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Abstract

Purpose—This study demonstrates a novel PROPELLER (periodically rotated overlapping
parallel lines with enhanced reconstruction) pulse sequence — Steer-PROP, based on gradient and
spin echo (GRASE), to reduce the imaging times and address phase errors inherent to GRASE.
The study also illustrates the feasibility of using Steer-PROP as an alternative to single-shot echo
planar imaging (SS-EPI) to produce distortion-free diffusion images in all imaging planes.

Methods—Steer-PROP uses a series of blip gradient pulses to produce NV (N = 3-5) adjacent 4
space blades in each TR, where N is the number of gradient echoes in a GRASE sequence. This
sampling strategy enables a phase correction algorithm to systematically address the GRASE
phase errors as well as the motion-induced phase inconsistency. Steer-PROP was evaluated on
phantoms and healthy human subjects at both 1.5T and 3.0T for 75- and diffusion-weighted
imaging.

Results—Steer-PROP produced similar image quality as conventional PROPELLER based on
fast spin echo (FSE), while taking only a fraction (e.g., 1/3) of the scan time. The robustness
against motion in Steer-PROP was comparable to that of FSE-based PROPELLER. Using Steer-
PROP, high quality and distortion-free diffusion images were obtained from human subjects in all
imaging planes, demonstrating a considerable advantage over SS-EPI.

Conclusion—The proposed Steer-PROP sequence can substantially reduce the scan times as
compared to FSE-based PROPELLER while achieving an adequate image quality. The novel &
space sampling strategy in Steer-PROP not only enables an integrated phase correction method
that addresses various sources of phase errors, but also minimizes the echo spacing as compared to
alternative sampling strategies. Steer-PROP can also be a viable alternative to SS-EPI to decrease
image distortion in all imaging planes.
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Introduction

Periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER)?!
is a rapid MRI method that traverses k-space using a series of rectangular strips, or “blades”,
rotated about the A-space origin. Because the central region of A-space is sampled by every
blade, PROPELLER allows for self-navigation, leading to excellent robustness against
motion. As such, PROPELLER has been increasingly used clinically, particularly in 7»-
weighted imaging, diffusion imaging, FLAIR, and T>-mapping?2.

The PROPELLER technique was initially implemented in a multi-shot fast spin echo (FSE)
pulse sequencel:2. In that implementation, each spin-echo train within a TR produces a blade
consisting of M parallel A-space lines, where M is determined by the echo train length
(ETL)Y2. Subsequent repetitions (or TRs) involve a rotation of frequency- and phase-
encoding gradients about the slice-selection axis, producing additional blades in A-space.
FSE-based PROPELLER (FSE-PROPELLER) inherits many desirable properties of FSE,
especially the high-resolution capability and the excellent immunity to off-resonance effects
due to the use of multiple refocusing radiofrequency (RF) pulses. Compared to other fast
imaging techniques®, sequences based on FSE may not offer adequate data acquisition
efficiency in some demanding applications, such as diffusion imaging with multiple 6-values
and/or a large number of gradient directions®~8. Additionally, the large number of RF pulses
in FSE-PROPELLER can escalate the specific absorption rate (SAR), especially at high
magnetic fields.

PROPELLER sequences based on echo planar imaging (EPI), including long-axis
PROPELLER (LAP)? and short-axis PROPELLER (SAP)19, were introduced to address the
aforementioned problems by acquiring each blade using an echo-planar readout. EPI allows
more efficient k-space sampling than FSE, resulting in wider blades to improve motion
correction and fewer blades to cover k-space while mitigating the SAR concerns®. However,
EPI is very sensitive to off-resonance effects, producing artifacts such as image distortion®.
Although the problem can be less in SAP than in LAP, the sensitivity to off-resonance, in
general, remains as a significant challenge.

Gradient and spin echo, or GRASE!, is a sequence that can combine the merits of FSE and
EPI and provide a compromise of their pitfalls. In Turboprop proposed by Pipe and Zwart12,
a PROPELLER sequence is implemented in GRASE by incorporating a short gradient-echo
train (e.g., ETL = 3-7) into each spin echo in an FSE echo train. This widens the blade and
consequently improves the robustness of motion correction. Additionally, Turboprop
increases the data acquisition efficiency without escalating the SAR by using fewer blades to
sample entire A-space. Like other GRASE sequences®, Turboprop faces the challenges of
phase correction within each blade. The intra-blade phase errors can become complicated
because of the two inter-tangled sources: phase errors arising from violation of the Carr-
Purcell-Meiboom-Gill (CPMG) conditions (/.e., FSE-type phase error) and phase errors due
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to the EPI-type A-space traversal (/.e., EPI-type phase error). To untangle these phase errors,
another GRASE-based PROPELLER sequence, X-PROP13, was proposed by assigning the
gradient echoes into individual blades. Because each blade does not contain a mixture of
gradient echoes, phase correction can be simplified and readily incorporated into
PROPELLER reconstruction!. However, X-PROP spreads the multiple blades from a
gradient-echo train evenly across A-space, necessitating a relatively large gradient area in-
between the gradient echoes, which lengthens echo spacing. Additionally, X-PROP has been
implemented with a split-blade technique to address the CPMG conditions'2-13, which
halves the blade width and compromises motion correction.

Stimulated by prior work, we report an alternative GRASE-based PROPELLER technique,
which we call Steer-PROP. Unlike Turboprop, Steer-PROP uses a series of blip gradient
pulses to produce multiple blades in one shot (or TR). Unlike X-PROP, Steer-PROP can
minimize the echo spacing for both gradient-echo and spin-echo trains. We demonstrate that
Steer-PROP is capable of reducing the scan time by a factor of at least three as compared to
FSE-PROPELLER and producing distortion-free images in all imaging planes, making the
technique a viable alternative to conventional single-shot EPI (SS-EPI) sequence for
diffusion imaging.

Pulse Sequence Design

Steer-PROP uses M (e.g., M = 8-16) refocusing RF pulses after each excitation RF pulse to
produce a CPMG spin-echo train. As in Turbopropl2, each spin echo is further split into N/
(e.g., N=3-5) gradient echoes using a bipolar readout gradient. Unlike Turboprop!? where
the multiple gradient echoes within a spin echo are used to sample a total of MxN\ parallel A&
space lines all within the same blade, Steer-PROP employs a series of blip gradient pulses to
distribute the A/gradient echoes to N different blades. In doing so, Ablades, each containing
M lines, are sampled following each RF excitation (or TR). Unlike X-PROP13, which
produces 2/ blades (each with MI2 k-space lines) and distributes them evenly over a
range in k-space, Steer-PROP arranges the A/blades adjacent to each other over a limited
angular range in A-space. In addition, X-PROP splits the odd and even spin echoes between
two orthogonal blades!3. In contrast, Steer-PROP combines the odd and even spin echoes in
the same blade by placing the even echoes at the central region of a blade and the odd
echoes at the edges to minimize artifacts, as proposed previouslyl4. The difference in A
space coverage among FSE-PROPELLER, Turboprop, X-PROP, and Steer-PROP is shown
in Fig. 1. To use Steer-PROP for diffusion imaging, diffusion gradients are introduced to
either side of the first refocusing RF pulse (Fig. 2a), similar to an earlier FSE-PROPELLER
implementation?.

Steering Gradient Design

The mechanism for steering between blades within a gradient-echo train is illustrated in Fig.
2a which shows a single spin-echo segment of the Steer-PROP sequence with an optional
diffusion gradient pair. The cyan phase-encoding gradient provides a phase offset to assign a
specific position of a &-space line within a blade. The blue, red, and green readout gradient
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lobes correspond to different A-space lines in different blades acquired by different gradient
echoes within the spin echo. The brown and black gradient pulses are termed as steering
blips, or steering gradients, that are used to steer the k-space trajectory to the adjacent blade.
The purple gradient pulses at the end of the gradient-echo train rewind the phase along the
ky, - and k -directions in order to satisfy the CPMG conditions for 7,-weighted imaging.
Rewinding the phase also helps meeting the CPMG conditions later in the echo train after
the first refocusing pulse interval when a diffusion-weighting gradient is applied. The
detailed A-space trajectories are shown in Fig. 2b where the three A-space lines sampled by
the three gradient echoes are illustrated as the white lines (denoted as b1, b2, and b3,
respectively) in their respective color-coded blades. The curved arrow lines illustrate the
effect of the steering or rewinding gradient pulses on the A-space trajectory with the color of
the lines corresponding to the color in Fig. 2a.

The segment in Fig. 2a is repeated M times throughout the spin-echo train, producing the
remaining A-space lines for each of the A/blades. With this sampling scheme, each excitation
(or TR) acquires a total of MxN k-space lines that are evenly distributed among the N/
blades, improving the data acquisition speed by a factor of A/as compared to FSE-
PROPELLER with the same spin echo train length. For a desired reconstruction matrix size,
L, the minimal number of excitations, 2, to cover k-space is calculated byl

In order to achieve the A-space traversal shown in Fig. 2b, the areas of individual steering
blip pulses were determined as shown in Fig. 3. These steering pulse areas depend on the
phase-encoding amplitude of the spin echo under consideration and the rotation angle (6)
between two adjacent blades. For a specific A-space line to be steered, the area (A)) of its
corresponding phase-encoding gradient is given by Eq. [2], and the area corresponding to
the largest phase-encoding step within a blade (A,,,.. ) is given by Eq. [3]:

max’

A=575  [2]

Ay'm azx = % [3]

where FOV is the field of view in units of cm, y is the gyromagnetic ratio (7.¢e., 4.258 kHz/
Gauss for protons), ¢ is the phase-encoding index in the blade within the range of —E+ 1< ¢
< E, and E corresponds to the largest positive phase-encoding step within the blade and is
given by £= M/2.

The blip gradient pulse area required to steer from one blade to the adjacent blade was
calculated by distributing A, and A, into their corresponding readout and phase-
encoding directions. Figure 3 employs a case of /=3 as an example to demonstrate the
design of steering gradient pulses. The blade in Fig. 3a is a horizontal blade in parallel to the

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Srinivasan et al.

Page 5

ky-axis. The subsequent two adjacent blades are rotated with an angle of 8and 26,
respectively. The phase-encoding gradient (cyan in Fig. 2a) at the beginning of the gradient-
echo train determines the initial position of A-space line 67 in the first blade (Fig. 3a). After
the acquisition of this A-space line, the steering gradient pulses Gy,and Gy, advance the 4
space point labeled with an asterisk (/.e., point gg;) to a new starting position in the second
blade (Fig. 3b). Conceptually, this 4-space transition comprises two components: (a) moving
from point g5 upward with a Gy, gradient, and (b) moving horizontally with a Gy, gradient
to the corresponding initial location in the second blade for acquiring A-space line 62. The
gradient areas required for these two orthogonal components are given by Eqgs. [4] and [5] in
the Appendix. To advance from the second to the third blade, a similar strategy was used
with the blip gradient areas Ay, , (for Gy, g and Ay, , (for Gy, ) as shown in the Appendix.

Once the areas for all steering gradients are determined, the corresponding gradient pulses
can be designed by minimizing the pulse width within the slew-rate and gradient amplitude
constraints as shown in a reference®. It is worth noting that the gradients Gxgand Gy, »in
Figs. 3b and 3c have negative polarity as required by their traversal direction. Although we
use a special case of A= 3 to illustrate the steering pulse design, the same principles can be
extended to other gradient echo train lengths. Once the steering gradient pulses are designed,
the ending position point g3 of the b3 k-space line (Fig. 3c) is tracked, followed by a pair of
rewinding gradient pulses (purple pulses Gy,and Gy, in Fig. 2a) to return the A-space
trajectory to the ky-axis as if steering had not happened (/.¢., as if a conventional Cartesian
GRASE sequence were used). The areas of the rewinding gradients are provided in the
Appendix (Egs. [8] and [9]).

Once a set of steering and rewinding gradient pulses is designed for the first spin echo, the
gradient pulses for the subsequent spin echoes can be designed analogously with different
initial A-space lines. To generate the remaining sets of A/blades in subsequent TRs, the
rotation matrix of the scanner was employed with a rotation angle increment of 36 (or N6)
per TR without the need of designing additional steering and rewinding gradients.

Phase Corrections

The Steer-PROP sequence is subject to three types of phase errors that must be accounted
for in order to ensure image quality. A segment of the sequence consisting of two subsequent
TRs (or shots) is shown in Fig. 4 where the different phase errors are illustrated.

The k-space lines within a blade are acquired from different spin echoes, subject to FSE-
type phase errors. We call this type of phase error as /ntra-blade phase error (Fig. 4). The
intra-blade phase error can be estimated by using two additional spin echoes in the echo
train (F.e., M~ = M+2) that are not phase-encoded®1%16, The constant and linear phase
errors obtained from the non-phase-encoded echoes are then used for phase correction.

Similar to EPI, the gradient echoes within a gradient-echo train can have inconsistent phase
errors, or EPI-type phase errors, that lead to phase inconsistency among the blades acquired
within the same shot. We call this phase error as inter-blade phase error (Fig. 4). Because all
blades acquired within a shot intersect at the A-space central region, the data redundancy can
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be exploited for phase correction analogously to in-plane motion phase correction in
PROPELLER?.

Motion also induces phase errors between TRs or shots. We refer this phase error to as /nter-
shot phase error (Fig. 4). The central overlapping region of A-space can be used to perform
both inter-blade and inter-shot phase error corrections during image reconstruction using the
method proposed by Pipel.

Pulse Sequence Implementation

The Steer-PROP sequence was implemented and evaluated on two General Electric MRI
scanners operating at 1.5T (Signa HDx) and 3.0T (Signa HDxt), respectively. A commercial
FSE pulse sequence was modified to implement the Steer-PROP pulse sequence detailed in
the Methods section. All images were reconstructed, with corrections for intra-blade, inter-
blade, and inter-shot phase errors, using custom C++ and MATLAB programs.

Experimental Studies

To demonstrate and evaluate the performance of Steer-PROP, four experiments were
conducted. In the first experiment, the pulse sequence was tested on a cylindrical GE DQA
phantom at 3.0T using a head coil. 7,-weighted Steer-PROP images were acquired in the
axial plane with the following parameters: 7R = 4s, effective 7£= 72ms (based on the
definition of effective TE for GRASE), M= 8, N= 3, number of shots = 16, FOV = 24cm,
slice thickness = 5mm, bandwidth (BW) = £125 kHz, matrix size = 256x256, NEX = 2
(with phase-cycling to remove a DC offset), and scan time = 2 mins 9 secs. For comparison,
a similar image was obtained using a conventional FSE-PROPELLER sequence with the
same imaging parameters except for /=1 and scan time = 6 mins 27 secs. To compare the
performance between the Steer-PROP and the conventional FSE-PROPELLER, signal-to-
noise (SNR) was calculated from the images in a uniform region (shown by the green and
orange arrows in Fig. 5 for computing the signal and noise, respectively). The SNR was
normalized with respect to the acquisition time (7.e., SNRVtime) to facilitate the
comparison.

In the second experiment, the performance of the Steer-PROP sequence was illustrated on a
29-year old healthy female human subject for both 7,- and diffusion-weighted imaging at
1.5T. Axial images were acquired with Steer-PROP and FSE-PROPELLER sequences using
the following imaging parameters: 7R = 4s, effective 7TE=72ms, M =8, N= 3 (for Steer-
PROP), FOV = 24cm, slice thickness = 5mm, BW = +£62.5 kHz, matrix size = 256x256,
NEX = 2, and scan time = 2 mins 9 secs for Steer-PROP and 6 mins 27 secs for FSE-
PROPELLER. A narrower BW was used to partially compensate for the reduced SNR at
1.5T. For diffusion-weighted imaging, a #-value of 750 s/mm? was used, and the diffusion-
weighting gradient was applied along the right-left direction.

The third experiment was intended to assess the robustness of the Steer-PROP sequence to
subject motion. A healthy female volunteer was instructed to move her head with low to
moderate frequency randomly during the acquisition. Axial Steer-PROP and FSE-
PROPELLER 7,-weighted images were acquired from the brain at 3.0T with the following
imaging parameters: 7R = 4s, effective 7£= 128ms (achieved by stretching the spin-echo
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spacing to match a clinical FSE-PROPELLER protocol for heavy 7,weighting), M=8, N=
3 (for Steer-PROP), matrix size = 256x256, FOV = 26 cm, slice thickness =5 mm, and NEX
= 2. The immunity to motion artifacts using Steer-PROP versus FSE-PROPELLER was
compared, together with a comparison with a standard multi-shot 7,-weighted Cartesian
FSE acquisition.

When imaging in non-axial planes, SS-EPI often suffers from substantial distortion due to
orientation-dependent magnetic susceptibility effects and concomitant gradient fields1:18,
The fourth experiment was designed to evaluate the flexibility in imaging planes with Steer-
PROP for diffusion imaging. Brain images in axial and non-axial (/.e., sagittal, coronal, and
oblique) planes were acquired from a volunteer at 3.0T using the following parameters: 7R
= 4s, effective TE=72ms, M =8, N= 3, FOV = 24cm, slice thickness = 5mm, BW = £125
KHz, matrix size = 256x256, NEX = 2, 5= 750 s/mm?, and scan time = 2 mins 13 secs. The
oblique plane was chosen in parallel to the cerebellar tentorium, approximately 40° from the
axial plane. For comparison, diffusion-weighted images using SS-EPI were also acquired in
the same planes.

Figure 5 shows two 7,-weighted images of the phantom acquired at 3.0T. Steer-PROP (Fig.
5b) produced similar image quality as FSE-PROPELLER (Fig. 5a), while taking only one
third of the scan time. Quantitative measurement of SNR revealed a ~30% reduction in the
Steer-PROP image (SNR = 77) as compared to the FSE-PROPELLER image (SNR = 110).
However, when the SNR was normalized with respect to the scan time, Steer-PROP yielded
a higher normalized SNR (SNR/Vtime = 6.78 (Vsec)™1) than the FSE-PROPELLER image
(SNRANtime = 5.59 (Vsec)™1). Other than minor streak artifacts in the central region, possibly
caused by off-resonance sensitivity due to the magnetic susceptibility effects associated with
the phantom geometry, the Steer-PROP image was free of other artifacts.

Figure 6 shows two slices comparing 7»- and diffusion-weighted images at 1.5T. The Steer-
PROP images (Figs. 6b1, 6d1, 6b2, and 6d2) display comparable image quality to that of the
FSE-PROPELLER images (Figs. 6al, 6¢1, 6a2, and 6¢2), despite a three-fold reduction in
scan time (2 min 9 secs vs. 6 min 27 secs).

Images for demonstrating robustness against motion are shown in Fig. 7. While the
conventional Cartesian FSE image (Fig. 7a) showed severe motion-related ghosting artifacts,
both FSE-PROPELLER (Fig. 7b) and Steer-PROP (Fig. 7¢) exhibited good immunity to
motion artifacts and the performance of these two sequences was similar.

Lastly, diffusion-weighted images produced by the Steer-PROP sequence in all imaging
planes (axial, sagittal, coronal, and oblique) are shown in the top row of Fig. 8. These
images were compared with the corresponding images obtained with the conventional SS-
EPI sequence (bottom row of Fig. 8). The axial images (Fig. 8a vs. Fig. 8e) showed the
smallest discrepancies. For images acquired in the sagittal plane, the SS-EPI images (Fig.
8f) exhibited substantial gross distortion. The distortion was virtually eliminated in the
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corresponding Steer-PROP image (Fig. 8b). Similar improvements were also observed in
coronal (Fig. 8c vs. Fig. 8g) and oblique (Fig. 8d vs. Fig. 8h) planes.

Discussion

By combining GRASE and PROPELLER, we have demonstrated that Steer-PROP can
accelerate the image acquisition in 7>weighted and diffusion-weighted imaging by a factor
of 3 compared to PROPELLER sequences employing FSE. This combination has produced
comparable image quality to that from FSE-PROPELLER at both 1.5T and 3.0T (Figs. 5 and
6).

In Cartesian sampling, it has long been recognized that GRASE can combine the merits of
FSE (e.g., off-resonance insensitivity) and EPI (e.g., reduced SAR and rapid acquisition
speed)!1. These merits have been exploited in several GRASE-based PROPELLER
sequences. In Turboprop (Fig. 1b), the multiple gradient echoes are combined in a single
blade!2. While this approach can substantially increase the width of the blade, allowing a
more efficient motion correction and a shorter scan time, the EPI-type phase errors among
the gradient-echoes must be corrected to ensure good image quality®. Such phase correction
is not trivial as the FSE-type phase errors can be intermingled with the EPI-type phase-errors
within the same blade. Untangling these phase errors typically requires acquisition of
additional reference scans'2 that compromises the overall data acquisition efficiency.

PROPELLER sampling strategy provides a natural way to de-tangle the EPI-type and FSE-
type phase errors in a GRASE sequence. This was first demonstrated in a multi-echo
GRASE-PROPELLER implementation in which the different gradient echoes within a spin
echo were used to sample a set of blades, all with the same blade angle but different 7,*
weighting®®. Multi-echo images were obtained to either increase the SNR or produce a 7>*
map. This concept was employed in the earlier implementations of Steer-PROP20 and X-
PROP13 by distributing the A gradient echoes within a spin echo into separate blades,
thereby allowing acquisition of multiple blades in each TR to accelerate data acquisition.

Although Steer-PROP and X-PROP share the similar concept, there are important
differences. First, X-PROP was implemented using a split-blade approach that assigns the
odd and even echoes of an FSE echo train into orthogonal blades, resulting in 2/ blades
from each TR with a blade width only half of that of Steer-PROP. While the split-blade
approach is more robust with respect to the CPMG conditions, the narrowed blade width
makes PROPELLER motion correction less effective. Even without using the split-blade
approach, Steer-PROP has produced good image quality (Figs. 5-8), illustrating that
artifacts arising from possible violation to the CPMG conditions are not severe. Second, X-
PROP distributes multiple blades from a TR evenly in k-space over a range of r, which
leads to a larger area of the steering gradient pulses. The increased gradient area in turn
results in a longer echo spacing (for both gradient-echo and spin-echo trains). In contrast,
Steer-PROP positions the multiple blades from the gradient echoes adjacent to each other
over a limited angular range (Fig. 2). This strategy leads to the smallest steering gradient
area and consequently minimizes echo spacing. The exact difference in echo spacing
between Steer-PROP and X-PROP depends on the system hardware, 4-space trajectory, and
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other acquisition parameters. As an example, Table 1 shows comparisons of echo spacing
using the protocols in the first two experiments (Figs. 5 and 6) at 3.0T and 1.5T, respectively.
Using Steer-PROP, a reduction in echo spacing up to 25.7% can be achieved for the
gradient-echo train. Third, because of the difference in steering gradient amplitudes and/or
duration, Steer-PROP produces less eddy currents than X-PROP. While the readout and
crusher gradients (as well as diffusion gradients when applicable) can dominate eddy current
production, eddy currents from the steering gradients may not be negligible, especially when
the k-space blades are not adjacent to each other as in X-PROP. Such eddy currents can be
particularly detrimental as the associated k-space correction has not been well developed.
Lastly, X-PROP was demonstrated in a diffusion-weighted sequence with split blades,
whereas Steer-PROP was implemented in a conventional PROPELLER sequence for both
Tweighted and diffusion-weighted imaging. Despite the differences, both Steer-PROP and
X-PROP can successfully separate and effectively correct for the EPI-type and FSE-type
phase errors in a GRASE sequence, as shown in Fig. 4 and references!320, In this study, we
have explicitly separated the three types of phase-errors: intra-blade phase error (7.¢e., FSE-
type error), inter-blade phase error (/.e., EPI-type error), and inter-shot phase error (/.¢.,
motion-induced error) and described the correction strategy.

In the phantom study (Fig. 5), we guantitatively compared the SNR/Vtime between a
commercial FSE-PROPELLER sequence and Steer-PROP and demonstrated a higher SNR
efficiency with Steer-PROP. It is worth noting that such comparison is subject to a number of
limitations. First, a relatively broad receiver BW (£125 kHz) was employed in the Steer-
PROP sequence in order to achieve a short gradient-echo spacing. A narrow BW of +62.5
kHz was also investigated. However, the SNR gain was inadequate to counterbalance the
SNR loss and the exacerbated off-resonance effects due to lengthening of echo spacing at
3T. In practice, FSE-PROPELLER does not need such a broad BW. A fairer comparison
would use a narrower BW in FSE-PROPELLER to match the readout duration of the
gradient echo-train in Steer-PROP. Constrained by the inflexibility in continuously changing
BW on the scanner, we did not perform such comparison. Second, the total sequence length
of Steer-PROP was longer than that of FSE-PROPELLER. In principal, additional spin
echoes (/.e., more lines in a blade) can be acquired by FSE-PROPELLER with an equivalent
sequence length to that of Steer-PROP, leading to a higher SNR/Vtime for FSE-
PROPELLER. Finally, the SNR should be normalized with respect to not only acquisition
time but also the number of slices per TR, which is determined jointly by sequence length
and SAR. In this study, the SAR in Steer-PROP was lower than that in FSE-PROPELLER
because identical refocusing RF pulses were used in both sequences, but FSE-PROPELLER
had a shorter spin-echo spacing with more densely packed RF pulses. We did not attempt to
optimize SAR for Steer-PROP in this study or normalize the SNR with respect to the
number of slices, which can be important areas for future studies.

Compared to SS-EPI that has been used extensively in diffusion imaging, Steer-PROP can
substantially reduce the image distortion arising from off resonance, as illustrated in Fig. 8.
The benefit from the Steer-PROP sequence on non-axial images is significantly more
evident. The ability of obtaining high quality diffusion images in non-axial planes is
particularly important, as this has been a substantial limitation with SS-EPI which is
sensitive to susceptibility differences and concomitant fields'’. The benefit of using Steer-
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PROP is expected to be even greater at a lower magnetic field (e.g., <1.5T) where the
problems caused by concomitant fields are more pronounced!”:18 and the 7" value is
longer.

In this study, the /n vivo demonstration was limited to the brain where the relatively long 7>
and 75" values facilitate application of Steer-PROP. The same sequence can also be applied
to other organs with a proper adjustment of A7and Nto be consistent with the 7, and 75"
values of the tissues of interest. Our experimental demonstration typically employed three
gradient echoes (V= 3), although a longer gradient-echo train (e.g., V= 5) may also be used
provided that the 7,"-induced signal decay is moderate. With a larger A, the spin-echo train
length (M) needs to be shortened accordingly to keep the entire sequence length within the
signal decay window imposed by the 75 relaxation.

Although we focused primarily on 7,- and diffusion-weighted imaging in the experimental
studies, the Steer-PROP sequence can be generalized to produce other contrasts, such as 7;
and proton density contrast. Additionally, the sequence may also be combined with other
sequence modules such as magnetization transfer, flow compensation, and spin tagging.

Conclusion

We have demonstrated that the proposed Steer-PROP sequence can considerably reduce the
scan time as compared to commercial FSE-PROPELLER sequences while achieving an
adequate image quality. Additionally, the novel k-space sampling strategy employed in
Steer-PROP not only enables an integrated phase correction strategy that systematically
addresses several types of phase errors, but also minimizes the echo spacing as compared to
alternative sampling strategies. Steer-PROP can also be a viable alternative to SS-EPI to
decrease the image distortion and improve the spatial resolution in all imaging planes.
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For the first pair of steering gradient pulses Gyyand Gy, shown in Fig. 2a, their gradient
areas are given below:

Ayy= (Aymaz—Ay) + (Aymac+Ay) cos0, 4]

Agy=— (Aymact+Ay) sind. [5]
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These gradient areas advance the A-space position at the end of the first blade acquisition
(7.e., point g in Fig. 3) to a new starting position in the second blade.

Similarly, to advance the k-space position from the second to the third blade, the steering
gradient areas for Gy, and Gy, ,are given by

Aysp=(Aymaz—Ay) 08 = (AymaztAy) cos26, [g]

Agoy=(Aymaz—Ay) sin 0+ (Aymac+A,) sin26. [71

At the end of the acquisition of the third blade, the areas of the rewinding gradients G, and
G, are determined by

Ay, = (Aymaz) + (2 * Aymaz) €08 0+ (Aymaz+Ay) cos 26, [8]

Az, =(Areaof Gg,,,) — (2% Aymag) sin0— (Aypmes+A,) sin26. [9]
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Figurel.
Different A-space sampling strategies in FSE-PROPELLER (a), Turboprop (b), X-PROP (c),

and Steer-PROP (d). Only a segment of the pulse sequence between two consecutive
refocusing RF pulses is shown. In FSE-PROPELLER (a), each spin echo is used to sample a
k-space line in a blade. All spin echoes in a TR are used to sample a single PROPELLER
blade. In Turboprop (b), X-PROP (c), and Steer-Prop (d), each spin echo is split into three
gradient echoes. Turboprop uses all three gradient echoes to sample the same widened
PROPELLER blade. X-PROP assigns the odd (solid lines) and even spin echoes (dash lines)
into orthogonal blades and distributes all six blades evenly over an angular range of ,
whereas Steer-PROP distributes the three gradient echoes to adjacent blades with a narrow
angular range.

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

(b)

(c)

(d)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Srinivasan et al.

G - me

Page 14

180° 180°

I

|

I

I

| (b)
v
Figure2.

(a): A segment of a Steer-PROP sequence illustrating steering gradient design for the special

case of V= 3. (b): k~-Space trajectory of the sequence segment in (a). Gyand G are used to
denote readout (or X) and phase-encoding (or ¥) gradients in a conventional sequence. Gy,
Gy Gy and Gy, are the diffusion gradients on the X'and Yaxes as indicated. Gpeis a
phase-encoding pulse for the spin echo, Gy, is the readout gradient pulse corresponding to
the 15t gradient echo, Gy, and Gy, , are the X'and Y'components corresponding to the 2nd
gradient echo, Gy, 4 and Gy, 5 are the X'and Y’ components corresponding to the 3rd
gradient echo, Gy, Gy Gy and G, 4 are the steering gradient pulses, and Gy, and Gy,
are the phase-rewinding pulses. The three A-space lines sampled by the three gradient echoes
are illustrated as the white lines (denoted as 61, 62, and b3, respectively) in their respective
color-coded blades. The curved arrow lines illustrate the effect of the steering gradient
pulses or the rewinding gradient pulse on the k-space trajectory with the color of the lines
corresponding to the same color of the gradient pulses in (a).
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Figure 3.
Steering gradient design using a gradient-echo train of 3 (V= 3). &Space lines sampled by

the three gradient echoes are denoted as 61, b2, and 63in (a), (b), and (c), respectively. 8is
the angle between two subsequent blades. gz, ¢ and gy are the ending locations of k-
space lines b1, b2, and b3, respectively. Gy, Gy Gy and G, 5 are the steering gradients
as explained in the text. Rewinding gradient pulses (Gy,and Gy, ) return the A-space
trajectory to the ky -axis as if steering had not happened. The Gy, rewinding pulse performs
k-space traversal from point g3 to its projection on the &y -axis (¢,,) and the G, rewinding
pulse performs A-space traversal from ¢y, to the starting location in the first blade (¢,).
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Figure 4.
A segment of Steer-PROP consisting of two repetition times (TRs or shots) denoted as 15t

TR and 2" TR. Three kinds of phase errors are shown: intra-blade (4-space lines within a
single blade acquired by different spin echoes in the same echo train), inter-blade (among
the blades acquired by the gradient echoes within a single spin echo), and inter-shot
(between TRs) phase errors. Note that although the refocuses pulses are labeled as 180°, the
actual flip angle was adjusted between 160° and 180° to stabilize the echo amplitudes in the
spin-echo train.
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FSE-PROP Steer-PROP

Figureb.
Comparison of phantom images obtained at 3.0T using (a) FSE-PROPELLER and (b) Steer-

PROP pulse sequences. The acquisition parameters were 7R = 4s, effective 7E=72ms, M=
8, V=3 (for Steer-PROP), number of shots = 16, FOV = 24cm, slice thickness = 5mm,
bandwidth (BW) = £125 kHz, matrix size = 256x256, and NEX = 2. The scan times for the
two images were 6 mins 27 secs in (a) and 2 mins 9 secs in (b). The green and orange arrows
on the Steer-PROP image indicate regions where signal and noise were measured,
respectively, for SNR calculations.
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Slice 1 Slice 2
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Figure 6.
Two slices of T-weighted (al, b1, a2, and b2) and diffusion-weighted (&= 750 s/mm?; c1,

di, c2, and d2) images from a human volunteer obtained at 1.5T using FSE-PROPELLER
(first and third columns) and Steer-PROP (second and fourth columns) with 7R = 4s,
effective 7E=72ms, M =8, N= 3 (for Steer-PROP), FOV = 24cm, slice thickness = 5mm,
BW = +62.5kHz, matrix size = 256x256, and NEX = 2.
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FSE FSE-PROP Steer-PROP

Figure7.
To>-weighted images (7R = 4s, effective TE=128ms, M= 8, N =3 for Steer-PROP, matrix

size = 256x256, FOV = 26cm, slice thickness = 5mm, and NEX = 2) of a healthy human
volunteer obtained on a 3.0T scanner using (a) conventional Cartesian FSE, (b) FSE-
PROPELLER, and (c) Steer-PROP. The subject’s head was moving randomly during all
three scans.
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Figure 8.
Diffusion-weighted images ( 7R = 4s, effective 7TE=72ms, M =8, N = 3 for Steer-PROP,

FOV = 24cm, slice thickness = 5mm, BW = +125 KHz, matrix size = 256x256, NEX = 2,
and b= 750 s/mm?) acquired on a 3.0T scanner using Steer-PROP (a—d) and SS-EPI (e-h)
on axial (a, e), sagittal (b, f), coronal (c, g), and oblique (d, h) planes. The oblique slice
orientation was selected to be in parallel to the cerebellar tentorium, ~ 40° from the axial
plane. The sub-optimal image quality in (e) was a reflection of poor B, field homogeneity.
Even in the presence of Byfield homogeneity, a high quality Steer-PROP image in (a) was
obtained.
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Table 1

Comparison of Echo Spacing between Steer-PROP and X-PROP

Steer-PROP (ms) X-PROP (ms)
Gradient-Echo | Spin-Echo(® | Gradient-Echo | Spin-Echo(@
Experiment 1 (3.0 T) 1.460 7.872 1.836 8.820
Experiment 2 (1.5 T) 2.332 10.520 2.600 11.256

@)

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

The refocusing RF pulse width was 2.2ms, and the crusher gradient width was 0.7ms.

Page 21



	Abstract
	Introduction
	Methods
	Pulse Sequence Design
	Steering Gradient Design
	Phase Corrections
	Pulse Sequence Implementation
	Experimental Studies

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

