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ABSTRACT: Cine displacement-encoded MRI is a promising modality for quantifying regional myocardial function.

However, it has two major limitations: low signal-to-noise ratio (SNR) and data acquisition efficiency. The purpose of this

study was to incrementally improve the SNR and the data acquisition efficiency of cine displacement-encoded MRI through

the combined use of balanced steady-state free precession (b-SSFP) imaging, 3T imaging, echo-combination image

reconstruction, and time-adaptive sensitivity encoding (TSENSE) parallel imaging. Phantom experiments were performed

to empirically determine the optimal excitation angle (a) and to estimate the measurement errors in the presence of 130Hz

peak-to-peak static magnetic field (B0) variation. The optimal a was determined to be 208. The intrinsic phase correction in
the echo-combination effectively reduced the phase error, which produced small displacement errors (0.11 versus 0.11mm)

and negligible strain errors (�0.001 versus�0.002). Six healthy volunteers were imaged in three short-axis levels of the heart

to evaluate the SNR and the relative accuracy of strain calculations. Compared with the 24-heartbeat cine echo-planar

imaging acquisition, the 24-heartbeat non-accelerated b-SSFP acquisition yielded approximately 65% higher SNR, and the

12-heartbeat twofold accelerated b-SSFP acquisition yielded approximately 28% higher SNR. The 12-heartbeat twofold

accelerated b-SSFP acquisition yielded functional maps with spatial resolution of 3.6� 3.6mm, temporal resolution of

35ms, and relatively high SNR (31.2� 5.4 at end diastole; 19.9� 3.6 at end systole; 10.3� 1.1 at late diastole; mean� SD).

The left ventricular strain values between the non-accelerated and twofold accelerated b-SSFP acquisitions correlated

strongly (slope¼ 0.99; bias¼ 0.00; R2¼ 0.91) and were in excellent agreement. The combined implementation of b-SSFP

imaging, 3T imaging, echo-combination image reconstruction, and TSENSE parallel imaging can be used to incrementally

improve the cine displacement-encoded MRI pulse sequence. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Non-invasive assessment of regional myocardial function
plays a critical role in the management of heart disease.
The most widely used modalities for the assessment of
regional wall motion are echocardiography and cineMRI.
However, these qualitative modalities often yield results
that require subjective interpretations which are reader
dependent. Quantitative assessment of regional wall
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motion can be used to minimize the inter-observer and
intra-observer variability. Currently available quantitative
modalities for the assessment of regional cardiac function
include tissue Doppler imaging (1), myocardial tagged
MRI (2,3), velocity-encoded MRI (4–6), harmonic phase
image (HARP) processing (7), and displacement-encoded
MRI (8–10), with each modality having advantages and
disadvantages.

In particular, cine displacement-encoded MRI is a
promising modality for quantifying regional myocardial
function, because it combines advantageous features
of myocardial tagged MRI (Lagrangian strain) and
velocity-encoded MRI (pixel-wise spatial resolution),
as previously described (10). This modality has been
validated against the well-established myocardial tagged
MRI in a limited number of healthy volunteers (9,10).
However, cine displacement-encoded MRI has two major
limitations: (1) low signal-to-noise ratio (SNR) because
of the 50% signal loss inherent to stimulated echoes;
(2) low data acquisition efficiency because of a need to
NMR Biomed. 2007; 20: 591–601



592 D. KIM AND P. KELLMAN
acquire multiple data sets for two-dimensional (2D)
motion encoding, phase correction, and suppression of
artifact-generating echoes due to T1 relaxation. Con-
sequently, cine displacement-encoded MRI is typically
acquired in relatively long breath-holds, which renders it
impractical for clinical applications.
Existing methods to augment the SNR include

echo-combination image reconstruction (9,11), balanced
steady-state free precession (b-SSFP) imaging (12–18),
and 3T imaging. Existing methods to increase the data
acquisition rate include b-SSFP imaging, parallel
imaging, such as sensitivity encoding for fast MRI
(SENSE) (19,20) or time-adaptive sensitivity encoding
(TSENSE) (21), and echo-combination image reconstruc-
tion (11), which can be used to eliminate the need to
acquire extrinsic phase reference data. To date, these
methods have not been jointly implemented for cine
displacement-encoded MRI. The purpose of this study
was to incrementally improve the cine displacement-
encoded MRI pulse sequence by combining these
strategies.
THEORY

In this section, we briefly describe the basic principles of
the echo-combination reconstruction in order to clarify
the technical issues relevant to this study.
Figure 1. Echo combination reconstruction and its basic mathematical descrip-
tion. (A) In the echo-combination displacement-encoded MRI, the two echoes are
positioned at kx¼�0.25 cycles/pixel and kx¼0.25 cycles/pixel using the 1-1
CSPAMM pulses. (B) The CSPAMM k-space is divided into two 96�96 k-space
matrices, and the two sub-sampled k-space data are separately reconstructed, as
previously described (9). (C) The two sub-sampled phase images are combined as
the phase difference divided by two. The phase difference eliminates phase error
due to scan-to-scan physiological (e.g. motion) and imaging variations (e.g. B1
phase variation) by performing intrinsic phase correction from the same data.
However, the intrinsic phase correction does not eliminate the phase error due to
B0 inhomogeneity and susceptibility. The residual phase error is equal to DFDT,
where DF is the off-resonant frequency, and DT is the time interval between each
sub-sampled echo and TE. kx, Spatial frequency in the frequency-encoding
direction; u, displacement; DT, time interval between each sub-sampled echo
and TE; f, phase; f1, phase of echo 1; f2, phase of echo 2; fu, displacement-
encoded phase with residual phase error.
Copyright # 2007 John Wiley & Sons, Ltd.
Echo-combination reconstruction

In displacement-encoded MRI, as well as in HARP
MRI, myocardial displacement is encoded on the phase
of the magnetization using 1-1 spatial modulation of
magnetization (SPAMM) (2) or complementary SPAMM
(CSPAMM) pulses (9,10,22,23). The application of
SPAMM or CSPAMM pulses generates two displace-
ment-encoded echoes in k-space. The echo-combination
reconstruction exploits the Fourier property of conjugate
symmetry and combines the two displacement-encoded
phase images as the phase difference divided by two, as
previously described (9,11).

Figure 1 shows a sample k-space that illustrates the
mechanism of intrinsic phase correction in the echo-
combination reconstruction. Between the two displace-
ment-encoded echoes, the phase due to displacement is
identical in magnitude but opposite in polarity (9,11),
whereas the phase error due to static magnetic field (B0)
inhomogeneity is different, although its difference is
relatively small. The advantages of the echo-combination
reconstruction over the conventional method include
improved SNR, improved image acquisition efficiency by
not acquiring the extrinsic phase reference data, and
elimination of phase errors due to scan-to-scan physio-
logical (e.g. motion) and imaging variations [e.g.
radio-frequency (RF) field (B1) phase variation] by
performing intrinsic phase correction from the same
NMR Biomed. 2007; 20: 591–601
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IMPROVED CINE DISPLACEMENT-ENCODED MRI 593
data. A disadvantage of the echo-combination reconstruc-
tion compared with the conventional method is that
the phase error due to B0 inhomogeneity is not eli-
minated after the echo combination reconstruction
(Fig.1). Specifically, the residual phase error is equal to
DFDT, where DF is the off-resonant frequency and DT is
the time interval between each echo and TE of the original
CSPAMM k-space. The calculated errors in the phase
and displacement are 0.27 radians and 0.29mm,
respectively, when using the image parameters described
in this study (DT¼ 0.34ms) and assuming a worst case
scenario of 130Hz peak-to-peak B0 variation in the
heart at 3T (24). These errors are relatively small
considering that end-systolic myocardial displacement
relative to end diastole is of the order of 5mm. To validate
the theoretical analysis, we performed a stationary
phantom experiment in the presence of 130Hz peak-
to-peak B0 variation and calculated the resulting errors in
displacement and strain.
EXPERIMENTAL

Pulse sequence

An electrocardiogram (ECG) gated cine displacement-
encoded MRI pulse sequence using b-SSFP readouts was
implemented on a 3T whole-body MR scanner (MAG-
NETOMTimTrio; SiemensMedical Solutions, Erlangen,
Germany) equipped with a 12-channel phased array RF
coil and a gradient system capable of achieving a
maximum gradient strength of 45mT/m and a slew rate of
200T/m/s.

The b-SSFP displacement-encoded MRI pulse
sequence is similar to the previously described b-SSFP
CSPAMM pulse sequence (16) (see Figure 3 in reference
16 for the pulse sequence diagram). Briefly, the
magnetization was prepared immediately after the ECG
detection at end diastole by interrupting the steady state of
magnetization using an ‘a/2’ pulse (14–16,25) followed
by gradient spoiling, 1-1 SPAMM tagging, and gradient
spoiling pulses. Each 908RF pulse duration was 1ms, and
the second 908 RF pulse was phase cycled between 0 and
1808 to acquire CSPAMM data. The displacement-
encoding gradient with 0.3ms pulse duration was applied
in the frequency-encoding direction between the two 908
RF pulses, to achieve an encoding strength of 0.94
radians/mm. Spoiler gradients with 1.3ms pulse duration
were applied in both the slice-selective and pha-
se-encoding directions, to achieve a net zeroth gradient
moment of 40mT/m�ms. The total time spent on
magnetization preparation (spoilþ taggingþ spoil) was
4.9ms for each cardiac cycle. Immediately after
magnetization preparation, cine b-SSFP imaging was
performed using linearly increasing startup excitation
pulse (a) angles (16,26) through the first cardiac phase
Copyright # 2007 John Wiley & Sons, Ltd.
(12 excitations) and using full excitation angle thereafter,
to minimize the signal oscillation caused by the
interruption of the steady state of magnetization.

This study implemented two strategies to reduce the
off-resonance effects in b-SSFP imaging at 3T. Firstly, the
use of low a (see phantom imaging in the Methods
section) allowed a reduction in the a pulse duration from
1.2ms to 0.4ms. This reduction decreased the TR by
0.8ms. Secondly, a resonance frequency localizer was
performed to further reduce the off-resonance effects due
to B0 inhomogeneity and susceptibility.

The b-SSFP imaging parameters included: field
of view¼ 320� 320mm; acquisition matrix¼ 192
(frequency-encoding)� 72 (phase-encoding) per displa-
cement-encoding direction; slice thickness¼ 7mm; TE/
TR¼ 1.47/2.93ms; number of phase-encoding lines
per cardiac phase¼ 12; temporal resolution¼ 35ms;
TSENSE acceleration rate (R)¼ 2; and receiver band-
width¼ 745Hz/pixel.

Two orthogonal multiphase CSPAMM data sets were
sequentially acquired. Note that displacement-encoding
in the orthogonal direction was achieved by swapping of
the frequency-encoding and phase-encoding directions.
The acquisition time for each multiphase CSPAMM
image set was 12 and 6 heartbeats for the non-accelerated
and twofold accelerated b-SSFP acquisitions, respect-
ively. The total acquisition time for acquiring two
orthogonal sets of CSPAMM data was 24 and 12
heartbeats for the non-accelerated and twofold acceler-
ated b-SSFP acquisitions, respectively.

Interleaved echo-planar imaging (EPI) (27,28)
acquisition was performed to compare its image quality
with that produced by the b-SSFP acquisitions. The
non-accelerated cine EPI protocol used the same set
of imaging parameters, except acquisition matrix¼
192� 54, TE/TR¼ 6.15/11.7 ms, echo train length¼ 3,
echo spacing¼ 2.34ms, number of phase-encoding
lines per cardiac phase¼ 9, and bottom-up k-space
trajectory. The echo-time-shift technique was imple-
mented to reduce the ghosting artifacts caused by
off-resonance (29). Flyback readout gradients were
used to suppress ghosting artifacts due to B0 inhomo-
geneities and motion artifacts (30–32). Although the use
of short echo train readout with flyback gradients
considerably reduced the image acquisition efficiency
compared with the previously used long echo train
readout at 1.5T, this strategy was observed to be
necessary to suppress motion artifacts and off-
resonance effects at 3T. The total acquisition time for
acquiring two orthogonal sets of CSPAMM data was
24 heartbeats. Compared with the b-SSFP acquisitions,
the cine EPI acquisition has a slightly lower resolution
in the phase-encoding direction (b-SSFP acquired
72 k-space lines; cine EPI acquired 54 k-space lines).
For comparison at equivalent voxel resolution, the SNR
for cine EPI acquisition was scaled by a multiplying
factor of 0.75 (or 54/72).
NMR Biomed. 2007; 20: 591–601
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Phantom imaging

Phantom experiments were performed to empirically
determine the optimal excitation angle (a) for myo-
cardium and to evaluate the effectiveness of the intrinsic
phase correction in the echo-combination image recon-
struction. The agarose gel phantom had relaxation times
(T1� 1100ms and T2� 40ms) comparable to those of the
myocardium at 3T. Phantom experiments were performed
with simulated ECG gating at 60 beats per minute.
To determine the optimal a that achieves relatively

high SNR and long tag persistence, the non-accelerated
and twofold accelerated b-SSFP acquisitions were
repeated with a values ranging from 108 to 308 (108
steps), and cine EPI acquisition was repeated with a
values ranging from 108 to 208 (58 steps). The mean SNR
of the phantom was calculated. For each a, the SNR was
normalized by the maximum SNR value achieved by the
middle a (e.g. a¼ 208 for b-SSFP and a¼ 158 for EPI)
and plotted as a function of time.
To verify the effectiveness of the intrinsic phase

correction in the echo-combination reconstruction, the
image acquisitions were performed with altered shim
currents to emulate the 130Hz peak-to-peak B0 variation
in the heart at 3T (24). To estimate the measurement
errors within the phantom, the root-mean-square (RMS)
values were calculated for the magnitude of displacement
and strain. To evaluate the agreement between non-
accelerated and accelerated b-SSFP acquisitions, Bland–
Altman analyses were performed on the magnitude of
displacement and strain measurements on a pixel-
by-pixel basis.
Cardiac imaging

Six healthy human subjects (three male; three female;
minimum/median/maximum age¼ 24/30/37 years), with
Figure 2. A flow chart diagram illustrating the overall image reconstruction. For each
of two displacement- encoding directions, CSPAMM k-space data were subtracted to
suppress the artifact-generating echo due to T1 relaxation. To remove the residual
artifact-generating signal while minimizing the Gibbs ringing artifacts, an inverted 2D
Gaussian filter with the kernel size of 48� 48 pixels and FWHM of 14.8 pixels was
applied at the origin of the CSPAMMk-space data. Next, the filtered complex CSPAMM
k-space data were divided into two 96�96 k-space matrices, which were separately
reconstructed and combined by the echo-combination reconstruction. The phase-
difference operation in the echo-combination reconstruction was performed using the
multiple-coil phased-array method. After phase unwrapping, the 2D displacement map
was calculated as the vector addition of orthogonal 1D displacement values.
Copyright # 2007 John Wiley & Sons, Ltd.
no history of heart disease and no risk factors for coronary
artery disease, were imaged in three short-axis views
(apical, mid-ventricular, basal) of the heart. Non-
accelerated and twofold accelerated b-SSFP acquisitions
were performed using the optimal a, as determined by the
phantom experiment. In three subjects, non-accelerated
cine EPI acquisition was also performed using its optimal
a for SNR comparison. Human imaging was performed in
accordance with protocols approved by the human
investigation committee at our institution, and all subjects
gave written informed consent.
Image reconstruction and analysis

Image reconstruction and analysis were performed
off-line using our image analysis software developed in
MATLAB (The Mathworks, Inc., Natick, MA, USA).
Figure 2 shows a flow chart diagram that illustrates the
overall image reconstruction. For each of two displace-
ment-encoding directions, the CSPAMM k-space data
were zero-filled to 192� 96. In principle, the CSPAMM
subtraction can eliminate the artifact-generating echo due
to T1 relaxation. In practice, however, a combination of
heart rate variability and motion may cause incomplete
subtraction of the artifact-generating echo. To remove
the residual artifact-generating signal while minimizing
the Gibbs ringing artifacts, an inverted 2D Gaussian filter
with the kernel size of 48� 48 pixels and the full width at
half maximum (FWHM) of 14.8 pixels was applied at the
origin of the CSPAMM k-space data. Next, the filtered
complex CSPAMM k-space data were divided into two
96� 96 k-space matrices, which were separately recon-
structed and then combined by the echo-combination
reconstruction, as previously described (9). The phase-
difference reconstruction was performed using the
multiple coil phase-array method, as previously described
(33).
NMR Biomed. 2007; 20: 591–601
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The resulting FWHM of the point-spread-function
in the frequency-encoding direction after the echo-
combination reconstruction with filtering was calculated
to be 3.6mm. Hence, the effective spatial resolution of
the composite 2D displacement-encoded data was 3.6�
3.6mm. For convenience, the composite data were
displayed with a spatial resolution of 3.33� 3.33mm.
TSENSE parallel image reconstruction

The TSENSE parallel image reconstruction (21) was
performed to accelerate the cine displacement-encoded
MRI acquisition by a factor of 2. The phase encoding
order of the multiple heartbeat cine loop was interleaved
between successive cardiac phases (i.e. even and odd lines
acquired on even and odd phases, respectively). All of the
cardiac phases of each cardiac cyclewere used to generate
a low temporal resolution reference image with full
spatial resolution. This image was then used to generate
the B1 field maps and the coil-dependent sensitivity
coefficients for the TSENSE reconstruction. SNR-based
regularization was used on the basis of the root-
sum-of-squares magnitude of the reference image scaled
in SNR units (34) based on noise acquired during prescan.
Evaluation of myocardial SNR

The phased-array image reconstruction method was used
to reconstruct magnitude images in SNR units, as
previously described (34). This reconstruction facilitated
accurate and precise SNR measurement on a per pixel
basis, without the need to estimate the background noise.
Endocardial and epicardial contour segmentation was
performed manually. For each displacement-encoding
direction, a composite image was reconstructed as the
mean of two sub-sampled magnitude images that are
produced by the echo-combination image reconstruction.
Subsequently, the two orthogonal composite magnitude
Figure 3. Plots of normalized SNR of the phantom as a f
and cine EPI acquisitions. For both non-accelerated and
yielded the highest overall SNR throughout the cardiac
highest overall SNR throughout the cardiac cycle.

Copyright # 2007 John Wiley & Sons, Ltd.
images were averaged, and the mean myocardial
SNR was calculated as the mean intensity within the
region of interest defined by the two contours as a
function of cardiac phase. The reported SNR represents
mean� standard deviation across subjects.

Displacement and strain calculations

After the echo-combination reconstruction, a minimum-
cost-match algorithm (35) was applied to unwrap the
phase within the region of interest defined by the two
cardiac contours. Displacement and strain values were
calculated as previously described (10). Briefly, 2D
displacement was computed by vector addition of two
orthogonal one-dimensional (1D) displacement sets. The
second principle strain (E2) was calculated using a
quadrilateral finite element model (36). The use of
principal directions allowed calculation of strains which
are insensitive to geometric irregularities. In short-axis
imaging of the heart, the principal direction of E2 is
primarily circumferential. The three short-axis images
were divided into 16 left ventricular segments using
the American Heart Association standardized segmenta-
tion model (37). The relative accuracy of E2 between
non-accelerated and twofold accelerated b-SSFP acqui-
sitions was evaluated using both linear correlation and
Bland–Altman analyses.
RESULTS

Phantom imaging

Figure 3 shows plots of normalized SNR as a function of
time for b-SSFP and cine EPI acquisitions. For both
non-accelerated and twofold accelerated b-SSFP acqui-
sitions, a¼ 208 yielded the highest overall SNR
throughout the cardiac cycle. For cine EPI acquisition,
a¼ 158 yielded the highest overall SNR throughout the
cardiac cycle.
unction of time for the b-SSFP, b-SSFP with TSENSE,
twofold accelerated b-SSFP acquisitions, a¼ 208

cycle. For cine EPI acquisition, a¼158 yielded the

NMR Biomed. 2007; 20: 591–601
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Figure 4. Representative displacement and E2 error maps of the phantom which
illustrate the effectiveness of the intrinsic phase correction in the presence of spatially
varying 130Hz peak-to-peak B0 variation. In the displacement maps, the systematic
error was dominant over the random noise error, as the two acquisitions yielded
comparable RMS of displacement (0.11 versus 0.11mm). In the E2 maps, both the
systematic and random errors contributed comparatively little for both acquisitions.
However, the RMS of E2 was lower for the non-accelerated acquisition than the
twofold accelerated acquisition (�0.001 versus �0.002). The error measurements
between the non-accelerated and twofold accelerated b-SSFP acquisitions were in
good agreement and showed no apparent trend. The gray lines represent the
mean� 2 standard deviation limits of the Bland–Altman plot.
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In Fig. 4, the displacement and E2 error maps are shown
to illustrate the effectiveness of the intrinsic phase
correction in the presence of 130Hz peak-to-peak B0

variation. In the displacement maps, the systematic error
was dominant over the random noise error, as the two
acquisitions yielded comparable RMS of displacement
(0.11 versus 0.11mm). In the E2 maps, both the
systematic and random errors contributed comparatively
little for both acquisitions. However, the RMS of E2 was
lower for the non-accelerated acquisition than the twofold
accelerated acquisition (�0.001 versus �0.002). The
error measurements between the non-accelerated and
twofold accelerated b-SSFP acquisitions were in good
agreement and showed no apparent trend (Fig. 4). Cine
EPI data produced geometric distortion at 130Hz
peak-to-peak B0 variation (data not shown). Therefore,
E2 was not calculated for the cine EPI acquisition.
Cardiac imaging

Figure 5 shows representative magnitude images that
compare the image quality between b-SSFP, b-SSFP with
TSENSE, and cine EPI acquisitions. The non-accelerated
and twofold accelerated b-SSFP acquisitions yielded
relatively undistorted images, whereas the cine EPI
acquisition produced spatially varying geometric distor-
tion that produced poor image registration of two
orthogonal data sets. Therefore, strain analysis was not
performed for the cine EPI data.
Copyright # 2007 John Wiley & Sons, Ltd.
Figure 6 shows the SNR as a function of time for
b-SSFP and cine EPI acquisitions. Compared with the
24-heartbeat cine EPI acquisition, the 24-heartbeat
non-accelerated b-SSFP acquisition yielded approxi-
mately 65% higher SNR, and the 12-heartbeat twofold
accelerated b-SSFP acquisition yielded approximately
28% higher SNR. The twofold accelerated b-SSFP
acquisition yielded relatively high SNR (31.2� 5.4 at
end diastole; 19.9� 3.6 at end systole; 10.3� 1.1 at
late diastole; six subjects; three short-axis views)
within a clinically feasible breath-hold duration of
12 heartbeats.

In Fig. 7, a representative set of non-accelerated
and twofold accelerated b-SSFP functional data from
the same subject at end systole is shown to illustrate the
reproducibility between the two acquisitions. Statisti-
cally, E2 values measured by the non-accelerated
and twofold accelerated acquisitions correlated strongly
(slope¼ 0.99; bias¼�0.00; R2¼ 0.91), and the measure-
ments were in excellent agreement, with a mean diffe-
rence of 0.00, and showed no apparent trend (Fig. 8).
Together with the SNR results, these data demonstrate
that the combined use of b-SSFP imaging and 3T
acquisition can yield sufficient SNR to tolerate the
accompanying SNR loss due to a twofold undersampling.

In Fig. 9, representative functional maps acquired using
the twofold accelerated protocol are shown in three
short-axis levels of the heart. The combined use of short a
pulses and resonance frequency localizer effectively
minimized the off-resonance effects for all 18 short-axis
views imaged in this study.
NMR Biomed. 2007; 20: 591–601
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Figure 5. Representative magnitude images that compare the image
quality between the b-SSFP, b-SSFP with TSENSE, and cine EPI acquisitions.
The non-accelerated and twofold accelerated b-SSFP acquisitions yielded
relatively undistorted images, whereas the cine EPI acquisition produced
spatially varying geometric distortion that produced poor image registration
of two orthogonal data sets. Arrows point to a distorted region of the
myocardium.

Figure 6. (A) Plots of mean myocardial SNR as a function of time for the b-SSFP,
b-SSFP with TSENSE, and cine EPI acquisitions (n¼ 3). Compared with the cine EPI
acquisition, the non-accelerated b-SSFP acquisition yielded approximately 65%
higher SNR, and the twofold accelerated b-SSFP acquisition yielded approximately
28% higher SNR. (B) The twofold accelerated b-SSFP acquisition yielded relatively
high SNR (n¼6; 31.2�5.4 at end diastole; 19.9�3.6 at end systole; 10.3�1.1
at late diastole) within a clinically feasible breath-hold duration of 12 heartbeats.
These results demonstrate that a combined use of b-SSFP imaging and 3T
acquisition can yield sufficient SNR to tolerate the accompanying SNR loss due

IMPROVED CINE DISPLACEMENT-ENCODED MRI 597
to a twofold undersampling.

Copyright # 2007 John Wiley & Sons, Ltd. NMR Biomed. 2007; 20: 591–601
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Figure 7. Representative functional data sets comparing the image quality
between the non-accelerated (top row) and twofold accelerated (bottom row)
b-SSFP acquisitions: magnitude image superimposed with 2D vector displacement
map (left column) and E2 map (right column). The two image sets representing the
same subject, cardiac phase, and short-axis plane appear very similar.
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DISCUSSION

This study demonstrates that a combined implementation
of b-SSFP imaging, 3T imaging, and TSENSE parallel
imaging can be used to improve the SNR and data
acquisition efficiency of cine displacement-encodedMRI.
In a limited number of subjects, the 12-heartbeat b-SSFP
Figure 8. Scatter plots showing linear correlation (left) and Bland–Altman
(right) analyses on E2 measurements between the non-accelerated and twofold
accelerated acquisitions. The E2 measurements correlated strongly (slope¼
0.98; bias¼�0.00; R2¼0.91) and were in excellent agreement, with a mean
difference of 0.00. The gray lines represent the fitted slope of the linear
correlation plot, as well as the mean�2 standard deviation limits of the
Bland–Altman plot.
Copyright # 2007 John Wiley & Sons, Ltd.
acquisition with TSENSE yielded approximately 28%
higher SNR than the 24-heartbeat cine EPI acquisition.
This 12-heartbeat cine displacement-encoded MRI
sequence can yield 2D functional maps with nominal
spatial resolution of 3.6� 3.6mm (including image
blurring due to filtering), temporal resolution of 35ms,
and relatively high SNR.
NMR Biomed. 2007; 20: 591–601
DOI: 10.1002/nbm



Figure 9. Representative functional maps acquired using the twofold
accelerated protocol are shown in three short-axis levels of the heart.
The combined use of short a pulses and resonance frequency localizer
effectively minimized the off-resonance effects for all 18 short-axis views
imaged in this study.
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Displacement-encoded MRI has been previously
implemented with SENSE (20) for a single cardiac
phase application that acquired a low spatial resolution
reference image for coil sensitivity maps. The proposed
method incorporates parallel imaging in cine displace-
ment-encoded MRI using auto-calibrated TSENSE
reconstruction.

The error analysis of the phantom results suggests that
the intrinsic phase correction in the echo-combination
reconstruction can effectively reduce the residual phase
error due to 130Hz peak-to-peak B0 variation for accurate
strain analysis. In the displacement calculation, the
systematic phase error was dominant over the random
noise error for both the non-accelerated and twofold
accelerated acquisitions, probably owing to the relatively
high SNR produced by both protocols. This balance of
error contribution to displacement may not be valid for
acquisitions with poor SNR. The displacement error of
Copyright # 2007 John Wiley & Sons, Ltd.
0.11mm is relatively small. One approach to further
reduce the displacement error is to increase the receiver
bandwidth (i.e. shorten the time interval between the
echoes) at the expense of lower SNR. A second approach
is to perform more effective shimming. In the E2

calculation, both the systematic and random phase errors
contributed comparatively little for both acquisitions.
However, the RMS of E2 was lower for the non-
accelerated acquisition than the twofold accelerated
acquisition (�0.001 versus �0.002). Again, this balance
of error contribution to E2 may not be valid for
acquisitions with poor SNR. The observed finding is
consistent with the fact that strain is more sensitive to
noise than displacement. The Bland–Altman analysis of
in vivo E2 measurements suggests that the systematic
error contribution was negligible and that the SNR was
sufficiently high to swamp the random noise error. Future
work will include a more comprehensive analysis by
NMR Biomed. 2007; 20: 591–601
DOI: 10.1002/nbm
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evaluating the effects of SNR, B0 variation, and motion on
the systematic and random errors in displacement and
strain calculations.
Technical challenges of b-SSFP imaging at 3T include

dark band artifacts due to B0 inhomogeneities and
susceptibility and specific absorption rate limit. In this
work, the a pulse duration was reduced from 1.2ms to
0.4ms in order to reduce the TR by 0.8ms, and a
resonance frequency localizer was performed to further
reduce the off-resonance effects. The use of small
excitations (a¼ 208) did not exceed the limit of the
specific absorption rate at 3T.
Despite the interesting findings, this study has several

limitations. Firstly, the residual phase error may yield
small displacement errors as already discussed. Secondly,
the use of linearly increasing startup excitation angles
produced non-diagnostic image quality for the first
cardiac phase. However, this is not a practical problem
because the strain at the first cardiac phase can be
assumed to be zero. Thirdly, this study did not include
patients with limited breath-hold capacity and heart
rate irregularities, which may degrade the overall
image quality. However, the image degradation due to
these irregularities may be minimized by decreasing the
acquisition time using TSENSE. Fourthly, this study did
not include the performance of cine displacement-
encoded MRI using gradient echo imaging because of
its low data acquisition efficiency. Fifthly, this study was
performed using manual contour segmentation at
approximately 15–20min per 2D slice of 18–22 cardiac
phases. This limitation needs to be addressed in order to
make cine displacement-encoded MRI practical for
routine clinical use. Future work will include imple-
mentation of semi-automated segmentation algorithms
that are comparable in accuracy to manual segmentation.
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