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Abstract

Purpose—To accelerate high-resolution diffusion imaging, rotating single-shot acquisition
(RoSA) with composite reconstruction is proposed. Acceleration was achieved by acquiring only
one rotating single-shot blade per diffusion direction, and high-resolution diffusion-weighted
(DW) images were reconstructed by utilizing similarities of neighboring DW images. Parallel
imaging technique was implemented in RoSA to further improve the image quality and acquisition
speed. RoSA performance was evaluated by simulation and human experiments.

Methods—A brain tensor phantom was developed to determine an optimal blade size and
rotation angle by considering similarity in DW images, off-resonance effects, and k-space
coverage. With the optimal parameters, RoOSA MR pulse sequence and reconstruction algorithm
were developed to acquire human brain data. For comparison, multi-shot echo-planar imaging
(EPI) and conventional single-shot EPI sequences were performed with matched scan time,
resolution, FOV, and diffusion directions.

Results—The simulation indicated an optimal blade size of 48x256 and a 30° rotation angle. For
1x1 mm? in-plane resolution, ROSA was 12 times faster than the multi-shot acquisition with
comparable image quality. With the same acquisition time as SS-EPI, RoSA provided superior
image quality and minimum geometric distortion.

Conclusion—RoSA offers fast high-quality high-resolution diffusion images. The composite
image reconstruction is model-free and compatible with various diffusion computation approaches
including parametric and non-parametric analyses.
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Introduction

Single-shot echo-planar imaging (SS-EPI) is the most common sequence for diffusion-
weighted imaging (DW]1), a powerful tool for assessing the neuronal microstructures in vivo
[1-3]. Although SS-EPI has gained popularity due to its fast acquisition, its spatial
resolution is often limited [4], making it difficult to measure accurate diffusion properties in
fine structures that require high spatial resolution [5-7], such as gyral projections [6,7], or
penetrating fibers between basal ganglia [8]. Even with advances in parallel imaging, SS-
EPI at a high resolution is limited by geometric distortion and a low signal-to-noise ratio
(SNR).

Multi-shot techniques have been developed to improve the resolution by filling in the k-
space with multiple readouts at the expense of possible motion artifacts and phase
inconsistencies between shots [9-19]. In this category, periodically rotated overlapping
parallel lines with enhanced reconstruction (PROPELLER) is a robust technique that is
particularly suitable for high-resolution DWI1 in the presence of patient motion [12,13]. It
uses fast spin-echo (FSE) readouts, which are free from EPI artifacts. In addition, the motion
artifacts may be corrected by its self-navigation property as the center of the k-space is
repeatedly sampled in each echo train with a rotating blade trajectory. The drawbacks of
PROPELLER are that it is much slower than EPI and is quite specific absorption rate
(SAR)-intensive. Therefore, PROPELLER EPI sequences were proposed to improve upon
PROPELLER FSE by replacing FSE readouts with EPI [14,15]. Unlike conventional SS-
EPI, short-axis PROPELLER EPI features short echo spacing, which greatly alleviates all of
the aforementioned issues in SS-EPI, including geometric distortion [15]. Although the
imaging speed of PROPELLER EPI is faster than that of PROPELLER FSE, it is still much
slower than SS-EPI due to its multi-shot nature. Imaging speed is a common limitation for
extensive use of multi-shot techniques, especially in applications that require a large number
of diffusion directions [20-24].

To increase imaging speed for multi-shot DWI, acquiring only a subset of PROPELLER
FSE blades for each DW image and a tensor model based reconstruction was suggested in
[25]. A similar idea was proposed with a different reconstruction scheme to accelerate
PROPELLER EPI, in which 10 diffusion directions are acquired with one unique blade per
direction, and a full resolution DW image is reconstructed using all of the blades [26].
Although both studies [25,26] reported encouraging results with reduced data acquisition,
these approaches lack the flexibility for extension to arbitrary diffusion direction schemes
larger than 10 direction or to diffusion models other than Diffusion Tensor Imaging (DTI).
Moreover, both methods use data from all diffusion directions to reconstruct a single DW
image. Therefore, the similarities of neighboring DW images are either not considered [25]
or only partly considered [26]. DW images contain a similar diffusion contrast when their
diffusion directions are close in a g-space sphere. To our knowledge, this similarity feature
among neighboring diffusion directions has not yet been explored as a means to reduce data
acquisition and to improve diffusion imaging speed.

By taking advantage of similarities in DW images, we propose a rotating single-shot
acquisition (RoSA) approach with model-free reconstruction to accelerate data acquisition

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Methods

Page 3

for high-resolution diffusion imaging. In the RoSA scheme, one single-shot blade is
acquired per diffusion direction. Upon reconstruction of any DW image, only a subset of
DW images whose diffusion directions are close to the current DW image on the g-space
sphere is used. Neighboring DW images are expected to become highly correlated when the
diffusion signals are finely sampled on the g-space sphere. An image reconstruction
technique used in highly constrained back-projection (HYPR) was adapted to reconstruct the
RoSA. HYPR is a conventional non-iterative reconstruction technique for undersampled
radial acquisition in time-resolved MRI in which correlations exist in a one-dimensional
time domain [27], whereas correlations in the RoSA occur in a three-dimensional g-space.
Parallel imaging is implemented in RoSA to further accelerate its acquisition and improve
image quality. Here we demonstrate the feasibility of RoSA based on evaluation of its
performance in both simulations and human experiments.

ROSA acquisition

During data acquisition, one EPI blade with a short axis in the frequency encoding direction
in k-space was acquired for each diffusion direction in g-space. The EPI blade rotated as
diffusion direction changed in a sorted sequence (Figure 1A,B). Herein, we demonstrate an
intuitive heuristic spiral ordering scheme. As illustrated in Figure 1A, for a given number of
total diffusion directions, they were first sampled on the half sphere in g-space to maximize
the angular sampling resolution. Then, diffusion directions were sorted into a sequence that
was closest to an Archimedean spherical spiral curve with corresponding blades periodically
rotating in this order. Figure 1B shows rotating blades in k-space and Figure 1C shows
corresponding DW images. To avoid the edge effect around the equator where only the
upper hemisphere has diffusion directions, we took advantage of the antipodal symmetry
property of g-space, and mirrored the diffusion directions to create a whole sphere
distribution (Figure 1D).

Reconstruction Window

For each diffusion direction to be reconstructed (green dot in Figure 1D), we searched its
neighborhood to find a subset of DW blades each with a unique rotation angle (red dots in
Figure 1D). Thus, on the g-space sphere each subset formed a reconstruction window
(yellow discs in Figure 1D). Within the reconstruction window, “N” was defined as the
number of diffusion directions, and “window size” as the distance between the two farthest
points within the window (Figure 1E). The searching procedure was repeated till minimal
window size was achieved for each diffusion direction, and high-resolution DW images were
reconstructed with the windowed DW images through the composite reconstruction
described below.

In theory, any diffusion direction in Figure 1A can be assigned with arbitrary rotating blade
in Figure 1B. Such an assignment can be optimized to minimize the window size, therefore
maximizing the similarity of DW images used for image reconstruction. To assess the

goodness of the heuristic spiral-ordering scheme, we compared its averaged window size to
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those acquired from 1,000,000 trials of random assignments. Among the comparisons, the
spiral-ordering scheme yielded the smallest overall window size (Supporting Figure S1).

Composite Reconstruction

Simulations

The k-space blades within the reconstruction window were first combined to form a
composite k-space data, which was then inversely Fourier-transformed (FT) to form a
composite image. A final DW image was then reconstructed in the image space by
constraining the composite image with the contrast provided by the current DW image. This
reconstruction was adapted from HYPR [27] by replacing backprojection with FT. The full
reconstruction comprised four computational steps that generated three intermediate images,

li; Ic, I, and one final reconstructed image, I°, ., where /denotes the /77 target diffusion
direction and Cdenotes the composite image (Figure 2). Note that prior to the composite
reconstruction, the k-space data were centered, regridded, and Nyquist ghost corrected (see

below sections /n-line Reference Scan and Image Preprocessing).

Step 1: Generate low-resolution DW images (/). The k-space blade of the target
diffusion direction 7(green dot) was first inversely fast Fourier-transformed (iFFT) to
form a low-resolution DW image, /; followed by motion correction to a reference
image &y (i.e., b-value = 0 s/mm?) using a rigid body 6 DOF registration in FLIRT
with correlation ratio as cost function (FSL).

Step 2: Generate high-resolution composite images (/). The motion corrected k-
space blades within the window were combined and density-corrected to form the
composite k-space data followed by iFFT to yield the high-resolution composite
image, /¢

Step 3: Generate scaling image (Ié). The composite k-space data was cropped by the

mask that matched the /7 k-space blade and iFFT to yield the scaling image Ig

Step 4: Generate reconstructed image ( 7/, . ). The high-resolution I’ . was

reconstructed by tuning the composite image /- with the contrast specific to the target
.
DW image. That is “rosa ™ ¢ E As highlighted by arrows in Figure 2, the contrast

7

that is unique to /;is preserved in I, _ .

To evaluate the ROSA approach, a high-quality, 1x1 mm?2 in-plane resolution brain tensor
phantom was developed using a diffusion dataset acquired with multi-shot readout
segmented EPI sequence (RESOLVE). The tensor matrix of the brain was derived and could
be used as a phantom for generating DW images for an arbitrary direction scheme. In the
simulations, we generated DW images at 60 directions and undersampled the k-space data to
form rotating blades using the spiral ordering scheme described above. We performed three
simulations:

Simulation 1. The purpose of the first simulation was to demonstrate the performance
of RoSA reconstruction in recovering full-resolution DW images and DTI fractional
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anisotropy (FA) without off-resonance effects. A blade size of 48x256 and 30 degree
rotation angle for N=6 was used to generate the undersampled k-space. Full-
resolution DW images were reconstructed with both RoSA reconstruction and simple
zero-padding for comparison. The DTI metrics were estimated using a toolbox,
DTIFIT, in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) that fits a diffusion tensor
model linearly at each voxel. Errors in FA and major eigenvector (EV1) were
computed for quantitative comparisons. FA error was summarized as the 75
percentile of absolute difference to the ground truth. EV1 error was summarized as
the 75™ percentile of the angular difference (in degree) to the ground truth.

Simulation 2: The second simulation was performed to investigate the image quality
in the presence of off-resonance effects with and without the parallel imaging
technique. Parallel imaging is expected to reduce the geometric distortion associated
with the off-resonance effects via reducing the field of view (FOV). We used the field
map acquired for the same subject to simulate distortions in DW images, and used an
echo spacing of 0.36 ms based on our gradient system (80 mT/m maximum
amplitude and 200 T/m/s slew rate) and a blade size of 48x256 (readoutxphase). The
distortion was simulated in the image domain using the FUGUE tool in FSL where
voxels were displaced based on the given field map. To simulate the effects of parallel
imaging, we artificially reduced the echo spacing by the reduction factor (R), which
would achieve the same effect as reducing the FOV in SENSitivity Encoding
(SENSE) or GeneRalized Autocalibrating Partial Parallel Acquisition (GRAPPA)
approaches. The distorted DW images were then fed to the RoSA pipeline for
reconstruction, and DTI results were compared.

Simulation 3: The last simulation experiment was performed to investigate the
optimal combination of blade width and N ranging from 2 to 12. In RoSA, the overall
image quality is influenced by k-space coverage, and similarity among the DW
images within the reconstruction window. The former is determined by blade width
and N, and the latter is by N. We used FA error as a proxy for image quality to
investigate combinations of blade width (32x256, 48x256, 64x256) and N. Similar to
Simulation 2, the off-resonance effects were considered, and a reduction factor of
R=3 was used for parallel imaging. Combinations with minimal FA errors were
considered for subsequent human data acquisitions.

Human Experiments

A healthy volunteer was scanned at a 3 T system (MAGNETOM Prisma, Siemens
Healthcare, Erlangen, Germany) with a 32-channel head coil. A prototype of RoSA
sequence, combined with GRAPPA [28], was used for acquisition; Stejskal-Tanner pulsed-
gradient spin-echo (PGSE) was used for diffusion weighting. The diffusion parameters were
4 bys and 60 diffusion directions at b-value = 1000 s/mm?2. RoSA parameters were:
GRAPPA reduction factor R=3, matrix/blade size = 48x256, rotation angle = 30° (N=6), TE
=53 ms, FOV =256 mm, 7/8 partial Fourier k-space sampling along the phase encoding
(PE) direction, slice thickness = 2 mm, 10 slices, echo spacing = 0.36 ms, 2 averages. Total
acquisition time was 2 min. The study was approved by our institutional review board, and
informed consent was obtained for human studies.
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For comparison, conventional SS-EPI diffusion data were acquired for the same volunteer at
an in-plane resolution of 1x1 mm?2 and 2x2 mm? with a total acquisition time of 2 min and 1
min, respectively. Multi-shot sequence (RESOLVE) was performed at 1x1 mm? with 13
shots and a total acquisition time of 24 min. Echo spacing and TE are listed in Figure 7B.
Other acquisition parameters were matched with RoSA including GRAPPA reduction factor,
slice thickness, slice number, FOV, partial k-space coverage, and number of diffusion
directions.

In-line Reference Scan and Nyquist Ghost Correction

Nyquist or FOV/2 ghosts commonly exist in EPI due to misalignment of the odd and even
echoes caused by time delays, eddy currents, and static field inhomogeneity during EPI
readout [29]. This problem was not fully addressed in previous PROPELLER EPI-based
techniques [14,15]. In contrast to conventional single reference approaches [30,31], an in-
line reference scan in the EPI pulse sequence was embeded immediately after every 90°
excitation with only 3 readout lines (2 odds and 1 even) [32], which rotated the same way as
the readout blade. Thus, the misalignment can be computed for each blade and the ghost can
be corrected accordingly (Supporting Figure S2).

Image Preprocessing prior to ROSA reconstruction

Results

Simulations

Following Nyquist ghost correction, ramp-sampling correction was then carried out with
sinc interpolation [33]. The Nyquist and ramp-sampling corrected k-space data were then
GRAPPA reconstructed followed with homodyne reconstruction [34] to recover the partial
k-space sampling along the PE direction and produce a full k-space blade (48x256). At this
point, one can obtain an image at full resolution in the PE direction. Because the homodyne
reconstruction clears the phase in the image domain, this procedure also centers the k-space
peaks between the blades, a crucial step for subsequent data regridding [35]. According to
the angulation of individual blades, the echo-centered full blades were regridded to
Cartesian grid points using Kaiser-Bessel kernel [36] with an inherent post-compensation
density correction [37]. The Kaiser—Bessel kernel is a smooth low-pass window function
whose tradeoffs between main lobe width and side lobe levels of the spectral leakage can be
controlled. Such characteristics have been shown to provide a good interpolation quality that
is superior to both nearest-neighbor and linear interpolation and is computational
inexpensive. The preprocessed low resolution DW images were then sent to the composite
reconstruction. The apodization induced by the convolution kernel from regridding was
corrected afterwards. In parallel, by images were reconstructed similar to PROPELLER, as
described in [15].

Simulation 1: A tensor phantom without off-resonance effects was generated (Figure
3A). DW images and FA of the simple zero-padding approach and the RoSA
reconstruction were compared with the ground truth in Figure 3A. With only 1/8 k-
space data, the zero-padded images were blurred (Figure 3B). In the RoSA
reconstruction, however, high-resolution DW images and FA were recovered and
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were similar to the ground truth (Figure 3C). The 75 percentile of absolute FA error
in the ROSA reconstruction was 0.02, which was six times smaller than 0.12 in zero-
padding. In addition, the 75t percentile of EV1 error was 8° in RoSA and 32° in
zero-padding. In RoSA, EV1 had higher error mostly in the cerebrospinal fluid where
water diffuses isotropically.

Simulation 2: In the presence of off-resonance effects due to field inhomogeneity
(ABg), RoSA FA showed blurring in the tip of the frontal lobes as highlighted by the
red circle in Figure 4. The off-resonance caused image distortions in the low-
resolution DW images (/)), and the rotation of blades produced blurring and image
errors. The errors reduced significantly by using parallel imaging R=3 (Figure 4, right
column, bottom), and gyral fiber stalks were better delineated (Figure 4, right
column, middle).

Simulation 3: The tradeoff between N and k-space coverage is shown in Figure 5
without off-resonance effects. For a fixed blade size (32x256), a reconstruction
window comprising six blades (i.e., N=6) had a smaller window size compared to
N=12 (Figure 5, yellow discs). Although with full k-space coverage, N=12 produced
larger image errors than N=6 (Figure 5, DWI error and FA error). This demonstrates
that a smaller window size, albeit partial k-space coverage, improves similarity
among DW images within the reconstruction window; and hence, increases
reconstructed image quality.

The optimal N for a given blade size can be identified via investigating image errors. FA
errors are calculated for different combinations of blade size, number of blades in each
reconstruction window (N), and the off-resonance effects (ABg). While the smallest global
error occurred at 64x256 blade with N=4, the smallest local error in high AB region
occurred at 48x256 with N=6 (Supporting Figure S3). Taking into account that TE was 9ms
longer in a 64x256 blade, we moved forward with a blade size of 48x256 and N=6 for our
human experiments.

Human Experiments

Rotating k-space blades (48x256) are shown in Figure 6A for six diffusion directions. The
corresponding DW images via zero padding showed expected low resolution along the
frequency encoding direction (Figure 6B). The RoSA reconstructed DW images (Figure 6C)
not only recovered the image resolution along the frequency direction, but also maintained
the diffusion contrast. Matching diffusion contrast can be appreciated in the RESOLVE DW
images (Figure 6D) obtained with matched diffusion encoding scheme. While acquiring less
k-space data by a factor of 5.3, RoSA produced comparable image quality, resolution, and
diffusion contrast to that of RESOLVE by utilizing neighborhood similarities.

FA, EV1, and colormap are shown in Figure 7A for different methods: RoSA, RESOLVE,
and conventional SS-EPI with matched resolution (1x1x2 mm3). Critical acquisition
parameters are listed in Figure 7B. The DTI results from a shorter version of the RESOLVE
sequence (i.e., RESOLVE-short) was added for comparisons with the matched scan time.
RESOLVE-short was achieved by reducing the diffusion encoding directions from 60 to 6.
Similar to Figure 6, RoSA produced comparable image quality in computed DTI metrics to
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RESOLVE. DTI images of SS-EPI and RESOLVE-short presented excessive noise due to
long TE (101 ms) and severe undersampled g-space, respectively. With an advantage of
shorter TE (~53 ms), RoSA and RESOLVE were able to show fine structures within the
internal capsule (Figure 7A, top row, red arrows), and clear gyral stalks. In addition, images
of RoSA, RESOLVE, and RESOLVE-short had minimum geometric distortions benefited
from parallel imaging and very short echo spacing (~0.36 ms). In contrast, despite parallel
imaging, long echo spacing (1.15 ms) in the SS-EPI sequence caused visible geometric
distortions in the frontal lobes due to off-resonance effects of local field inhomogeneity
(Figure 7A, 2" and 3" row, blue arrows). Further, orientations of major eigenvectors
showed visible random variations using the RESOLVE-short and SS-EPI sequence (Figure
7A, bottom zoomed-in view), whereas major eigenvectors using RoSA and RESOLVE
showed ordered alignments along the gyral stalks and perpendicular projections inside grey
matter (Figure 7A, bottom row, yellow arrows). While RoSA and SS-EPI had same scan
times, for the same brain coverage, the acquisition time of RESOLVE was 12 times longer.

Discussion

In this paper, we demonstrated the feasibility of RoSA, an innovative technique for fast high-
resolution diffusion imaging. ROSA acquires one rotating blade per diffusion direction, and
the high-resolution DW images are reconstructed with model-free composite reconstruction
that takes advantage of the similarities between neighboring DW images. Similar to
PROPELLER [12,38], RoSA has inherent navigation capabilities provided by the rotating
blade trajectory that repeatedly samples the center of the k-space. As implemented with
short-axis EPI readout, it also maintains the advantages of short-axis EPI over conventional
SS-EPI in its reduced distortion, improved effective resolution in the phase-encoding
direction associated with 77 decay, and that geometric distortions do not scale with the target
image resolution [15]. As a 2D acquisition technique, it can be easily combined with other
fast-imaging techniques applied in the slice direction to further improve its imaging speed,
such as the simultaneous multi-slice (SMS) [39] and generalized Slider method (gSlider-
SMS) [40].

High-resolution diffusion imaging offers advantages in clinical diagnosis and basic research.
For example, recurrent cholesteatoma may be detected earlier while the lesion is still small
[41]; and small and short fibers may be detected to aid accuracy in white matter
tractography: penetrating fibers between the space of extreme and external capsule [42],
subcortical arcuate fibers [7], and gyral stalk projection fibers [5,6]. While conventional
neuroimaging modalities such as T1-weighted and T2-weighted imaging routinely provide
isotropic 1 mm resolution for whole-brain coverage, diffusion MRI is still restricted by
coarse voxel sizes or very limited brain coverage. Compared to the low-resolution SS-EPI
(2x2x2 mm3), the high-resolution FA map of RoSA (1x1x2 mm3) shows better separation
between the external (Figure 8A, yellow arrows) and extreme capsules (Figure 8A, white
arrows) and clearer fine structures in Figure 8B (white arrows). Such high-resolution images
are currently available by the RESOLVE sequence in Siemens platforms, but with very
limited brain coverage due to long scan time. With matched data quality shown in Figures 6—
8, the ROSA approach provides 12 times faster imaging speed.
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The efficiency in RoSA is achieved by utilizing the similarity in DW images whose
directions are close. The closeness of DW images in each sliding-window has a direct
impact on the image quality. That is for each diffusion direction, its “unique neighbors”
(neighbors with unique rotation blades) cannot be far away. However, finding the global
optimal solution in pairing diffusion directions and rotating blades is computationally
challenging. We proposed an intuitive heuristic spiral ordering scheme and assigned rotating
blades to a diffusion direction in this order. A similar problem was previously proposed and
set up as a traveling salesman problem [26]. Only 10 total diffusion directions, however,
were considered in that study where the window length (i.e., N) was constrained to be the
same as the total number of directions. Such a fixed reconstruction window is difficult to
generalize to other direction schemes with a flexible N. While a better scheme may exist and
has yet to be explored, the current RoSA scheme provides desired flexibility and
demonstrates to achieve comparable data quality.

The composite image is a key component in HYPR, an imaging technique that explores
temporal redundancy in time-resolved MRI with radial sampling [27]. The composite image
comprises a set of correlated frames that provide high-resolution structural information, and
is used to constrain the reconstruction of an undersampled frame. In RoSA, the g-space
redundancy can be viewed as analogous to temporal redundancy as both have correlated
information in the 4! dimension (time domain vs. g-space). Therefore, the HYPR method
can be readily adapted to reconstruct RoSA with a slight modification. In particular, as radial
lines were replaced with rotating blades, we reconstruct the composite image by combining
the data in k-space with density correction instead of filtered backprojection in image space.
Projection reconstruction techniques have advantages over k-space methods with respect to
diminished motion artifacts [43]. As rotating blades are self-navigating and a registration
step is taken before combining in k-space, it is as robust to motion artifact as the
PROPELLER technique [12]. Thus, by combining rotating blades with HYPR, RoSA
preserves the merits of both.

The image quality of RoSA can be optimized by further improving k-space coverage and the
off-resonance effects. As demonstrated in Simulation 3, wedges of k-space are not fully
covered in order to guarantee a small window size (Figure 5,6). Although the effective
resolution may be reduced due to the missing blades, a study showed that collecting every
other blade only slightly decreases the SNR (from 18.5 to 18.2) with a mildly increased full-
width half-maximum (FWHM) of the point spread function (PSF) (1.09 to 1.18) and non-
significant artifacts [44]. Alternatively, an iterative reconstruction could be employed to
further improve the situation [45].

Off-resonance artifact is a common problem in EPI-based acquisition techniques. Compared
to conventional SS-EPI, echo spacing is reduced in RoSA and off-resonance artifacts are
improved. In addition, parallel imaging was incorporated to further reduce the artifacts by a
factor of R as has been implemented in the previous PROPELLER EPI-based techniques
[46-47]. Note that depending on R and the geometric factor (g-factor), in parallel imaging,
noise may be amplified. Because the HYPR reconstruction is a linear operation system

i Li
(IMA =le- @) the noise amplification of parallel imaging in RoSA ( I° _ ) is expected to

RoS A

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 10

be directly proportional to /., which is reconstructed similarly to PROPELLER.
PROPELLER accelerated via parallel imaging, SENSE and GRAPPA, has been studied and
documented in [48] and [49] respectively. Alternatively, ultimate image quality may be
achieved by a post-processing approach. The off-resonance field AB can be obtained via a
set of reversed phase-encoding blades (i.e., an additional set of bgs acquired with reversed
phase-encoding) similar to that described in [50] as implemented in FSL TOPUP command
[51]. Using the off-resonance fieldmap, the TOPUP command produces corrected images
and the artifacts can be corrected at the blade level.

Other common artifacts in EPI-based imaging are eddy current and chemical shift artifacts.
For RoSA, the eddy current arising from the diffusion gradients may produce eddy current
artifacts/distortions in DW images of individual blades. Since diffusion directions within a
reconstruction window are very close, the eddy current effect is expected to be very similar.
Therefore, it could be corrected in the same way as correcting conventional Cartesian DW
images. Minimal eddy current effects were observed in this study; thus, no correction was
performed. In addition, while not observed in this study, ghosting artifact related to eddy
current can be present and cannot be corrected with current Nyquist ghost correction method
as reference lines precede the diffusion gradients. Such eddy-current related ghosting may
be corrected at the level of image reconstruction described in [52]. The chemical shift may
produce “fat-rim” artifacts in DW images when fat suppression pulses such as Spectral
Attenuated Inversion Recovery (SPAIR) and Spectral Presaturation with Inversion Recovery
(SPIR) fail. While fat rim is easier to detect in routine Cartesian encoding DW images, the
presence of residual fat signal is a challenge for radially acquired sequences as the fat rim is
shifted radially, leading to blurring in the reconstructed images. Alternatively, Dixon fat
suppression can be applied at the cost of some increase in TR and scan time. Dixon is a
robust fat suppression method that estimates the fat signal instead of suppressing it [53,54].
Specifically, in a recent work [55], Dixon is successfully combined with PROPELLER; thus,
could be implemented to improve fat suppression in RoSA.

While the RoSA relies on the similarity feature in diffusion imaging, its image
reconstruction is model-free, which is independent of diffusion models or underlying
assumptions. Because of high popularity, DT was presented in this work. Nevertheless,
RoSA supports all diffusion analyses including parametric diffusion modeling [24,56-58]
and non-parametric g-space approaches [22,23,59,60]. A feature in RoSA is that the more
diffusion directions, the better the reconstruction, as a smaller window size can be achieved
and DW images become more correlated. This feature is consistent with the current trend of
diffusion MRI where larger numbers of directions are desired. Notably, 60-80 diffusion
directions are recommended in [62], and the human connectome project (HCP) standardized
90-direction schemes [61].

Conclusion

RoSA offers high resolution and high image quality with more than a 10-fold improvement
in imaging efficiency. The imaging speed is achieved by utilizing similarities in neighboring
DW images, whereas the high image quality is achieved by the nature of short-axis EPI
blade and composite reconstruction. The RoSA approach is versatile and compatible with
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various diffusion analyses or modeling approaches. In addition, as a 2D acquisition
technique, it has the flexibility of being combined with simultaneous multi-slice acceleration
approaches.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by Grants NIH RO1AG053993, Dartmouth Synergy, and Indiana Alzheimer Disease
Center pilot grant. The authors thank Drs. Andy L. Alexander and Charles A. Mistretta for inspiring discussions.

References

1. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy and imaging. Biophys J. 1994
Jan; 66(1):259-67. [PubMed: 8130344]

2. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, Laval-Jeantet M. Separation of
diffusion and perfusion in intravoxel incoherent motion MR imaging. Radiology. 1988 Aug; 168(2):
497-505. [PubMed: 3393671]

3. Moseley ME, Cohen Y, Kucharczyk J, Mintorovitch J, Asgari HS, Wendland MF, Tsuruda J,
Norman D. Diffusion-weighted MR imaging of anisotropic water diffusion in cat central nervous
system. Radiology. 1990 Aug; 176(2):439-45. [PubMed: 2367658]

4. Farzaneh F, Riederer SJ, Pelc NJ. Analysis of T2 limitations and off-resonance effects on spatial
resolution and artifacts in echo-planar imaging. Magn Reson Med. 1990 Apr; 14(1):123-39.
[PubMed: 2352469]

5. Miller KL, Stagg CJ, Douaud G, Jbabdi S, Smith SM, Behrens TE, Jenkinson M, Chance SA, Esiri
MM, Voets NL, Jenkinson N, Aziz TZ, Turner MR, Johansen-Berg H, McNab JA. Diffusion
imaging of whole, post-mortem human brains on a clinical MRI scanner. Neuroimage. 2011 Jul 1;
57(1):167-81. [PubMed: 21473920]

6. McNab JA, Polimeni JR, Wang R, Augustinack JC, Fujimoto K, Stevens A, Triantafyllou C,
Janssens T, Farivar R, Folkerth RD, Vanduffel W, Wald LL. Surface based analysis of diffusion
orientation for identifying architectonic domains in the in vivo human cortex. Neuroimage. 2013
Apr 1.69:87-100. [PubMed: 23247190]

7. Song AW, Chang HC, Petty C, Guidon A, Chen NK. Improved delineation of short cortical
association fibers and gray/white matter boundary using whole-brain three-dimensional diffusion
tensor imaging at submillimeter spatial resolution. Brain Connect. 2014 Nov; 4(9):636-40.
[PubMed: 25264168]

8. Chang HC, Sundman M, Petit L, Guhaniyogi S, Chu ML, Petty C, Song AW, Chen NK. Human
brain diffusion tensor imaging at submillimeter isotropic resolution on a 3Tesla clinical MRI
scanner. Neuroimage. 2015 Sep.118:667-75. [PubMed: 26072250]

9. Atkinson D, Porter DA, Hill DL, Calamante F, Connelly A. Sampling and reconstruction effects due
to motion in diffusion-weighted interleaved echo planar imaging. Magn Reson Med. 2000 Jul;
44(1):101-9. [PubMed: 10893527]

10. Atkinson D, Counsell S, Hajnal JV, Batchelor PG, Hill DL, Larkman DJ. Nonlinear phase
correction of navigated multi-coil diffusion images. Magn Reson Med. 2006 Nov; 56(5):1135-9.
[PubMed: 16986111]

11. Bammer R, Stollberger R, Augustin M, Simbrunner J, Offenbacher H, Kooijman H, Ropele S,
Kapeller P, Wach P, Ebner F, Fazekas F. Diffusion-weighted imaging with navigated interleaved
echo-planar imaging and a conventional gradient system. Radiology. 1999 Jun; 211(3):799-806.
[PubMed: 10352609]

12. Pipe JG, Farthing VG, Forbes KP. Multi-shot diffusion-weighted FSE using PROPELLER MRI.
Magn Reson Med. 2002 Jan; 47(1):42-52. [PubMed: 11754441]

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 12

Pipe JG, Zwart N. Turboprop: improved PROPELLER imaging. Magn Reson Med. 2006 Feb;
55(2):380-5. [PubMed: 16402378]

Wang FN, Huang TY, Lin FH, Chuang TC, Chen NK, Chung HW, Chen CY, Kwong KK.
PROPELLER EPI: an MRI technique suitable for diffusion tensor imaging at high field strength
with reduced geometric distortions. Magn Reson Med. 2005 Nov; 54(5):1232-40. [PubMed:
16206142]

Skare S, Newbould RD, Clayton DB, Bammer R. Propeller EPI in the other direction. Magn Reson
Med. 2006 Jun; 55(6):1298-307. [PubMed: 16676335]

Skare S, Newbould RD, Clayton DB, Albers GW, Nagle S, Bammer R. Clinical multi-shot DW-
EPI through parallel imaging with considerations of susceptibility, motion, and noise. Magn Reson
Med. 2007 May; 57(5):881-90. [PubMed: 17457876]

Porter DA, Heidemann RM. High resolution diffusion-weighted imaging using readout-segmented
echo-planar imaging, parallel imaging and a two-dimensional navigator-based reacquisition. Magn
Reson Med. 2009 Aug; 62(2):468-75. [PubMed: 19449372]

Li Z, Pipe JG, Lee CY, Debbins JP, Karis JP, Huo D. X-PROP: a fast and robust diffusion-weighted
propeller technique. Magn Reson Med. 2011 Aug; 66(2):341-7. [PubMed: 21661046]

Jeong HK, Gore JC, Anderson AW. High-resolution human diffusion tensor imaging using 2-D
navigated multi-shot SENSE EPI at 7 T. Magn Reson Med. 2013 Mar 1; 69(3):793-802. [PubMed:
22592941]

Tuch DS. Q-ball imaging. Magn Reson Med. 2004 Dec; 52(6):1358-72. [PubMed: 15562495]
Tournier JD, Calamante F, Gadian DG, Connelly A. Direct estimation of the fiber orientation
density function from diffusion-weighted MRI data using spherical deconvolution. Neuroimage.
2004 Nov; 23(3):1176-85. [PubMed: 15528117]

Wu YC, Alexander AL. Hybrid diffusion imaging. Neuroimage. 2007 Jul 1; 36(3):617-29. Epub
2007 Mar 24. [PubMed: 17481920]

Wedeen VJ, Wang RP, Schmahmann JD, Benner T, Tseng WY, Dai G, Pandya DN, Hagmann P,
D’Arceuil H, de Crespigny AJ. Diffusion spectrum magnetic resonance imaging (DSI)
tractography of crossing fibers. Neuroimage. 2008 Jul 15; 41(4):1267-77. [PubMed: 18495497]
Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: practical in vivo neurite
orientation dispersion and density imaging of the human brain. Neuroimage. 2012 Jul 16; 61(4):
1000-16. [PubMed: 22484410]

Cheryauka AB, Lee JN, Samsonov AA, Defrise M, Gullberg GT. MRI diffusion tensor
reconstruction with PROPELLER data acquisition. Magn Reson Imaging. 2004 Feb; 22(2):139-
48. [PubMed: 15010105]

Engstrom, M., Nordell, A., Nordell, B., Skare, S. Fast diffusion imaging using undersampled
PROPELLER EPI. Proceedings of the 16th Annual Meeting ISMRM; Toronto, ON, Canada. 2008;
p. 415

Mistretta CA, Wieben O, Velikina J, Block W, Perry J, Wu Y, Johnson K, Wu Y. Highly
constrained backprojection for time-resolved MRI. Magn Reson Med. 2006 Jan; 55(1):30-40.
[PubMed: 16342275]

Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V, Wang J, Kiefer B, Haase A.
Generalized autocalibrating partially parallel acquisitions (GRAPPA). Magn Reson Med. 2002
Jun; 47(6):1202-10. [PubMed: 12111967]

Bruder H, Fischer H, Reinfelder HE, Schmitt F. Image reconstruction for echo planar imaging with
nonequidistant k-space sampling. Magn Reson Med. 1992 Feb; 23(2):311-23. [PubMed: 1549045]
Reeder, S., Atalar, E., McVeigh, E. Echo delay estimation in echo planar reference scans:
implications for artifact reduction. Proceedings of the 4th Annual Meeting of ISMRM; New York,
NY, USA. 1996; p. 1479

Jesmanowicz, A., Wong, E., Hyde, J. Phase correction for EPI using internal reference lines.
Proceedings of the 12th Annual Meeting of SMRM; New York, NY, USA. 1993; p. 1239

Oliver, Heid. Method for the phase correction of nuclear magnetic resonance signals. US. 6043651
A. 2000 Mar.

O’Sullivan JD. A fast sinc function gridding algorithm for fourier inversion in computer
tomography. IEEE Trans Med Imaging. 1985; 4(4):200-7. [PubMed: 18243972]

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

Page 13

34. Pauly, J. Partial k-space reconstruction. http//users.fmrib.ox.ac.uk/~karla/reading_group/
lecture_notes/Recon_Pauly_read.pdf

35. Peters DC, Derbyshire JA, McVeigh ER. Centering the projection reconstruction trajectory:
reducing gradient delay errors. Magn Reson Med. 2003; 50:1-6. [PubMed: 12815671]

36. Beatty PJ, Nishimura DG, Pauly JM. Rapid gridding reconstruction with a minimal oversampling
ratio. IEEE Trans Med Imaging. 2005 Jun; 24(6):799-808. [PubMed: 15959939]

37. Jackson JI, Meyer CH, Nishimura DG, Macovski A. Selection of a convolution function for
Fourier inversion using gridding [computerized tomography application]. IEEE Trans Med
Imaging. 1991; 10:473-478. [PubMed: 18222850]

38. Pipe JG. Motion correction with PROPELLER MRI: application to head motion and free-breathing
cardiac imaging. Magn Reson Med. 1999 Nov; 42(5):963-9. [PubMed: 10542356]

39. Setsompop K, Cohen-Adad J, Gagoski BA, Raij T, Yendiki A, Keil B, Wedeen VJ, Wald LL.
Improving diffusion MRI using simultaneous multi-slice echo planar imaging. Neuroimage. 2012
Oct 15; 63(1):569-80. [PubMed: 22732564]

40. Setsompop, K., Stockmann, J., Fan, Q., Witzel, T., Wald, LL. Generalized SLIce Dithered
Enhanced Resolution Simultaneous MultiSlice (gSlider-SMS) to increase volume encoding, SNR
and partition profile fidelity in high-resolution diffusion imaging. Proceedings of the 24th Annual
Meeting ISMRM; Singapore. 2016; p. 607

41. Schwartz KM, Lane JI, Bolster BD Jr, Neff BA. The utility of diffusion-weighted imaging for
cholesteatoma evaluation. AJINR Am J Neuroradiol. 2011 Mar; 32(3):430-6. [PubMed: 20488909]

42. Chang HC, Sundman M, Petit L, Guhaniyogi S, Chu ML, Petty C, Song AW, Chen NK. Human
brain diffusion tensor imaging at submillimeter isotropic resolution on a 3Tesla clinical MRI
scanner. Neuroimage. 2015 Sep.118:667-75. [PubMed: 26072250]

43. Glover GH, Pauly JM. Projection reconstruction techniques for reduction of motion effects in MRI.
Magn Reson Med. 1992 Dec; 28(2):275-89. [PubMed: 1461126]

44. Arfanakis K, Tamhane AA, Pipe JG, Anastasio MA. k-space undersampling in PROPELLER
imaging. Magn Reson Med. 2005 Mar; 53(3):675-83. [PubMed: 15723398]

45. Tamhane AA, Arfanakis K, Anastasio M, Guo X, Vannier M, Gao JH. Rapid PROPELLER-MRI: a
combination of iterative reconstruction and under-sampling. J Magn Reson Imaging. 2012 Nov;
36(5):1241-7. [PubMed: 22689510]

46. Chuang TC, Huang TY, Lin FH, Wang FN, Juan CJ, Chung HW, Chen CY, Kwong KK.
PROPELLER-EPI with parallel imaging using a circularly symmetric phased-array RF coil at 3.0
T: application to high-resolution diffusion tensor imaging. Magn Reson Med. 2006 Dec; 56(6):
1352-8. [PubMed: 17051531]

47. Skare S, Newbould RD, Nordell A, Holdsworth SJ, Bammer R. An auto-calibrated, angularly
continuous, two-dimensional GRAPPA kernel for propeller trajectories. Magn Reson Med. 2008
Dec; 60(6):1457-65. [PubMed: 19025911]

48. Chang Y, Pipe JG, Karis JP, Gibbs WN, Zwart NR, Schar M. The effects of SENSE on
PROPELLER imaging. Magn Reson Med. 2015 Dec; 74(6):1598-608. [PubMed: 25522132]

49. Skare S, Newbould RD, Nordell A, Holdsworth SJ, Bammer R. An auto-calibrated, angularly
continuous, two-dimensional GRAPPA kernel for propeller trajectories. Magn Reson Med. 2008
Dec; 60(6):1457-65. [PubMed: 19025911]

50. Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortions in spin-echo echo-
planar images: application to diffusion tensor imaging. Neuroimage. 2003 Oct; 20(2):870-88.
[PubMed: 14568458]

51. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, Bannister
PR, De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano N,
Brady JM, Matthews PM. Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage. 2004; 23(Suppl 1):S208-19. [PubMed: 15501092]

52. Buonocore MH, Gao L. Ghost artifact reduction for echo planar imaging using image phase
correction. Magn Reson Med. 1997 Jul; 38(1):89-100. [PubMed: 9211384]

53. Dixon WT. Simple proton spectroscopic imaging. Radiology. 1984 Oct; 153(1):189-94. [PubMed:
6089263]

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wen et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 14

Sepponen RE, Sipponen JT, Tanttu JI. A method for chemical shift imaging: demonstration of bone
marrow involvement with proton chemical shift imaging. J Comput Assist Tomogr. 1984; 8:585—
587. [PubMed: 6330183]

Schér M, Eggers H, Zwart NR, Chang Y, Bakhru A, Pipe JG. Dixon water-fat separation in
PROPELLER MRI acquired with two interleaved echoes. Magn Reson Med. 2016 Feb; 75(2):
718-28. [PubMed: 25772334]

Assaf Y, Basser PJ. Composite hindered and restricted model of diffusion (CHARMED) MR
imaging of the human brain. Neuroimage. 2005 Aug 1; 27(1):48-58. [PubMed: 15979342]
Alexander DC, Hubbard PL, Hall MG, Moore EA, Ptito M, Parker GJ, Dyrby TB. Orientationally
invariant indices of axon diameter and density from diffusion MRI. Neuroimage. 2010 Oct 1;
52(4):1374-89. [PubMed: 20580932]

Wang Y, Wang Q, Haldar JP, Yeh FC, Xie M, Sun P, Tu TW, Trinkaus K, Klein RS, Cross AH,
Song SK. Quantification of increased cellularity during inflammatory demyelination. Brain. 2011
Dec; 134(Pt 12):3590-601. [PubMed: 22171354]

Wu YC, Field AS, Alexander AL. Computation of diffusion function measures in g-space using
magnetic resonance hybrid diffusion imaging. IEEE Trans Med Imaging. 2008 Jun; 27(6):858—65.
[PubMed: 18541492]

Jensen JH, Helpern JA. MRI quantification of non-Gaussian water diffusion by kurtosis analysis.
NMR Biomed. 2010 Aug; 23(7):698-710. [PubMed: 20632416]

Sotiropoulos SN, Jbabdi S, Xu J, Andersson JL, Moeller S, Auerbach EJ, Glasser MF, Hernandez
M, Sapiro G, Jenkinson M, Feinberg DA, Yacoub E, Lenglet C, Van Essen DC, Ugurbil K,
Behrens TE, WU-Minn HCP Consortium. Advances in diffusion MRI acquisition and processing
in the Human Connectome Project. Neuroimage. 2013 Oct 15.80:125-43. [PubMed: 23702418]
Jones DK, Kngsche TR, Turner R. White matter integrity, fiber count, and other fallacies: the do’s
and don’ts of diffusion MRI. Neuroimage. 2013 Jun.73:239-54. [PubMed: 22846632]

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wen et al. Page 15

,w-\ ,ﬂw\ p\ ,ﬂﬁ\ 5 !ﬁ\ ” *‘.,

LIS

D. Selecting Windows on Mirrored Whole Sphere E. Definition of Terms

e Direction to be reconstructed N: number of diffusion directions within a
® Windowed directions window. N=6 in the illustration.
Reconstruction window
Window size: distance (blue arrow) between the
two farthest points within a reconstruction
window.
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Figure 1.
A. Diffusion directions on the half sphere of g-space were sorted according to the

Archimedean spherical spiral curve. B. One EPI blade with a short axis in the frequency
encoding direction was acquired for each diffusion direction. The EPI blade rotated
periodically as the diffusion direction changed. C. DW images corresponding to blades in B.
D. Two representative windows that comprise directions for reconstruction (green dots) and
the neighboring directions (red dots, N=6) for reconstruction. One window is close to the
pole and the other close to the equator where antipodally mirrored points (on dashed lines)
were included. E. Definition of N and window size.
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@ Direction to be reconstructed
Windowed directions

Composite a full k-space

Figure 2.
Schematic diagram of the ROSA reconstruction. Stepl: Inverse fast Fourier transformation

(iFFT) converts the target blade (green dot) to form the low-resolution DW image, ;. Step2:
All blades in the window are combined in the k-space and iFFT to form the composite image
/. Step3: The composite k-space is cropped with the mask of the target blade to form the

scaling image ILC Step4: The composite image (/¢) is tuned by the contrast specific to the

; I;
target diffusion direction (l;) scaled by low-resolution profile (Ié), as Lpsa=le - E
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A.

Ground Truth ; zero padding FA error EV1 error

RoSA
Reconstruction

Figure 3.
RoSA simulation without off-resonance effects. Column A. Phantom FA and simulated DW

images. Column B. FA generated with the low-res DW images (bottom) via simple zero
padding in k-space. Maps next to FA are FA errors and major eigenvector (EV1) errors (in
degree). Column C. High-resolution FA generated with the RoSA reconstructed DW images
in the bottom row. Maps next to FA are FA errors and EV1 errors.
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Ground Truth

Figure 4.
Simulated RoSA FA (middle row) and FA errors (bottom) in the presence of off-resonance

effects with and without parallel imaging for a blade size of 48x256 and echo spacing of
0.36 ms. As highlighted by the red circles, the blurring in the tip of the frontal lobes arose
from the rotating blades with off-resonance effects due to field inhomogeneity, ABg
(fieldmap on top). With parallel imaging and a reduction factor of 3 (R = 3) (right column),
the blurring artifact and FA errors were significantly reduced.
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reconstruction window K-space coverage
for one DWI

Recon DWI DWI error FA FA error

Figure5.
The tradeoff between N and k-space coverage without off-resonance effects. Yellow disc

denotes reconstruction window. Recon DWI denotes reconstructed DW images. For a fixed
blade size of 32x256, N=6 (partial k-space coverage) produced smaller reconstruction error
than N=12 (full k-space coverage).
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Direction 1 Direction 2 Direction 3 Direction 4 Direction 5 Direction 6

Zero padded

DWI
RoSA recon

RESOLVE

Figure 6.
RoSA k-space blades and reconstructed DW images. A. Rotating k-space blade for 6

diffusion directions. B. The corresponding DW images with low-resolution along the
frequency encoding directions. C. RoSA reconstructed DW images. D. DW images acquired
by the multi-shot sequence, RESOLVE, with matched diffusion directions.
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RESOLVE RESOLVE-short SS-EPI

-~ ., P

FA Slice 1

FA Slice 2

EV1
Colormap

EV1
Zoom in

-
B. RoSA-DWI RESOLVE RESOLVE-short SS-EPI
GRAPPA R 3 3 = 3
Echo spacing (ms) 0.36 0.32 0.32 1.15
TE (ms) 53 60 60 101
# diffusion directions 60 60 6 60
Acqg. time (10 slices) 2 min 24 min 2 min 2 min
Figure7.

DTI metrics and sequence parameters of RoSA, RESOLVE, and SS-EPI. A. DTI metrics of
RoSA, RESOLVE, and SS-EPI with matched image resolution (1x1x2mms3). RESOLVE-
short with matched scan time of RoSA and SS-EPI was achieved by reducing diffusion
direction from 60 to 6. Top two rows: FA of 2 different slices; 3™ row: colormap of major
eigenvectors (EV1); bottom row: EV1 overlaid on zoomed FA maps. The yellow squares
indicate zoomed regions. RoSA and RESOLVE were able to show fine structures within the
internal capsule (red arrows), and clear gyral stalks. RESOLVE-short and SS-EPI have
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excessive noise in the FA maps. The SS-EPI sequence demonstrated visible geometric
distortions in the frontal lobes due to off-resonance effects of local field inhomogeneity
(blue arrows). Orientations of major eigenvectors showed visible random variations using
the RESOLVE-short and SS-EPI sequence (bottom zoomed-in view), whereas major
eigenvectors using RoSA and RESOLVE showed ordered alignments along the gyral stalks
and perpendicular projections inside grey matter (bottom row, yellow arrows). B. Critical
imaging parameters: GRAPPA R denotes reduction factor for parallel imaging; TE denotes
echo time; and Acqg. denotes acquisition.
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RoSA SS-EPI 2mm

Figure 8.
Comparison of high-resolution FA map of RoSA (1x1x2mm3) and low-resolution FA map

of SS-EPI (2x2x2mm3). The external (yellow arrows in A) and extreme capsules (white
arrows in A) can only be resolved in FA maps of high-resolution. Similarly, fine structures
are only visible in high-resolution image in B.

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.



	Abstract
	Introduction
	Methods
	RoSA acquisition
	Reconstruction Window
	Composite Reconstruction
	Simulations
	Human Experiments
	In-line Reference Scan and Nyquist Ghost Correction
	Image Preprocessing prior to RoSA reconstruction

	Results
	Simulations
	Human Experiments

	Discussion
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

