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Abstract

Purpose: Golden-angle single-shot PROPLLER (GA-SS-PROP) is proposed to accelerate the
PROPELLER acquisition for distortion-free diffusion-weighted (DW) imaging. Acceleration is
achieved by acquiring one-shot per b-value and several b-values can be acquired along a diffusion
direction, where the DW signal follows a bi-exponential decay (i.e. IVIM). Sparse reconstruction
is used to reconstruct full resolution DW images. Consequently, apparent diffusion coefficient
(ADC) map and IVIM maps (i.e., perfusion fraction (#) and the perfusion-free diffusion coefficient
(D)) are obtained simultaneously. The performance of GA-SS-PROP was demonstrated with
simulation and human experiments.

Methods: A realistic numerical phantom of high-quality diffusion images of the brain was
developed. The error of the reconstructed DW images and quantitative maps were compared to the
ground truth. The pulse sequence was developed to acquire human brain data. For comparison,
fully sampled PROPELLER and conventional single-shot echo planar imaging (SS-EPI)
acquisitions were performed.

Results: GA-SS-PROP was 5 times faster than conventional PROPELLER acquisition with
comparable image quality. The simulation demonstrated that sparse reconstruction is effective in
restoring contrast and resolution. The human experiments demonstrated that GA-SS-PROP
achieved superior image fidelity compared to SS-EPI for the same acquisition time and same in-
plane resolution (1 x 1 mm2).

Conclusion: GA-SS-PROP offers fast, high-resolution and distortion-free DW images. The
generated quantitative maps (£, Dand ADC) can provide valuable information on tissue perfusion

1053-8119/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license ( http://

creativecommons.org/licenses/by-nc-nd/4.0/ )

"Corresponding author. wenq@iu.edu (Q. Wen).
Author Contributions

Qiuting Wen: Conceptualization, Methodology, Software, Data acquisition, Formal analysis, Validation, Writing — Original Draft,
Writing — Review & Editing

Li Feng: Conceptualization, Methodology, Review&Editing

Kun Zhou: Sequence development, Review&Editing

Yu-Chien Wu: Supervision, Conceptualization, Writing — Original Draft, Writing — Review&Editing, Funding acquisition


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al. Page 2

and diffusion properties simultaneously, which are desirable in many applications, especially in
oncology. As a turbo spin-echo based technique, it can be applied in most challenging regions
where SS-EPI is problematic.

1. Introduction

Multi-shot techniques have been used to achieve high-resolution diffusion weighted (DW)
imaging (Atkinson et al., 2000; Chen et al., 2013; Holdsworth et al., 2008; Pipe et al., 2002;
Holdsworth et al., 2019). In this category, turbo spin-echo (TSE) based approaches such as
PROPELLER (Periodically Rotated Overlapping ParallEL Lines with Enhanced
Reconstruction) can provide high-quality DWI with no distortion (Pipe et al., 2002).
Compared with echo-planar imaging (EPI)-based methods, DW PROPELLER has been
shown to have superior geometrical fidelity. In addition, the motion artifacts may be
corrected by its self-navigation property, as the center of the k-space is repeatedly sampled
with a rotating blade trajectory. DW PROPELLER and its variations are now adopted by
major vendors. Clinically, due to its robustness to motion and off-resonance artifacts, DW
PROPELLER has been used for the diagnosis of lesions in the posterior fossa and brainstem
in patients with middle-ear cholesteatomas and acute diffusion abnormalities, as well as in
patients with surgical material or with hemorrhage (Attenberger et al., 2009; Jeon et al.,
2016; Lehmann et al., 2009; Locketz et al., 2016; Mas-Estelles et al., 2012).

A drawback of DW PROPELLER, which is common to all multi-shot techniques, is the long
acquisition time. To improve acquisition efficiency, as well as to reduce specific absorption
rate (SAR), gradient echo has been incorporated into the echo train to collect more lines of
data per echo train or multiple blades per echo train (Li et al., 2011; Pipe and Zwart, 2006;
Srinivasan et al., 2018). For example, X-PROP separates the gradient and spin echoes into
individual blades and removes the off-resonance phase, and two to five blades can be
acquired within one shot (Li et al., 2011). Despite such improvements, the clinical
applications of DW PROPELLER are still limited to DWI trace images within a three-
minute time frame (Attenberger et al., 2009; Jeon et al., 2016). Therefore, acceleration of the
DW PROPELLER acquisition is greatly de-sired, so that advanced diffusion properties, such
as intravoxel incoherent motion (IVIM), can be explored.

An advantageous feature of PROPELLER is that the central k-space is repeatedly sampled.
This self-navigated trajectory allows phase and motion correction. It also produces data
redundancy. The data redundancy in PROPELLER enables acceleration of data acquisitions
by undersampling k-space with fewer shots (Arfanakis et al., 2005), or even one shot. Our
previous work has shown that by acquiring one shot per diffusion direction, more diffusion
directions can be sampled in a given time and higher angular resolution can be achieved
(Wen et al., 2018). The full k-space DWIs may then be recovered by utilizing their
similarities in the g-space. By reducing the k-space coverage, we achieve high angular
resolution in g-space.

The potential of trading off k-space coverage for g-space resolution with PROPELLER
trajectory has been demonstrated, and more can be investigated. For example, in addition to
higher angular resolution, which is desirable for diffusion tensor imaging and tractography,
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acquiring multiple b-values along the same diffusion direction allows for the differentiation
of the perfusion compartment, also known as the 1VIM, where the signal decay along the b-
values follows a biex-ponential decay (Le Bihan, 2019; Le Bihan et al., 1988; Le Bihan and
Turner, 1992). IVIM was introduced 30 years ago and is experiencing a remarkable revival
for applications throughout the body, especially in oncology, as it can probe the perfusion
compartment without contrast agents (Federau et al., 2012; Koh et al., 2011; Li et al., 2017;
Sigmund et al., 2011; Kikuchi et al., 2019; Sun et al., 2018). Because the signal evolution
along the b-value is smooth, sparsity reconstruction may be incorporated to achieve
acceleration, which has not been explored for multiple b-values diffusion acquisition.

Previously, golden-angle rotation has been successfully incorporated with radial trajectory to
enable flexible time-resolved acquisitions (Chandarana et al., 2011; Feng et al., 2020;
Winkelmann et al., 2007; Feng et al., 2014). Here, we propose to combine PROPELLER
with golden-angle rotation, which provides a convenient way for introducing temporal
incoherency for the application of sparsity-based reconstruction. The temporal incoherency
introduced by golden-angle and the extensive temporal correlations along the time-domain
enable the use of sparse reconstruction to recover the high-resolution image. Such a concept
can be utilized to accelerate diffusion acquisitions in b-value direction (b-domain) with the
rotating blade trajectories as well.

In this work, we proposed a golden-angle single-shot PROPELLER diagram, called GA-SS-
PROP, to achieve distortion-free and high-resolution diffusion acquisitions within clinically
feasible time. We aimed to demonstrate the use of this scheme to improve the acquisition of
diffusion trace images using a fully sampled DW PROPELLER. With this, rather than
acquiring each DW image with multiple shots, we achieved comparable image quality by
acquiring each DW image with a single shot and sampling at multiple b values. The model
of signal evolution in the b-domain was utilized in the sparse reconstruction to recover the
full resolution of DW images. As a result, it is possible to reconstruct trace images, apparent
diffusion coefficient map (ADC), as well as maps of perfusion fraction (/) and the perfusion-
free diffusion coefficient (D). Here, we demonstrated the feasibility of GA-SS-PROP by
testing its performance in both simulations and human experiments.

2. Methods

2.1. k-Space trajectory: golden-angle multi-blade acquisition with parallel imaging
acceleration

A multi-blade TSE sequence was implemented as shown in Fig. 1. EPI-like readout is used
to sample the echoes (e.g. red and blue echoes in Fig. 1A) and generates multiple blades
(e.g. two blades in Fig. 1B) for a single k-space, similar to the X-PROP acquisition strategy
(Li etal., 2011). The sequence addresses the non-CPMG issue with phase insensitive
preparations (Alsop, 1997; Kun Zhou and Cheng, 2018). Specifically, a dephasing gradient
is applied in the readout direction right after the diffusion encoding so that each voxel has
equal CPMG and non-CPMG components. Then a 90° pulse with specified phase is applied
to rotate the non-CPMG component to the longitudinal axis where it will be invisible in the
subsequence acquisition. By doing this, low-flip-angle (e.g. x° =120° in Fig. 1) refocusing
pulses can be applied, which mitigates the high Specific Absorption Rate (SAR) issue.
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Parallel imaging (GRAPPA) is used to fill in the missing lines (Fig. 1B dotted lines) with
mutual calibration without the need of calibration scans, whereby each blade (e.g. red)
serves as the calibration data for its perpendicular pair (e.g. blue) (Li et al., 2011), resulting
in a wider blade that is more robust to motion-induced phase error.

Fig. 2 compares the proposed scheme to the conventional trace image acquisition using the
same multi-blade sequence (i.e. two perpendicular blades). Rather than acquiring a full k-
space with multiple shots (Fig. 2 left), only one shot is acquired for each b-value in the
proposed method. Thus, a number of b-values may be sampled. The two-blade trajectory
rotates along the b-values with adjusted golden angle 55.63° (111.25°/2 by considering two
perpendicular blades) (Fig. 2 right). The rationale for choosing two blades will be discussed
in subsection “Number of blades for each shot” below. The golden angle introduces
incoherent artifacts to the acquired images, which can be recovered through sparse
reconstruction discussed below.

2.2. Sparse reconstruction: subspace and locally low-rank constraint (subspace-LLR)

2.2.1. Sparsity in k-b dimensions—Incoherency and sparsity are the two
prerequisites for sparsity-based reconstruction. As the blades rotate at the golden-angle,
incoherent artifacts are introduced along the b-values direction. Meanwhile, because the
signal evolutions along the b-values of each voxel form a smooth curve that follows bi-
exponential decay, sparsity can be exploited within this dimension. Similar to the k-t
approach used in dynamic MRI and the k-p approach used in parameter mapping, the DWI
problem may be considered in the k-b space, where b represents the diffusion weighting
dimension along one diffusion direction. Here, we implement sparse re-construction that
exploits sparsity in both k-b dimensions by enforcing a combination of an explicit low-rank
subspace-constraint and a locally low-rank spatial constraint (subspace-LLR), which is
similar to that developed for parameter mapping (Feng et al., 2020; Tamir et al., 2017).

2.2.2. Pre-calculation of subspace basis—The subspace method exploits the
sparsity in the temporal space, as dynamic signal curves can be represented in a lower
dimensional subspace if the corresponding temporal basis is known in advance. To estimate
the temporal basis functions in the k-b dimension, all possible signal evolutions (Fig. 3B)
along the b-dimension were first simulated using Equation 1 (Fig. 3A) with physically
plausible values for £, Dand O* estimated from the histograms of a volunteer data (results
not shown). fis the perfusion fraction with a range of [0 0.5] and a step size of 0.05; Dis the
perfusion-free diffusivity with a range of [400 3000] and a step size of 20 ym?/s, and D* is
the pseudo-diffusion coefficient with a range of [8000 20,000] and a step size of 1000 zm?/s.
Singular value decomposition was performed to the collection of possible signal evolutions
to generate a set of orthogonal bases. The subspace basis @« can be selected as the ones
with dominant singular values (Fig. 3B-D). This set of subspace basis @« (Fig. 3D) becomes
the sparse representation of all possible signal evolutions and can be used to constrain the
reconstructed images using Equation 2 (Fig. 3E). In this case, yis the acquired signal in k-
space, a are the K'temporal basis coefficientsto be solved, and @ g« forms the temporal

signal in the k-b domain. This subspace constraint significantly reduces the dimensionality
of the unknown variable (e.g. number of DW images to be solved at different b-values) down
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to K(e.g., K=4) temporal basis coefficient maps (a) in the optimization problem, where E is
the encoding operator incorporating coil sensitivities, Fourier transform, and the
undersampling operator. A locally low rank regularization Z | R-()|| was used to further

r

enforce local sparsity in the image domain, as the set of DW images are rank-deficient when
partitioned into local regions. After solving for a, the series of DWIs were computed by
projecting through the basis using x = ® g, where trace images, diffusion coefficient (D)

and perfusion fraction (#) could be generated.

2.2.3. The reconstruction pipeline—The reconstruction pipeline is shown in Fig. 4.
Raw k-space data was first reconstructed with GRAPPA and corrected for motion-induced
phased errors with a low pass filter, as previously described (Pipe et al., 2002). The blades
were first combined to generate coil sensitivity maps (Fig. 4 Route A) and were then fed into
the subspace-LLR framework as in Equation 2 (Fig. 3E). A nonuniform fast Fourier
transform (NUFFT) operation was used in both the sensitivity estimation and iterative
reconstruction. All the reconstructions were implemented in MATLAB (The MathWorks,
Natick, MA).

2.2.4. Number of blades for each shot—To enable mutual calibration, each blade
has to have a perpendicular pair, and the total number of blades has to be even. To choose an
optimal number of blades for each shot, we compared the point spread function (PSF) of the
system for a two-blade versus a four-blade scheme, while keeping the number of readout
lines the same. The input signal containing a uniform patch with a width of 7 in the first
temporal coefficient and the resulting PSF is shown in Fig. 5. The two-blade and four-blade
scheme yielded similar results, with full-width half max (FWHM) being 6.917 and 6.918,
respectively, compared to the ideal FWHM of 7. We chose the two-blade scheme with a
wider blade that increases the robustness to both rigid head motion and physiological
motion.

2.2.5. Simulations—To evaluate the performance of the framework, a set of high-quality
brain DWI phantom at 1.25 x 1.25 mm? in-plane resolution was developed using a diffusion
dataset acquired with a single-shot EPI (SS-EPI) sequence with 50 b-values and 5 averages.
Signal model in Equation 1 was used (Fig. 3A) and model coefficients, £, D and D*, were
derived. The derived coefficients can then be used to generate DWI phantom at an arbitrary
b-value. We simulated DW images at 15 b-values ranging from 0 to 800 s/mm? (6= 0, 40,
80, 120, 160, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800) and undersampled the k-
space data using the blade trajectories as described above. Realistic coil sensitivity maps
were used, and noise was added to each channel at an aggressive noise level of SNR =5
calculated at 5= 0 s/mm?2. The undersampled DWIs were fed through the subspace-LLR
reconstruction pipeline to produce full resolution DWIs. For comparison, the undersampled
data were also reconstructed using compressed sensing (CS) with principal component
analysis constraint that does not utilize prior knowledge of the bi-exponential signal decay
but only enforces sparsity in the k-b dimension (Lustig et al., 2007). To compare the error of
the reconstructed maps, the normalized root mean square error (nRMSE) was calculated in
the brain region using the following formula:
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N

1 1 N = ) : .
nRMSE = (DWW T~ (DWW I)\/Wi; (DW 1(i) — DW I(i))", where DWI is the noise-free

fully sampled ground truth; DW I is the reconstruction, and Ais the number of image
pixels.

2.2.6. Human experiments—The GA-SS-PROP sequence was performed on a healthy
volunteer (23-year-old female) on a 3T system (MAGNETOM Prisma, Siemens Healthcare,
Erlangen, Germany) with a 20-channel head/neck coil. Stejskal-Tanner pulsed gradient spin
echo was used for diffusion weighting. Fifteen b-values ranging from 0 to 800 s/mm? (the
same as in the simulation) along three orthogonal diffusion directions were sampled with
one shot per b-value per diffusion direction. Each shot covered an undersampled k-space
with two perpendicular blades, with a blade size of 32 x 256 (echo train length=16 and
GRAPPA R = 2). Other parameters included 1 x 1 mm? in-plane resolution, TE = 50 ms, TR
= 4000 ms, 24 slices with 4 mm thickness, total acquisition time = 3:06. For comparison, a
DW PROPELLER with a full k-space coverage was acquired with the match acquisition
parameters with an acquisition time of 15:06. SS-EPI with matched resolution was also
acquired to compare geometric distortion, with an acquisition of 3:03. The acquisition
parameters are listed in Table 1. Written informed consent was obtained from the participant
according to procedures approved by the Institutional Committee for the Protection of
Human Subjects at Indiana University School of Medicine.

3. Results

3.1. Simulation

Simulation results are shown in Fig. 6. The GA-SS-PROP trajectory produced incoherent
artifacts in zero padded DW images (Fig. 6, 3rd column). CS removed some blurring but not
sufficiently (Fig. 6, 4th column). Subspace-LLR restored sharp contrast and similar image
quality to the fully sampled images. The “denoise” effect may be appreciated by comparing
it to the noise-free DWIs at a higher b-value (i.e. #=500 s/mm?, Fig. 6 lower row). The
nRMSE is shown at the bottom, with subspace-LLR having the smallest error compared to
the ground truth. As the superior of subspace-LLR has been demonstrated, CS is not
compared further in the following context. To demonstrate the advantage of the golden angle
over the linear angle with 6° increment, we compared the two trajectories in Fig. 7. The
golden-angle rotation (Fig. 7 left panel) results in less blurring in the reconstructed DWIs,
with a nRMSE of 0.0043 comparing to 0.0128 in the linear-angle rotation (Fig. 7 right
panel). The burring could be due to the fact that when the trajectory rotates at a linear angle,
the undersampling artifact becomes less incoherent, and the reconstruction is not able to
fully distinguish undersampling artifact from noise and mistakes it for true signals.

Fig. 8A shows selected DW images before and after subspace-LLR reconstruction. Temporal
curves sampled from two voxels (i.e. cerebral spinal fluid (CSF) in orange and white-matter
(WM) in blue) are shown in Fig. 8B. Data from the zero-padded images (star-line) deviates
from the smooth curve due to noise and undersampling, and the subspace-LLR produces a
smooth temporal curve in the reconstructed DWIs by solving the objective function in
Equation 2 (Fig. 3E), where each curve is a weighted sum of the subspace basis (Fig. 3D).
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A two-step IVIM fitting (Jalnefjord et al., 2018) was performed on the reconstructed DW
images, and fand D maps are compared in Fig. 8, with nRMSE displayed on each map.
ADC map is fitted using =0 s/mm? and 4= 800 s/mm?2 DW images. In the healthy brain,
D* is dependent on cardiac cycle and has limited robustness in non-gated acquisition
(Federau et al., 2013; Wu et al., 2015). Thus, it is not discussed in the current context.
Subspace-LLR was able to reproduce the diffusion maps (Fig. 8 column 4) with comparable
data quality to the ground truth. The nRMSE is comparable to the full resolution maps at
SNR=5 (Fig. 8 column 2). Some minor blurring can be observed, which is easier to see in
the fmap (orange arrows). This could be related to the blurring of the PSF. Comparing D
and ADC maps, as expected, the perfusion-free D map has lower signal intensity than ADC
in regions rich in blood vessels (e.g. high signal in the fmap).

Human experiments

DW images acquired with GA-SS-PROP are shown in Fig. 10A for #= 0 s/mm? and the
trace image at &= 800 s/mm?, with the corresponding k-space trajectory overlaid on the
upper-left corner. The DW images via zero padding (Fig. 10A) showed expected low
resolution. The subspace-LLR reconstructed DW images (Fig. 10B) recovered high
resolution and fine structural details, such as the wiggly/curved optic nerves (yellow arrows)
and blood vessels (yellow arrowheads), whose fidelity can be compared to the fully sampled
DW PROPELLER images (Fig. 10C) obtained with the matched diffusion encoding scheme.
The fand D maps from bi-exponential fittings and ADC are shown to the right. Similarly,
the subspace-LLR method restored high-resolution quantitative maps with sharper contrast.
Compared to the fully sampled scheme, some minor blurring may be noticed in the fmap
(blue arrows), similar to that observed in the simulation. In the ADC maps, the fully sampled
data exhibited inhomogeneous appearance and subspace+LLR shows more uniform
appearance, likely due to a combination of the denoise effect of the sparse reconstruction
and the blurring artifact of the point spread function. Nevertheless, the fitted maps revealed a
great mount of structural details that are close to fully sampled images. Comparing the
acquisition time, the proposed scheme is five times faster than the fully sampled scheme
(Table 1). A quantitative comparison was conducted in gray-matter (GM), WM and CSF
between the three methods (Acquired vs. Proposed vs. Full). Mean values of £, Dand ADC
was extracted for each slice (24 slices in total) and were summarized in the boxplots (Fig.
10D). Comparing to the Acquired, the proposed reconstruction was able to show
improvement in all diffusion metrics of all tissue types. The proposed method produced
comparable values to the fully sampled scheme in both GM and WM. In CSF, the proposed
method demonstrated lower f, D and ADC values (p<0.05). This could be due to the partial
volume and blurring effect in the CSF associated with the widening of PSF.

Fig. 11 compares the proposed GA-SS-PROP sequence and SS-EPI. Due to the off-
resonance artifact, the stretching (e.g. eyeball) and squeezing (e.g. sinus and lower frontal
lobe) of the brain structures is evident in the SS-EPI images (blue arrows), where the
structural information was lost (e.g. the curvature of the optic nerves, orange arrow-heads).
With a similar acquisition time, the proposed method is immune to the field inhomogeneity
and produces distortion-free DW images.
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4. Discussion

In this study, we took advantage of the rotating trajectory of PRO-PELLER and modified it
to a single-shot acquisition that rotates at the golden angle along different b-values. By
utilizing the subspace sparsity of the DW signals in the b-domain, it was possible to
reconstruct the full-resolution DW image, as well as the perfusion fraction (i.e. /) and
perfusion-free diffusion coefficient (i.e. D). The two maps from the IVIM model have
gained increasing attention in recent years and provide valuable information on tissue
perfusion and diffusion properties. The full protocol can be performed within a clinically
feasible time frame (~3 min) and may be useful for studies throughout the body, especially
for oncology. As a TSE based technique, it may be applied in the most challenging regions
with high susceptibility, such as spine, breast or liver, etc.

Inheriting from its predecessor, PROPELLER, the proposed multi-blade trajectory has the
advantages of self-navigation and robust motion correction. Parallel imaging (i.e. GRAPPA)
is incorporated to widen the blade, making the proposed method more robust to the
pulsation-related phase variations, and a mutual-calibration technique is implemented that
does not require a calibration scan, which further shortens the scan time (Li et al., 2011).
Rotating at golden angle, the blade trajectory introduces randomness and incoherency that is
essential for sparse reconstruction to be successful. These unique features of the blade
trajectory are especially suitable for combining with advanced reconstructions to achieve
accelerations for diffusion imaging.

While the present trajectory introduces randomness and has demonstrated promising results
in recovering full resolution DW images, minor blurring can be observed. This is related to
the blurring of the PSF and can be improved by modifying the trajectory. For example, the
crossing blades of a single shot can be placed at golden angle rather than perpendicular.
While this eliminates the capability of mutual calibration, it may increase incoherency and
therefore less blurring of the PSF. Alternatively, spiral or radial trajectories can also be
explored (Knoll et al., 2015; Liu et al., 2004; Trouard et al., 1999; Sarlls et al., 2005; Shi et
al., 2015). Nonetheless, results of the current study encourage future studies to explore more
sampling trajectories and to combine with different sparse reconstruction schemes to
improve the efficacy of diffusion imaging. Future work to evaluate the proposed framework
in clinical populations is warranted.

The sparsity being explored in this work is in the b-value dimension, where the signal
evolution is smooth following a bi-exponential model. This has a close analogy to MR
parameter mapping (Tamir et al., 2017; Zhang et al., 2015; Zhao et al., 2015; Tamir et al.,
2019), where signal evolutions follow certain variation models (e.g., exponential decay) and
sparsity is exploited in the parameter dimension. Compared to standard compressed sensing
reconstruction methods, the subspace-LLR explores sparsity in both the b-domain and
spatial domain. It also incorporates prior knowledge of the signal decay model and enforces
the smoothness of the reconstructed signal curve. Thus, it is more effective for removing
noise and incoherent artifacts compared to model-free sparse reconstruction as demonstrated
by our simulation.
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In the current work, the subspace basis was estimated from parameters that reflect both
normal (GM, WM and CSF) and abnormal brain tissue. For example, the wide range of D
[400, 3000] covers tissues with highly restricted water diffusion (e.g. ischemia, tumor) and
with less restricted water diffusion (e.g. edema, cysts). Nevertheless, in clinical applications,
a good practice is to carefully evaluate and confirm that the subspace estimation matches the
targeted tissue/lesion properties to avoid mischaracterization. For example, the subspace
basis trained on brain tissue cannot be directly applied to liver. Alternatively, subject-specific
subspace basis can be achieved through the low-resolution central k-space region, also
known as the data-driven approach (Feng et al., 2020; Zhao et al., 2012). This method may
be especially suitable for the proposed blade trajectory, as the central k-space is fully
sampled and does not require additional auxiliary data. This data-driven subspace estimation
approach will be explored in our future work with clinical populations.

Even though the IVIM is presented here, the proposed framework can be applied to other
diffusion imaging models that quantify signal attenuations along b-values, such as diffusion
kurtosis imaging (DKI). Herein, we focus on the more clinical-relevant IVIM model that
samples fewer diffusion directions (i.e. 3) to explore the performance of the proposed
framework. Theoretically, it can be applied to diffusion MRI with higher b-values (e.g. 6=
2000 1m?/s) as well, as long as the temporal signal (i.e. along b-values) is smooth and can
be described with a proper model (e.g. myelin model).

In conclusion, the proposed framework offers distortion-free, high-resolution DW imaging
that provides simultaneous diffusion and perfusion quantification within a clinically feasible
time frame. This acceleration is achieved by modifying the multi-shot PROPELLER
trajectory to a single-shot golden-angle rotated trajectory that is placed along a humber of b-
values. The full resolution DW images can then be reconstructed by exploring the sparsity in
signal decay along the b-dimension. As a TSE based technique, it can even be used in the
most challenging regions with high susceptibility where SS-EPI fails. In addition, as a 2D
acquisition technique, it has the flexibility of being combined with simultaneous multi-slice
acceleration approaches to further reduce the scan time (Kun Zhou et al., 2017). To the best
of our knowledge, it is the first study to combine DW PROPELLER trajectory with sparse
reconstruction to accelerate diffusion acquisition along the b-value dimension. The proposed
approach could pave the way for future innovative approaches for accelerating diffusion
imaging with the blade trajectory (Fig. 9).

Acknowledgment

We thank Peng Cao and Xucheng Zhu for inspiring discussions and Shivraman Giri for supporting the
implementation of pulse sequence on human scanner. This work is funded by R01 AG053993 and Siemens
healthcare.

References

Atkinson D, et al., 2000 Sampling and reconstruction effects due to motion in diffusion-weighted
interleaved echo planar imaging. Magn. Reson. Med 44 (1), 101-109. [PubMed: 10893527]

Chen NK, et al., 2013 A robust multi-shot scan strategy for high-resolution diffusion weighted MRI
enabled by multiplexed sensitivity-encoding (MUSE). Neuroimage 72, 41-47. [PubMed: 23370063]

Neuroimage. Author manuscript; available in PMC 2021 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 10

Holdsworth SJ, et al., 2008 Readout-segmented EPI for rapid high resolution diffusion imaging at 3 T.
Eur. J. Radiol 65 (1), 36—46. [PubMed: 17980534]

Pipe JG, Farthing VG, Forbes KP, 2002 Multishot diffusion-weighted FSE using PRO-PELLER MRI.
Magn. Reson. Med 47 (1), 42-52. [PubMed: 11754441]

Holdsworth SJ, O’Halloran R, Setsompop K, 2019 The quest for high spatial resolution diffusion-
weighted imaging of the human brain in vivo. NMR Biomed. 32 (4), e4056. [PubMed: 30730591]

Attenberger Ul, et al., 2009 Diffusion weighted imaging: a comprehensive evaluation of a fast spin
echo DWI sequence with BLADE (PROPELLER) k-space sampling at 3 T, using a 32-channel head
coil in acute brain ischemia. Invest. Radiol 44 (10), 656-661. [PubMed: 19724235]

Jeon JY, et al., 2016 Usefulness of diffusion-weighted MR imaging for differentiating between benign
and malignant superficial soft tissue tumours and tumour-like lesions. Br. J. Radiol 89 (1060),
20150929.

Lehmann P, et al., 2009 3T MR imaging of postoperative recurrent middle ear cholesteatomas: value of
periodically rotated overlapping parallel lines with enhanced reconstruction diffusion-weighted MR
imaging. AINR Am. J. Neuroradiol 30 (2), 423-427. [PubMed: 18945795]

Locketz GD, et al., 2016 Fusion of computed tomography and PROPELLER diffusion-weighted
magnetic resonance imaging for the detection and localization of middle ear cholesteatoma. JAMA
Otolaryngol. Head Neck Surg 142 (10), 947-953. [PubMed: 27414044]

Mas-Estelles F, et al., 2012 Contemporary non-echo-planar diffusion-weighted imaging of middle ear

cholesteatomas. Radiographics 32 (4), 1197-1213. [PubMed: 22787002]

Li Z, etal., 2011a X-PROP: a fast and robust diffusion-weighted propeller technique. Magn. Reson.
Med 66 (2), 341-347. [PubMed: 21661046]

Pipe JG, Zwart N, 2006 Turboprop: improved PROPELLER imaging. Magn. Reson. Med 55 (2), 380-
385. [PubMed: 16402378]

Srinivasan G, Rangwala N, Zhou XJ, 2018 Steer-PROP: a GRASE-PROPELLER sequence with
interecho steering gradient pulses. Magn. Reson. Med 79 (5), 2533-2541. [PubMed: 28905474]

Arfanakis K, et al., 2005 k-space undersampling in PROPELLER imaging. Magn. Reson. Med 53 (3),
675-683. [PubMed: 15723398]

Wen Q, et al., 2018 Rotating single-shot acquisition (RoSA) with composite reconstruction for fast
high-resolution diffusion imaging. Magn. Reson. Med 79 (1), 264-275. [PubMed: 28321904]

Le Bihan D, 2019 What can we see with IVIM MRI? Neuroimage 187, 56-67. [PubMed: 29277647]

Le Bihan D, et al., 1988 Separation of diffusion and perfusion in intravoxel incoherent motion MR
imaging. Radiology 168 (2), 497-505. [PubMed: 3393671]

Le Bihan D, Turner R, 1992 The capillary network: a link between IVIM and classical perfusion.
Magn. Reson. Med 27 (1), 171-178. [PubMed: 1435202]

Federau C, et al., 2012 Quantitative measurement of brain perfusion with intravoxel incoherent motion
MR imaging. Radiology 265 (3), 874-881. [PubMed: 23074258]

Koh DM, Collins DJ, Orton MR, 2011 Intravoxel incoherent motion in body diffusion-weighted MRI:
reality and challenges. AJR Am. J. Roentgenol 196 (6), 1351-1361. [PubMed: 21606299]

Li YT, etal., 2017 Liver intravoxel incoherent motion (IVIM) magnetic resonance imaging: a
comprehensive review of published data on normal values and applications for fibrosis and tumor
evaluation. Quant. Imaging Med. Surg 7 (1), 59-78. [PubMed: 28275560]

Sigmund EE, et al., 2011 Intravoxel incoherent motion imaging of tumor microenvironment in locally
advanced breast cancer. Magn. Reson. Med 65 (5), 1437-1447. [PubMed: 21287591]

Kikuchi K, et al., 2019 Intravoxel Incoherent Motion MR Imaging of Pediatric Intracranial Tumors:
correlation with Histology and Diagnostic Utility. AJNR Am. J. Neuroradiol 40 (5), 878-884.
[PubMed: 31023663]

Sun H, et al., 2018 Intravoxel incoherent motion MRI of rectal cancer: correlation of diffusion and
perfusion characteristics with prognostic tumor markers. AJR Am. J. Roentgenol 210 (4), W139-
W147. [PubMed: 29446674]

Chandarana H, et al., 2011 Free-breathing radial 3D fat-suppressed T1-weighted gradient echo
sequence: a viable alternative for contrast-enhanced liver imaging in patients unable to suspend
respiration. Invest. Radiol 46 (10), 648-653. [PubMed: 21577119]

Neuroimage. Author manuscript; available in PMC 2021 January 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 11

Feng L, et al., 2020 GRASP-Pro: imProving GRASP DCE-MRI through self-calibrating subspace-
modeling and contrast phase automation. Magn. Reson. Med 83 (1), 94-108. [PubMed: 31400028]

Winkelmann S, et al., 2007 An optimal radial profile order based on the Golden Ratio for time-
resolved MRI. IEEE Trans. Med. Imaging 26 (1), 68-76. [PubMed: 17243585]

Feng L, et al., 2014 Golden-angle radial sparse parallel MRI: combination of compressed sensing,
parallel imaging, and golden-angle radial sampling for fast and flexible dynamic volumetric MRI.
Magn. Reson. Med 72 (3), 707-717. [PubMed: 24142845]

Alsop DC, 1997 Phase insensitive preparation of single-shot RARE: application to diffusion imaging
in humans. Magn. Reson. Med 38 (4), 527-533. [PubMed: 9324317]

Kun Zhou, W. L, Cheng Shi, 2018 Non-CPMG PROPELLER diffusion imaging: comparison of phase
insensitive preparation with split acquisition. ISMRM 26th Annual Meeting & Exhibition.

Li Z, et al., 2011b A parallel imaging technique using mutual calibration for split-blade diffusion-
weighted PROPELLER. Magn. Reson. Med 65 (3), 638-644. [PubMed: 20928872]

Tamir JI, et al., 2017 T2 shuffing: sharp, multicontrast, volumetric fast spin-echo imaging. Magn.
Reson. Med 77 (1), 180-195. [PubMed: 26786745]

Lustig M, Donoho D, Pauly JM, Sparse MRI, 2007 The application of compressed sensing for rapid
MR imaging. Magn. Reson. Med 58 (6), 1182-1195. [PubMed: 17969013]

Jalnefjord O, et al., 2018 Comparison of methods for estimation of the intravoxel incoherent motion
(IVIM) diffusion coefficient (D) and perfusion fraction (f). MAGMA 31 (6), 715-723. [PubMed:
30116979]

Federau C, et al., 2013 Dependence of brain intravoxel incoherent motion perfusion parameters on the
cardiac cycle. PLoS One 8 (8), e72856.

Wu WC, et al., 2015 Caveat of measuring perfusion indexes using intravoxel incoherent motion
magnetic resonance imaging in the human brain. Eur. Radiol 25 (8), 2485-2492. [PubMed:
25693668]

Knoll F, et al., 2015 A model-based reconstruction for undersampled radial spin-echo DTI with
variational penalties on the diffusion tensor. NMR Biomed. 28 (3), 353—-366. [PubMed: 25594167]

Liu C, et al., 2004 Self-navigated interleaved spiral (SNAILS): application to high-resolution diffusion
tensor imaging. Magn. Reson. Med 52 (6), 1388-1396. [PubMed: 15562493]

Trouard TP, et al., 1999 High-resolution diffusion imaging with DIFRAD-FSE (diffusion-weighted
radial acquisition of data with fast spin-echo) MRI. Magn. Reson. Med 42 (1), 11-18. [PubMed:
10398944]

Sarlls JE, et al., 2005 Isotropic diffusion weighting in radial fast spin-echo magnetic resonance
imaging. Magn. Reson. Med 53 (6), 1347-1354. [PubMed: 15906289]

Shi X, et al., 2015 Parallel imaging and compressed sensing combined framework for accelerating
high-resolution diffusion tensor imaging using inter-image correlation. Magn. Reson. Med 73 (5),
1775-1785. [PubMed: 24824404]

Zhang T, Pauly JM, Levesque IR, 2015 Accelerating parameter mapping with a locally low rank
constraint. Magn. Reson. Med 73 (2), 655-661. [PubMed: 24500817]

Zhao B, et al., 2015 Accelerated MR parameter mapping with low-rank and sparsity constraints. Magn.
Reson. Med 74 (2), 489-498. [PubMed: 25163720]

Tamir JI, et al., 2019 Targeted rapid knee MRI exam using T2 shuffing. J. Magn. Reson. Imaging 49
(7), €195-e204. [PubMed: 30637847]

Zhao B, et al., 2012 Image reconstruction from highly undersampled (k, t)-space data with joint partial
separability and sparsity constraints. IEEE Trans. Med. Imaging 31 (9), 1809-1820. [PubMed:
22695345]

Kun Zhou, W. L, Dong Fang, Cheng Shi, 2017 Slice-GRAPPA calibration using pre-scan data and
application to simultaneous multi-slice PROPELLER ISMRM 25th Annual Meeting & Exhibition.

Neuroimage. Author manuscript; available in PMC 2021 January 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wen et al.

A.

RF

90° 180° 90° (x°+180°)/2 x? x?

Gx

A

I W 0

//:\ﬂ [\'AU/VU

[\
[\

Gy

Excitation and Phase insensitive:
diffusion encoding preparation
Fig. 1.

Page 12

b

Multi-blade sequence diagram and corresponding k-space trajectory. A. A two-blade scheme
is illustrated. A phase insensitive preparation is applied to push the spin-echo to reach steady

state right after the diffusion encoding. By doing this, small-flip-angle (e.g. x° =120°)

refocusing can be applied to mitigate the high SAR issue. EPI-like readout gradients are
colored in red and blue, corresponding to two perpendicular blades in B. GRAPPA with

mutual calibration is used to fill in the missing (dotted) lines.
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Conventional Proposed
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Fig. 2.
Comparison of conventional fully sampled PROPERLLER scheme with the proposed

scheme. In the proposed scheme, only one shot (two-blade) is acquired for each b-value.
And multiple shots are placed along multiple b-values and rotate at the golden angle.
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Fig. 3.

Pre-calculation of basis in the subspace-LLR method. A. The bi-exponential signal model is
used to generate a dictionary of signal evolutions using physically plausible values. B.
Representative signal evolutions along the b-value generated using equation 1 with different
combinations of (f, D, D*). C. SVD of the signal evolutions reveal four major eigen values.
D. The four corresponding eigen vectors become the pre-calculated basis @ k. E. The cost
function to be solved in the image reconstruction.
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Fig. 4.

The reconstruction pipeline. After GRAPPA and phase correction on each pair of crossing
all blades were combined for coil sensitivity estimation (route A). Afterwards, blades at all
b-values and coil sensitivity maps were fed into the subspace-LLR to reconstruct the full
resolution DW images at all b-values. At the end, quantitative diffusion maps can be
produced through model fitting.
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Fig. 5.
Comparing point spread function (PSF) for 2-blade (A) and 4-blade (B) trajectories. C. The

full width half max values are similar, with 6.917 for the two-blade and 6.918 for the four-
blade scheme, compared to an ideal FWHM of 7.
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Subspace-LLR

Comparing CS and subspace-LLR reconstruction on simulated DW images. Noise were first

added to produce SNR=5 DW images, which was then undersampled with the blade

trajectory to form the blurring images (Zero pad column). The images were reconstructed

with CS and subspace-LLR methods (right two columns). NnRMSE for each set of DW

images were shown at the bottom, where subspace-LLR demonstrated the smallest error.
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Fig. 7.
Comparison of golden-angle rotation (left) and linear-angle rotation (i.e. 6°, right). Golden-
angle rotation results in less blurring than linear-angle rotation.
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Simulation results. A. Comparing undersampled (top row, kspace trajectory overlaid on top)
and reconstructed (bottom row) DW images at different b-values. B. Temporal curves for
two representative voxels in CSF (blue) and WM (orange). AU: arbitrary unit.
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Ground Truth Subspace-LLR

{

Fig. 9.

Evaluation of f and D maps with simulation. Comparing to the ground truth, the proposed
method achieved higher resolution and restored fine structural details in both maps, with a
NRMSE that is close to the fully sampled images (SNR=5 column).
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Fig. 10.

Reconstructed DW images and fitted maps. A. Acquired low resolution images with
corresponding k-space overlaid on the upper-left corner. B. Reconstructed images restored
fine structural details such as the wiggly optical nerve (yellow arrow) and blood vessels
(yellow arrowhead). Some minor blurring can be observed in the f map (blue arrows). C.
Fully sampled (5-shots, 15 min acquisition time) DW images and fitted maps. D. Boxplot of

slice-wise mean values (24 slices = 24 mean values) in GM, WM and CSF. Acquired:
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acquired undersampled images; Proposed: images reconstructed with proposed subspace
+LLR method; Full: fully sampled acquisition.
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Fitted maps
D

Fig. 11.
Comparison between the proposed GA-SS-PROP sequence and SS-EPI with b-value = 0

s/mm?2 images at two anatomical locations. Fitted maps of the upper slice are shown to the
right. With SS-EPI, the distortion is evident in the lower frontal lobe (blue arrow) and the
structures of the optical nerves were lost with minimal diagnostic value (orange
arrowheads). With a similar acquisition time, the proposed method produced distortion-free
DW images and diffusion maps.

Neuroimage. Author manuscript; available in PMC 2021 January 08.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wen et al.

Table 1

Comparison of acquisition parameters in human experiments.

GA-SS-PROP PROPELLER SS-EPI

Blade size

# shot per k-space
TE

TR

Acquisition time

32 x 256 32 x 256 -

1 6 1

49 ms 49 ms 120 ms
4000 ms 4000 ms 1900 ms
3:06 15:06 3:03
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