four pairs of
equal, but opposite polarity, diffusion gradient amplitudes (eight levels total, absolute b values ranging from
1 to 360 sec/mm2 per gradient axis) in each direction.
Using the entire full k-space image data set (48 images in
total), diffusion tensors were calculated and diagonalized
off-line on a pixel-by-pixel basis via nonlinear leastsquares curve-fitting according to the signal intensity attenuation equation
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diffusion-weighted images encoded in multiple gradient
directions and at multiple gradient amplitudes, allows
several permutations in the choice of ‘‘reference’’ and
‘‘dynamic’’ images. For example, the image with the
least diffusion weighting can be used as the reference in
reconstructing other images encoded in the same gradient
direction. Alternatively, images obtained in one gradient
direction can be used as the reference for images encoded
at the same gradient amplitude but in different directions.
In practice, as is demonstrated in Fig. 1, data inconsistency (i.e., intensity and phase mismatch across the kspace boundaries of the reference and replacement data)
presents a serious complication for REI reconstruction
using direct data substitution across different diffusionweighting levels. To alleviate the problem of data inconsistency, without loss of generality, the image acquired
in the g T ⫽ (1, 1, 0) direction was arbitrarily chosen as

冣 冣
2
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The eigenvector corresponding to the largest ranked
diffusion tensor eigenvalue, ev1 (specifically ev full
1 for full
k-space acquisitions), was taken to be the fiber orientation and was used as the ‘‘gold standard’’ for subsequent
comparisons.
Reduced Encoding Diffusion
Tensor Imaging
Diffusion-weighted images were reconstructed using
data corresponding to the central 32 (either with or without asymmetric offset) of the original 64 full k-space
phase encoding steps to simulate REI acquisitions. In
principle, the diffusion tensor data set, which contains

Figure 1. Effect of raw data inconsistency on reconstruction
of reduced encoding diffusion-weighted images. For the shortaxis view of the excised myocardial sample in a saline-filled
tube, the least diffusion-weighted image (A) is used as the reference image in keyhole and RIGR reconstructions of the heavily
weighted image (B). The direct-substitution keyhole image (C)
suffers severe ringing and edge-enhancement artifacts due to
intensity and phase discontinuities between the reference and
replacement data. In contrast, the symmetrically encoded RIGR
image (D) is relatively immune to this high-pass filtering effect.
Images correspond to one slice of a four-multislice acquisition,
and intensities as shown have been numerically scaled to match
contrast in the myocardium.
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the reference in reconstructing images of the other five
directions at each weighting level in the remainder of the
present study.
For each sample, images were generated separately
using each of four REI schemes, which are described below in the order of increasing complexity of the reconstruction algorithm:
1. Keyhole with direct data substitution (KD). Images were reconstructed using data taken symmetrically from the central 32 phase encoding steps
(-15 to 16) of the full k-space data (consisting of
steps -31 to 32). Following the original keyhole
technique, the reduced encoding data were directly combined with the outer k-space reference
data and Fourier transformed without correction.
2. Keyhole with zeroth-order correction (KC). This
is the same as the approximate generalized-series
(GS) reconstruction technique described previously (23). The scheme adds to the above keyhole
method a zeroth order, or baseline, correction to
match the signal intensity and phase differences
between replacement and reference data. In this,
the reference data are multiplied with a complex
scalar correction factor, c0 , given by
c0 ⫽

∑∑d *ref (kx ,ky )drepl (kx ,ky )
∑∑d *ref (kx ,ky )dref (kx ,ky )

(2)

calculated from the reference (dref ) and replacement (drepl ) data over the central k-space region
denoted by the variables kx and ky .
3. Symmetrically encoded RIGR (sRIGR). In contrast to the first two techniques, which are based
on Fourier series representation, RIGR models
image data parametrically as generalized-series
functions. Information extracted from the dynamic data is then used to ‘‘modulate’’ the outer
k-space reference data to perform higher orders of
correction, hence achieving improved consistency
between the dynamic and reference data. Details
of the RIGR algorithm are beyond the scope of
the present paper but can be found readily in the
literature (21,23).
4. Asymmetrically encoded RIGR (aRIGR). In contrast to the above schemes that use symmetrically
reduced phase encoding steps (i.e., steps ⫺15 to
16), this scheme uses data extracted asymmetrically (i.e., using steps ⫺7 to 24) of the full kspace data. Taking advantage of the complex conjugate property of the k-space data, the additional
higher frequency phase encoding steps included

by the asymmetric offset may provide higher accuracy in the reconstructed reduced encoding
data.
Subsequent to generating the REI reconstructions, the
diffusion-weighted images obtained for each REI scheme
and the corresponding reference images were used to calculate diffusion tensors and fiber orientations as mentioned previously.
Control Experiment
All REI schemes described above are based on images
reconstructed using 32 of the original 64 phase encoding
steps (i.e., to achieve 50% acquisition time savings factor). As the basis for evaluating their performances, a
control experiment was obtained by including half of the
full k-space diffusion-weighted images (i.e., 24 of the
original 48 images), comprised of the 4 images with the
lowest and highest b values in each of the six diffusion
encoding directions. As such, each reduced encoding diffusion tensor and the control experiment would have required approximately the same data acquisition time.
Statistical Analysis
Computed fiber orientations for each REI scheme (including the control experiment), denoted by ev 1red, are
compared with the gold standard ev full
1 by determining
their deviation angle ∆α via their vector inner product
according to
red
∆α ⫽ arccos( | ev full
1 ⋅ ev 1 | )

(3)

The deviation angles were averaged over the entire area
of the sample. Single-factor, repeated-measures, analysis
of variance (ANOVA) statistics (24) were performed
to determine whether the deviation angles of the REI
schemes and the control experiment (five groups total)
are significantly different. Subsequently, applying the
Bonferroni t tests to the 10 possible pair-wise post-hoc
comparisons among the five groups, differences of group
mean with p ⬍ 0.005 (i.e., 0.05/10 ⫽ 0.005) were considered to be significant.
RESULTS
Figure 2 shows a four-multislice diffusion-weighted
image and the gold standard fiber orientation map (i.e.,
obtained using the entire full k-space data set) of a representative myocardial sample. The fiber angle map demonstrates the classic epi-to-endocardial counterclockwise
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rotation of myocardial fibers. Deviation angle maps and
their corresponding histograms obtained for each REI
scheme and the control experiment for the same sample
are shown in Fig. 3. In reference to the diffusionweighted image (Fig. 2), the deviation angle map (Fig.
3) reveals generally small angular deviations. However,
there are scattered points of larger errors mostly located
at borders of the sample and in localized regions that have
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large signal intensity variations in the diffusion-weighted
images.
Individual sample-averaged deviation angles are tabulated in Table 1. The group means of deviation angles
with respect to the gold standard for KD, KC, sRIGR,
aRIGR, and the control experiment are 14.82 ⫾ 1.99,
12.60 ⫾ 1.50, 9.64 ⫾ 1.12, 9.49 ⫾ 1.27, and 14.73 ⫾
1.89 degrees (mean ⫾ SEM, n ⫽ 6), respectively. Qualitatively, all REI schemes have deviation angles that are
comparable or less than the control experiment, and there
is a trend of decreasing deviation angle as the level of
complexity of the REI reconstruction scheme increases.
The ANOVA results in Table 2 reveal an F-test value of
12.73 ( p ⬍ 0.00003), suggesting that at least one of the
five groups examined is significantly different from the
remaining groups. Subsequent post-hoc multiple comparison tests indicate that 4 of 10 pair-wise comparisons
have significantly different group means: sRIGR versus
control, aRIGR versus control, KD versus sRIGR, and
KD versus aRIGR.

DISCUSSION

Figure 2. Magnetic resonance multislice image and corresponding fiber orientation map of a representative myocardial
sample. The orientation map (right) represents the gold standard
fiber inclination angles (in degrees, encoded in gray scale) with
respect to the imaging plane and shows the fiber angles to undergo a counterclockwise rotation from the epicardium to the
endocardium (left to right edge of the sample). Isolated pixels
within the myocardium are missing due to failed diffusion tensor estimation or diagonalization. The data correspond to sample 4 in Table 1.

Results shown in Figs. 2 and 3 indicate that all REI
schemes yielded fiber orientation maps that generally
agree with the gold standard. Particularly, the mean deviation angles for the RIGR schemes (9.64 ⫾ 1.12 degrees
for sRIGR and 9.49 ⫾ 1.27 degrees for aRIGR) are comparable with the 8.5-degree random error estimated from
the 6-degree orientation measurement accuracy (√2 ⫻ 6
degrees ⫽ 8.5 degrees) previously reported for similar
experiments (16). Because the REI approach is limited
in encoding high spatial frequency (i.e., outer k-space)
information, as expected there are points of larger deviation angles at borders of the sample and in isolated regions where image signal intensity variations are relatively large. Consequently, these isolated points are likely
to have artificially inflated the mean deviation angles reported in Table 1, which are noticeably larger than the
corresponding histogram peaks.
The ANOVA reveals that the performances of all REI
schemes examined are at least comparable with the control. There is a trend that the performance is directly related to the level of complexity of the REI algorithm.
Because the input data were identical, the varying performances are likely due to differences in reconstruction accuracy afforded by difference REI schemes. Specifically,
the two RIGR-based schemes produced significantly
lower deviation angles than both the KD scheme and the
control experiment. However, asymmetric sampling ap-
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Figure 3. Deviation angle maps and histograms of myocardial fiber orientations obtained by reduced encoding and the control
experiments. Deviation angles (in degrees) are shown in gray scale-coded maps (left). Data shown correspond to sample 4 in Table
1. The notations KD, KC, sRIGR, and aRIGR represent keyhole using direct data-substitution, keyhole with baseline correction,
symmetrically encoded RIGR, and asymmetrically encoded RIGR, respectively.
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Table 1

Deviation Angles of Myocardial Fiber Orientations Obtained by REI and the Control
with Respect to the Full k-Space Diffusion Tensor Imaging Experiment
Sample
1
2
3
4
5
6
Mean
SEM

KD

KC

sRIGR

aRIGR

Control

12.87
10.06
10.51
14.92
17.68
22.89
14.82
1.99

13.38
10.29
9.25
9.70
14.06
18.88
12.60
1.50

8.46
9.02
6.69
8.32
10.87
14.51
9.64
1.12

8.72
7.49
6.18
8.57
11.11
14.89
9.49
1.27

10.91
13.46
8.53
18.87
16.03
20.55
14.73
1.89

Each entry represents the mean over the area of the sample. Values are degrees. KD, keyhole with direct data
substitution; KC, keyhole with zeroth-order correction; sRIGR, symmetrically encoded RIGR; aRIGR, asymmetrically encoded RIGR.

pears not to offer additional improvement compared with
symmetrically sampled RIGR, suggesting that the two
RIGR-based schemes may have reached the limit where
the performance (i.e., average fiber orientation deviation
angle from the gold standard) is dominated by random
errors of subtraction. Combined, these results indicate

Table 2
Single-Factor Repeated-Measures ANOVA and Post-Hoc
Multiple Comparison Results of Myocardial Fiber
Orientation Deviation Data in Table 1
ANOVA
Five repeated measurements
(n⫽ 6)

F statistics
12.73

p
0.00003*

Post-hoc Paired Comparison

Student t Value

p

0.087
⫺2.06
⫺4.92
⫺5.06
2.15
5.00
2.85
5.15
3.00
0.146

0.93
0.052
0.00008*
0.00006*
0.044
0.00007*
0.0098
0.00005*
0.0071
0.89

KD-control
KC-control
sRIGR-control
aRIGR-control
KD-KC
KD-sRIGR
KC-sRIGR
KD-aRIGR
KC-aRIGR
sRIGR-aRIGR

KD, keyhole with direct data substitution; KC, keyhole with zerothorder correction; sRIGR, symmetrically encoded RIGR; aRIGR, asymmetrically encoded RIGR.
*Significant F or Student t statistics, corresponding to p ⬍ 0.05 and
p ⬍ 0.005 (Bonferroni condition for 10 multiple comparisons with an
overall p ⬍ 0.05), respectively.

that at least for myocardial fiber orientation mapping at
50% reduced encoding, the RIGR approach can be used
to improve the efficiency of diffusion tensor studies, with
less than the proportional loss in accuracy associated with
acquisition time reduction.
Although significant efficiency improvements require
the use of RIGR or similar reconstruction-intensive REI
algorithms, the simpler techniques (e.g., KD and KC)
may also be advantageous for diffusion tensor imaging,
especially in situations where the number of image acquisitions is already at the minimum. It is known that the
accuracy of diffusion tensor imaging experiments is dependent on the choice of diffusion encoding directions
(25,26) and that using, for example, an optimized set of
12 encoding directions (25) is generally better than doubling the acquisitions based on any six-direction combinations. Because the performances of all REI schemes are
at least comparable with that of an experiment involving
proportionally decreased acquisitions (i.e., the control),
the combination of the optimized 12-direction scheme
and 50% REI, with or without any data consistency correction, would thus offer a better trade-off between acquisition time efficiency and accuracy than using a sixdirection scheme with full k-space acquisitions.
In summary, REI was applied to myocardial fiber orientation mapping using diffusion tensor imaging, and
performances of four basic REI schemes were evaluated
and compared with a control experiment consisting of
proportionally decreased full k-space images. Results indicate that the performances of all REI schemes examined are at least comparable with that of the control experiment. Importantly, RIGR, with either symmetric or
asymmetric sampling, leads to significantly improved
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performance over both the control and direct substitution
keyhole method. Although the REI schemes examined
correspond to an acquisition time reduction of 42% (for
every six images were generated from one full and five
one-half acquisitions), the present study does not preclude alternative REI schemes for achieving even better
efficiency and performance. Possible variations to consider include (a) increasing the factor of reduced encoding by reconstructing from fewer phase encoding steps,
(b) combining REI with rapid imaging techniques such
as fast spin echo (27,28) and echo planar (29) acquisitions, (c) using alternative k-space sampling trajectories
such as radial (30) or spiral (31,32) sampling that inherently oversamples the central k-space, and (d) if hardware
permits, coupling REI with the use of receiver coil arrays
and parallel acquisition schemes such as SMASH (simultaneous acquisition of spatial harmonics) (33) and
SENSE (sensitivity encoding) (34). To this end, findings
of the present study may serve a useful starting point for
these future investigations.
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