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Abstract

Displacement encoding with stimulated echoes (DENSE) with a meta-DENSE readout and RF phase cycling to suppress the
STEAM anti-echo is described for reducing intravoxel dephasing signal loss. This RF phase cycling scheme, when combined with
existing meta-DENSE suppression of the 77 recovering signal, yields higher quality DENSE myocardial strain maps. Phantom and
human images are provided to demonstrate the technique, which is capable of acquiring phase contrast displacement encoded
images at low encoding gradient strengths providing better spatial resolution and less signal loss due to intravoxel dephasing than

prior methods.
Published by Elsevier Inc.
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1. Introduction

STEAM [1] has been used for phase contrast imaging
of myocardial displacement and strain with displace-
ment encoding with stimulated echoes (DENSE) [2-5].
The acquisition of displacement maps has been accom-
plished by suppressing the 7}-recovering signal (FID or
DC) [4-7], which is a potential source of image quality
degradation. For a given displacement encoding
strength, this allowed larger k-space areas to be sampled
by reducing the interference of the desired displacement
encoded stimulated echo and this non-encoded Tj-re-
covering signal [8]. However, STEAM experiments re-
sult in 50% signal loss [9] due to the inability to store
both real and imaginary components of the position
encoded magnetization along the longitudinal axis thus
giving rise to the complex conjugate of the desired sig-
nal, i.e., the stimulated anti-echo [10]. For a given dis-
placement encoding strength, the anti-echo can also
create tag-like artifacts if large enough areas of k-space
are sampled for even higher spatial resolution DENSE
images. Increasing the gradient encoding strength to
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shift the anti-echo outside the sampled k-space window
results in signal loss from intravoxel dephasing [11] thus
negating the benefits of a smaller pixel size.

The acquisition of both the real and imaginary
components of the magnetization in successive acqui-
sitions and summing them to yield the whole position
encoded complex signal, which does not contain the
anti-echo, has been shown [12]. Phantom as well as
human images and myocardial strain maps with a
meta-DENSE readout [4] are shown using this RF
phase cycling scheme. Compared to prior meta-
DENSE implementations, images of improved quality
can be acquired by using inversion recovery and RF-
cycling so as to reduce intravoxel dephasing related
signal loss.

2. Methods

All experiments were performed with a General
Electric Medical Systems (Waukesha, WI) 1.5 T cardio-
vascular magnet. Phantom data were acquired with the
standard cardiac four coil phased array. The phantom
consisted of a CuSQy4 doped saline container (7] 825 ms)
to simulate the myocardium. Imaging parameters similar
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to those used for the human experiments, as described
below, were used.

DENSE images were acquired from a human normal
volunteer. Position encoding was performed as de-
scribed previously [2-4] following the detection of the
QRS complex at 1.2, 2.0, and 4.0 mm/x. Note that, since
it requires a higher gradient encoding moment, 1.2 mm/n
corresponds to a stronger encoding strength than
4.0 mm/n. Displacement encoded images were acquired
at end systole (encoding interval of approximately
300 ms) with meta-DENSE [4] and an echo train length
of 32 at +£62.5kHz. The matrix size was 128 x 96 thus
resulting in a 158 ms/heartbeat readout. With two
dummy scans to set up steady-state and two RF cycled
acquisitions, the total acquisition time was 20 heartbeats
since X-encoded, Y-encoded and a reference scan were
acquired. The voxel size was 2.8 x 2.8 x 7mm?’. Images
were also acquired at higher spatial resolution (matrix of
192 x 96, voxel size of 1.9 x 2.8 x 7mm?) at encoding
strengths of 4.0 mm/m.

Phase cycling of the STEAM second RF pulse by 90°
allowed storing both the real and imaginary components
of the complex position encoded signal along the z-axis
during successive acquisitions. The third RF pulse was
cycled in synchrony to recall the stored magnetization
along the real (X) and imaginary (Y) axes, respectively
for signal acquisition. Therefore, the first acquisition
samples the real (Re) part of the complex signal, which
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The second acquisition samples the imaginary (ilm) part

of the complex signal, which is stimulated echo minus

the anti-echo according to
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The complex stimulated echo signal M is reconstructed
by summing the two acquisitions according to

M = Re{M} +ilm{M} = |[M|e'. (3)

Re{M} =

Phase image reconstruction to extract the phase ¢ of the
complex signal and strain processing was performed
with software written in IDL (Research Systems, Boul-
der, CO).

3. Results

Fig. 1 shows magnitude phantom images (top row)
and their corresponding k-space matrices (bottom row)
acquired with a meta-DENSE readout [4] at 4.0 mm/x.
The left column shows data acquired with no inversion
recovery to suppress the 7j-recovering signal and no RF
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Fig. 1. Suppression of the FID and the STAE reduces tagging artifacts in the image: phantom magnitude images (top row) and corresponding k-space
matrices (bottom row) acquired with meta-DENSE at 4.0 mm/n. Compared to the case where no inversion recovery and no RF cycling are used (left
column), the inversion recovery addition to meta-DENSE (middle column) results in suppression of the 7j-recovering magnetization (FID) as
previously described [4]. The further addition of RF phase cycling for sampling the entire complex STEAM signal (right column) also suppresses the

anti-echo, which results in marked suppression of the tag-like artifacts.
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phase cycling to suppress the anti-echo. Note the pres-
ence of a severe tagging artifact in the image (top left) as
a result of the interaction of the three k-space signal
components (bottom left). When inversion recovery is
applied as described previously [4] but without RF
phase cycling, the tagging pattern doubles in frequency
(top middle) because the remaining two interacting k-
space signal components are spaced twice as far (bottom
middle) [8]. When inversion recovery suppression of the
Ti-recovering signal is applied along with RF phase
cycling scheme to suppress the anti-echo then the tag-
like artifacts are suppressed (top right) because the k-
space signal sampled contains one spectral component
alone (bottom right).

Short axis human magnitude images of the heart
acquired with meta-DENSE are shown in Fig. 2 at
2.8 x 2.8 mm? pixel size. Fig. 2A shows images without
inversion recovery and without RF phase cycling: in this
case no tagging artifacts are observed due to the strong
encoding gradient moment (1.2mm/n). Fig. 2B has
lower encoding gradient moment (2.0 mm/x) with in-
version recovery applied. Note that the inversion-based
suppression does not work in adipose tissue, where the
T1 is different from that of myocardium. Also, note that
signal losses in the myocardium are less when compared
to Fig. 2A. Fig. 2C shows that reduced gradient en-
coding moments (4.0 mm/x) result in no substantial
signal loss in the left ventricle. However, tagging arti-
facts are now visible. Fig. 2D shows the addition of RF
phase cycling at the low encoding gradient moment
(4.0 mm/n); note the absence of intravoxel dephasing
and tagging artifacts in the left ventricle.

Strain maps and their corresponding magnitude im-
ages at higher spatial resolution (1.9 x 2.8 mm? pixel
size) are shown in Fig. 3, with (top row) and without
(bottom row) RF phase cycling. The color scale is from
—10 to +20% myocardial strain. All data were acquired
with suppression of the 7j-recovering signal at 4.0 mm/nx.
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The circumferential shortening (CS) and radial thick-
ening (RT) maps are plagued by severe artifacts when
RF phase cycling is not applied (bottom row). Note how
the tagging artifacts in the magnitude images translate
to distorted strain maps. These artifacts are suppressed
with the RF phase cycling (top row).

4. Discussion

Phantom and human results with a two acquisition
RF phase cycled modified meta-DENSE sequence are
shown. The real and imaginary parts of the position
encoded signal are combined to yield a complex
STEAM signal, which is devoid of the anti-echo and
therefore lower encoding strengths than those required
with conventional meta-DENSE for a particular pixel
size can be used resulting in reduced intravoxel de-
phasing. In this case, a low gradient encoding strength
(which results in 4.0 mm/n phase encoding) was dem-
onstrated in-vivo for pixel sizes of 2.8 x2.8 and
1.9 x 2.8 mm?. Fig. 1 shows the evolution of low en-
coding strength DENSE along the three columns, where
the original acquisition (left column) results in tagging
artifacts due to the 77 recovering signal and the STAE
[2,3]; the improved DENSE acquisition (center column)
with inversion recovery to suppress the longitudinally
recovering signal [4]; and last the herein described RF-
cycled DENSE with inversion recovery for suppressing
also the STAE and removing the tagging-like artifacts.

The application of lower gradient encoding strengths
with DENSE can be advantageous in two ways. When
collecting phase contrast displacement images, intra-
voxel dephasing can be the cause of significant signal
loss as has been described both by Wedeen et al. [11] and
our group [4]. Reducing the gradient encoding moments
during the position encoding part of the STEAM ex-
periment alleviates this problem (Fig. 2). Alternatively,
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Fig. 2. Trade-offs between signal losses due to intravoxel dephasing and tagging artifacts. (A) The encoding gradient moment has to be strong
(1.2mm/n) when no inversion recovery and no RF-cycling is used in order to avoid tagging artifacts. However, intravoxel dephasing due to my-
ocardial deformation results in severe signal loss. Note that no such losses are observed in the liver, which deforms minimally. (B) The addition of
inversion recovery to suppress the 7;-recovering signal allows the encoding gradient moment to be lower (2.0 mm/n). Intravoxel dephasing signal loss
is less but still not acceptable for this healthy volunteer. Note that adipose tissue still is plagued by tagging artifacts due to its short 7;. (C) Further
lowering of the encoding gradient moment (4.0 mm/x) results in significant improvement in terms of reduced signal loss in the myocardium due to
intravoxel dephasing. However, the tagging artifacts in the heart are now severe because the low encoding gradient moment does not push the STAE
out of the acquisition window. (D) The combination of inversion recovery, RF phase cycling, and low encoding gradient moments (4.0 mm/r) results
in markedly reduced tagging artifacts in the myocardium and less intravoxel related signal loss. All images are myocardial short axis human
magnitude images at 2.8 x 2.8 mm? in-plane resolution, which corresponds to parameters currently used for research patient scans.
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Fig. 3. The application of RF-cycling (top row) suppresses the tagging artifacts in the magnitude image and therefore results in reduced artifacts in
the strain maps. When RF-cycling is not present (bottom row), the tagging artifacts seen in the magnitude image result in distorted circumferential
shortening and radial thickening maps. Note that data from both X and ¥ encoded DENSE acquisitions were combined to yield the strain maps; thus
resulting in the intricate strain artifacts seen. The color scale is from —10 to +20 percent strain. These higher spatial resolution myocardial short axis
human meta-DENSE magnitude images were acquired at 1.9 x 2.8 mm? in-plane resolution and 4 mm/x encoding strength.

for a given such position encoding gradient moment, a
larger k-space area can be sampled yielding a smaller
pixel size (Fig. 3). The improvement in image quality
obtained by both suppressing the 7] recovering signal [4]
and suppressing the anti-echo via RF phase cycling
scheme yields strain maps with markedly reduced arti-
facts (Fig. 3).
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