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Abstract

Purpose—The Dixon techniques provide uniform water-fat separation but require multiple
image sets, which extend the overall acquisition time. Here, an alternative rapid single acquisition
method, lipid elimination with an echo-shifting N/2-ghost acquisition (LEENA), was introduced.

Methods—The LEENA method utilized a fast imaging with steady-state free precession
sequence to obtain a single k-space dataset in which successive k-space lines are acquired to allow
the fat magnetization to precess 180°. The LEENA data were then unghosted using either image-
domain (LEENA-S) or k-space domain (LEENA-G) parallel imaging techniques to reconstruct
water-only and fat-only images. An off-resonance correction technique was incorporated to
improve the uniformity of the water-fat separation.

Results—Uniform water-fat separation was achieved for both the LEENA-S and LEENA-G
methods for phantom and human body and leg imaging applications at 1.5T and 3T The resultant
water and fat images were qualitatively similar to conventional 2-point Dixon and fat-suppressed
images.

Conclusion—The LEENA-S and LEENA-G methods provide uniform water and fat images
from a single MRI acquisition. These straightforward methods can be adapted to 1.5T and 3T
clinical MRI scanners and provide comparable fat/water separation with conventional 2-point
Dixon and fat-suppression techniques.
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Introduction

Fat suppression is an important component on all modern MRI systems because a wide
variety of anatomic and pathologic structures can be obscured by the normally bright
adipose tissue. The need for effective lipid/off-resonance signal suppression is especially
critical in rapid imaging acquisitions, such as echo-planar imaging and non-Cartesian
acquisitions (eg, spiral trajectories) where off-resonance spins can result in ghosting artifacts
and image blurring, respectively. Of the multiple fat suppression techniques, the Dixon
methods provide not only uniform fat suppression but also the potential for lipid
quantification (1). These techniques are superior alternatives to the short-tau inversion
recovery (2) and spectral excitation fat suppression methods (3), in terms of both uniform fat
suppression and quantitative capabilities (4,5).

The original Dixon method, first proposed in 1984, acquires two separate images in which
water and fat magnetization vectors have a 0° and a 180° phase difference, respectively, to
produce separated water-only and fat-only images (1). This method is called 2-point Dixon
(2PD). Since then, many variants of the Dixon techniques have been developed and can be
generally sorted into single-point (6,7), two-point (1,8-13), three-point (14-18), and higher-
order methods (19-24), depending on how many images are acquired. Fundamentally, these
techniques require multiple image sets at different echo times, which can significantly
extend the overall acquisition time. This, in turn, could limit image spatial resolution and/or
slice coverage in body imaging, which are typically acquired during breath-holding. One
straightforward approach to reduce the overall acquisition time is to implement parallel
imaging strategies, such as sensitivity encoding (SENSE (25)) or generalized autocalibrating
partially parallel acquisitions (GRAPPA (26)) (27) or compressed sensing techniques
(28,29) or both (30,31) to decrease the acquisition time for each individual image. An
alternative scheme, lipid elimination with an echo-shifting N/2-ghost acquisition (LEENA),
uses a specialized trajectory and adapted parallel imaging techniques to reconstruct the
water-only and fat-only images. In a preliminary study, LEENA was shown to reliably
suppress adipose tissue signal by combining this specialized trajectory with a SENSE-like
N/2-ghost reconstruction (32).

In this study, the LEENA acquisition and reconstruction methodology was extended to be
used in combination with either image-domain or k-space domain parallel imaging
techniques [ie, SENSE (25) and GRAPPA (26)]. These two techniques are referred to as
LEENA-S (LEENA acquisition with a SENSE-like reconstruction) and LEENA-G (LEENA
acquisition with GRAPPA-like reconstruction), respectively. Furthermore, these methods
can be effectively combined with off-resonance correction techniques to ensure uniform
water and fat images. In this study, the LEENA trajectory was implemented in a rapid
steady-state free precession (FISP) sequence to generate images with ghosting of the fatty
tissues. Separate water-only and fat-only images are then generated using the LEENA-S or
LEENA-G reconstruction methods. The capabilities of the LEENA-S and LEENA-G
techniques are demonstrated in phantom and human imaging studies at 1.5T and 3T.
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Methods
LEENA-S and LEENA-G Acquisition Trajectory

The LEENA acquisition trajectory is described using a simple water-fat phantom consisting
of tap water and vegetable oil. The LEENA-S and LEENA-G methods were implemented on
a Siemens Skyra 3T scanner (Siemens Medical Solutions, Erlangen, Germany) for the
phantom experiments. A fully sampled reference image is shown in Figure 1a. At 3T, both
the LEENA-S and LEENA-G methodologies utilized a FISP acquisition with a 1.1-ms echo
time difference between successively acquired lines in k-space to allow the fat
magnetization to precess 180° between adjacent k-space lines (TE1 and TE2, shown as solid
lines and dashed lines, respectively, in Figure 1b). Direct Fourier transform of the
acquisition data resulted in shifting of the fat component by field of view (FOV)/2 (N/2-
ghost) while the on-resonance water component was not shifted (Fig. 1c). Note that this
implementation assumes a single-peak lipid model with a 3.5-ppm chemical shift difference
from water (ie, methylene peak).

LEENA-S Water-Fat Reconstruction Methodology

For the LEENA-S method, a modified version of the well-known SENSE algorithm [ie,
PAGE (33,34)] was used to separate the water and fat components in the image domain. As
described previously (32), the unghosted water image and the N/2-ghosted fat image were
calculated from the individual, ghosted coil images as

£ (x,y)=[S(x,y) R, 'S(x,¥)] ' S(x,y)"R,'G(x,y), [

where Sis the sensitivity matrix obtained from the combination of shifted and unshifted coil
sensitivity maps, G is the matrix of ghosted images from the individual coils, and Ry, is the
noise covariance matrix (assumed to be identity for this initial study). The superscript H
represents the transpose of the complex conjugate, and the matrix in brackets is inverted
using a least-squares, pseudo-inverse operation. The images resulting from Eq. [1] represent
the Ot (water image, fg) and 15t ghosts (fat image, f1), respectively. The unaliasing
algorithm was implemented on a pixel-by-pixel basis to generate separate water and fat
images with the same resolution as the aliased LEENA image (Fig. 1d and 1e, respectively).

LEENA-G Water-Fat Reconstruction Methodology

For the LEENA-G method, a modified GRAPPA reconstruction algorithm was utilized to
unalias the k-space data. A schematic of the LEENA-G methodology is shown in Fig. 2.
Similar to the LEENA-S method, the k-space data were acquired with alternating fat
magnetization phase, and with spacing of Aky in the phase encoding direction (Fig. 2a). To
enable the GRAPPA-like reconstruction, LEENA-G calibration lines were also acquired
with alternating fat magnetization phase but with a line spacing of Aky/3 (Fig. 2b). It is
important to note that the echo time alternation is required in the calibration lines to ensure
that the water and fat components are correctly “unghosted.” The LEENA-G calibration
lines were then used to calculate the GRAPPA operators and intermediate k-space lines with
a GRAPPA reduction factor of 3 (R=3). Although other reduction factors may be possible,

Magn Reson Med. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 4

this is the minimum reduction factor to retain the echo time alternation in the calibration
lines. Since the reconstructed k-space line spacing is one third of the acquired k-space (ie,
3x FOV, Fig. 2c), the fat (ghosted) component was entirely spatially separated from the
water (no ghosting) component after Fourier transform of the GRAPPA-reconstructed k-
space data (Fig. 2d). Water and fat phantom images were then directly extracted from this
LEENA-G reconstructed image.

Off-Resonance Correction

All image reconstructions were performed offline in MATLAB (MathWorks, Natick,
Massachusetts, USA). An off-resonance correction algorithm was applied to the LEENA-G
and LEENA-S water and fat images to limit the effects of By field inhomogeneity.
Following the image reconstructions, the complex water and fat images were algebraically
combined to produce complex “Water+Fat” (l\y+g) and “Water-Fat” (I\y-g) image data sets.
A differential phase map (®;) was then calculated using previously described methods
(8,35):

@i:Arg[(IWJrF : I*wa)2]/2‘ [2]

The final off-resonance corrected water and fat images were then calculated as

Corrected Water Image=Iy, p+exp(—i-®;) Iy . [33]

Corrected Fat Image=I, p —exp(—i-®;) Iy, p [30]

A phase unwrapping algorithm (35) was utilized to correct large field inhomogeneities that
would otherwise result in erroneous assignment of water and fat signals.

LEENA-S and LEENA-G Phantom Experiments at 3T

A modified FISP sequence was implemented on a Siemens Skyra 3T scanner to acquire the
LEENA-G and LEENA-S phantom data. For this initial implementation, a single echo was
acquired for each repetition time (TR) interval. A FISP sequence was selected instead of true
FISP or echo-planar imaging acquisitions to limit banding and off-resonance artifacts,
respectively (36). The FISP-LEENA imaging parameters for phantom evaluations are listed
in Table 1. A separate FISP-LEENA scan was acquired at 3x FOV in the phase direction to
acquire the LEENA-G calibration lines. For the LEENA-S reconstruction, a separate FISP
scan with low resolution was also acquired to obtain the coil sensitivity maps (25). The coil
sensitivities were calculated from established methods (Fig. 1d). All images were obtained
for a single 5-mm slice, and the phantom image acquisition parameters are summarized in
Table 1.

Human LEENA-S and LEENA-G Experiments at 1.5T and 3T

To demonstrate the utility of the LEENA techniques on clinical MRI scanners, axial
LEENA-S and LEENA-G liver images were obtained for volunteers on a Siemens Espree
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1.5T and a Siemens Skyra 3T MRI scanner. Axial leg images were also obtained for one of
the volunteers at 3T. All human imaging studies were conducted in accordance with
approved Institutional Review Board, HIPAA-compliant protocols. All volunteers were
scanned in a supine position during free breathing. The LEENA-S and LEENA-G imaging
parameters for 1.5T liver imaging studies are listed in Table 1. As for the phantom
experiments, a separate low-resolution FISP scan was also acquired to calculate coil
sensitivity maps for the LEENA-S reconstruction. A low-resolution LEENA-FISP scan was
also acquired at 3x FOV in the phase direction to acquire the LEENA-G calibration lines.
Fat-suppressed images using conventional spectral excitation/fat saturation scheme and 2PD
methods were acquired with a gradient-recalled echo pulse sequence for comparison. The
2PD images were acquired with a GRAPPA reduction factor of 2 for comparison with the
LEENA images.

For the 3T liver and leg MRI LEENA scans, an echo time difference of 1.1 ms was
implemented as required (Table 1). The human leg experiments used a larger FOV to
accommodate both legs in an axial scan for the volunteer. All other imaging parameters for
the LEENA, 2PD, and conventional fat suppression gradient-recalled echo acquisitions were
similar as applied for the 1.5T human experiments. All of the LEENA-S and LEENA-G
image reconstructions were performed off-line in MATLAB. Off-resonance correction was
also applied for all human imaging studies as described above.

Figure 1 shows the LEENA-S phantom images obtained with the LEENA-FISP trajectory
(Fig. 1b). The N/2-ghost of the fat component is shifted by FOV/2 and is indicated by the
white arrow in Figure 1c. A low-resolution FISP image used to obtain coil sensitivity maps
for the LEENA-S image reconstruction is shown in Figure 1d. Separate LEENA-S water and
fat images after implementation of the LEENA-S unghosting algorithm (Eq. [1]) and off-
resonance correction (Egs. [2] and [3]) are shown in Figures 1e and 1f, respectively. A
schematic of the LEENA-G trajectory (Fig. 2a), calibration lines with echo shifting (Fig.
2b), and the calculated LEENA-G k-space (Aky/3, Fig. 2c) are shown in Figure 2 along with
the final unghosted water-fat image (Fig. 2d). Note that the resultant 3x increase in FOV
from the LEENA-G reconstruction results in complete separation of the water and fat
components of the image allowing generation of separate water and fat images (Fig. 2e and

21).

In vivo LEENA-S and LEENA-G images of the liver and legs of volunteers at 1.5T (liver
only) and 3T (legs and liver) are shown in Figures 3, 4, and S1, respectively. The raw,
ghosted LEENA images are shown in Figures 3a, 4a, and S1a. Conventional fat-suppressed
images obtained from spectral fat suppression are shown in Figures 3b, 4b, and S1b.
Separate water and fat images from the LEENA-S (Figs. 3c and 3d, 4c and 4d, and S1c and
S1d), LEENA-G (Figs. 3e and 3f, 4e and 4f, and Sle and S1f), and 2PD (Figs. 3g and 3h, 4g
and 4h, and S1g and S1h) acquisitions are also shown. The water-only and fat-only images
for the LEENA-S and LEENA-G acquisition generated uniform water-fat separation similar
to the 2PD acquisition. Increased ghosting artifacts were observed in the LEENA-G and
LEENA-S images at 1.5T in comparison with 3T, likely due to fewer coils. The LEENA-S
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liver images also exhibited visible artifacts, likely due to imperfections in the coil sensitivity
maps. In addition, erroneous assignment of water and fat components was observed in the
3T images near the edge of the FOV (arrows in Figures 4 and S1) due to locally increased
field inhomogeneities. Otherwise, the LEENA-S and LEENA-G images generated
comparable water-fat separation compared with the 2PD method.

Discussion

The LEENA algorithm is a rectilinear 1-point Dixon method that combines a rapid echo-
shifting trajectory with an unghosting reconstruction using variants of established parallel
imaging techniques. According to the applied parallel imaging techniques, the fat/water
reconstruction techniques were referred to as LEENA-S and LEENA-G, which use either a
SENSE-like reconstruction from image-domain data or a GRAPPA-like reconstruction from
k-space data, respectively. Uniform water-fat separation from these two techniques was
demonstrated on clinical 1.5T and 3T scanners in both phantom and initial human
abdominal and leg imaging experiments. The resulting LEENA-S and LEENA-G water and
fat images were qualitatively similar to reference images obtained with conventional 2PD
(with a GRAPPA reduction factor of 2) and fat suppression strategies.

In this study, we applied the LEENA techniques with a FISP acquisition to limit image
artifacts from other rapid MRI acquisitions such as banding artifacts from true FISP
acquisitions and distortion/ghosting artifacts from echo-planar imaging acquisitions (36).
The human LEENA imaging results were obtained with free breathing to demonstrate the
potential clinical viability of the rapid LEENA techniques. As described above, the LEENA-
FISP data were acquired with a single-echo for each TR interval rather than a multiecho
approach. Further reductions in acquisition time could be achieved through implementation
of a dual-echo approach (ie, 2 k-space lines acquired during each TR interval). However, the
dual-echo approach was not implemented in this study to avoid hardware and safety
limitations (from peripheral nerve stimulation). In addition, a dual-echo approach at 3T may
require bipolar readout gradients, which could result in additional ghosting from both the
water and fat components in the images.

The image reconstruction techniques to separate the water and fat signals were similar to the
established parallel imaging reconstruction schemes such as SENSE/PAGE or GRAPPA.
The LEENA-S reconstruction utilized coil sensitivity maps to enable the SENSE-like
reconstruction using the unghosting algorithm shown in Eq. [1]. The LEENA-G acquisition
utilized separately acquired GRAPPA calibration lines with the same echo time shift as the
LEENA acquisition (Fig. 2b). The echo time shift in the calibration lines was required for
accurate separation of the water and fat images. In addition, the GRAPPA calibration lines
were acquired with a line spacing of Aky/3, which is the maximum k-space line spacing
(minimum FOV) possible to calculate the fully sampled LEENA-G dataset (Fig. 2c). The
off-resonance correction method utilized in this study was published previously (8,35) and is
typical of off-resonance correction of 2PD water-fat separation strategies. Further
optimization of the off-resonance correction method could reduce the erroneous water-fat
assignments in the 3T images, but was beyond the scope of this initial implementation.
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The LEENA-S and LEENA-G methods described herein were evaluated in abdominal and
leg imaging applications at 1.5T and 3T. Multiple other imaging applications such as
cardiovascular and neuroimaging applications may be possible. One key advantage of the
LEENA techniques is that only the fat components are aliased/ghosted in the raw images,
while the water components are not aliased. This is a potentially significant advantage over
the 2PD techniques with equal GRAPPA or SENSE reduction factors where both water and
fat signal components are aliased. This important difference may provide a significant
advantage in specific clinical applications where fatty tissue components are small in size
compared with water tissue components, but still clinically relevant (eg, lipoma). In these
cases, the LEENA techniques would be expected to outperform the conventional Dixon
techniques with equal acquisition time, as minimal aliasing/ghosting would be expected.

One of the limitations of the LEENA techniques as implemented in this study is the
assumption for a single lipid peak (i.e., methylene) at a frequency difference of 3.5ppm from
water. Multipeak lipid composition strategies have already been shown to achieve accurate
water-fat separation and quantification in human MRI studies (37). While not implemented
herein, a similar model may be employed with the LEENA techniques and would likely
require additional echo time variation similar to the 3-point and 4-point Dixon strategies.
The additional echo times would provide the opportunity to incorporate the multipeak lipid
models or provide a more comprehensive correction for BO field inhomogeneities than the
off-resonance correction algorithm described above. However, the additional echo time
variation would also result in more complex lipid ghosting and therefore increased residual
ghosting artifacts in the final LEENA-S and LEENA-G images (ie, increased reduction
factors).

In conclusion, the present study presents the LEENA-S and LEENA-G methods to reliably
separate water and fat signals from a single MRI acquisition. The uniformity of the LEENA-
S and LEENA-G water-fat separation techniques were demonstrated in phantom and human
free-breathing abdominal and leg imaging applications at both 1.5T and 3T. The ghosting of
fat only is a unique feature of the LEENA trajectory compared with conventional 2PD
acquisitions implemented with parallel imaging where both water and fat components are
aliased in the undersampled images. This rapid water-fat imaging methodology may offer
significant advantages for clinical imaging applications where the extent of lipid distribution
is small, as the water tissue components are not aliased.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
a: A representative fully sampled water-fat phantom image with water and fat components

labeled. b: Schematic of the LEENA-S k-space trajectory with solid and dashed lines
representing k-space lines with an echo time difference allowing the fat magnetization to
precess 180° between adjacent k-space lines (1.1 ms at 3T, 2.2 ms at 1.5T). ¢: An example
“ghosted” image obtained from direct Fourier transform of the LEENA k-space data in
which the fat component is shifted by FOV/2 due to echo time variation. d: A low-
resolution FISP image used to obtain coil sensitivity maps for the LEENA-S image
reconstruction. ef: Reconstructed (e) LEENA-S water-only image and (f) LEENA-S fat-
only image after image separation and off-resonance correction.
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Fig. 2.
Schematic of the LEENA-G (reduction factor R = 3) acquisition and reconstruction

algorithm and phantom imaging results. a: Schematic of LEENA Kk-space trajectory with
solid and dashed lines representing an echo time difference between adjacent k-space lines
allowing the fat magnetization to precess 180°. b: Trajectory for LEENA-G calibration lines
with Aky/3 line spacing and echo time shifts required for accurate water-fat separation. c:
Calculated fully sampled LEENA-G k-space data using a GRAPPA reconstruction
(reduction factor R = 3). d: Reconstructed LEENA-G image with spatially distinct water and
fat components. e, f: Reconstructed (e) LEENA-G water-only and (f) LEENA-G fat-only
images after image separation and off-resonance correction.
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LEENA-S LEENA-G

Fig. 3.

A)?ial abdominal images from a volunteer acquired on a 1.5T scanner. a: Raw LEENA
image with N/2-ghost of the adipose tissue. b: Conventional fat-suppressed image using
spectral excitation. ¢, d: Unghosted and off-resonance corrected LEENA-S water and fat
images. e, f: Unghosted and off-resonance corrected LEENA-G water and fat images. g, h:
Off-resonance corrected 2PD images as a reference.
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_LEENA-S_

Fig. 4.
Axial leg images from a volunteer acquired on a 3.0T scanner. a: Raw LEENA image with

N/2-ghost of the adipose tissue. b: Conventional fat-suppressed image using spectral
excitation. ¢, d: Unghosted and off-resonance corrected LEENA-S water and fat images. e,
f: Unghosted and off-resonance corrected LEENA-G water and fat images. g, h: Off-
resonance corrected 2PD images as a reference. Arrows indicate regions of erroneous water-
fat assignment due to increased field inhomogeneities near the edges of the FOV.
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