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Abstract
Purpose: Breath-held fat-suppressed volumetric T1-weighted MRI is an impor-
tant and widely-used technique for evaluating the abdomen. Both fat-saturation
and Dixon-based fat-suppression methods are used at conventional field
strengths; however, both have challenges at lower field strengths (<1.5T) due to
insufficient fat suppression and/or inadequate resolution. Specifically, at lower
field strengths, fat saturation often fails due to the short T1 of lipid; and Carte-
sian Dixon imaging provides poor spatial resolution due to the need for a long
ΔTE, due to the smallerΔf between water and lipid. The purpose of this work is
to demonstrate a new approach capable of simultaneously achieving excellent
fat suppression and high spatial resolution on a 0.55T whole-body system.
Methods: We applied 3D stack-of-spirals Dixon imaging at 0.55T, with com-
pensation of concomitant field phase during reconstruction. The spiral readouts
make efficient use of the requisite ΔTE. We compared this with 3D Cartesian
Dixon imaging. Experiments were performed in 2 healthy and 10 elevated liver
fat volunteers.
Results: Stack-of-spirals Dixon imaging at 0.55T makes excellent use of the
required ΔTE, provided high SNR efficiency and finer spatial resolution
(1.7× 1.7× 5mm3) compared Cartesian Dixon (3.5× 3.5× 5mm3), within a 17-s
breath-hold.We observed successful fat suppression, and improved definition of
structures such as the liver, kidneys, and bowel.
Conclusion:We demonstrate that high-resolution single breath-hold volumet-
ric abdominal T1-weighted imaging is feasible at 0.55T using spiral sampling
and concomitant field correction. This is an attractive alternative to existing
Cartesian-based methods, as it simultaneously provides high-resolution and
excellent fat-suppression.
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1 INTRODUCTION

The role of fat-suppressed T1-weighted 3D-GRE abdomi-
nal imaging is well established,1–3 with applications from
liver tumor detection, surgical planning, to evaluation of
pancreatic disease. Imaging is often performed pre- and/or
post-contrast. Fat suppression is critical because adipose
tissue signals (bright due to their short T1) can obscure
normal and abnormal anatomy of interest. Spectrally
selective fat-suppression techniques (e.g., Fat-Sat) provide
adequate fat suppression at conventional field-strengths
(1.5T, 3T) for most applications. For cases where excellent
fat-suppression is required, multi-echo Dixon-based tech-
niques (e.g., T1w-Dixon volume interpolated breath-hold
examination [VIBE]) are used4 at the cost of increased
scan time.

At lower field strengths (<1.5T), both of these
fat-suppression techniques fail due to the shorter fat
T1 (∼150ms)5 and smaller chemical-shift between fat
and water (−80Hz).6–8 Spectrally selective saturation fails
because the short T1 requires repetition of this prepa-
ration more frequently, reducing scan efficiency. Carte-
sianDixon imaging provides excellent fat-suppression, but
the increased optimal echo separation ΔTE (due to the
shorter chemical shiftΔf betweenwater and lipid) requires
compromising the spatial resolution to fit the acquisition
within a single breath-hold.7 A recent study by Ramachan-
dran et al.9 evaluated the diagnostic quality of abdominal
imaging at 0.55T, and specifically identified fat-suppressed
T1-weighted imaging as an area requiring improvement in
order to be clinically comparable to higher fields.

In this work, we investigate the use of 3D
stack-of-spirals Dixon imaging to simultaneously provide
high spatial resolution and excellent fat suppression. The
use of spiral sampling10 is appropriate for its efficiency
and because it makes full use of the increased inter-echo
spacing. We demonstrate four-fold finer in-plane resolu-
tion compared to Cartesian Dixon imaging, while keeping
the same breath-hold duration and fat suppression.

2 METHODS

Experiments were performed using a whole-body 0.55T
system (prototype ramped-down MAGNETOM Aera,
Siemens Healthineers, Erlangen, Germany) equipped
with high-performance shielded gradients (45 mT/m
amplitude, 200 T/m/s slew rate). Data collection used a
six-channel body array (anterior) and 6 or 12 elements
from a table-integrated 18-channel spine array (posterior),
depending on the subject’s size and position on the table.
All imaging was performed without contrast, and in the
supine arms-down position. Two healthy volunteers (one

male/one female, male age= 51 y, female age= 21 y, male
body mass index [BMI]= 22.3, female BMI= 22) and 10
volunteers with elevated liver fat (4 males/6 females, age
range 37–71 y, BMI range 24.7–49.1), were scannedunder a
protocol approved by our Institutional Review Board, after
providing written informed consent.

All scanswereRF-spoiledmulti-echo gradient-recalled
echo and covered a single 26–28 cm axial slab of
the abdomen from the top of the liver to the iliac
crest. Cartesian-VIBE and Siemens work-in-progress
stack-of-spirals-VIBE protocols were designed to utilize
the same 16- to 18-s breath-hold duration. We investigate
the use of spiral sampling10 because it makes efficient
use of the increased inter-echo spacing at 0.55T, as illus-
trated in Figure S1. To achieve a multi-echo acquisition,
each stack-of-spirals arm was rewound, and the same
stack-of-spirals arm was acquired at three echo-times.
We acquired each kz partition with linear order. Within
each kz partition, we acquired spiral interleaves with
a linear angle order. The stack-of-spirals acquisition
is two-fold undersampled in-plane (kx, ky), and fully
sampled through-plane (kz). Cartesian Fat-Sat-VIBE
(FS-VIBE) was collected on one healthy volunteer. The fat
saturation pulse had the same envelope as typically used
at 1.5T,11 and was repeated every 126ms (10 TRs), to com-
pensate for the shorter T1 of lipid at 0.55T. Both FS-VIBE
and Cartesian-Dixon-VIBE used controlled aliasing in
parallel imaging results in higher acceleration (CAIPIR-
INHA) sampling12 with an acceleration factor of 3 along
the partition encoding direction and 6/8 partial phase
Fourier sampling along phase encode direction. Table 1
summarizes the scan parameters.

For spiral acquisitions, the individual echo images are
reconstructed using iterative SENSE with L2-norm regu-
larization in BART.13 The reconstruction was performed
slice-by-slice by taking the Fourier transform along the
partition direction (to avoid costly 3D NUFFT’s), before
the iterative reconstruction. Coil sensitivities are estimated
from low-resolution non-linear inversion (NLINV)14
reconstruction. Surface coil intensity correction is applied
using the calibration scans.15 Exploiting the fact that
all scans are prescribed axial, through-plane concomi-
tant fields are corrected by removing the time-dependent
phase terms along the readout, as discussed in King et al.16
2D Gradient non-linearity is corrected by image-based
interpolation using the calculated displacement maps,
using cubic interpolation. Water/Fat separation is per-
formed using region-growing IDEAL17 as implemented
in the open-source 2012 ISMRM Water/Fat Reconstruc-
tion Toolbox.18 Aliasing from arms is reduced using
region-optimized virtual (ROVir) coils.19 Both arms are
manually selected as the interference region, and the
body is selected as signal region. We define rectangular
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TABLE 1 Sequence parameters for Cartesian Dixon-VIBE, Spiral Dixon-VIBE, and Cartesian FS-VIBE.

Parameter Cartesian FS-VIBE Cartesian Dixon-VIBE Spiral Dixon-VIBE

TEs 1.95ms 2.1/6.0/9.9ms 2.1/6.0/9.9ms

TR 4.32ms 12.6ms 14.8ms

Base resolution 160 128 256

FOV phase 68% 68% 100%

Slice resolution 5mm 5mm 5mm

Parallel imaging CAIPIRINHA-3 CAIPIRINHA-3 itSENSE-2

Bandwidth 300Hz/Px 300Hz/Px -

Spiral interleaves - - 42

Spiral-out duration - - 3000 μs

Fat saturation Yes - -

Lines per shot 10 - -

Flip angle 12◦ 16–22◦ 16–22◦

Abbreviations: CAIPIRINHA-3, controlled aliasing in parallel imaging results in higher acceleration reconstruction with three-fold acceleration; itSENSE-2,
iterative SENSE reconstruction with two-fold acceleration; VIBE, volume interpolated breath-hold examination.

regions of interest on a mid-axial slice that are then repli-
cated along slice dimension to cover the whole volume.
ROVir virtual coils are automatically sorted to maximize
the signal-to-interference ratio (SIR). We chose the small-
est number of coils such that the SNR reduction was
less than 10%. The number of coils selected according
to this criterion varied between 8 and 13 across our sub-
jects. Both Cartesian and Spiral images are interpolated
to 0.88× 0.88× 1.25mm3 grid to reduce pixelation artifact
using zero-filling in Cartesian (gridded) k-space, after
the reconstruction.20 Cartesian acquisitions were recon-
structed using the online GRAPPA reconstruction and
fat/water separation provided by the vendor.

To optimize contrast-to-noise ratio (CNR) and SNR,
11 flip-angles from 4◦ to 90◦ were tested in one volun-
teer using the spiral sequence. Muscle, kidney and liver
regions were manually segmented, and mean-signal and
contrast were plotted. Experimental results were com-
pared against a spoiled GRE (SPGR) simulation,21 and
literature reported T1 values for muscle, liver and kidney
at 0.55T5. The flip angle (FA) for subsequent imaging was
picked to maximize liver and muscle SNR.

Image quality between Spiral and Cartesian scans are
compared qualitatively in terms of the ability to resolve
fine structures and organ boundaries within the abdomen,
such as liver, kidneys, pancreas, skeletal muscle, and gas-
trointestinal tract.

3 RESULTS

Figure 1 shows the mean-signal and contrast curves for
each segmented tissue (solid lines). The measured curves

are validated against SPGR simulation with previously
reported T1 and T2 values5 (dashed lines). According to
these, FA of 16–18◦ provides the best SNR efficiency in
terms of liver and muscle signal, and 22–24◦ provides
the best CNR efficiency, in terms of liver-muscle contrast.
A FA of 16◦ was chosen for subsequent experiments.

Figure 2 shows a comparison between Cartesian
FS-VIBE, Cartesian Dixon-VIBE, and spiral-Dixon-VIBE
water-only images, using three-axis reformat. FS-VIBE
imaging provides adequate spatial resolution with incom-
plete fat suppression. Cartesian Dixon-VIBE provides
excellent fat suppression and comparable contrast but has
poor spatial resolution. Severe Gibbs ringing artifacts are
observed in Cartesian Dixon-VIBE due to the low spatial
resolution. Spiral-Dixon-VIBE imaging simultaneously
provides appropriate contrast, excellent fat-suppression,
and superb spatial resolution.

Figures 3 and 4 compare representative water-only
images of Cartesian-Dixon-VIBE and spiral-Dixon-VIBE
imaging for volunteers with elevated liver fat with
21.8%± 2.8% and 11.6%± 2.7% proton density fat frac-
tion (PDFF), respectively. Figure S2 shows images passing
through kidneys and the liver for all 10 volunteerswith ele-
vated liver fat fraction. These figures demonstrate the pro-
posed techniques’ ability to image different body habitus.

4 DISCUSSION

Fat saturation pre-pulses are impractical at 0.55T,
due to the shorter T1 (∼150ms) and smaller fat/wa-
ter chemical-shift (−80Hz), as shown in Figure 2.
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F IGURE 1 Flip angle optimization. Eleven flip angles are tested, spanning the range from 4◦ to 90◦. Liver, skeletal muscle, and kidney
are segmented, and average signal from these tissues are plotted as a function of flip angle. Simulated curves (denoted as “sim”) are shown
with dashed lines. A flip angle of approximately 16◦ provides the strongest overall signal, and approximately 24◦ provides the strongest
contrast between tissues of interest.

F IGURE 2 In-vivo results from one adult volunteer, with axial, coronal, and sagittal reformats. (top) Cartesian Fat-Sat volume
interpolated breath-hold examination (FS-VIBE), (middle) Cartesian Dixon-volume interpolated breath-hold examination (VIBE) water-only,
(bottom) spiral-Dixon-VIBE, each acquired in a single 17 s breath-hold. Fat-Sat provides insufficient fat suppression, and poor contrast
between subcutaneous fat and muscle (red arrows) due to short T1 and the reduced chemical shift between water and lipid (80Hz) at 0.55T.
Cartesian and spiral Dixon-VIBE provide excellent fat suppression. Only spiral imaging provides the spatial resolution necessary to resolve
fine structures and sharp boundaries (yellow arrows) within a clinically practical breath-hold.
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F I GURE 3 In-vivo comparison of Cartesian and Spiral Dixon-volume interpolated breath-hold examination (VIBE) water-only images
from a female subject with significant visceral fat and 22% liver proton density fat fraction (PDFF), with axial, coronal, and sagittal reformats.
Red arrows point to fine structures where the improvement in spatial resolution can be appreciated. Movies that pan through the volume are
included in Video S1 (axial), Video S2 (coronal), and Video S3 (sagittal).

F IGURE 4 In-vivo comparison of Cartesian and Spiral Dixon-volume interpolated breath-hold examination (VIBE) water-only images
from a male subject with significant visceral and subcutaneous fat and 12% liver proton density fat fraction (PDFF), with axial, coronal, and
sagittal reformats. Red arrows point to fine structures where the improvement in spatial resolution can be appreciated. Movies that pan
through the volume are included in Video S4 (axial), Video S5 (coronal), and Video S6 (sagittal).

As an alternative, we demonstrate high resolution, sin-
gle breath-hold water-only abdominal imaging at 0.55T
utilizing spiral-Dixon-VIBE with concomitant field
compensation.

There are Fat-Sat pulses tailored for lower fields,7 how-
ever, fundamental limitations mentioned above are still
challenging. One issue is the available imaging window
being extremely short after each Fat-Sat pulse due to rapid
T1-recovery. This causes reduction in scan efficiency, lim-
iting the resolution that can be achieved.

Dixon imaging also provides fat-only images, which
may have added value for quantifying visceral fat and
other adipose tissue. This could be valuable for risk assess-
ment in some patient groups, such as those with fatty liver
disease (Figures 3, 4, Figure S2).

This study shows that it is possible to achieve
high-quality abdominal spiral imaging at 0.55T with a
combination of concomitant field correction, aliasing
reduction (e.g., ROVir), surface coil intensity correction
and gradient non-linearity correction. The concomitant
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field correction is critical if the echo images are to be used
for fat-water separation. Without it, we observed severe
fat-water swaps at extreme slices due to the accrued phase
between echoes (not shown). ROVir was especially valu-
able to reduce the aliasing from arms. Without ROVir,
it would be necessary to increase the FOV (sacrificing
resolution), or image in the arms-up position (sacrificing
patient comfort). Note that some intensity shading next
to arms is an inevitable side effect of ROVir. A transition
region around the interference region always incurs some
signal loss.

For this study, we did not employ additional spiral
deblurringmethods as we did not observe substantial blur-
ring around gas bubbles in the gastrointestinal tract. The
estimated field map from fat-water separation was within
±20Hz in the bowel region which will not cause sub-
stantial blurring with a relatively short spiral readout of
3ms. However, the maximum conceivable off-resonance
due to air can be around 220Hz at 0.55T, which results
in a 50% wider point spread function than desired. For
future studies, this can be mitigated by using more sophis-
ticated reconstruction methods that simultaneously esti-
mate water, fat and field map directly from multi-coil,
multi-echo k-space data.22–24

At lower field strengths, receiver coil arrays tend to
have larger elements, and therefore less dense arrays. This
is due to the lower center frequency, and to maintain sam-
ple noise dominance. This limits opportunities for parallel
imaging acceleration.

This study emphasized the demonstration of adequate
contrast, fat suppression, and ability to achieve four-fold
finer spatial resolution. We applied this to a “catch-all”
abdominal protocol in terms of the coverage and resolu-
tion. This can be easily adapted to “focused” protocols
that cover only liver/pancreas or kidneys/adrenals, andwe
would expect a similar four-fold increase in spatial reso-
lution over Cartesian-Dixon-VIBE. The proposed method
requires broader testing and validation in a larger cohort
including diverse clinical cases.

5 CONCLUSIONS

High resolution single breath-hold volumetric fat sup-
pressed T1 weighted abdominal imaging is feasible at
0.55T using spiral trajectories and concomitant field cor-
rection. This approach provides superior spatial resolution
compared to Cartesian Dixon-VIBE and superior fat sup-
pression compared to Cartesian fat-suppressed VIBE.
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Figure S1. Pulse sequence diagram for x-gradient axis
of (A) Spiral and (B) Cartesian acquisition for a sin-
gle TR. Notice that Spiral acquisition can efficiently use
available gradient strength and inter-echo time to either
improve resolution or decrease the total acquisition time
by decreasing total number of interleaves to fully sam-
ple the k-space. In Cartesian case, as the number of
k-space lines does not change, this time can only be
used for increasing the SNR by decreasing the imaging
bandwidth.
Figure S2. A montage of one representative slice for all
10 volunteers with fatty liver disease, showing water-only
and fat-only images. The axial slice was chosen to show
kidneys and the liver simultaneously. Notice that the spi-
ral acquisition provides good image quality across a broad
range of body habitus. The level of fat suppression is excel-
lent, and sharp features can be resolved due to the fine
in-plane resolution. Since the proposed approach employs
Dixon-based fat-water separation, fat only images are also
available, which may be valuable for studying visceral fat
and/or ectopic fat.
Figure S3. Estimated coil maps for the central axial slice
in one healthy volunteer. (A) magnitude and (B) phase
as estimated by non-linear inversion (NLINV). (C) magni-
tude and (D) phase after region-optimized virtual (ROVir)
transformation. Note that, B and S represents body and
spine coils for the actual coils, respectively. C and I repre-
sents the channels that are used and the channels that are
discarded for the ROVir coils, respectively.
Video S1. Axial comparison of Cartesian and Spi-
ral Dixon-volume interpolated breath-hold examination
(VIBE) water-only images from a female subject with sig-
nificant visceral fat and 22% liver proton density fat frac-
tion (PDFF), also shown in Figure 3.
Video S2. Coronal comparison of Cartesian and Spi-
ral Dixon-volume interpolated breath-hold examination
(VIBE) water-only images from a female subject with sig-
nificant visceral fat and 22% liver proton density fat frac-
tion (PDFF), also shown in Figure 3.
Video S3. Sagittal comparison of Cartesian and Spi-
ral Dixon-volume interpolated breath-hold examination
(VIBE) water-only images from a female subject with sig-
nificant visceral fat and 22% liver proton density fat frac-
tion (PDFF), also shown in Figure 3.
Video S4. Axial comparison of Cartesian and Spi-
ral Dixon-volume interpolated breath-hold examination
(VIBE) water-only images from amale subject with signif-
icant visceral and subcutaneous fat and 12% liver proton
density fat fraction (PDFF), also shown in Figure 4.
Video S5. Coronal comparison of Cartesian and Spiral
Dixon-VIBE water-only images from a male subject with

https://cds.ismrm.org/protected/15MProceedings/PDFfiles/1476.pdf
https://cds.ismrm.org/protected/15MProceedings/PDFfiles/1476.pdf
https://cds.ismrm.org/protected/15MProceedings/PDFfiles/1476.pdf
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0
http://dx.doi.org/0


8 TASDELEN et al.

significant visceral and subcutaneous fat and 12% liver
proton density fat fraction (PDFF), also shown in Figure 4.
Video S6. Sagittal comparison of Cartesian and Spi-
ral Dixon-volume interpolated breath-hold examination
(VIBE) water-only images from amale subject with signif-
icant visceral and subcutaneous fat and 12% liver proton
density fat fraction (PDFF), also shown in Figure 4.
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