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Abstract
Purpose: To develop an efficient and flexible water/fat separated real-time MRI
(RT-MRI) method using spiral out-in-out-in (OIOI) sampling and balanced SSFP
(bSSFP) at 0.55T.
Methods: A bSSFP sequence with golden-angle spiral OIOI readout was devel-
oped, capturing three echoes to allow water/fat separation. A low-latency recon-
struction that combines all echoes was available for online visualization. An
offline reconstruction provided water and fat RT-MRI in two steps: (1) image
reconstruction with spatiotemporally constrained reconstruction (STCR) and
(2) water/fat separation with hierarchical iterative decomposition of water and
fat with echo asymmetry and least-squares estimation (HIDEAL). In healthy vol-
unteers, spiral OIOI was acquired in the wrist during a radial-to-ulnar deviation
maneuver, in the heart without breath-hold and cardiac gating, and in the lower
abdomen during free-breathing for visualizing small bowel motility.
Results: We demonstrate successful water/fat separated RT-MRI for all tested
applications. In the wrist, resulting images provided clear depiction of ligament
gaps and their interactions during the radial-to-ulnar deviation maneuver. In the
heart, water/fat RT-MRI depicted epicardial fat, provided improved delineation
of epicardial coronary arteries, and provided high blood-myocardial contrast for
ventricular function assessment. In the abdomen, water-only RT-MRI captured
small bowel mobility clearly with improved water-fat contrast.
Conclusions: We have demonstrated a novel and flexible bSSFP spiral OIOI
sequence at 0.55T that can provide water/fat separated RT-MRI with a variety of
application-specific temporal resolution and spatial resolution requirements.
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1 INTRODUCTION

Real-time MRI (RT-MRI) has the unique ability to reveal
organ movements and interactions as they occur in a
non-invasive, radiation-free fashion, without requiring
any repetition or invoking any assumption of periodic
motion. RT-MRI provides valuable diagnostic informa-
tion in areas that undergo irregular motion, such as the
heart, joints, abdomen, and vocal tract,1 and enables
the guidance of interventions where it is necessary
to visualize the dynamic anatomy and the interven-
tional instruments.2 Recently, RT-MRI on 0.55T MRI
systems with high-performance gradients have shown
promising results by leveraging efficient spiral trajec-
tories and bSSFP imaging.3,4 Such systems are favor-
able for RT-MRI due to reduced specific absorption
rate (SAR), reduced susceptibility at air-tissue inter-
faces, shorter T1 and longer T2*, which together allow
for more flexible pulse sequence design, and higher
acquisition efficiency5 compared to conventional field
strengths.

Many RT-MRI regions of interest could benefit from
water-fat separation. In the heart, RT-MRI is often used to
capture cardiac mechanics, characterize intracardiac flow,
and localize coronary arteries. The myocardium and blood
of the heart are mostly water, and pericardial and epicar-
dial fat is also present, surrounding the heart and coro-
nary arteries. Fat suppression improves the depiction of
coronary arteries and the epicardial contour. In the mus-
culoskeletal system, RT-MRI is used to capture joint move-
ment, instability, and restrictions.6 Bone marrow contains
both fat and water, while the other tissues such as syn-
ovial fluid, ligaments, tendons, and cartilage are primar-
ily water. Fat or water suppression techniques improve
visualization of the underlying musculoskeletal dynam-
ics.7 In the abdomen, RT-MRI can be used to assess small
bowel motility. Fat suppression significantly improves the
contrast between the small bowel and adjacent visceral
adipose tissue.8–10

Several MRI techniques have been developed to
achieve water- or fat-only imaging or water/fat separated
imaging. At 1.5T or 3T, it is common to use spectral-spatial
excitation pulses11 to select one component. However, due
to the reduced water and fat resonance frequency differ-
ence at 0.55T (∆f = 80 Hz), it would require a very long
RF excitation pulses (∼18 ms) to achieve a comparable
frequency selection.12 Another approach uses prepara-
tion pulses such as spectrally-selective saturation pulse
or inversion recovery pulse to suppress one component13;
however, these preparation pulses are sensitive to B0 inho-
mogeneities, can be insufficient due to a shorter T1 of
fat, and less flexible in image contrast. Preparation pulses
also interrupt the steady-state, can introduce transient

artifacts, and reduce scan efficiency, making them less
favorable for RT-MRI.

In this work, we perform water/fat separated imag-
ing by acquiring multiple echoes per TR and employing
chemical-shift-based separation.14–20 We utilize a novel
spiral out-in-out-in (OIOI) trajectory that leverages the
reduced off-resonance and contemporary gradient perfor-
mance at 0.55T. This trajectory provides four image series
at three TEs, enabling water/fat separation. We demon-
strate application to the wrist during voluntary movements
designed to test joint stability, the heart during free breath-
ing and without cardiac gating, and the small bowel during
normal gastrointestinal motion.

2 METHODS

2.1 Spiral OIOI trajectory design

Figure 1 illustrates the pulse sequence and the spiral
OIOI trajectory used in the heart application. The vari-
able density spiral-out trajectory was designed21 with a
maximum slew rate of 175 mT/m/ms and a maximum gra-
dient strength of 23.7 mT/m. Spiral out-in was then formed
by concatenating the spiral-out with its time-reversed
spiral-in. Note that the spiral-out tail must be modified
to achieve a smooth transition between the spiral-out and
spiral-in, where we slowed down the gradient along the
radial direction to zero (with 175 mT/m/ms slew rate) and
maintained the gradient in the circumferential direction.
This impacted a small portion of the gradient waveform
(11.58%) and permitted a high acquisition efficiency. Two
spiral out-in trajectories are combined with a 180◦ relative
rotation to form spiral OIOI.

With a single spiral being 2.034 ms, the spiral OIOI
has a total readout duration of 8.136 ms. The TEs were
0.96, 4.99, and 9.06 ms. The echo spacing is such that
the water/fat chemical shift is approximately 2π/3 phase
difference between adjacent echoes22: ∆TE= 1/(3×∆f ).23

The spiral OIOI trajectory has zero M0 and M1 moments
at the three TEs as shown in Figure 1C, which can
reduce artifacts from in-plane constant speed flow.24

Table S1 contains detailed parameters for the three
applications.

During RT-MRI acquisition, each spiral OIOI trajec-
tory is rotated with golden angle (111.25◦) after each TR,
which benefits constrained reconstruction25 and allows
for flexible selection of the reconstruction FOV and tem-
poral resolution.26,27 Reconstruction FOV was selected to
include all signal area to avoid spiral aliasing artifact.28 We
report both the FOV during the single spiral-out trajec-
tory design and the FOV used for image reconstruction in
Table S1.

 15222594, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29885, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



TIAN and NAYAK 651

F I G U R E 1 Pulse sequence diagram and k-space trajectory for spiral OIOI RT-MRI. (A) The pulse sequence is bSSFP with spiral OIOI
readout. Four spirals have effective TEs (kx, ky = 0, 0) at t= 0.96 ms, 4.99 ms, 4.99 ms, and 9.06 ms, respectively. For each spiral out-in, both the
M0 (zeroth moment, not shown) and M1 (first moment, shown in (B)) are nulled at the TEs, making the sequence robust to motion and flow
artifacts. The readout trajectory is illustrated in (C) kx-ky-tr space (where tr is the time from the start of the readout) and in the (D) kx-ky plane.

2.2 Online reconstruction

Online image reconstruction was implemented in the
RTHawk real-time system29 (HeartVista Inc. Los Altos,
California), which is a gridding reconstruction using data
from all echoes. This reconstruction used a pre-defined
temporal resolution and FOV as listed in Table S1 and
was used to ensure correct slice positioning, and a rough
water-only or fat-only image depending on the center fre-
quency. Effective oversampling factor (or effective under-
sampling factor, as reported later in Offline Reconstruction)
is reported in Table S1, defined as the total number of spi-
ral OIOI interleaves divided by the number of uniformly
sampled spiral interleaves needed to achieve the desired
unaliased FOV. Note that the oversampling/undersam-
pling factor is a function of reconstructed FOV due to the
use of golden-angle sampling.27

2.3 Offline reconstruction

Offline image reconstruction was performed with the
water/fat separation pipeline shown in Figure 2. The
two-step reconstruction includes RT image reconstruction
of each image series with spatiotemporally constrained
reconstruction (STCR)30 followed by concomitant field
phase correction and water/fat separation with HIDEAL.14

Offline reconstruction was implemented in MATLAB
2021a (MathWorks, Natick, Massachusetts) and on a
server equipped with 4x AMD EPYC 7502 32-Core CPU,
504 Gb CPU memory, and 4x NVIDIA A100 GPU with 40
Gb memory on each core.

2.3.1 Constrained reconstruction

K-space trajectory was predicted by gradient impulse
response function prior to reconstruction.31 Four image
series corresponding to each of the spiral arms in spi-
ral OIOI were reconstructed separately by STCR30 with
the same regularization parameters. Sensitivity maps were
estimated from temporally averaged first spiral-out data
using the Walsh method.32 The FOV during iterative
reconstruction was kept large enough to include all areas
that have signal to avoid aliasing,28 as reported in Table S1.

Temporal resolution and regularization parameters
were selected through a parameter sweep. The tempo-
ral resolution was selected to balance the imaging arti-
fact and motion blurring separately for each application
as reported in Table S1. Figure S1 shows representa-
tive temporal resolution sweep results from one cardiac
dataset. Reconstruction regularization parameters were
manually selected so that the image has minimal spa-
tial and temporal blurring as well as the least amount of
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652 TIAN and NAYAK

F I G U R E 2 Offline water/fat separated reconstruction pipeline. The reconstruction pipeline is shown on the left, and selected
intermediate results are displayed on the right. The acquired k-space data are reconstructed by STCR and followed by concomitant field
phase (CF) correction to obtain (A) four RT images, one representing each readout segment. Hierarchical IDEAL is applied to the temporally
averaged image series to obtain (B) an initial off-resonance map Δ f i. IDEAL is then performed for each time frame, using Δ f i as the initial
guess for the RT off-resonance map. This results in (C) a dynamic off-resonance map Δ f d that is smoothed to produce (D) a final
off-resonance map Δ f that is used for water/fat separation, producing (E) RT water/fat images.

artifact. Specifically, the STCR regularization parameters
were: 𝜆t = 0.01 C and 𝜆s = 0.001 C, where C represents
the highest pixel intensity in the coil-combined gridding
reconstruction.

2.3.2 Concomitant field effects correction

To first-order approximation, concomitant field effects are
proportional to 1/B0 and G2; thus, they are an important
consideration when using high-gradient performance low
field systems.33 The concomitant fields result in a phase
accumulation over time that is spatial location depen-
dent and can cause image distortion and banding artifact.
This phase accumulation, if not corrected, can lead to
water/fat swaps. We applied the multi-frequency interpo-
lation (MFI) method34 on STCR reconstructed images to
correct for the concomitant field phase, with a frequency
bin of 1 Hz and≤300 bins for a FOV of 56 × 56 cm2.
Figure S2 compares the water/fat separation results and
estimated off-resonance maps with and without concomi-
tant field phase correction.

2.3.3 Water/fat separation

Water/fat separation utilized a customized hierarchical
iterative decomposition of water and fat with echo asym-
metry and least-squares estimation (HIDEAL).14 First,
low-resolution images were generated from the RT image
series, with 2× time coarser for each level until reaching
approximately 25 × 25 mm2. A region-growing IDEAL15

was applied on the lowest resolution image to obtain an
initial off-resonance map. The process continues at higher
levels, taking interpolated off-resonance maps from lower
levels as initial estimates and utilizing pixel-independent
IDEAL for refining the off-resonance map, until the orig-
inal resolution was achieved. HIDEAL was performed on
the temporally averaged images first, and the resulted
off-resonance map was used as an initial estimation for
IDEAL processing on each individual time frame. A
median filter of size [7] in [x, y, t] was applied on the
resulted dynamic off-resonance map. Finally, dynamic
off-resonance map was smoothed by a filter as used in Tan
et al17:

T = −1(1 + w ⋅ ||k⃗||)−h
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TIAN and NAYAK 653

with parameters w= 64 and h= 8, where −1 represents
the inverse Fourier transform and k⃗ is a 2D grid matrix
ranging from−0.5 to 0.5. The smoothed off-resonance map
was used to generate final water/fat separated RT images.

2.4 Experiments

Experiments were performed on a whole-body 0.55T
system (prototype Magnetom Aera XQ, Siemens Health-
ineers, Erlangen, Germany) equipped with high-
performance shielded gradients (45 mT/m amplitude,
200 T/m/s slew rate). Imaging was performed with
RTHawk real-time system (Vista.ai, Palo Alto, CA).29 The
study was approved by the Institutional Review Board
of the University of Southern California. All volunteers
provided written informed consent. The scan parameters
were tailored to each application and are summarized in
Table S1, with references from previous publications of
RT-MRI of the heart,12 wrist,35,36 and abdomen.8,37

2.4.1 Wrist scans

Five volunteers (two female, three male, age 31± 8 y) were
imaged in a squatting or kneeling position at the back of
the scanner, with the right hand (imaging hand) placed
at the magnet isocenter between two body-6 arrays (one
posterior and one anterior). The upper body-6 array was
supported by sandbags, leaving a space for the wrist to
move. RT-MRI was acquired for ∼15 s when performing
a radial-to-ulnar deviation maneuver, which is relevant to
evaluation for dynamic scapholunate instability.35 Before
imaging, water bottles were placed around the hand as
needed to ensure sufficient signal for the scanner to cali-
brate the center frequency of water. Then center frequency
was tuned for imaging fat. ROI shimming was performed
over the base of the wrist and covering all relevant bones
and ligaments of the wrist. Imaging parameters: voxel
size 1.1 × 1.1 × 6 mm3, TR 10.8 ms, TEs 0.6/4.6/8.7 ms,
reconstruction undersampling factor 12.3, reconstruction
temporal resolution 108 ms/frame.

2.4.2 Cardiac scans

Five volunteers (three female, two male, age 29± 4 y, rest-
ing heart rate 65± 9 beats/min) were scanned during
free breathing and without cardiac triggering. Data were
collected with the body-6 array (anterior) and six ele-
ments from spine array. In each volunteer, a short-axis
slice of mid-ventricular myocardium, a four-chamber slice,
and a two-chamber long-axis slice were acquired for 15 s

each. ROI shimming was performed for the ventricles and
excluding the chest wall. Imaging parameters: voxel size
1.5 × 1.5 × 8 mm3, TR 10 ms, TEs 1/5/9 ms, reconstruc-
tion undersampling factor 19.8, reconstruction temporal
resolution 40 ms/frame.

2.4.3 Abdomen scans

Three volunteers (one female, two male, age 31± 14 y)
were scanned to visualize small bowel motility. Subjects
were instructed to drink one liter of neutral MRI con-
trast agent (Breeza, Beekley Medical, Bristol, Connecticut)
gradually within 45–60 min before the scan to expand and
enhance the signal in the small bowel. Data were col-
lected with the body-6 array (anterior) and six elements
of the spine array. Ten to 12 coronal slices were acquired
during free breathing, covering the entire small bowel
(15 s per slice). Imaging parameters: voxel size 2.4 × 2.4
× 10 mm3, TR 10.3 ms, TEs 1.1/5.2/9.3 ms, reconstruction
undersampling factor 4.4, reconstruction temporal resolu-
tion 165 ms/frame.

3 RESULTS

Figure 3 illustrates the results of online and offline recon-
structions for the wrist scan during radial-to-ulnar devi-
ation maneuver and Video S1 shows the corresponding
video. The online reconstruction had a temporal resolu-
tion of 744.5 ms/frame, circular FOV with 14 cm diam-
eter, and used data from all echoes, providing a rough
fat-only image. This online reconstruction has low latency
(<200 ms)38 and was adequate for ensuring the correct
scan plane, verifying adequate shimming, and performing
cursory inspection of artifacts.

The offline reconstruction required a computational
time of 8.60 s/frame, providing separate water and fat com-
ponent movies, and effective separation, even in areas with
significant off-resonance (green arrows). Offline recon-
struction also provides movies with high temporal res-
olution at 107.9 ms/frame with reduced motion blurring
(orange arrows). Bone marrow, with its substantial fat
content, appears bright in the fat-only image; and syn-
ovial fluid appears most clearly in the water-only image.
The scapholunate ligament gaps and their interactions are
clearly visualized during motion on both water (bright)
and fat (dark) images. Offline reconstructions for all sub-
jects are shown in Video S2.

Figure 4 shows the four-chamber cardiac water/fat
images for all five cardiac volunteers, and the corre-
sponding videos are provided in Video S3. The sequence
achieved consistent successful RT water/fat separated
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654 TIAN and NAYAK

F I G U R E 3 Illustration of (top) online low-latency reconstruction and (mid and bottom) offline reconstruction of the moving wrist. The
volunteer was performing a radial-to-ulnar deviation maneuver, which is important in the evaluation of dynamic wrist instability. The online
reconstruction is a gridding reconstruction that superimposes all of the samples, and gives a rough fat-only or water-only image depending
on the center frequency (fat-only in this example). Online reconstruction provides low-latency (<200 ms) and coarse temporal resolution
(1.3 frames/s). The offline reconstruction provides water and fat images with high temporal resolution (9.3 frames/s) that has minimal
temporal blurring (orange arrows). Offline reconstruction is also insensitive to B0 inhomogeneity, concomitant field phase, or the
combination of both (green arrows). Corresponding video can be found in Video S1.

images across all subjects. The water/fat images captured
the detailed structures such as the right coronary artery
and left circumflex artery as pointed in Figure 4 by blue
arrows and orange arrows, respectively. We do notice a
higher flow artifact in volunteer 4, which is likely due to
the long readout time. Water/fat separation can fail when
large flow appears, but it is easily readthrough and gener-
ally does not affect visualization of more static tissues such
as the epicardial fat.

Figure 5 shows a representative image of the abdomen
scan, and the corresponding video is provided in Video S4.
The small intestine, which was filled by Breeza, appears
bright on the water-only image, providing a clear depic-
tion of the anatomy and small bowel motility. The green
arrows in Figure 5 point clear movements of the small
intestine. Note that these images were acquired during free
breathing, which will induce a bulk respiratory motion of
the organs, which can be read though and distinguished
from small bowel movements. Results from all subjects are
shown in Video S5.

4 DISCUSSION

We have developed a spiral OIOI bSSFP pulse sequence
and spatiotemporally constrained reconstruction followed
by HIDEAL for water/fat separated RT-MRI at 0.55T.
This imaging method can be easily adapted to the spatial
and temporal resolution requirements of different appli-
cations, and was successfully demonstrated in the heart,
wrist, and abdomen.

The proposed method effectively provides high tem-
poral resolution water- and fat-only RT images for
dynamic visualization of the region of interest. Magne-
tization prepared Cartesian bSSFP, available on most
commercial scanners, can also offer dynamic MRI with
water- or fat-only contrast. However, this approach typ-
ically yields a low temporal resolution (∼400 ms/frame)
due to less efficient Cartesian sampling and frequent
application of the spectral selective saturation pulse for
magnetization preparation. The fat suppression pulse is
suboptimal at 0.55T without optimization. This is
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TIAN and NAYAK 655

F I G U R E 4 Water/fat separated cardiac RT-MRI. One representative time frame from a four-chamber view is shown from five
volunteers. Water/fat images obtained by spiral OIOI offer clear epicardial fat depiction and reveal detailed structure. The right coronary
artery (blue arrows) and left circumflex artery (orange arrows) are clearly seen in cross-section from the water images. The surrounding fat is
also clearly visible in the fat images. Corresponding video showing one cardiac cycle from RT series is provided in Video S3, where we notice
some artifacts in the blood pool and aorta, likely due to phase from in-plane flow.

F I G U R E 5 Water/fat separated small bowel RT-MRI. Images and intensity vs. time plots are shown for one subject during free
breathing, after drinking Breeza GI contrast agent. The intensity vs. time profiles matches the blue dashed line. The water only image
provides a clear depiction of the small bowel without the often-confounding presence of visceral adipose tissue signal. Small bowel motility
can be evaluated during normal respiration (green arrow). We did observe artifacts on both water image and fat images, which is likely
caused by residual gas bubbles, which can occur when subjects do not comply with the contrast agent consumption protocol. Corresponding
video is provided in Video S4.

demonstrated by comparing RT Cartesian image with and
without fat-suppression and spiral OIOI in Figure S3. The
spiral OIOI method achieves excellent water of fat sup-
pression compared with the first spiral-out image (which
is a water and fat in-phase image), as shown in Figure S4.
Further details of these comparisons are provided
in Supporting Information: Additional Experiments.
Cartesian DIXON method39 can be utilized when tem-
poral resolution requirement is relaxed, however, spiral
methods generally provide improved efficiency.40

This study focused on qualitative water/fat separation,
which is of great use when fat or water suppression pro-
vides improved depiction/conspicuity of key features that
are undergoing motion. This includes the coronary artery
lumen, which is surrounded by epicardial fat, or bow-
els, which are surrounded by visceral fat. Wrist ligament
gaps also have better conspicuity in either water-only or
fat-only movies. Quantitative water/fat separation is an
appropriate next step and may enable better measure-
ment of proton density fat fraction in moving structures.
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656 TIAN and NAYAK

This would benefit from model-based reconstruction,17

the use of multipeak fat models,23 and will likely require
added consideration of the bSSFP signal profile across
resonance frequencies.

This work utilized a spiral OIOI trajectory, a combi-
nation of four spirals to achieve three TEs within each
TR, which gave a high readout efficiency and a duty
cycle (Tread/TR) of ∼81% (typical duty cycle for bSSFP at
1.5T and 3T is ∼35%). Other readout trajectories are pos-
sible, such as rosette, multi-echo spiral-out, or multi-echo
radial. Spiral trajectory with self-retracing was also used
to minimize off-resonance blurring.41,42 The spiral OIOI
trajectory has superior efficiency since there is no need
to slow down the entire gradient during transitions.43

Off-resonance blurring is also minimal in the offline
reconstructed images. This is because the off-resonance
induced blurring in spiral imaging is related to the accu-
mulated off-resonance phase over each readout period.
This study used a short spiral ∼2.04 ms and the esti-
mated off-resonance within the ROI was typically within
±20 Hz, leading to sub-pixel blurring. When the approach
is extended to a larger FOV or 3D imaging such as
stack-of-spiral44,45 or spiral OIOI projection,46 concomi-
tant field effects, off-resonance, and gradient nonlinearity
will be of greater concern, and may require model-based
reconstruction to fully resolve.33

In diagnostic RT-MRI, it is common to utilize a
low-latency online reconstruction to ensure slice posi-
tioning and adequate image quality, and a more accu-
rate high-latency offline reconstruction for final images.
There may be scenarios, such as during image guided
interventions, where a high-quality low-latency recon-
struction is needed. A limitation of this work is that the
offline reconstruction is computationally intense. Com-
pared with the online reconstruction that can offer images
with a latency<200 ms, the offline reconstruction requires
approximately 7 s per time frame. Machine learning algo-
rithms47,48 may have the potential to provide low-latency
high-quality water/fat separated RT-MRI.

The proposed method is also robust to large
off-resonance variation over space and time. In the
abdomen example (Figure 5 and Video S5), gas bubbles
within the bowel were present and moving, causing spa-
tial and temporal variations in the off-resonance map that
were detected, and did not compromise water/fat sepa-
ration. We also pointed out in a representative short-axis
slice of the heart (Video S6), the method was able to cap-
ture large temporal variations in off-resonance map with
respiration.

This study has several limitations. One is that we
did not perform systematic comparison of the proposed
method with existing methods in all applications. Another
limitation is we did not evaluate the proposed method in

subjects with disorders for each application. This should
be considered a demonstration of technical feasibility.

5 CONCLUSIONS

We have demonstrated a novel and flexible bSSFP spi-
ral OIOI pulse sequence and a two-step reconstruction
at 0.55T that is able to provide water/fat separated
RT-MRI. We demonstrated water/fat separated RT-MRI
in the heart, wrist, and in the abdomen with a range of
application-specific temporal resolution and spatial reso-
lution requirements. The approach appears robust to large
off-resonance variation over space and time.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. Imaging parameters. Note that the FOV and
temporal resolution during reconstruction are flexible due
to the use of golden angle sampling and are not neces-
sarily the same as the prescribed parameters from spiral
trajectory design.
Figure S1. Impact of reconstruction temporal resolu-
tion. Image shows final water/fat separated RT images
reconstructed with different temporal resolution: (top)
10.7 ms/frame, (middle) 42.8 ms/frame, and (bottom)
96.3 ms/frame. Images reconstructed with 10.7 ms/frame
have residual artifacts (green arrow) and are unable to
resolve fine structures like the papillary muscle in the
right ventricle (yellow arrows). Movies reconstructed at
42.8 ms/frame and 96.3 ms/frame can capture the dynam-
ics clearly for this volunteer, however, the 96.3 ms/frame
reconstruction shows patchy structures in the time-line
profiles (red arrows), suggesting it may not be enough
for patients with higher heartrates or capturing irregular
motion.
Figure S2. Comparison of water/fat separation with-
out and with concomitant field phase correction. Shown
is a representative two chamber long axis cardiac
image processed without (top) and with (bottom) con-
comitant field phase correction. (A, B) time-averaged
water/fat separation results without correction, (C) esti-
mated off-resonance map without correction, and (D)

time-averaged concomitant field phase. There is severe
water/fat swap artifact in both the ROI (orange arrows)
and outside the ROI (blue arrows). This is largely caused
by the ambitious of estimating an off-resonance map
with the effects from concomitant field, which has a
large variation. As can be seen from the time-averaged
concomitant field phase (D), the phase is larger as the
location is further from the magnet iso-center, more
likely to cause water/fat swapping. (E, F) show improved
water/fat separation after the concomitant field phase cor-
rection and (G) shows off-resonance map with reduced
variation caused by concomitant field.
Figure S3. Comparison of water/fat separated RT-MRI
and Cartesian RT bSSFP of the small bowel. Images and
intensity versus time plots are shown for one subject dur-
ing free breathing, after drinking Breeza gastrointestinal
contrast agent. The intensity vs. time profiles matches the
blue dashed line. Note that (A) and (B) are also shown
in Figure 5. The water-only image provides a clear depic-
tion of the small bowel without the often-confounding
presence of visceral adipose tissue signal. Small bowel
motility can be evaluated during normal respiration (green
arrows). The spiral OIOI water-only image has better tem-
poral resolution and contrast than Cartesian images.
Figure S4. (A) Comparison of spiral OIOI fat-only image
with the first spiral-out image in the wrist. The fat-only
image has better contrast than the first spiral-out image,
with ligament gaps being darker. The normalized line
plots on the right show improved water-fat boundary con-
trast of the fat-only image. (B) comparison of spiral OIOI
water-only image with the first spiral-out image in the
heart. The image shows a zoomed-in 4-chamber view heart
with a focus on the right coronary artery. The right coro-
nary artery is clearly depicted in the water-only image,
while it is surrounded by fat tissues without a clear bound-
ary in the first spiral-out image. (C) comparison of spiral
OIOI water-only image with first spiral-out image in the
abdomen. The water-only image shows the small bowel
clearer, while the first spiral-out image has a similar water
and fat signal intensities and the small bowel is likely to be
misidentified.
Video S1. Illustration of (left) online recon-
struction and (mid and right) offline water/fat
separated reconstruction. The volunteer was perform-
ing a radial-to-ulnar deviation maneuver, which is
important in the evaluation of dynamic wrist instability.
The online reconstruction is a gridding reconstruc-
tion that superimposes all the samples, giving a rough
fat-only image. Online reconstruction has low latency
(<200 ms) and coarse temporal resolution (1.3 frames/s),
providing an initial inspection of image artifact and
shimming performance. The offline reconstruction pro-
vides water and fat videos with high temporal resolution
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(9.3 frames/s) and is insensitive to B0 inhomogeneity,
providing better visualization of the wrist anatomy and
motion.
Video S2. Offline reconstructed RT images of all subjects
(N = 5) underwent wrist scan. Video shows RT fat-only
(left) and water-only (right) of each subject. In all sub-
jects, the fat-only video has consistent high image quality
to visualize the carpal bones movements and ligament
gap deformations. The image quality for water-only video
varies, mainly due to the low water component in the wrist
and water being off resonance.
Video S3. Cardiac water/fat separated RT-MRI. One car-
diac cycle of four-chamber view is shown from five volun-
teers. Water/fat videos obtained by spiral OIOI offer clear
epicardial fat depiction and reveal detailed structures. The
right coronary artery (blue arrows) and left circumflex
artery (orange arrows) are clearly seen in the cross-section
from the water images. The surrounding fat is also clearly
visible in the fat images. Image artifacts are visible around
the aorta, likely due to phase from the in-plane flow.
Video S4. Water/fat separated RT-MRI of the small bowel.
A selected slice was shown from one subject during free
breathing, after drinking Breeza gastrointestinal contrast
agent. Video is displayed at normal speed in the begin-
ning and at 5 times accelerated speed in the end to
better illustrate the motion. The water-only video pro-
vides a clear depiction of the small bowel without the

often-confounding presence of visceral adipose tissue sig-
nal. Small bowel motility can be evaluated during normal
respiration.
Video S5. Water/fat separated RT-MRI in all subjects
(N = 3) underwent abdominal scan. Video shows 7–8 slices
from each subject that small bowel movements are clearly
seen. Video is displayed at 5 times acceleration to bet-
ter visualize the motion. Consistent high quality and high
contrast was seen on the spiral OIOI water-only videos.
Air bubbles also presented in some slices without causing
significant imaging artifacts.
Video S6. Water/fat separated RT-MRI and dynamic field
map of the heart. A mid short-axis view of the heart is
shown with water-only video, fat-only video, and dynamic
off-resonance map at the top and time-line profiles at
the bottom. The data was acquired without breath-hold
as significant breathing motion can be seen. The esti-
mated dynamic off-resonance map was able to capture
this motion and offer motioned resolved water-only and
fat-only videos.

How to cite this article: Tian Y, Nayak KS.
Real-time water/fat imaging at 0.55T with spiral
out-in-out-in sampling. Magn Reson Med.
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