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Abstract

Objective: To separate the fat and water contents in the abdomen during free breathing at high
temporal and high spatial resolution by employing radial sampling with a golden angle
increment.

Materials and Methods: A radial fast imaging with steady-state free precession (TrueFISP)
sequence was used and modified to allow for different echo times (TEs) for subsequent radial
projections for fat-water separation. The k-space-weighted image contrast (KWIC) radial
filtering technique was applied to enable high temporal as well as high spatial resolution.
Finally, principal component analysis (PCA) was performed along the dynamic image series
in order to reduce image streaking and enhance the signal-to-noise ratio (SNR).

Results: The approach was combined with the KWIC filter and provided good fat-water
separation with a robust high temporal (~100 ms) and high spatial resolution. Results for the
abdomen with free breathing are presented.

Conclusion: Good separation of fat and water signals was achieved using the radial TrueFISP
sequence during free breathing
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I ntroduction

Fat and water separation in dynamic MRI
plays a critical role in many applications, such as
breast imaging, where bright fat signals can
obscure breast cancer lesions, as well as
arrhythmogenic  right-ventricular ~ dysplasia
(ARVD), characterized by fat infiltrations into

the right ventricular wall'® and abdominal
imaging®. The separation takes advantage of the
resonance frequency difference between fat and
water signals, which make it possible to generate
images where these two types of tissues are
separated®'”?.  For  abdominal  imaging
applications, several MRI techniques have been
used for fat-water separation. These include the
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Dixon method®®, direct

(DPE)"”, and iterative decomposition of water

phase encoding

and fat with echo asymmetry and least-square
estimation (IDEAL)®®. Robust
separation with dynamic objects remains a

fat-water

challenge, especially in the presence of
respiratory motion when imaging the abdomen.
Respiratory motion can lead to significant image
quality

measurements such as ghosting and blurring

deterioration and inaccurate
artifacts in the reconstructed data. Free breathing
abdominal imaging could be combined with the
methods proposed in this work to avoid
respiratory motion artifacts, while continuing to
provide high and high spatial

resolution''"'?. The applied strategies for fat-

temporal

water separation are required at least two images
for the separation to be performed, therefore, it's
difficult to achieve good temporal resolution in
dynamic imaging®'?. In contrast, Ababneh et
al."¥ succeeded in separating fat and water
signals in dynamic MRI and provided improved
temporal resolution by the combined three-point
Dixon method for fat-water separation and
unaliasing by Fourier-encoding the overlaps
using the temporal dimension (UNFOLD)!*'®.
This method involves an assumption that fat
signals are not very dynamic. Even when fat
signals prove to be quite dynamic, suppressing
their low temporal frequency content is expected
to lead to significant overall suppression. This
method provided a unique combination of
imaging speed, high signal-to-noise ratio (SNR)
and high contrast between the myocardium and
blood pool. In this work, the previously
published method'® was used with free
breathing to achieve fat-water separation in the
abdomen and combined with k-space-weighted
image contrast (KWIC) filtering and principal
component analysis (PCA)""'®. Therefore, a
regular 2D radial TrueFISP sequence was
modified to allow TE to vary from projection to
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the next. TE was adjusted here

predetermined manner, to force fat signals to
behave in a peculiar and readily recognizable
fashion over time. TrueFISP (or balanced steady
state free precession bSSFP) provides a unique
combination of imaging speed, high signal-to-
noise ratio (SNR), and high contrast between the
myocardium and blood pool. By using temporal
processing, the temporal variations imposed the
fat signals to behave in a different manner to be
recognized, therefore, the fat signals could be

separated from water signals.

Radial MRI has gained increasing attention
in dynamic imaging and has been used in many
applications such as cardiac imaging*?? and
. Radial MRI has a
higher sampling density for the central k-space

abdominal imaging*?

and higher spatial and temporal resolution, and
is insensitive to object motion during data
acquisition®?9. Therefore, radial MRI was

incorporated into this work.

The k-space-weighted image

(KWIC) filtering technique is useful in many

applications, such as dynamic

to analyze the dynamic data by decomposing
the events from an observation matrix®®, and
indicated the components that contributed to
image streaking artifacts"”. This work aims to
separate the fat and water contents in the
abdomen during free breathing with high spatial
resolution and high temporal resolution. These
goals were achieved by integrating the fat-water
separation method in''® with KWIC-filtered 2D
radial TrueFISP sequence, the (PCA) technique
will also be used to reduce image streaking
artifacts and enhance the (SNR) during free
breathing imaging. The results were obtained in

vivo at 3.0T for the abdomen.
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in a

contrast

contrast-
enhanced (DCE)-MRI®?, cardiac imaging and
applications involving object motion. The
KWIC filter improves the acquired data’'¥,
Principal component analysis (PCA) was used
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Materials and methods

Five healthy volunteers participated in the
study following the guidelines of the local
institutional review board including written
informed consent. The method aimed at
significantly increasing the temporal resolution
of a series of fat and water images by
maintaining high in-plane resolution. This
approach will be applicable for abdominal
imaging with artifact-free fat-water separation in
the abdomen during free breathing. In this
approach, we acquire subsequent projections
with different TEs (2001 projections). Since in
radial imaging the center of k-space is acquired
with each radial line and the golden angle
projection order provides homogenous k-space
coverage at any time, our sequence allows to
reconstruct images at any point in time in a
sliding window approach. Since the contrast of
the images is dominated by the center of k-space
only data from a few projections around the time
point to be reconstructed are used in the center of
k-space. This procedure is known as KWIC
filtering Fig.1. In the case of motion between
subsequent images fat-water separation will fail
as the reconstruction is based on a pixel by pixel
basis. In contrast, by acquiring subsequent
projections with different TEs the presented
approach is much more robust against motion
and provides artifact-free fat-water separation.
Figure 1, shows the principle of the KWIC filter
process. The method was implemented at 3.0T
using the modified 2D radial TrueFISP
sequence. This work uses the 2D radial
TrueFISP sequence, characterized by a train of
alternating excitation pulses (+a), separated by a
constant time interval (repetition time; TR). It
starts with a number of RF pulses to hasten the
set-up of steady state magnetization. In this
sequence the gradients are balanced, i.e., the
three gradient waveforms integrated over a TR
interval give zero, for a null zeroth moment. In
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this sequence, the transverse magnetization is
fully refocused within each TR interval'®. To
achieve fat and water separation, the 2D radial
TrueFISP pulse sequence was modified to
enable TE changes from one radial projection to
the next, as demonstrated in Fig. 2a. at constant
TR"). The four TEs were periodically repeated
following a radial golden angle projection order
@cr =111.246. A large number of images with
different contrast were generated using the
KWIC technique for each data set. In this
technique (initially proposed by Song!'”'®), a
reconstruction window starts with number of
projections (eight projections in this work for the
first keyhole ring) and increases according to the
Fibonacci series"”. The number of projections
contributing to each keyhole ring should match a
Fibonacci number to achieve optimal k-space
coverage. A density compensation function
(DCF) is used to filter each projection to make
sure that the image intensity and contrast is the
average of all contributing views®”. The images
were filtered using the KWIC filter, then
reconstructed using the non-uniform fast Fourier
transform  (NUFFT) from the image
reconstruction toolbox by Fessler et al.*”. In
total, 2001 projections were acquired at four
different TEs, and 631 KWIC-filtered
projections were used to reconstruct four images
at different TEs at 21 different time points.
Experiments were performed on a 3.0T scanner
(Magnetom  Skyra, Siemens Healthcare,
Erlangen, Germany) using a 32-spinal coil
positioned about the mid portion of the body and
body array. The imaging parameters were: TR =
4.0ms, (TE; =1.6 ms, TE; =24 ms, TE; = 1.6
ms, TE4 = 2 ms), matrix size = 256 x 256, flip
angle = 40°, FOV= 400x400 mm? slice
thickness = 5 mm, total scan time = 34 sec and
the total reconstruction time 15-20 min. PCA
was applied along the time series and principal
components with small eigenvalues were
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removed. All acquired data was reconstructed
offline using a Matlab software package (Math
Works, Natick, MA).
separation according to Ref. 13 was applied

Finally, fat-water

frame by frame.

Results

The results of the modified sequence and in
vivo studies are shown in Fig. 1, Fig. 2, Fig. 3,
Fig. 4 and Fig. 5. Fig. 2 describes the modified
sequence, where TE changes from projection to
projection (Fig. 2b). As shown in Fig. 2a, TE(t)
takes on the successive values of TEs, where
TE; = TE,, TE, = TE,+2ATE, TE; = TE,, and

b
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TEs = TE.+ATE. ATE is the echo time
increment and TE, is the smallest possible echo
time allowed by the unmodified sequence. The
echo time increment ATE was kept extremely
short in this work (~400 ps). In comparison, in
the original description of the three-point Dixon
method®, ATE would be the value required for
an 180° offset between the fat and water signals.
This choice of a short 400 us ATE stems from
the need to keep TE and TR short in a TrueFISP
sequence (Short TR and TE are required to
prevent signal loss and artifacts in the presence

of field inhomogeneities).

Figure 1: Schematic of theradial acquisition following a golden angle projection
(a) and the corresponding KWIC filter procedure (b). The KWIC filter resultsin a k-space

(filtered projection within the reconstruction window). (c) and (d) where only a few projections

around thetime point to reconstruct are used in the center of k-space allowing for
high temporal resolution. Projections further away are used to fill the k-space periphery to
provide sufficient spatial resolution

TE1 TE2

-

= 2oz

TE 4 I e

Projection Lines #

Figure 2: (a) The modified TrueFI SP sequence. (b) The acquired projectionswith
different echo times ar e spaced by an angleincrement of 111.246°
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(a) Expiration (b) Inspiration

Figure 3: Comparison of the two framesreconstructed in
different respiratory phases. expiration (a), and inspiration (b)

Figure 4. Two framesacquired at 3T on healthy volunteer isshown here.
(a,d) Unprocessed image. Water-only and fat-only results are shown in (b,€) and (c,f),
respectively. Thewhite arrow in (a) indicates banding artifacts
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Figure5: Two framesfor another healthy voluntee is shown here. (a,d) Unprocessed image.

Water-only and fat-only results are shown in (b,e) and (c,f), respectively. The whitearrow in (a)

indicates banding artifacts

Fig. 3 shows two frames reconstructed in
different respiratory phases: expiration (a), and
inspiration (b), where the dotted line indicates
the variation of the position due to the different
respiratory phases. Fig. 4 and Fig. 5 shows the
fat and water in healthy volunteers, where the
water-only Fig. 4(b,e), Fig. 5(b,e) and fat-only
Fig.4(c,f), Fig.5(c,f) images were reconstructed
using the algorithm proposed in'®), while the
unprocessed image is shown in Fig. 4(a,d) and
Fig. 5(a,d). Banding artifacts, common with
TrueFISP sequences, were observed. The white
arrow indicates banding artifacts. A Principal
Component Analysis (PCA) was applied to
enhance the image quality by reducing the
streaking artifacts. These streaking artifacts
appear incoherently over the image series due to
the quasi-random sampling, the PCA allows

identifying the main feature of the dynamic.
Thus, by keeping the principal components with
high eigenvalues and throwing away principal
components with low eigenvalues, the streaking
artifacts are removed while the important

features of the dynamic are maintained.

Discussion

A novel approach to separate fat and water
signals in the abdomen combined with KWIC-
filtered radial TrueFISP is presented here. The

approach provides robust high

(~100ms) and high spatial resolution. The
separation is achieved by changing the echo
time (TE) from projection to projection, to force
fat signals to behave in a conspicuous manner
over time, in order to be detected and separated

from water signals.
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The increment ATE should be large enough
to induce large phase differences between the
fat and water signals, yet small enough to avoid
in TR in our TrueFISP
sequence. A value of ATE = 400 us was

undue increases
considered an acceptable compromise between
these two conflicting demands. The present
method could be applicable to clinical
applications where good temporal resolution
and good fat suppression are both essential; for
future work, our approach might prove to be
particularly useful for accurate tracking of
contrast agent in time under free breathing in
fatty tissue. This method is also expected to
allow accurate tracking of a contrast agent over

time during free breathing.

In this work, the number of KWIC-filtered
631
projections used to reconstruct four images at
different TEs and at 21 different time points.
The selected number taking into accounts the

projections for reconstruction was

tradeoff between enhances the image resolution
and better SNR. Therefore, despite using a
partial part of the acquired data (631 projections
out of 2001), but it was sufficient to achieve
these goals.

The main magnetic field, Bo, is not perfectly
uniform. The sources of these inhomogeneities
include variations in the magnetic field strength
that occur near the interface of substances of
different magnetic susceptibility, and hardware
imperfections. The effect of the magnetic field
inhomogeneities (off-resonance) can appear as
spatial distortion, signal loss, and/or blurring
(the white arrow in Figure 4). The TrueFISP
pulse sequence is highly sensitive to off-
resonance effects, therefore, it suffers from
artifacts. These
whenever off-resonance reaches a value equal
to £1/2TR, which indicates the allowed range

banding artifacts result
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for banding-free imaging. The banding artifact
shown in Fig. 4 was generated while using

TR=4.0 ms.

The results of our study show that TrueFISP
with radial acquisition during free breathing is
feasible for abdominal MRI studies and the fat
water separation achieved even with small
variations in TE (ms) in dynamic objects. Both
KWIC and PCA processing enhanced the image
quality of the dynamic series. The imaging
speed could be enhanced by combined the

approach proposed here with other strategies
(€)Y}

such as partial-Fourier and parallel imaging

Conclusion

The approach presented here was tested and

good separation was

respiratory motion artifacts. The results support
the conclusion that a novel approach to separate
fat and water signals in the abdomen during free
breathing has been developed and implemented
here. The fat-water separation for free breathing
was achieved by using the modified 2D radial
TrueFISP sequence, k-space-weighted image

contrast (KWIC) filtering

component analysis (PCA). The respiratory
motion artifacts have been avoided while
continuing to provide high temporal and high
spatial resolution. Image streaking artifacts
reduced by using both KWIC and PCA method.
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