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Abstract

Purpose: Additional spoiler gradients are required in 3D UTE sequences with random view
ordering to suppress magnetization refocusing. By leveraging the encoding gradient induced
spoiling effect, the spoiler gradients could potentially be reduced or removed to shorten the TR
and increase encoding efficiency. An analysis framework is built that models the gradient spoiling
effects and a new ordering scheme is proposed for fast 3D UTE acquisition.

Theory and methods: UTE signal evolution and spatial encoding gradient induced spoiling
effect are derived from the Bloch equations. And the concept is validated in 2D radial UTE
simulation. Then an optimized ordering scheme, named reordered 2D golden angle (r2DGA)
scheme, for 3D UTE acquisition is proposed. The r2DGA scheme is compared to the sequential
and 3D golden angle schemes in both phantom and volunteer studies.

Results: The proposed r2DGA ordering scheme was applied to two applications, single breath-
holding and free breathing 3D lung MRI. With r2DGA ordering scheme, breath-holding lung MRI
scan increased 60% scan efficiency by removing the spoiler gradients and the free breathing scan
reduced 20% scan time compared to the 3D golden angle scheme by reducing the spoiler
gradients.

Conclusions: The proposed r2DGA ordering scheme UTE acquisition reduces the need of
spoiler gradients and increases the encoding efficiency, and shows improvements in both breath-
holding and free breathing lung MRI applications.
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1. Introduction

Ultra-short echo time (UTE) MRI exhibits great promise in imaging short T2* components
in tissues, such as bone [1], lung [2-3], etc. To achieve the shortest TE, UTE sequences
usually start acquisition right after the RF excitation from the center of k-space. Center-out
radial acquisition is a widely used trajectory for UTE acquisition. There are several benefits
of using a radial type trajectory, such as a simple gradient design, robustness to chemical
shift and BO inhomogeneity, etc.

One major application of UTE sequences is lung MRI. However, 3D UTE acquisitions
usually take a few minutes to achieve high resolution imaging, which is usually challenging
to acquire under breath-holding conditions. To increase the robustness to respiratory motion,
random or pseudo-random ordering schemes have been applied to UTE design [4-6]. One of
the widely used pseudo-random ordering schemes is golden angle ordering scheme [7]. The
original golden angle scheme was designed for 2D radial or 3D stack-of-stars trajectories
[8]. Recently, a 3D golden angle scheme using two golden ratios was proposed for the 3D
koosh ball radial trajectory [9].

Like standard GRE sequences, UTE sequences usually require a large spoiler gradient
before each TR to dephase the residual transverse magnetization from previous TRs.
However, spoiler gradients prolong the TR and reduce the encoding efficiency [10-11]. RF
spoiling strategy is another widely used spoiling strategy, which changes the phase of RF
excitation pulse TR by TR [12-13] to cancel the effects of residual transverse
magnetizations, however, it still requires an extra rewinding gradient to refocus the
magnetization. Gradient and RF spoiling strategies are often used together to suppressed the
residual signals [14-16]. Lin proposed to combine randomized RF phases with strong
spoiler gradient to achieve a pseudo steady state with very slight fluctuation [14]. However,
even with RF spoiling strategies, spoiler and rewinder gradients are still needed in UTE
sequences.

To reduce the total acquisition time and increase scan efficiency, strategies that can reduce or
even remove spoiler gradients should be considered. Similar ideas have been used in zero TE
(ZTE) sequences [17-18]. In ZTE, encoding gradients are adjusted slightly between the
successive excitations, and a short waiting time is added to the end of acquisition to serve as
a small spoiler gradient. This scheme could be also applied to UTE acquisitions to reduce or
remove spoiler gradients. In addition, adding RF spoiling strategies to the sequence might
further improve the spoiling effects. Roeloffs et al., investigated the effect of view ordering
on spoiler gradient free 2D radial MRI with randomized RF phases [19]. Compared to the
ordering schemes with large trajectory angle changes, such as the golden angle scheme,
small incremental angle radial schemes show much lower artifact levels in the final images.
In addition, scan efficiency of UTE acquisition could be also improved from other aspects.
Idiyatullin proposed a fast and silent imaging method called SWIFT to image short
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T2components [20]. Willmering et al., used FLORET (Fermat looped, orthogonally encoded
trajectories) for high efficiency lung MRI [21]. And Delacoste et al., proposed a dual echo
UTE sequence to improve scan efficiency for lung MRI [22].

In this work, we firstly demonstrate how different ordering schemes affect the gradient
spoiling effects of the center-out radial UTE acquisition. Then, we propose a new ordering
scheme, called reordered 2D golden angle (r2DGA), to smoothly adjust encoding gradient
moments while maintaining the robustness to respiratory motion for 3D UTE acquisitions.
The proposed r2DGA is compared to the sequential and 3D Golden Angle (3DGA) ordering
schemes. We evaluated the proposed method in volunteer lung imaging studies. The results
show improvements by using the proposed r2DGA scheme in breath-holding acquisition
because of approximately 60% higher encoding efficiency and comparable image quality in
the free breathing acquisition with up to a 20% scan time reduction.

2. Theory

2.1. Signal evolution in spoiler gradient free UTE

To describe the refocusing and dephasing phenomena of the transverse magnetization in
UTE sequence, the sequence can be decomposed into three components: RF excitation,
gradient effects, and “other” (including relaxation, diffusion, and exchange etc.). According
to the Bloch equations [23—-24], the RF excitation effect on the magnetization is given by:

a i@ . 2 i
00525 e2i® smzz —ie'® sina
i . 20 a i
M_ = 2® smzz coszz ie”® sina ||M_| =R, |M- )
M, n+1 I _ip . i i . M, n M, n
—5e 'V sina 5P sina cosa

Here [M,, M_, M|} and [M., M_, M,]", | are the magnetization before and after the (n +
1)1 RF pulse, a and® are flip angle and phase of the RF pulse. M, is the longitudinal
magnetization. M, and M_, represent the transverse magnetization, which can be converted
to My, and M), via a unitary transformation [25].

Gradient effects can be formulated as a diagonal matrix multiplication, which apply a phase
accumulation on the transverse magnetizations.

TR
M, e”’/TR:_ lG(t)rdt 0 0 M,
TR,
M_| = 0 e—iy/TR:_ 1G(t)rdt 0 M_
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| location vectors. And we

. TR . . .
use the k-space notation &, = fTR:_ I%G(I)dt in the following analysis.

Similarly, relaxations could be formulated as below,

_TR 0
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Here, 77 and 75 are the relaxation times, and 7R is the repetition time. As for diffusion, we

assume a Gaussian diffusion model, where K is the accumulated k

-space location and is

equal to K(z, 7o) = /,B%G(r)r. Here, £y is the time right after excitation and ¢represents the

current acquisition time. And the overall diffusion effect can be also written as a diagonal

matrix with decay on transverse components.
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Now, we can now ensemble the aforementioned components, Equation (1-4), together.

M, 1= Dn+1Pn+1(ARn+an+B
Here, we use M to represent magnetization vector [M,, M_, M,]’.

In this work, we simplify the formulation based on a few assumpti
gradient spoiling analysis.
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According to Equation (1), RF pulse results in splitting the isochromat magnetization M, to
three components [25], rephasing, and dephasing transverse magnetization and longitudinal
magnetization. The proportions of different components depend on the flip angle a.. And the
relationship between flip angle and the split signals is plotted in Supporting Information Fig.
1. In the context of the UTE sequence, the flip angle is usually set to be very small, usually
smaller than 6° [26]. Under that assumption, the refocusing signal is only 0.27% of the total
transverse magnetization before the RF excitation, thus it will be ignored in the following
analysis.

In addition, chemical exchange effects are also ignored under the small flip angle condition,
resulting in the following simplification of Equation (1):

a Y i ] -
coszz e2i® sm2§ —ie'? sina 1 0 —ielPqy
i - 2O a . _id
e~ 20 smzz coszz ie” P sina |~ 0 1 je~ Py (6)
—ie_@ sina ie@ sina cosa —ie_"‘pa ie@a 1
2 2 2 2
Combining Equations (2), (3), (5), and (6), we get:
t )
i2rkp re—T—2 0 _ ielcba,Mz
Mn+1 ~ ‘ . _id M
0 e—127rkn . re—T—2 le am ; n
ok t (7
2rkp-r —7-
e e T 0 TR +1 2
+ 2 t e—47r2DfTR: |K (1, TRy)| dipg,
—i27ky T —e—
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Here, we use M to represent transverse magnetization [M;, M-]7. M ;41 can be separated to
two terms, the new excitation magnetization (the first row, desired signal), and the previous
transverse magnetization (the second row, undesired residual signal).

When the residual transverse magnetizations from all the previous TRs are included, the
undesired residual signal could be written as below:

1
n eiZn'Z;l_,‘krre_TZ 0
= 3 ,
Fa— . n _
i=1 0 e_IZ”Zt—ikt're Ty ®)
TR, 4+ | 2 |—ie'CaM
o—472D [} R; KT Ry)ad z
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The total residual signal, @M, is the sum of all the residual signals from certain TR is
indexed by 7 And each component has an accumulated phase and an extra diffusion term.
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The accumulated phases as well as diffusion effects on the previous transverse
magnetizations depends on K7, given by:

K, = K(TR, TR)=)'_ ki ©

According to Equation (8) and (9), the same sampling pattern design would create different
K series by changing the sampling order. A large |K}|(fori € [1,2, -+, n]) series would induce

a strong dephasing effect as well as a large diffusion effect to suppress the previous residual
transversion magnetizations. Therefore, the ordering scheme design plays an important role
in spoiler gradient free UTE.

In this study, dephasing effects are mainly contributed from the encoding gradient spoiling,
therefore, the associated diffusion effect of the encoding gradients is not further discussed in
this work.

The magnitude of spoiling moment induced by an individual encoding gradient is constant
for center-out radial sequences, which equals to the maximum extent in k-space. To simplify
the analysis, we note the spoiling moment induced by a single encoding gradient as one m,
representing a r dephasing effect across one voxel.

2.2. Simulation

A 2D center-out radial sequence with 20 radial spokes was simulated to show how different
radial ordering schemes affect the spoiler gradient free UTE sequence. Two ordering
schemes, sequential and golden angle ordering, are compared in Fig. 1. Trajectory orderings
are color-encoded, plotted in (a), and the respective pulse sequence sketches are plotted in
(b). The accumulated gradient spoiling moments evolutions of each excitation, calculated
from Equations (6)—(8), are plotted in (c). The sequential ordering scheme has a smooth
change of the readout gradient moment, which increases the accumulated spoiling moments
to dephase the residual transverse signals. In contrast, the golden angle scheme partially
refocuses residual transverse signals from previous TRs leading to signal contamination. In
addition, larger accumulated gradient spoiling moments of the sequential ordering scheme
are associated with stronger diffusion effects, which would further attenuate the residual
transverse signals.

A simple digital simulation with a 2D uniform circle phantom is shown in Fig. 1 (d). The
observed signals from one readout of simulation are plotted in (e), and the signals are
decomposed to signals from different excitations according to (b). With the sequential
scheme, the residual signals are suppressed, the observed signal is well-aligned with the
desired signal. However, with the golden angle scheme, the observed signal is largely
corrupted by refocused residual signals. The final reconstruction images from the simulation
are compared in (f). The reference image is reconstructed with simulated data without the
residual signal corruption. The image with sequential ordering more effectively suppresses
the artifacts induced by residual signal compared to golden angle scheme.

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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We also investigated the effect of T2 decay and using RF spoiling, plotted in Supporting
Information Fig. 2. As T2 increases, refocusing magnetization induced artifacts are stronger
with the golden angle ordering scheme. With sequential ordering scheme, only very slight
artifacts are shown even with long T2s. And adding extra RF spoiling also helps further
reduce the artifacts, especially for longer T2 situations. Therefore, quadratic phase RF
spoiling strategy is added to the later phantom and volunteer studies as default.

Similar to 2D, 3D radial ordering design could be also analyzed under the same framework,
and encoding gradients should be changed smoothly to dephase the residual transverse
signals.

2.3. View ordering design for 3D UTE acquisition

As mentioned before, to maximize the gradient spoiling moments of the spoiler free 3D
UTE sequence, the encoding gradients should be smoothly changed. Sequential ordering,
similar to the 2D example above, is one of the candidates fulfilling the requirement.
However, fully sequential ordering is not as robust to subject motion when compared to
golden angle ordering. With golden angle ordering, data can also be arbitrarily reorganized
for retrospective mation correction while maintaining a uniform sampling distribution. As
for 3D acquisitions, to balance the robustness to motion and smoothness of the readout
direction changes, we propose r2DGA scheme to combine a through-plane (z-axis)
continuous acquisition with an in-plane golden angle acquisition scheme. The pseudo code
for ordering design is shown below.

Initialization:
3D radial design scheme:
[%.y;.2zi).x} +y] +z; =1, i€1.2,---.N
1 =0.618, Ny number of groups,
Gy (ie1,2,---,N) group index.

fori=1:N
0; = arctan(})

Gli| = argmax cos(f;, 0;)
Oy = 2mnk,
ke(1,2,---Ng)

end
for k=1 :Ng

if k is odd.[x.y.z]; with Gi] = k are sorted by z
in descending order
if k is even,[x.y.z|; with G[i| = k are sorted by z
in ascending order
end

For comparison, two other view ordering schemes, the sequential ordering, and the 3D
golden angle (3DGA) schemes [5], are used in this work, ordering design schemes are
summarized in Supporting Information Table 1.

To quantify the sampling uniformity over time of different acquisition schemes, we define a
metric named maximum minimum distance (MMD) of sampling pattern.

MMD =max min dist|e(6;, $;),e(0), ¢;)|

jeJielg, (10)

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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Here, 8and ¢ are two design variables in radial ordering design. And the first term &(6;, ¢)
represents sample of a subset | 4, of designed sampling schemes within certain time
window, for instance, 1000 continuous spokes out of a 100,000 spokes acquisition. The
second term &(;, ¢)) is a sample from the predefined uniform sampling pattern J on the
sphere. And disq-, -] is orthodromic distance between two samples on the unit sphere.
Smaller MMD indicates more uniform temporal sampling.

1000 continuously acquired spokes out of the total 100,000 spokes with three ordering
schemes are plotted in Fig. 2 (a). The average accumulated spoiling moments of transverse
magnetization in the following TRs are used to evaluate the accumulated spoiling effects, as
plotted in (c). Similar to the 2D simulation results, the 3DGA scheme generates small
accumulated spoiling moments which might not be enough to dephase residual transverse
magnetizations without spoiler gradients. In contrast, the sequential and r2DGA schemes
generate much larger spoiling moments to dephase the residual signals. In addition, the
comparison of MMD on 1000 continuously acquired spokes over time with different
ordering schemes plotted in (d) indicates r2DGA and 3DGA have much more uniform
temporal sampling patterns than the sequential scheme.

One tunable parameter in r2DGA design algorithm is the number of spokes per group. 1000
continuous spokes with 6 different number of spokes per group are plotted in Fig. 3 (a), and
the average accumulated spoiling moments are plotted in (b) accordingly. As the number of
spokes per group increases, the average accumulated spoiling moments also increase in the
subsequent TRs. Mean-while, sampling pattern with more spokes per group are less
uniformly distributed with smaller MMDs, according to (c).

3. Methods

3.1.

MRI experiments

All experiments were run on a 3 T MR scanner (General Electric, Milwaukee, WI) with a
32-channel phased array cardiac coils. An optimized variable density readout center-out
radial UTE sequence [4] was used in all the experiments. The 3DGA ordering sequence with
the same field of view (FOV), spatial resolution, and sampling bandwidth as other scans
with 41 spoiler gradient was acquired as the reference for both phantom and in vivo studies.
And the quadratic phase RF spoiling strategy was applied to all the scans.

3.2. Phantom study

A multi-purpose phantom was used in the phantom experiments. Data were acquired with 1
mm isotropic resolution, image matrix size 200 x 200 x 200, TE = 100 ps, readout
bandwidth = 125 kHz, TR = 2.2 ms. UTE sequences with sequential, 3DGA and the
proposed r2DGA ordering schemes acquired without a spoiler gradient were compared. All
three sequences were acquired with 100,000 spokes.

Different scale spoiler gradients, 1 = and 4 ¢ are combined with different ordering schemes
and different numbers of spokes per group are used for r2DGA ordering in a phantom study.

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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3.3. Human study

All the volunteer studies conducted were approved by UCSF Institutional Review Board
(IRB). Two types of acquisitions were designed for human studies: a free breathing scan and
a breath-holding scan.

For free breathing scans, data were acquired with 1.25 mm isotropic spatial resolution,
image matrix size 256 x 256 x 256, TE = 70 ps, 100,000 spokes, with approximately 2-fold
undersampling. Motion corrected images were reconstructed with the self-navigated soft-
gating reconstruction [27]. The TRs depended on the moments of the spoiler gradient,
ranging between 1.9 and 3.7 ms, and the flip angles were set to 4-6° accordingly to target
Ernst angle with 1 s T1.

For breath-holding scans, data were acquired with 2 mm isotropic spatial resolution, image
matrix size reduced to 160 x 160 x 160, TE = 70 ps, the TRs ranged between 1.5 and 2.5
ms. And number of spokes were calculated to fit the whole sequence in 15 s. 3DGA scheme
with 41 spoiler gradient acquired ~6000 spokes, and r2DGA schemes without spoiler
gradient acquired ~10,000 spokes in 15 s. Assuming little respiratory motion in the breath-
holding scans, direct NUFFT with density compensation followed by coil combination
reconstruction was used without any motion correction.

For both applications, the number of spokes per group in r2DGA design was set to 50
targeting at around 100 ms acquisition time per group, which is much faster than the
respiration rate, and the number of groups is total spokes divided by number of spokes per

group.

4. Results

4.1.

Phantom study

Single axial slices at the same location from a phantom using 3DGA with 4r spoiler
gradient, 3DGA and r2DGA without spoiler gradient, are shown in Fig. 4. Compared to
3DGA without spoiler gradient, the r2DGA ordering scheme largely suppresses the
unwanted residual transverse signals and has a much lower root mean square error (RMSE).

In Supporting Information Fig. 6, image acquired with r2DGA ordering with 1 r spoiler
gradient shows less artifacts than 3DGA ordering with the same spoiler gradient scale,
which indicates 3DGA needs larger spoiler gradient to suppress residual signals.

Another phantom experiment is designed to evaluate how number of spokes per group
affects spoiling effect, and results are summarized in Supporting Information Fig. 4. By
using 250, 100, and 50 spokes per group for the phantom study, images are with comparable
image quality compared to reference scan, and the signal standard deviations are slightly
higher than the reference. As the number of spokes per group further decreases to 25, image
artifacts are more obvious, and the signal standard deviation largely increases. However,
there is a trade-off between motion robustness and sampling continuity. We also evaluate the
motion robustness of r2DGA ordering with 50 spokes per group, which is used in /n vivo
studies, in a simulated free breathing acquisition on phantom. Fully sampled datasets are

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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retrospectively gated based on different simulated respiratory rates, and the gated data are
used to reconstruct simulated motion free images for motion robustness comparison, and
details are summarized in Supporting Information Fig. 5. Both images with r2DGA and
3DGA ordering schemes show motion robustness to different respiratory rates. However,
strong aliasing artifacts are observed on images with sequential ordering scheme.

Breath-holding study

Eliminating the spoiler gradient is valuable to shorten the TR and increase total number of
spokes acquired for breath-holding scans. Fig. 5 shows a 15-s breath-holding acquisition
with two different acquisition schemes at inspiration and expiration. With 4 spoiler
gradient, the 3DGA sequence could acquire ~6000 spokes in 15 s, and has approximately
12-fold undersampling. In contrast, the r2DGA acquisition without spoiler gradient can fit
~10,000 spokes within the same duration, reducing the undersampling factor to around 7.2.
Much less streaking artifacts are observed with the r2DGA spoiler free acquisition compared
to with the standard 3DGA scheme. Small anatomical structures, such as vessels and
airways, as well as the lung parenchyma that has low proton density (pointed out by red
arrows) are also better delineated with the r2DGA spoiler free acquisition.

4.3. Free-breathing study

As shown in Fig. 4, there are still slight artifacts shown on the image without spoiler
gradient. Therefore, spoiler gradients with varied scales were added to suppress the residual
signals. Images acquired in a healthy volunteer with the 3DGA ordering with 4 spoiler
gradient (reference), the r2DGA without a spoiler gradient, and the r2DGA with 1 7t spoiler
gradient are shown in Fig. 6. The r2DGA acquisition without the spoiler gradient reduced
the scan time by 40% compared to the reference scan. However, slight noise-like artifacts
show up in the images with the spoiler free acquisition, which make small airways difficult
to distinguish from the lung parenchyma (pointed out by orange arrows). By addinga 1 =
spoiler gradient to the r2DGA sequence, these artifacts are largely suppressed, and image
quality, such as aorta aSNR is comparable to reference scan but with a 20% reduction in
scan time compared to the 3DGA reference scan. Maximum intensity projection (MIP) maps
of 15 coronal slices from each acquisition are shown in (b), further demonstrating that the
r2DGA with 1 w spoiler gradient largely reduce the artifacts seen without a spoiler gradient
and preserves more fine structures, pointed out by red arrows.

5. Discussion

In this work, we demonstrated how 3D center-out radial UTE ordering affects the transverse
magnetization spoiling and proposed a new reordering scheme named reordered 2D Golden
Angle scheme for 3D UTE to reduce the need for a spoiler gradient. Compared to the 3D
golden angle scheme, the proposed r2DGA changes the encoding gradient amplitudes much
more smoothly, inducing larger spoiling moments and diffusion effects between TRs to help
suppress the residual transverse magnetization. In addition, the r2DGA scheme still samples
randomly in two dimensions to keep uniform sampling distributions and robustness to
subject motion. The number of spokes per group is a tunable parameter in the r2DGA design

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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algorithm. By reducing the number of spokes per group, sampling pattern is more uniform in
k-space, but the induced spoiling moments and diffusion effects decrease.

When comparing the images acquired with and without spoiler gradients, slight artifacts
were observed in the images without spoiler gradient. This suggests that even with smoothly
changing the trajectory directions, the residual transverse magnetizations from adjacent TRs
are not fully spoiled which creates these artifacts. To suppress the residual magnetizations,
we found that small spoiler gradients were still needed.

In this work, we limited analysis of the residual transverse magnetizations evolution to just
the gradient spoiling moments, but they also largely depend on the subject structure as well
as T1 and T2 relaxation rates. In fact, the accumulated spoiling moments of the transverse
magnetization could be treated as sampling k-space at very high frequencies. We assumed
the signal intensity decreases as the spoiling moment increases (high frequency components
in the k-space), regardless of the diffusion effect. If the subject has repeated high frequency
structure they could be sampled by the accumulated readout gradients and the residual
transverse magnetizations might still corrupt the signals in the following TRs.

As we mentioned before, we ignored the refocusing component of the magnetization
because of small tip excitation, which is typically used in 3D UTE sequences. As for larger
flip angles, the assumption that refocusing magnetization is negligible no longer holds.
Under that situation, smoothly changing the trajectory directions would refocus the
refocusing magnetization instead of dephasing it according to Equation (1). To suppress both
refocusing and dephasing residual magnetizations under larger flip angle situations, a
comprehensive strategy including diffusion, gradient spoiling and RF spoiling strategies is
needed [28].

In this work, the proposed ordering design is one of the options for free breathing
acquisition. According to the gradient spoiling analysis, the ordering design could also be
formulated as an optimization problem, with certain sampling criteria, such as uniformity of
the sampling scheme, which could be generalized for broader applications. By solving the
optimization problem, an optimal ordering scheme can be achieved. However, as the number
of radial spokes increases, the computational complexity of the problem grows quickly.

Phyllotaxis spiral ordering [6] with interleaving, which was developed for cardiac bSSFP
sequences to reduce eddy currents, also has the smooth gradient displacements property. It
could be also adapted to UTE acquisition with slight modifications [29]. Because the
proposed r2DGA method is a reordering method, compared to interleaved phyllotaxis spiral
ordering, it can be more easily adapted to include other features, such as anisotropic FOV
radial acquisition [30-31].

Besides the center-out radial trajectory demonstrated, cones [32], radial cones [33], and
FLORET [34] trajectories have also been used successfully for 3D UTE acquisitions.
Because of their curvature in k-space compared to the center-out radial trajectory,
acquisitions without spoiler gradients might have additional refocusing of the transverse
magnetization during the readout and these trajectories were out of scope.

J Magn Reson. Author manuscript; available in PMC 2022 June 01.
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6. Conclusion

In this work, we analyze how ordering schemes affect transverse magnetization spoiling in
UTE acquisitions, and propose a new ordering scheme, named reordered 2D golden angle
(r2DGA), for 3D UTE sequences to reduce the spoiler gradient requirements and increase
the encoding efficiency. With r2DGA ordering scheme, we achieve a comparable image
quality to the typical 3DGA ordering scheme in a free breathing lung scan but shortened the
scan time by 20%. The proposed r2DGA scheme also improves a breath-holding lung scan
because of its shorter TR and 60% higher encoding efficiency compared to the 3DGA
ordering sequence that requires large spoiler gradients.
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Fig. 1.
Effects of ordering design on spoiler gradient free 2D radial acquisitions. Sequential and

golden angle ordering schemes with 20 spokes are plotted in (a). The corresponding
sequence sketches are shown in (b). According to Equation (7, 8), spoiling moments induced
by the encoding gradients of two different ordering schemes are plotted in (c). An digital
phantom, (d), is used for 2D simulation comparison. Signal amplitudes from previous TRs in
current readout are plotted in (e). Dashed red lines show the acquired signal, and signals
from the current excitation as well as unwanted residual transverse signals from prior TRs.
(f) shows the reconstructed images based on the simulated signals from (e).
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Fig. 2.

3[? trajectory ordering schemes and spoiling effect analysis. 1000 continuous spokes from a
trajectory with 100,000 spokes are plotted in (a), where the sequential acquisition only
covers a small part of k-space (limiting robustness to motion), however, r2DGA and 3DGA
schemes sample the k-space more uniformly. The average accumulated spoiling moments
created by different schemes in the subsequent TRs are plotted in (b), demonstrating greater
accumulation of spoiling effects in ”2DGA and 3DGA. The maximum minimum distances
(MMD) of different ordering schemes over time are plotted in (c), which quantifies the
uniformity of the k-space sampling throughout the scan time.
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Ilustration of the Number of spokes per group parameter in the r2DGA ordering design.
1000 spokes out of a 100,000 spoke trajectory with different number of spokes per group are
plotted in (a), and the accumulated spoiling moments are plotted in (b). MMD of r2DGA
with different number of spokes per group is shown in (c). With increasing spokes per group
the accumulated spoiling moment increases but at the expense of reduced sampling
uniformity.
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Fig. 4.

Phgantom study with different ordering schemes without spoiler gradients. Images acquired
with the reference sequence, the 3DGA without spoiler gradient, and the r2DGA without
spoiler gradient are compared. Compared to reference scan, the image acquired with the
r2DGA ordering scheme has relatively subtle noise-like artifacts, whereas the 3DGA
without spoiler gradient shows strong artifacts compared to the other two, and the root mean
square errors of difference with reference much higher.
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Fig. 5.
Breath-holding UTE lung imaging volunteer study. Two acquisition schemes, 3DGA with

47 spoiler gradient (6000 spokes, TR = 2.5 ms) and r2DGA without spoiler gradient (10,000
spokes, TR = 1.5 ms), were used to acquire breath-holding images in 15 s. Breath-holding at
both inspiration and expiration were acquired. The r2DGA shows notably less streaking
artifacts and clearer lung structures than 3DGA scheme (red arrows), likely because of
reduced undersampling and reduced refocused magnetization.
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Fig. 6.

Frge-breathing UTE lung imaging volunteer study. One coronal slice of 3D volume with
different ordering schemes are shown in (a). The image acquired by the r2DGA without
spoiler is slightly noisier than the 4 w spoiler scan, but the scan time was reduced by 40%.
Maximum intensity projection (MIP) of 15 coronal slices from each volume are plotted in
(b). The r2DGA scheme with a small 1 ¢ spoiler gradient shows similar delineation of small
vessels compared to the 4 r spoiler scan but with a 20% shorter scan time.
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