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Abstract

Displacement encoding with stimulated echoes (DENSE) with a low encoding strength phase-cycled meta-DENSE readout and a
two fold SENSE acceleration (R = 2) is described. This combination reduces total breath-hold times for increased patient comfort
during cardiac regional myocardial contractility studies. Images from phantoms, normal volunteers, and a patient are provided to
demonstrate the SENSE–DENSE combination of methods. The overall breath-hold time is halved while preserving strain map
quality.
Published by Elsevier Inc.

Keywords: Myocardial; Contraction; Cardiac; Function; SPAMM; DENSE; HARP; Tagging; Heart; MRI; Strain
1. Introduction

Displacement encoding with stimulated echoes
(DENSE) can map regional myocardial strain [1] as an
alternative to existing myocardial tagging methods
[2,3]. Regional circumferential shortening (CS) and radi-
al thickening (RT) strain measurements can be obtained.
The complex DENSE data acquisition method has been
introduced [4] and recently applied [5,6] for imaging
strain in humans [1,7–9]. In short, complex data acquisi-
tion relies on two 90� phase-cycled acquisitions to sample
both the real and imaginary components of the stimu-
lated echo acquisition mode (STEAM) [10] signal so that
the entire complex magnetization vector can be recon-
structed in order to suppress the stimulated anti-echo
[11]. Due to the lower gradient first-order moments re-
quired for displacement encoding, the complex acquisi-
tion results in reduced intravoxel dephasing artifacts [5]
while also suppressing myocardial tag-like artifacts,
which originate from the stimulated anti-echo. Addition-
1090-7807/$ - see front matter. Published by Elsevier Inc.

doi:10.1016/j.jmr.2005.05.010

* Corresponding author. Fax: +1 301 402 2389
E-mail address: AletrasA@nhlbi.nih.gov (A.H. Aletras).
al tag-like artifacts that originate from the T1-recovering
signal (a.k.a. FID, DC) are also suppressed so that qual-
ity DENSE data can be obtained [5,6]. This FID suppres-
sion is performed either with additional phase-cycling [6]
or with an inversion pulse [5], which is strategically
placed within the motion encoding interval of a mixed
echo-train acquisition DENSE (meta-DENSE) [8] exper-
iment, which is based on a train of refocusing pulses for
acquiring multiple k-space lines per excitation.

When compared to the original non-complex acqui-
sition DENSE technique [1], which exhibits intravoxel
dephasing artifacts, these new phase-cycling schemes
improve image quality at the cost of prolonging the
data acquisition so that it cannot be completed within
the limits of a reasonable breath-hold. With meta-
DENSE, the use of the complex acquisition increased
the scan time from 14 [8] to 20 [5] heartbeats. The
former is a reasonable breath-hold time for patients
while the latter can only be used consistently in normal
volunteers. This increased scan time was present de-
spite attempts to speed up the data acquisition process
by increasing the echo-train length (ETL) in the com-
plex acquisition (from 24 to 32), which degrades the
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point spread function and introduces motion blurring
due to the longer acquisition window.

Parallel imaging has been introduced as a method for
accelerating MR image acquisition by under-sampling
the phase encoding direction and taking into account
the inherent spatial information of multiple receiver
coils [12]. Different methodologies have been applied
either in k-space [13,14] or on the images themselves
[15,16] so as to incorporate surface coil array signals
into the reconstruction process and resolve the aliasing
that results from under-sampling. With SENSE [15], a
filter is applied by mapping the spatial sensitivities of
the phased array elements used to receive the signals.
The premise is that these sensitivities have slow-varying
spatial characteristics and that they can be mapped via a
low resolution image. Also, to account for coupling be-
tween the array�s coil elements, a noise-only acquisition
is used to calculate individual coil gains and cross-corre-
lation. To date, parallel imaging acceleration has not
been implemented for mapping cardiac motion and
function with phase contrast methods such as DENSE.
The main concern is the signal-to-noise penalty imposed
by parallel imaging to DENSE, which is based on stim-
ulated echoes where 50% of the signal is lost. Especially
since the computations to extract regional strain values
are inherently noisy, this concern becomes paramount
for mapping regional function.

We present mixed echo-train acquisition displace-
ment encoding with stimulated echoes (meta-DENSE)
myocardial strain imaging with SENSE acceleration.
This is the first implementation of SENSE with a phase
contrast method to map cardiac motion. Images from
phantoms, normal volunteers, and patients are present-
ed. The implemented SENSE acceleration factor of 2 al-
lows for 2D strain imaging within 14 heartbeats thus
making the method appropriate for clinical use. Quanti-
fication of the noise in these measurements is also
presented.
2. Methods

An eight receiver General Electric Medical Systems
(Waukesha, WI) 1.5 T Excite (version 10.0) magnet was
used for all experiments. A four coil cardiac phased array
(General Electric Medical Systems, Waukesha, WI) was
used for static phantom experiments while an eight coil
phased array (Nova Medical, Boston, MA) was used
for rotating phantom and human experiments. The phan-
tom consisted of a CuSO4 doped agarose cylindrical con-
tainer (T1 = 825 ms) to simulate themyocardium and one
rectangular container with a shorter T1 (130 ms) to simu-
late fat in the chest wall. The cylindrical ‘‘myocardial’’
phantom could be rotated along its long axis at 0.5 Hz.
Imaging parameters similar to those used for normal vol-
unteer experiments, as described below, were used.
DENSE images were acquired from normal volun-
teers and a patient with a chronic myocardial infarction
both with full k-space sampling and with SENSE accel-
eration (R = 2). Position encoding of spins was triggered
on the R-wave of the ECG [1,7,8] at 4.0 mm/p and im-
age acquisition occurred at end-systole along the short
axis slice of the heart. The encoding interval (approxi-
mately 300 ms) was determined by finding the trigger de-
lay to end systole on a long axis cine MRI scan. During
this interval, a Silver–Hoult adiabatic inversion pulse
was applied to suppress the FID as previously described
[8]. The ETL was 24 for a readout period of 118 ms/
heartbeat. The matrix size was 128 · 96 with a rectangu-
lar field of view (FOV) resulting in 2.9 · 2.9 mm2 in-
plane resolution which was linearly interpolated to 10
times its original size for viewing the strain maps within
a 52 · 52 submatrix centered around the left ventricle.
Manual segmentation, on the magnitude images, of
the endocardial and epicardial borders was performed
for strain display purposes. Other parameters were: slice
thickness 8 mm, bandwidth ±62.5 kHz, TE 3 ms, TR of
1 RR interval.

For 2D displacement mapping and strain processing,
X-encoded, Y-encoded, and a phase reference scan were
acquired at the same spatial resolution. Therefore, a typ-
ical 2D acquisition can be described as X/Y/REF. The
phase reference scan REF was used for increasing the
signal-to-noise ratio and for correcting for local B0 inho-
mogeneity by subtraction from the encoded scans as
previously described [1]. In brief, the DENSE gradient
displacement encoding moments (kX and kY) along the
two in-plane directions were halved and their sign was
toggled between the reference scan and the each of the
encoded directions. As such, the three scans were execut-
ed with the following gradient moments along the corre-
sponding axes: REF with �kX/2 and �kY/2; X with
+kX/2 and �kY/2; and Y with �kX/2 and +kY/2. With
RF-cycling to suppress the anti-echo, for non-accelerat-
ed complex meta-DENSE scans, a total of (96/
24) · 3 · 2+2 = 26 heartbeats were needed per slice giv-
en the additional two discarded acquisitions that were
used to set up the steady state. For RF-cycled
SENSE-accelerated (R = 2) scans, a total of (96/24/
R) · 3 · 2 + 2 = 14 heartbeats were required for each
slice. In this case, the one discarded acquisition was in-
stead used to collect a low resolution (128 · 24 matrix)
full field of view fast-spin-echo (FSE) image for map-
ping the B1 field of the phased array elements. For cal-
culating the SENSE noise covariance matrix, an extra
heartbeat prior to starting the breath-hold was dedicat-
ed to acquiring a noise-only dataset with the RF ampli-
fier disabled.

For characterizing the in vivo strain noise, instead of
acquiring REF/X/Y, the same gradient waveforms were
applied so as to acquire REF/REF/REF, X/X/X and,
Y/Y/Y datasets [8]. In this manner, ideally, the phase



Communication / Journal of Magnetic Resonance 176 (2005) 99–106 101
recorded in the myocardium would be zero for all such
datasets and also the computed strain would be zero.
Any deviation from zero would be attributed to random
or systematic noise sources. Strain values reported are
rounded to the first decimal point.

Image reconstruction was performed with in-house
software written in IDL (Research Systems, Boulder,
CO). For accelerated scans, SENSE reconstruction
was first performed for the X-encoded, Y-encoded,
and reference half-FOV complex images. Tissue contrast
was removed from the single heartbeat FSE images by
dividing the image of each individual coil by the root
sum of squares of images from all eight coils [15,16].
The resulting contrast-less FSE images had no motion
encoding and were used for unaliasing the X, Y, and
REF DENSE images by forming the sensitivity matrix
S, as described by Pruessmann et al. [15]. The noise
covariance matrix was computed from 24 · 128 = 3072
complex samples acquired during the noise-only scan.
Following SENSE unaliasing [17], image processing
proceeded as previously described [1] for calculating
regional contractile strain. In brief, for every four pixels
which formed a square within the myocardium the
deformation was dissociated into a rotational compo-
Fig. 1. SENSE-accelerated DENSE imaging results in reduced acquisition ti
time) in stationary phantom data. The first row shows SENSE (R = 2) ma
applying the SENSE filter. Note the overlapping fat (rectangular, T1 = 130 ms
of the SENSE filter (second row) unwraps the images. For R = 2 SENSE, th
0.087� for X and 0.088� for Y. Non-accelerated data with otherwise the same
standard deviation was 0.039� for X and 0.042� for Y. For computed strain
nent and two principle strain directions via eigenvector
and eigenvalue analysis [18]. Eigenvectors with corre-
sponding eigenvalues less than 1.0 were projected along
the circumferential axis to yield circumferential shorten-
ing maps. The remaining eigenvectors were projected
along the radial direction to yield radial thickening
maps. Results are reported as mean ± standard devia-
tion. Phase noise is reported in terms of its standard
deviation since a non-spatially varying phase error will
not propagate into the strain calculations due to the
inherent spatial differentiation of strain calculations.
3. Results

Fig. 1 shows that undersampling the phase direction
by a factor of 2 without the application of a SENSE filter
results in half-FOV aliasing (top row) as seen in both
magnitude and phase displacement images of a static
phantom. Note that the ‘‘fat’’ (T1 = 130 ms) rectangular
phantom overlaps with the ‘‘myocardium’’ (T1 = 825 ms)
cylindrical phantom.With the SENSEfilter applied (mid-
dle row) these aliasing artifacts are removed and the two
phantoms are properly resolved in space. The SENSE-ac-
me (14 s) when compared to non-accelerated DENSE (26 s acquisition
gnitude along with X and Y phase displacement phase data prior to
) and myocardial (cylindrical, T1 = 825 ms) phantoms. The application
e standard deviation of the phase measured in the ‘‘myocardium’’ was
parameters are shown at the bottom row for reference. In this case, the
noise in the phantom, see Section 3.
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celerated DENSE images were acquired at half the time
when compared to conventional non-accelerated
(R = 1, bottom row) images. Note that, for both R val-
ues, tag-like artifacts are suppressed in the ‘‘myocardi-
um’’ as a result of the encoding interval inversion pulse
and the complex DENSE acquisition. Tag-like artifacts
in the ‘‘fat’’ phantom are present because the inversion
pulse is optimized for the T1 of myocardium, not fat.

The measured phase noise in the static phantom (in
terms of its standard deviation) represents the best case
scenario of what can be expected in human scans with
SENSE (0.087� for X and 0.088� for Y) and without
SENSE (0.039� for X and 0.042� for Y). For human
imaging one would expect other factors, such as motion,
patient body size, variable coil loading, etc., to further in-
crease the noise. The corresponding computed percent
strain noise (images not shown) from these static phan-
tom phase measurements also represents the best case
scenario in terms of strain quantification with SENSE
(0.3 ± 1.1 for CS and �0.2 ± 0.9 for RT) and without
SENSE (0.2 ± 1.0 for CS and�0.1 ± 0.6 for RT). Rotat-
ing phantom experiments with SENSE (0.144� for X,
0.153� for Y, 0 ± 0.3 for CS, and 0 ± 0.3 for RT) and
without SENSE (0.114� for X, 0.077� for Y, 0 ± 0.2 for
CS, and 0 ± 0.3 for RT) showed similar trends.
Fig. 2. Normal volunteer data demonstrate similar strain data with (R =
accelerated data were acquired in 14 heartbeats in contrast to the non-accel
shortening measured in the heart was 20.9 ± 8.0 with SENSE and 21.2 ± 8
23.2 ± 9.1 and 23.9 ± 8.2 percent strain, respectively. The papillary muscles w
measurements being created between them and the LV wall. Manual cropping
the two scans.
Normal volunteer circumferential shortening (CS)
and radial thickening (RT) maps of the left ventricle
are shown in Fig. 2. Magnitude images are also shown
for reference. The SENSE-accelerated (top row, 14
heartbeats) maps yielded average strains of 20.9 ± 8.0
for CS and 23.2 ± 9.1 for RT. The non-accelerated maps
(bottom row, 26 heartbeats) yielded average strains of
21.2 ± 8.4 for CS and 23.9 ± 8.2 for RT. Note that qual-
itatively the two rows of data look similar despite the
twofold acceleration.

Fig. 3 shows in vivo DENSE strain noise maps from
a normal volunteer with SENSE acceleration factor
R = 2. The rows show the acquisitions where all three
encoding experiments were performed with the gradient
waveforms of the reference scan (REF/REF/REF, top)
or with those of the X-encoded scan (X/X/X, middle)
or, last, those of the Y-encoded scan (Y/Y/Y, bottom).
The noise measurements in terms of percent strain for all
eight normal volunteers are summarized in Table 1. The
noise is less than ±4.3% strain.

An example of SENSE acceleration from a patient
with a chronic infarct who was capable of holding his
breath for 26 heartbeats is shown in Fig. 4. In the figure
inset, the gadolinium delayed enhanced image demon-
strates the extent of the inferior myocardial infarct in
2, top row) and without (R = 1, bottom row) SENSE. The SENSE-
erated dataset that was acquired in 26 heartbeats. The circumferential
.4 without SENSE. Corresponding values for radial thickening were
ere manually cropped in left ventricular strain maps to avoid artificial
also explains the differences observed in myocardial thickness between



Fig. 3. SENSE-accelerated DENSE (R = 2) data from the normal volunteer of Fig. 2 demonstrate strain noise (all less than 1.6 ± 5.1% strain). These
experiments were performed by repeating the same encoding gradient rather than acquiring both encoded and a reference scans. The top row
corresponds to repeating the phase reference gradient waveform three times, the second row to repeating the X-encoded gradient waveform three
times, and the last row to repeating the Y-encoded gradient waveform three times.

Table 1
Circumferential shortening (CS) and radial thickening (RT) noise
strain measurements in vivo for the REF/REF/REF, X/X/X and,
Y/Y/Y datasets for the normal volunteer scans (n = 8) (see Section 2)

REF/REF/REF X/X/X Y/Y/Y

CS R = 2 0.1 ± 2.9 0.0 ± 3.3 0.1 ± 3.1
CS R = 1 0.5 ± 3.1 0.1 ± 2.9 �0.1 ± 3.0
RT R = 2 0.5 ± 4.2 0.2 ± 4.3 0.0 ± 3.5
RT R = 1 0.7 ± 4.1 0.4 ± 3.8 0.2 ± 3.9

All values are reported as mean percent strain ± SD. These results
suggest that in vivo strain noise may be compounded by physiological
parameters rather than the intrinsic noise of the DENSE experiment
with or without SENSE acceleration (R = 2).
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this slice of the heart. Note that in the core of the chron-
ic infarct, the thinned out myocardium allows for partial
volume particularly in radial thickening strain maps.
Both SENSE-accelerated (top row) and conventional
(bottom row) strain maps identify the corresponding
inferior wall as an area of reduced deformation. Howev-
er, the SENSE (R = 2) images were collected within 14
heartbeats rather than 26.
4. Discussion

SENSE can be used to accelerate phase maps. The
current paper documents that high-quality maps of
myocardial displacement can be derived from SENSE-
accelerated DENSE. Feasibility is demonstrated in nor-
mal volunteers and a patient with a regional wall motion
abnormality associated with a myocardial infarction.

This particular SENSE implementation, with a single
non-encoded FSE low resolution B1 map for recon-
structing all three complex images (X/Y/REF) required



Fig. 4. Short axis strain maps from a patient with an inferior myocardial infarction show the applicability of SENSE rate 2 DENSE functional
imaging within 14 heartbeats in a clinical setting. The top row shows circumferential shortening and radial thickening plots. Note the functional
deficit in the inferior wall which corresponds to the region of the heart that exhibits delayed enhancement after gadolinium administration. For
reference, data acquired from this highly cooperative patient with a 26 heartbeat breath-hold are shown in the bottom row.

Fig. 5. Short axis strain maps from a volunteer demonstrate that strain noise with a 14 heartbeat acquisition (R = 2) appears lower than with a 26
heartbeat acquisition (R = 1). Patient motion observed during the prolonged breath-hold with R = 1 could account for this finding.
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for 2D strain mapping, allows for better acceleration
when compared to potentially collecting a separate
map for each of the three DENSE images. The single
FSE-based B1 map provides an acceleration factor of
26/14 = 1.85 vs 26/(14 + 3) = 1.53 with separate maps.
This is possible because the B1 map acquisition seam-
lessly substitutes for the first of the two dummy scans re-
quired to set steady state prior to acquiring the desired
dataset. Note that the steady state is dictated by the
T1 of the tissue and the interval bracketed by the end
of the readout train (at end-systole) and the subsequent
R-wave, i.e., it is not dependent on the formation (or
not) of a stimulated echo. This is the result of locking
the recovering magnetization about z = 0 due to the
multiple refocusing RF pulses of the readout train
[19]. The low resolution B1 maps (128 · 24) can provide
coil sensitivity information within one heartbeat. Since
the coil spatial characteristics do not contain rapidly
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changing components such an approximation is possi-
ble. The apodization of k-space along the phase direc-
tion was smoothened by the application of a Fermi
filter prior to image reconstruction. Alternatively, higher
resolution B1 maps could potentially be acquired at the
expense of acquisition time and acceleration.

Phantom experiments to evaluate phase noise indi-
cate the random error in estimating phase increases with
SENSE, as expected. However, the in vivo data do not
appear limited by the intrinsic phase stability of the
scanner but rather the noise has additional physiological
components. We base this observation not only on the
fact that the strain maps have substantially higher vari-
ability than the phase errors measured in the phantom
but also on the observation that the SENSE acceleration
did not increase the standard deviation of the strain esti-
mates by at least a factor of

p
2. The summary results

from the normal volunteer studies (Table 1) also show
that the SENSE acceleration (R = 2) does not change
the strain noise level when compared to the unaccelerat-
ed scans (R = 1) suggesting that thermal noise is not the
limiting factor for DENSE, at least with this modest
acceleration. Physiological strain noise due to patient
or diaphragm motion can be overwhelming as seen in
Fig. 5. Here, patient motion over the long 26 heartbeat
breath-hold (R = 1) results in increased strain noise (as
seen in the bright areas) when compared to the shorter
SENSE-accelerated acquisition over 14 heartbeats
(R = 2).

The desire to reduce the gradient moments of the
motion encoding gradient pulses in DENSE for reduced
intravoxel dephasing requires that the non-encoded FID
and the stimulated anti-echo (STAE) be suppressed [5].
The FID can be suppressed either with an inversion
pulse [8] or RF phase cycling [20], whereas the STAE
can only be suppressed with phase cycling [4–6]. There-
fore, the DENSE scans require multiple acquisitions
that are added together prolonging the total breath-hold
time to unacceptable levels for patient comfort. Imple-
menting SENSE to accelerate DENSE scans was shown
to provide strain maps of comparable quality to those
reported earlier [1,5–9,21]. The strain noise level com-
pared to non-accelerated DENSE (Table 1) remains
low for the detection of functional hypokinesis (Fig. 4).

DENSE with RF phase-cycling [4] and SENSE accel-
eration [15] will allow for patient studies to take place
within reasonable acquisition times without the need
to segment the acquisition over separate breath holds.
SPAMM myocardial tagging [3] has been used for some
time in research scans and the most recent development
of HARP phase-based processing methods [22] could
potentially allow SPAMM to find utility in routine pa-
tient scans. Relative to tag-tracking methods, this reduc-
tion in data processing time by orders of magnitude with
HARP becomes important for patient scans. However,
such methods rely on isolating the first harmonic of
the tagged image (a.k.a. the stimulated echo) from a k-
space which also contains the 0th harmonic (a.k.a.
FID) and the conjugate of the first harmonic (a.k.a.
stimulated anti-echo) [19]. All three k-space components
create the tagging pattern but two out of three are the
source of artifacts [5] when phase-based methods are
considered for tag tracking. Therefore, complex DENSE
acquisitions [4–6], which rely on suppressing the two
artifact-generating k-space components without intro-
ducing intravoxel dephasing signal losses, have a poten-
tial advantage in this regard.

The application of a very conservative acceleration
rate of R = 2 was dictated mainly by the desire to speed
up existing DENSE scans for patient studies. Higher
acceleration factors could potentially allow DENSE to
be acquired in even fewer heartbeats. However, such
an application would require specially designed phased
array coils for SENSE.
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