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Purpose: The purpose of this study was to investigate the use of a 2D rosette
trajectory for breath-hold and free-breathing real-time imaging of the lungs.

Methods: Eight healthy volunteers underwent breath-hold magnetic resonance
imaging (MRI) using two different parametrizations of the proposed single-petal
rosette (SPR) trajectory, as well as radial ultra-short echo time (UTE) acquisition
combined with the tiny golden-angle acquisition scheme. The additional free-
breathing acquisitions of all trajectories were performed. The proposed
technique was compared with the conventional radial UTE technique
regarding image sharpness, signal-to-noise ratio (SNR), regional fractional
ventilation (FV) for breath-hold and retrospective image-based self-gating,
and real-time imaging capabilities.

Results: Image sharpness significantly increased for gated SPR images compared
to radial UTE for the end-expiratory stage; no significant difference was found for
the self-gated end-inspiratory stage and the breath-hold acquisitions. The SPR
trajectory performs significantly better than radial UTE concerning the SNR for
breath-hold imaging, whereas no significant difference was found for self-gated
images. Fractional ventilation values were comparable between SPR and radial
UTE. The SPR real-time data showed a marked reduction in the aliasing artifacts
with no apparent streaks.

Conclusion: The second half of the petal of the SPR trajectory accomplishes
rephasing while acquiring non-redundant k-space data, thus leading to a more
efficient sampling of the k-space than that with the radial UTE sampling scheme,
with a minimal increase in TR. This leads to the need of less read-outs to achieve
the same SNR values and, thus, a reduction in scan time. For real-time application,
the SPR approach resulted in a marked reduction of aliasing artifacts when
compared to UTE.
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1 Introduction

Over recent years, lung magnetic resonance imaging (MRI) has proven to be an attractive
imaging modality for non-invasive evaluation of pulmonary function and structure. As the
clinical demand for comprehensive lung assessment continues to increase, there is a growing
interest in the development of innovative and reliable imaging techniques to address the
challenges posed by lung MRI, including lung motion and low signal intensity in the lung
parenchyma. In this context, MRI may especially be attractive for regional quantification of
lung function, including fractional ventilation [1] (FV) and perfusion [2], which likely
provides valuable insights into pulmonary physiology.
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Fast data acquisition strategies play a pivotal role in overcoming the
challenges associated with lung imaging. Traditionally, lung MRI has
been hindered by long acquisition times, leading tomotion artifacts and
limited temporal resolution. To mitigate these limitations, novel
imaging approaches, including parallel imaging [3, 4] and
compressed sensing [5, 6], have been developed, alongside with
radial (center-out) k-space sampling schemes, such as radial ultra-
short echo time (UTE) [7] and zero echo time (ZTE) [8], by making use
of their sub-Nyquist imaging capabilities, especially by employing
specific angular increments [9–12]. The ability to capture the high
temporal resolution images of the lungs allows for the characterization
of dynamic respiratory processes, such as lung inflation and deflation, as
well as the assessment of regional ventilation dynamics.

Radial UTE imaging techniques have emerged as a promising
technique for enabling imaging of lung tissues with its intrinsically
short T+

2 relaxation times [7, 13–15]. The application of radial UTE
imaging in lung MRI not only enhances the visualization of lung
structures but can also provide valuable information on tissue
composition [16], lung density [17, 18], perfusion [2], and ventilation
heterogeneity [1]. The combination of fast data acquisition and radial
UTE imaging offers a comprehensive approach to evaluate lung function
[15] and pathology [19–21], with improved accuracy and sensitivity.

However, in comparison to the Cartesian or radial encoding
schemes [9], radial UTE sequences suffer from long acquisition
times, due to the increased number of encodings required to fill the
k-space. For more efficient encoding, the k-space sampling pattern
can be improved by enhancing the coverage of the k-space for each
interleave by using, e.g., a spiral trajectory [22, 23], but often
disadvantageously increasing the read-out duration, which makes
the sequence prone to off-resonance artifacts and T+

2 -induced blur.
For more efficient sampling in combination with the

advantageous sampling properties known from UTE, this work
proposes a single-petal rosette trajectory [24, 25] (SPR), where
the read-out and rephasing gradients used for radial UTE are
replaced by a smooth gradient waveform, which intrinsically
rephases to the k-space center, while non-redundantly encoding
the k-space with only a negligible increase in TR. Furthermore, this
sequence reduces the distinct stroke aliasing artifacts known from
radial UTE and, due to starting each read-out in k0, keeps the unique
possibility of trading temporal vs. spatial resolution, inherent to
radial UTE imaging. The suggested SPR sampling scheme also
provides the possibility of reconstructing multiple images with
different contrasts, due to the dual-echo sampling nature.

2 Methods

2.1 Trajectory design

Generally, one interleave (read-out) of the investigated SPR
trajectories can be parameterized as

k t( ) � kx t( ) + iky t( )
� kmax sin ωt( )eit, (1)

where ω accounts for the general shape of each rosette and is chosen
from the interval ω ∈ R. For t ∈ [0, π/ω], the rosette reduces to a
single petal, starting and ending in k0.

The pre-factor kmax accounts for the extension of the k-space,
i.e., which depends on the resolution since kmax = N/(2FOV), with N
being the imaging matrix size in one dimension (isotropic) and FOV
being the imaging field-of-view in one dimension (isotropic). Two
parameterizations (ω = 5/3 and ω = 6/5) were chosen for further
evaluation based on either the short read-out duration (ω = 5/3) or
the advantageous k-space coverage (ω = 6/5), while keeping the
read-out duration within an acceptable limit to reduce T+

2 blur.
Further SPR trajectories were investigated in preliminary studies
with the resulting acceptable scan parameters (as mentioned above),
but no significant impact on image quality and functional values
was observed.

The generated interleave is then rotated according to an angular
increment of φn=7 = 23.6281°, corresponding to one specific tiny
golden angle, enabling low-discrepancy sub-sampling properties for
any number m of consecutively acquired interleaves as long
as m >2n [26].

2.2 PSF analysis

Based on the SPR trajectory described in Section 2.1, the
sampling point spread functions (PSFs) were derived for the
trajectory parametrizations (ω = 5/3 and ω = 6/5). To obtain
each PSF, unit k-space data were mapped onto a Cartesian grid
[27, 28] and the calculated Voronoi tessellation was used to estimate
the weights for compensating the sampling density of the non-
uniformly acquired k-space data. The gridded data were then
Fourier-transformed, yielding the PSF.

The side-lobe/peak ratio

SPR � max
i≠j

PSF i, j( )
PSF i, i( )
∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣, (2)

of each PSF was further calculated to provide a measure for the
coherence of the emerging aliasing artifacts [5].

For comparison, the same was repeated for the well-established
radial UTE sampling scheme, as will be discussed in Section 2.3. For
the simulation of the radial UTE PSF, the required densities were
calculated analytically.

2.3 MR imaging and reconstruction

The images were acquired on a Philips 3T whole-body MRI
(Ingenia 3.0T CX, Philips Healthcare, Best, Netherlands), using a
16ch dStream torso coil (Philips Healthcare, Best, Netherlands) in
combination with an integrated 16ch posterior coil.

For this study, two SPR trajectories (ω = 5/3 and ω = 6/5) were
calculated using MATLAB (MathWorks, Natick, Massachusetts,
USA) and their respective gradient waveforms derived, ensuring
the shortest read-out time under given gradient constraints
(maximal gradient strength 20 mT/m and maximal slew rate
150 T/m/s). The SPRω=6/5 trajectory resulted in interleaves that
are more circular in shape, i.e., the area enclosed by each rosette
petal is increased as ω approaches 1. The trajectories are depicted in
Figure 1. The read-out durations for SPRω=5/3 were tacq, 5/3 = 1.01 ms
and tacq, 6/5 = 1.07 ms for the case SPRω=6/5.
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After data acquisition, raw data were exported and processed
with MATLAB (MathWorks, Natick, Massachusetts, USA). Images
were obtained using gridding [29], with an oversampling factor of
1.25, a Kaiser–Bessel kernel for interpolation, and in combination

with a 2D Voronoi tessellation for density compensation. During
trajectory calculation, gradient delays were carefully considered [30]
and remaining eddy current-induced distortions modeled by a
mono-exponential decay function [31] with the time constant of

FIGURE 1
First 15 interleaves and simulated sampling point spread functions for radial ultra-short echo time (UTE) (A), single-petal rosette trajectory (SPRω=5/3)
(B), and SPRω=6/5 (C). (D) shows the spectral noise analysis for all trajectories.
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τ = 43 μs. No post-processing was applied to any of the
presented images.

In vivo imaging was performed in eight healthy volunteers with
no reported respiratory disorders. Written informed consent was
obtained prior to the examination. The imaging slice was centered at
the bifurcation of the trachea in a coronal orientation.

Considering the SPR trajectory, the said slice was measured
three times for each of the two trajectories (SPRω=5/3 and SPRω=6/5):
once in the inhalation state (breath-hold); once in the exhalation
state (breath-hold), each for a duration of 2.4 s; and once
continuously during free breathing for a total scan duration of
113 s. For comparison, the same was repeated using radial UTE
sampling with equal TE, whereas TR was kept minimal at 2.6 ms,
resulting in a total scan duration of 1.99 s, in case of the breath-hold
acquisitions, and 93 s in case of the free-breathing acquisition, for
the same number of interleaves as for the SPR trajectories. In every
case, the number of interleaves was equal to the number of
interleaves required by the Nyquist sample k-space based on the
radial UTE sampling scheme (703 interleaves), leading to
oversampling in case of the SPR trajectories. All relevant scan
parameters for the breath-hold acquisitions are shown in Table 1.

Due to the prolonged read-out duration in the SPR, T+
2 effects

become more apparent, leading to changes in contrast in
comparison to radial UTE sampling. To evaluate the capabilities
of the proposed sampling scheme, SPR acquisitions were also
retrospectively reconstructed based on only every first (center-
out) or second (out-center) half of each SPR interleave.

Additionally, to take advantage of the oversampling of the SPR
trajectory compared to the radial UTE, only the first 350 interleaves of
every SPR acquisitionwere reconstructed for breath-hold images, reducing
the total scan time to 1.28 s for SPRω=5/3 and 1.31 s for SPRω=6/5.

A sliding-window approach was used for the reconstruction of
the real-time data. The increment was chosen as 100 ms with bin
sizes of 703 read-outs, 300 read-outs, and 100 read-outs per frame
for each investigated trajectory. Only the full-petal SPR trajectories
were used for real-time and self-gating reconstruction.

Based on the free-breathing acquisitions, retrospective image-
based self-gating was performed by deriving a respiratory navigator
signal from images reconstructed with a high temporal resolution
(100 ms) by manually identifying a line profile over the lung–liver

interface (LLI) and, subsequently, obtaining the actual location of
the LLI by gradient analysis. For determination of the respiratory
stages, the data were binned based on equidistantly subdividing each
stage based on the total displacement. For all further analyses of the
gated images, the end-inspiratory and end-expiratory stages were
chosen and compared to the breath-hold images.

2.4 Image analysis and functional
parameters

For the assessment of regional ventilation in all images, the
parenchyma was segmented semi-automatically by manually
drawing approximate contours around the left and right lungs
and by subsequently applying intensity thresholds to exclude
large vessels.

According to [1], fractional ventilation values were calculated
as follows:

FV � SIEX − SIIN
SIEX

, (3)

with SIEX and SIIN being the pixel intensities in the images
reconstructed for the expiration and inspiration breath-holds,
respectively.

The signal-to-noise ratio (SNR) of the lung parenchyma was
calculated according to [32] by

SNR �
�����
2 − π

2

√
SIROI
σBG

, (4)

where SIROI is the mean intensity within a selected ROI and σBG is
the noise standard deviation of the pixel intensities within a
selected background ROI. The square-root pre-factor corrects for
the Rician distribution of noise in the evaluated
magnitude images.

It has been shown that the breathing amplitude during breath-
hold imaging impacts the FV reproducibility [33, 34] therefore,
structural similarity (SSIM) analysis of the FV maps was performed,
using the radial UTE-derived FV map as a reference.

The image sharpness assessment was carried out across an
intensity line profile over the LLI. The position of the pixels
corresponding to 25% and 75% of the maximum signal intensity
was identified by a standard metric [35, 36], and the resulting
distance was used as a sharpness measure.

To check for statistically significant differences in the SNR and
FV, a paired two-sided Student’s t-test was performed, with p-values
smaller than 0.05 considered significant.

3 Results

3.1 PSF analysis

Figure 1 shows the normalized simulated sampling point spread
functions for the investigated trajectories (A–C) and a logarithmic
plot of the center regions of each PSF (D). The side-lobe/peak ratio is
highest for the radial UTE trajectory (69.7 · 10–3). The side-lobe/peak
ratio for the SPRω=5/3 trajectory is reduced by 19.5% and reduced by
22.7% for SPRω=6/5.

TABLE 1 Scan parameters for the 2D breath-hold SPR acquisitions and
radial UTE acquisitions.

2D acquisition SPRω=5/3 SPRω=6/5 Radial UTE

FOV/mm 450 × 450 450 × 450 450 × 450

Slice thickness/mm 20 20 20

Matrix 224 × 224 224 × 224 224 × 224

Res./mm 2 × 2 (in-plane) 2 × 2 (in-plane) 2 × 2 (in-plane)

TR/ms 3.1 3.2 2.6

TE/ms 0.45 0.45 0.45

No. of read-outs 703 703 703

Flip angle/° 6 6 6

Scan duration/s 2.39 2.44 1.99
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3.2 Image quality and sharpness

Data acquisition was completed successfully for all volunteers.
The breath-hold images of one volunteer are shown in Figure 2. The
overall image quality is comparable for all reconstructed images. The
fat-water shift-induced blur artifacts are visible in the low-signal
parts of the radial UTE and the center-out SPR images, caused by
non-fat-suppressed excitation. A markedly reduced fat signal can be
observed in the full-petal SPR image, whereas the first half-petal SPR
images show a radial UTE-like contrast. The out-center images lack
the data of the first echo and, thus, show low signal left in the
parenchyma.

The real-time reconstructed images can be found in the
Supplementary Material S1–S9. The sharpness of the
lung–liver interface increases for the lower number of read-
outs per frame for all trajectories. The radial UTE images
show the well-known aliasing artifacts in the form of distinct
spokes, where in the SPR images, the aliasing results show less-
pronounced, more noise-like artifacts.

The reconstructed breath-hold and gated images including the
line profile across the LLI, used for sharpness analysis of one
volunteer, are shown in Figure 3. The mean image sharpness for
the self-gated images significantly increased for the end-expiratory
stage, by 269.5% for SPRω=5/3 (p <0.01) and 142.0% for SPRω=6/5

(p <0.05), when compared to radial UTE. For the end-inspiratory
stage images, sharpness increased when comparing SPRω=5/3 to
radial UTE, although insignificantly, by a mean of 53.9%
(p <0.4), whereas for SPRω=6/5 images, the sharpness decreased
insignificantly by a mean of 25.5% (p <0.3).

No significant difference in image sharpness was found for
breath-hold images when comparing radial UTE- and SPR-
based images.

3.3 SNR

3.3.1 Breath-hold images
The mean SNR values in the lung parenchyma can be found

in Table 2. The calculated SNR values were significantly higher
for full-petal SPR compared to the radial UTE trajectory
(p <0.01 for SPRω=5/3 and p <0.02 for SPRω=6/5) and for
center-out read-outs (p <0.01 for SPRω=5/3 and p <0.02 for
SPRω=6/5). The second half of the petal had significantly lower
SNR values compared to the radial UTE (p <0.001 for SPRω=5/3

and SPRω=6/5). For the data that were reconstructed with the
first 350 read-outs of the SPR trajectories, the SNR was
significantly higher (p <0.05) when using the SPRω=5/3 for
both the full petal and the center-out half of the petal,
compared to the full Nyquist-sampled radial UTE. The SNR
was significantly higher (p <0.02) when using SPRω=6/5 with
only the first 350 read-outs for the center-out half of the petal,
but no significant difference for the full petal compared to the
full Nyquist-sampled radial UTE was found.

For both parametrizations of the SPR trajectory, the second half
of the petal yielded a significantly lower (p <0.002) SNR compared to
the full Nyquist-sampled radial UTE when only using the first
350 read-outs for reconstruction, as well as for reconstruction
with all 703 read-out reconstructions.

FIGURE 2
2D coronal lung images for expiration (A–C andG–H) and inspiration (D–F and I–J). The images were acquired using radial UTE (A, D), the SPRω=5/3

trajectory (B, E, G, and I), and the SPRω=6/5 trajectory (C, F, H, and J). The images corresponding to the SPR trajectories (B, C, and E–J)were reconstructed
using the full petal, the first center-out half of the petal, and the second half of the petal. Images (A–F) were reconstructed using all 703 read-outs
equaling a full Nyquist sampled k-space for radial UTE, whereas images (G–J) were reconstructed using only 350 read-outs.
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3.3.2 Self-gated images

The difference in the SNR values of the parenchyma between the
self-gated, radial UTE-based images and the self-gated, SPR-based

images was not significant for either trajectory (p <0.4 for SPRω=5/3

during end-inspiration and p <0.2 for SPRω=5/3 during end-
expiration; p >0.5 for SPRω=6/5 during end-inspiration and
p >0.5 for SPRω=6/5 during end-expiration).

FIGURE 3
Reconstructed breath-hold and self-gated images acquired with radial UTE, SPRω=5/3, and SPRω=6/5, including corresponding line profiles across the
LLI that are subsequently used for image sharpness analysis.
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3.4 Functional values

3.4.1 Breath-hold images
The fractional ventilation maps are shown in Figure 4. No

significant difference in fractional ventilation values was observed

between the SPR trajectories and radial UTE. The mean
fractional ventilation values are listed in Table 3. The SSIM index
for the SPRω=5/3 was calculated to be 0.81 for the full, first-half, and
second-half petal and 0.82 for the full, first-half and second-half
petal of SPRω=6/5.

TABLE 2 Mean SNR values in the lung parenchyma for the breath-hold images of all trajectories for 703 interleaves and for all reconstructions of SPR
trajectories using only 350 interleaves.

SPRω=5/3 SPRω=6/5 Radial UTE

703 interleaves Full Center-out Out-center Full Center-out Out-center

Inspiration 5.0 ± 0.9 5.2 ± 0.4 2.5 ± 1.1 4.7 ± 0.8 5.4 ± 1.0 2.3 ± 0.8 4.4 ± 0.8

Expiration 5.9 ± 1.1 6.0 ± 0.8 2.9 ± 1.3 5.5 ± 1.0 6.0 ± 0.5 2.5 ± 0.9 4.7 ± 0.8

350 interleaves

Inspiration 4.8 ± 0.5 4.9 ± 0.7 3.0 ± 1.2 4.4 ± 0.7 4.9 ± 0.5 2.7 ± 1.3

Expiration 5.5 ± 0.7 5.2 ± 0.5 3.2 ± 1.2 5.0 ± 0.8 5.3 ± 0.5 3.0 ± 1.5

FIGURE 4
Fractional ventilation maps for radial UTE and both parametrizations of the SPR trajectory. The SPR trajectories were reconstructed for the full petal,
first half of the petal, and second half of the petal. All trajectories were reconstructed using all 703 read-outs, corresponding to a fully Nyquist sampled
k-space for radial UTE. Additionally, the SPR trajectories were reconstructed with only using the first 350 read-outs.
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3.4.2 Self-gated images
Similar to the breath-hold images, no significant difference in

fractional ventilation values between the self-gated, radial UTE-
based images and the self-gated, SPR-based images was found for
either trajectory (p <0.2 for SPRω=5/3 and p >0.5 for SPRω=6/5).

4 Discussion

The general advantage of SPR trajectories is their intrinsic
oversampling of the k-space compared to radial UTE sampling if
an equal number of interleaves is considered. This is caused by the
general petal shape of each interleave and the acquisition of non-
redundant k-space data during rephasing (second half of each petal).
Consequently, distinct advantages corresponding to relative k-space
oversampling can be observed in the simulations of the sampling
point spread functions as well as in significant increases in the SNR
during, e.g., lung imaging.

The real-time reconstructions show notably better image quality
for the high temporal resolution images acquired using the SPR
trajectories, due to the more efficient k-space sampling pattern of the
SPR trajectories compared to the radial UTE. The temporal
resolution can be increased to even resolve the heart beat in case
of the SPR trajectories, whereas the images acquired with radial UTE
show more pronounced artifacts.

In separate reconstructions, images based on only the second
half of each petal show a significant decrease in the SNR due to T+

2

relaxation, in comparison to images based on the first half of all
petals. Nevertheless, for the presented application, the second half of
each petal still introduces sufficient spatial frequency data above the
noise floor to reduce aliasing artifacts from long T2 components
and, as such, improved the image quality in the lungs.

The significantly higher SNR values of the SPR trajectories with a
total number of interleaves that corresponds to Nyquist UTE sampling
suggests that an undersampling factor of 2 might still be acceptable to
obtain functional values that do not significantly deviate from the fully
sampled case. This was especially true for SPRω=5/3 acquisition, where a
reconstruction with 350 instead of 703 interleaves still yielded a
significantly higher SNR than that of Nyquist-sampled UTE
imaging. Approximately equal SNR values were observed for
SPRω=6/5 (compared to radial UTE) where the decrease in the SNR
relative to SPRω=5/3 is most likely to be linked to the longer read-out
durations, leading to more pronounced effects of T2* relaxation.

The low-fat signal in the full-petal images arises due to the dual
sampling of k0 acquisition of the SPR approach, where the second
sampling of k0 occurs at 1.01 ms for SPRω=5/3 and at 1.07 ms for
SPRω=6/5, which is slightly below the point at which a 180° phase shift

between fat and water is established (1.1 ms for 3T). This property of
intrinsic fat suppression might be advantageous regarding image
blur and aliasing artifact introduced from a high-signal fat
component. With the currently chosen read-out duration in the
order of 1 ms, the sampling of the k-space center during the second
echo yields a marked reduction in the fat signal, resulting in the
reduction of high-intensity aliasing artifacts. Furthermore, the high-
intensity aliasing artifacts are less pronounced in the out-center SPR
images since a phase cancellation similar to intravoxel dephasing in
pixel containing both water and fat occurs.

The analysis of FV maps resulted in no significant difference in
the FV values between radial UTE and the proposed SPR
trajectories. Additionally, the structural similarity of the FV maps
suggests that the SPR trajectories present a viable alternative to
radial UTE concerning functional analysis of lung data.

Retrospective image-based self-gating yielded comparable or
higher SNR values when performed for SPR-based images
compared to radial UTE-based images. Image sharpness
increased significantly for the end-expiratory stage for SPR-based
images compared to radial UTE-based images, whereas no
significant difference was found for the end-inspiratory stage.
Fractional ventilation values also yielded no significant difference.

From a clinical perspective, the full, isotropic 3D coverage of the
lungs appears beneficial. In principle, the application of 3D techniques
like ZTE or 3D variants of UTE including 3D radial UTE and 3D
rosettes has been shown to be capable of providing anatomic and
functional data of the lungs. However, the related long scan times limit
the application of the 3D approaches, which are often not well-tolerated
by the patients suffering from lung disease. In that respect, the rapid
subsequent acquisition of 2D slices renders an attractive and maybe
clinically more usable alternative. Here, the suggested single-petal
approach may especially be beneficial due to its superior SNR
performance, which can be applied to either improve the image
quality or speed up data acquisition. Furthermore, the dual
measurement of k0 can be used for contrast manipulations and
especially for reduction of the fat signal. This holds potential for
further reduction of aliasing artifacts from high-signal (fat)
components overlaid onto the low-signal lungs and may enable to
further improve the temporal resolution in the real-time acquisitions.

5 Conclusion

The oversampling properties of the proposed SPR trajectory lead
to significant improvements in the SNR compared to radial UTE
sampling by accepting only minimal increases in TR. Furthermore,
the SPR trajectories outperform radial UTE sampling, even with less

TABLE 3 Fractional ventilation values for breath-hold images of all trajectories and self-gated images. No significant differences between the SPR and radial
UTE trajectories were found.

Breath-hold SPRω=5/3 SPRω=6/5 Radial UTE

Full Center-out Out-center Full Center-out Out-center

Mean FV 0.30 0.26 0.30 0.31 0.30 0.32 0.33

Self-gated Full Full

Mean FV 0.23 0.25 0.21
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than half the number of read-outs in terms of the SNR. This can be
used to decrease scan times, which is especially useful for breath-
hold imaging, to enhance the temporal resolution in real-time
imaging and for gating approaches where the temporal resolution
is of great importance.

Fractional ventilation values of the proposed SPR trajectories,
which are compared to those obtained from images acquired using a
radial UTE trajectory, suggest that the proposed trajectories are
suitable for functional lung imaging.

As a further advantage, multiple contrasts can be reconstructed
from data acquired with the SPR sequence, including radial UTE-like
contrast, by only using the first half of the petal and a low-fat contrast by
exploiting the position of the second echo of the SPR trajectory.

The SPR trajectories have proven feasible for retrospective image-
based self-gating, thus making SPR trajectories an excellent candidate
for further investigations in lung MRI. An extension to 3D imaging
could be considered to profit from shorter echo times due to the lack of
slice selection. Their comparison to other trajectories, such as the ZTE,
needs to be considered.
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