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INTRODUCTION

Purpose: To develop a rapid, non-CPMG high-resolution volumetric imaging
approach, exhibiting a speed and in-plane resilience to field inhomogeneities compa-
rable to RARE/turbo-spin-echo (TSE) while endowed with unique downsampling
characteristics.

Methods: A multi-scan extension of cross-term spatiotemporal encoding (xSPEN) is
introduced and analyzed. The method simultaneously yields k/k, data containing low
and high frequency components, as well as transposed, low-resolution z/y images.
This dual k-/spatial-domain information is captured by a multi-scan procedure that
phase-encodes k, while simultaneously slice-selecting z. A reconstruction scheme
converting this information into high resolution 3D images with fully multiplexed
volumetric coverage is introduced and exemplified.

Results: Phase-encoded xSPEN was tested by human brain imaging at sub-mm resolu-
tions. The method exceeded 2D TSE’s sensitivity by factors of ~3—-4, while providing
similar resolution and SNR as 3D TSE in ~50% acquisition times. The method’s
contrast is dominated by T, and is free from “bright-fat” effects associated to spin-echo
trains. Further acceleration is enabled by the method’s downsampling abilities.
Tradeoffs between encoding time, number of measurements, spatial resolution, SNR,
and artifact levels are also laid out.

Conclusion: A new MRI strategy is introduced delivering high in- and through-
plane resolutions while enjoying full Fourier multiplexing, leading to fast acquisitions
with high SNR.

KEYWORDS
cross-term spatiotemporal encoding, downsampling, high definition resolution enhancement, 3D MRI, turbo

spin-echo

between image quality and scanning time. These methods
usually afford higher in- than through-plane resolutions

Numerous MRI approaches aim at achieving the highest pos-
sible anatomical resolution in minimal scanning times,
including fast spin- and gradient-echo techniques, steady-
state low flip angle acquisitions, and multi-echo/multi-
gradient approaches.' The latter in particular form the basis
of multi-slice 2D turbo spin-echo (TSE), routinely used in
MRI exams of animals and humans as optimal compromise

because of their reliance on slice-selective pulses. Extensions
to 3D TSE and fast spin-echo experiments can make up for
this deficiency,”™ yet they are less widespread than their
slice-selective counterparts because of their demand for long-
echo-trains, associated with image blurring or mixed con-
trast. 3D TSE’s high SAR also results in lengthier acquisition
times. Imaging methods can be further accelerated by echo

Magn. Reson. Med. 2018;1-15.
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planar stlrategies,5 6 yet the relatively low bandwidth(s) of the
phase-encoded dimension(s) that these experiments involve
makes them susceptible to field distortions. Recent years
have seen the introduction of methods that, based on a spa-
tiotemporal encoding (SPEN), can deliver single-scan single-
slice images with higher robustness to field inhomogeneities
than their EPI counterparts.”'* Unlike what happens in con-
ventional k-based scans, SPEN experiments read out their
images in direct, physical space. To do so, swept pulses and
gradients are used to imprint a non-linear phase during an
initial encoding process, which then provides a focal point
for a subsequent, gradient-driven image probing. In their
original SPEN implementation this phase involved a quad-
ratic, ¢ =Cy* modulation,'>"* for which the signal from
anywhere, but the center of the parabola is dephased; more
recently, an alternative cross-term (xSPEN) procedure was
introduced whereby the phase modulation takes a hyperbolic,
¢ = Cy X z profile.">'* As a result of such pre-acquisition
phase the signal received will be dominated by the saddle
point at the center of an hyperbola. An unusual situation then
arises whereby applying either G} or G acquisition gradients
will spatially translate this saddle point and unravel, respec-
tively, the p(z) or the p(y) spatial profiles through the excited
slab/slice. The xSPEN sequence on which we hereby focus
relates to the second of these options; i.e., on the application
of a z-axis gradient to unravel a p(y) profile. The fact that the
exact geometry of the z-gradient plays a secondary role in
unraveling p(y) serves as basis of xSPEN as a single-shot 2D
imaging approach that avoids noticeable in-plane chemical
shift or other field inhomogeneity distortions. This capability
is valuable when considering single-shot 2D acquisitions
in the presence of B, heterogeneities,'> known to severely
distort basic functional and diffusivity studies.'®'”

The physical basis of how the application of an acquisi-
tion gradient allows one to read, in direct space and without
the need for a Fourier transform (FT), the spins’ profile along
an orthogonal axis, was introduced in Zhang et al.'"? The
image domain sensitive-point analysis in that study is intui-
tive, but does not portray the whole story. For example, in
the case of the original SPEN quadratic encoding, the result-
ing spatially encoded image was blurred by a quadratic phase
kernel that extended beyond the usual sinc-kernel of k-based
encoding, requiring super-resolution/deconvolution proce-
dures to achieve an optimal image resolution.'"'®2* Simi-
larly, xSPEN will have an associated point-spread function
mixing y and z features around its hyperbolic saddle point,
leading to the fact that data in the k,/k, plane will appear as a
transposed, low-resolution z/y image. This dual spatial-/k-
domain information content of xXSPEN is important because
it highlights certain “complementarity” in the method,
whereby the application of a gradient will probe the spin
density p along its own direction (k-domain sampling) but
also reveal a profile along an orthogonal direction (spatial-

ID: nareshrao Time: 17:50 |

domain representation). As a result of this complementarity,
it follows that (1) to capture image information in y or z it is
necessary to sample a suitably dense and wide grid in &, and
ky, as these variables will also act as spatially-sensitive 3D
imaging points, (2) k-space sampling requirements can still
be used to derive the final resolution and image sensitivity
based on traditional Nyquist criteria, and (3) unusual rela-
tions will emerge in terms of scanning time, resolution,
FOV, and SNR among the y- and z-domains, particularly on
downsampling the k-values. In this work, we further develop
these topics. The following section introduces a multi-scan,
phase-encoded 3D version of xSPEN and a novel reconstruc-
tion scheme that exploits this experiment’s hyperbolic phase
encoding. We then discuss the sensitivity, FOV, resolution,
contrast, and downsampling characteristics of the new
method. The Results section provides a series of high-
resolution multi-scan xSPEN imaging examples and analyzes
their sensitivity vis-a-vis commonly used multi-slice 2D fast
spin-echo (FSE/TSE/RARE) and multi-slab 3D fast spin-
echo MRI techniques. We conclude with a discussion of the
limitations and further potential of this new imaging
technique.

2 | METHODS

2.1 | Principles of phase-encoded multi-scan
xSPEN MRI.

Figure 1A illustrates the XSPEN strategy that we introduced
for single-shot 2D acquisitions free from noticeable in-plane
offset distortions, over x and y fields-of-view FOV,, FOV,.
This sequence applies a G, gradient for the initial excitation
of a slab-width L,. Two linearly-swept adiabatic inversion
pulses'*** of bandwidth BW and duration T, =T,/2—with
BW = |yG.L,| + |yG,FOV,| and T, denoting the eventual
acquisition time—are then applied in conjunction with a
bipolar +G, gradient. This leads to the ®, = —Cy X z hyper-

bolic phase modulation characterizing xSPEN, with C=

TaXvGyXyG, . .
- <mw — & spatiotemporal encoding constant under the

experimentalist’s control. The saddle-shaped phase profile
associated to this encoding leaves solely a sensitive region
fulfilling %—‘;’:2—‘;=0 where substantial cancelation among
neighboring spins does not occur; over the course of the
signal acquisition the continued action of G, displaces this
saddle-shaped profile, progressively probing p(y). The
mechanism by which the constant application of a G, gradi-
ent delivers, in direct physical space, an image free from
inhomogeneities along an orthogonal axis, has been dis-
cussed in detail elsewhere.'? Tn brief, this behavior follows
from calculating the time-domain signal that will be origi-
nated in such experiment, which for a thin enough slice can
be written as
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FIGURE 1 (A)Original single-shot xSPEN sequence mapping p(x,)’) for a single z-slab. (B) Phase-encoded multi-scan xSPEN sequence introduced

in this work. (C) Simulated k-domain data arising from the sequence in (B) along the (k,,k.)-domain; notice the low-resolution rendition of the brain being

imaged. Blue dots indicate what would be collected in a single-shot xSPEN acquisition, corresponding to the y’ profile for a particular z slice position;

magenta dots indicate the fully phase-encoded xSPEN space sampled by the multi-scan sequence (B). (D) Image arising on applying a 2D FT to the signal

S(ky,k.), followed by a magnitude calculation. Note that because of the full sampling, the multi-scan sequence performs of the k-domain, these data

corresponds to a lower resolution image, rotated in space

S(k;) o LZJ p(x,y) - sinc [(—Cy+kz) %] dxdy. (1)

r

The sinc modulation in Eq. (1) means that the S-signal
will probe, linearly in the wavenumber k, = yG.t, the spin
density along y. In the full single-shot 2D experiment in
Figure 1A, this 1D probing is executed in conjunction with
an oscillating =G, gradient applied along an orthogonal
readout dimension, that samples the k,-axis in an echo planar
manner. Given the conventional way in which this x-axis is
involved, all normal manipulations (partial sampling, weight-
ing, etc.) can be applied. Because of its standard nature we
ignore this dimension for most of the remaining treatment.

When considering the extension of these principles to
multi-scan volumetric scanning, a number of options arise.
One is multi-slicing the original single-shot, slice-selective
2D technique. A problem associated with doing so relates to
the limited resolution that one would obtain: along the z axis
this would equal the pulse-selected slice width L., whereas
along the y direction resolution would be given by the width
of the sinc in Eq. (1). This sinc essentially acts as the point-
spread-function of the y-axis sampling, for which it can be
shown that resolution will be given by FOV,, divided by the
time-bandwidth product Q = T,,.BW of the frequency-swept

ID: nareshrao Time: 17:50 |

encoding pulses.'? Therefore, unless ready to afford long
acquisition times (with concomitant diffusion- and
relaxation-driven sensitivity losses) or large excitation band-
widths (with concurrent SAR penalties) there is a limit to
how large Q can be made. One can thereby visualize k, as
sampling a “low-resolution” rendering of p(y), a p(y/ = k./C)
profile whose definition we would like to increase. One
possibility to do so could arise from the addition of a
conventionally looped, phase-encoding G, gradient, into the
sequence (Figure 1B), a multi-scan phase-encoded (PE)
xSPEN variant that will be the focus of this study. FT along
the k, dimension resulting from incrementing this phase-
encoding then provides FOV,s and resolutions Ay along the
usual guidelines of Nyquist criteria. However, the bilinear
kernel ¢ that is also encoding all spins in this variant,
leads to another peculiar situation. In the same manner as it
was shown that a k. wavenumber could read out the y' pro-
file, this 2D xSPEN scanning of a k, axis leads to an analog
of Eq. (1)

FOV,

S(k;) FOVyJ p(x,y) - sinc {(—Cz-l—ky)

r

} dxdz, (2)

and thereby to the sampling, in direct physical space, of a
low resolution p(z' = k,/C) profile. In fact the resolution of
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this indirectly-sampled 7’ image will be given, like its direct-
domain sampling y’ analog, by the time-bandwidth character-
istics of the same encoding pulses. This ability to sample
low-resolution y'/z’ spatial dimensions using G./G,, gradients
is a consequence of the acquisition kernel imposed by the
€% hyperbolic phase modulation: unlike what happens in
conventional MRI, where such kernel is given by a well-
localized 2D sinc k-domain function where orthogonal spa-
tial dimensions are decoupled, xXSPEN entangles the y- and
z-domain information and spreads the k-space sampling from
traditional MRI’s well-localized situation, into a 2D box-like
shape. Figure 1C illustrates an unusual consequence of this
feature on a 2D human brain scan: note the “swapping” of
the sampling k-axes and of the post-Fourier spatial data, with
the former strongly resembling a rotated version of the latter.

2.2 | Processing the phase-encoded
xSPEN data

The fact that in this experiment the k-domain data is similar
to the spatial 2D image is reminiscent to what happened with
the original SPEN quadratic kernel.'® This notwithstanding,
the fact remains that the encoding carried out by G, and G,
in the sequence shown in Figure 1B, will also actively
sample the 2D k/k.-space. Hence, aside from an overall ¢’
phase factor deriving from xSPEN’s hyperbolic phase modu-
lation, 2D FT of data that have been suitably sampled in the
ky/k-plane, will provide a conventional 2D p(y,z) MR image.
Figure 1D evidences this with the data arising by 2D FT
(+magnitude calculation to remove the residual hyperbolic
phase) of the low-resolution p(y’ = k./C, z’ = k,/C) “image”
introduced in Figure 1C. Notice the higher resolution of the
FT-derived image both along the PE as well as along the
slice/slab-selective (SS) dimension, which is dissected into
QO points by the G, gradient. Besides a higher resolution,
this FT-originated image is also characterized by a better
sensitivity than the xSPEN-rasterized image, as by contrast
to the latter it benefits from the SNR advantages arising from
Fourier integration.

The redundancy that in terms of information, content
arises between the phase-encoded signal S(k,) and the k.-
based decoding of the p(y’) image, opens an option to speed
up these multi-scan acquisitions. To appreciate this, consider
the lengthier sampling occurring along the PE k, axis, whose
resolution will be given by the largest k' value sampled,
and whose span is given by Ak, = 1/FOVy. Even disregard-
ing the possibility of accelerating experiments by parallel
MRI,25_28 the fact that the full FOV, is evaluated in a
folding-free, lower resolution fashion throughout the direct-
domain k,/C =y acquisition opens unusual downsampling
possibilities. Indeed, skipping k, points will lead to folding
over among different regions throughout the FOV, range.
The fact that this information is available along the

orthogonal k/C =y axis makes it possible to unfold these
artifacts and recover the full y range—while still enjoying
the full resolution arising along this axis from the &'** sam-
pling. Although there is more than 1 avenue to perform this
kind of unfolding, Figure 2 shows an alternative that we
chose for highlighting the potential as well as the compro-
mises of this approach. Consider first a scenario involving a
full dense sampling of the relevant 2D k-space. As discussed
in Figure 1, the simplest avenue to obtain from these data a
high definition image is by performing a 2D FT. Figure 2A
shows an alternative way of arriving at the same image in a
series of steps that explicitly remove the hyperbolic phase by

a number of shearing transformations. Involved in the first 2

step, is a 1D FT along k,, leading to a correlation between a
high-definition y-axis and a low-resolution image sampled

by the k/C =y variable. This is represented in the second

left-most image of Figure 2A, possessing a clear diagonal
arising from the ensuing y/y' image correlation (for ease of
representation, we assume a zero-padding of the k, axis that

places this diagonal along a unity-value slope). Colored 262

traces showing different k-domain echoes, which in this
mixed-phase interferogram will encode the spatial informa-
tion along the slice-selected domain, are also illustrated in
this experimental panel. The high-resolution y-image arising
along the y/y’ diagonal can be placed along a horizontal
dimension via a shearing transformation of the 2D data set
(Figure 2A, center). Although this will result in losing the
“pure” k-encoding along the orthogonal axis, this can be
remedied by a second, orthogonal shearing transformation
leading to the echo disposition illustrated in the second right-
most interferogram of Figure 2A. From this data set, an addi-
tional 1D FT along k, (now placed along the vertical axis
because of the shearing processes) will afford the high-
definition 2D image being sought.

Consider now the extension of the same procedure to a 2

downsampled case, where phase-encoded lines were periodi-
cally skipped for the sake of speeding up the multi-scan
acquisition (Figure 2B). Following the first FT versus k,, a

PE that has been downsampled by a factor R, will lead to 2

foldovers along the resulting y axis (Figure 2B, left, red and
yellow echoes). Notice, however, that it will incur in no reso-

lution sacrifices along this axis because k" has not 2
changed. Normally such Ry-folded images cannot be disen- 2

tangled without additional help (i.e., from multiple receiving

coils). Additional information, however, is present in the 2

xSPEN acquisition, because when correlated against the k./

C =y information only the folding-free data will lie along a 2
unity diagonal. The first of the shearing transformations 2

introduced in Figure 2A can clearly disentangle this informa-

tion, providing the folding-free profile in the middle horizon- 292

tal line in the center panel of Figure 2B. A second shearing 2
transformation followed by a cropping out of the spurious 2
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(A) k, fully 1 shearing | 2 shearing
sampled (vertical axis) Xhorizontal axis)
A
FTy,
x’“ ) \
—
k/y’

(B) k, down-
sampled

FTy,
—

k/ly’

k, windowing
(vertical axis)

FIGURE 2 Reconstruction diagram proposed for processing phase-encoded xSPEN with or without downsampling, leading to the same kind of Fou-

rier magnitude image. (A) Reconstruction for a fully sampled data set. (B) Reconstruction of a data set that has been downsampled in k, (notice that every

other k, line is missing in the left-most starting set). The foldovers that this originates are represented by dashed yellow and red echoes, which are removed

by the indicated procedures. See the main text for further details

folded information and by a second FT therefore leads to a
full-definition y-axis information.

While exploiting its additional k./y information for
obtaining a folding-free image despite the downsampling,
Figure 2 shows that skipping PE lines will bring a penalty—
not along the y but along the SS axis. At first sight, this may
seem counterintuitive because this was not the downsampled
axis. Notice, however, that as a result of the k, downsam-
pling, echoes that were overlapping along their k,-domain
will be cropped out by the processing in Figure 2B; this will
reduce their support by a factor R,, and hence lower their z-
axis resolution by this same factor. The “xSPEN picture”
that assigns the sampling of the k,/k, axes to a rasterization
of the z/y domains makes this prediction, as missing elements
in the former equates to skipping positions in the latter. An
experimental verification of this can be appreciated by com-
paring the leftmost panels in Figure 2, where the loss in z
resolution on downsampling k, is evident. In fact, there is
another z-imaging penalty associated to the downsampling
that may also lead to a special kind of k,-domain foldover
involving high frequency components aliased from non-
diagonal y positions that are not eliminated by the data crop-
ping (see color-coding of the k, echoes in Figure 2B for a

ID: nareshrao Time: 17:50 |

graphic explanation). The precise artifacts arising from this
k, overlap will depend on the features within the z-domain
slab and on the “tightness” of the hyperbolic encoding ker-

nel. Specifically, if a targeted z slab is to be defined by a lim- :

ited number of Fourier coefficients Ny, then it can be

proven that no compromises will be made as long as 3
Nyup» < OIR,, where Q is both the aforementioned time- 32
bandwidth product defining the hyperbolic encoding as well 325
as the number of *readout echoes collected (i.e., the number :
of points ideally sampled along k,). As further illustrated 3

below, this will be the lower limit over which downsampling
can be executed while lossless
reconstruction.

leaving a nearly

Figure 3 presents additional details regarding the proce-

dure introduced in Figure 2, this time taking into considera- 33
readout domain. As 3
mentioned, this involves an EPI-like *k, train of gradient 33

tion the presence of the third,

oscillations on which a regular FT is applied to map the x 33
profile information. The y" and 7’ axes associated to the k. :
and k, domains are also indicated in the figure. Notice that 3
the 2 shearing transformations introduced in Figure 2 are 33
carried out by 2 separate phase corrections imparted in their :
conjugate Fourier domains—hence the mentioning of 2 2D 3
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Single-slab data reconstruction in multiscan PE 3D xSPEN MRI

Phase-encoded xSPEN acquisition (xy',z'-space)
8 k/Z(PE) i Xe' Y
Raw _
)
data IDFT.. &
2 2D FT
X
(x,ky,k;)-space data
S
Xe €~
2D FT
Raw 2D (x,y'- High-resolution
domain) xSPEN 2D (x,y-domain) Reconstructed high resolution 3D
image (x-y-z space) images within each slab

FIGURE 3 Details of the reconstruction procedure introduced in Figure 2, illustrated for a given xSPEN phase-encoded slab acquired with a
spatiotemporal encoding factor C. To obtain the ensuing high resolution images, the readout dimension (encoded by G,) is first FTd, and the illustrated

steps are used to arrive to the final high resolution 3D image within each slab. These steps reflect the shearing procedures illustrated in Figure 2, realized

here via C-dependent phase multiplications in the relevant mixed k/r-spaces. The bottom left images compare the resulting high resolution images with the

low resolution counterpart arising in the (y/ = k./C, x)-domain

FT steps, instead of the 1D FTs as in Figure 2. The zero pad-
ding mentioned as the initial step in Figure 2 and the win-
dowing/cropping mentioned in the last step of that figure are
omitted in Figure 3 for simplification, but they are actually
required as part of the processing.

2.3 | FOYV and resolution in multi-scan
xSPEN MRI.

As was the case with its single-shot counterpart,'* the FOVs
that will be observed in multi-scan PE xSPEN will be
defined by the characteristics of the encoding swept pulses.
At the same time, additional FOV and resolution considera-
tions will be dictated by the sampling and the FTs imple-
mented on the various k-variables. Further effects will arise
from potential k, downsampling procedures. To consider all
this, we neglect, as before, the conventional RO domain and
focus on events defining images in the y/z plane. As
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discussed in Figure 4 of Zhang et al.,'? the initial SS plus the 3
2 ensuing swept pulses will define, in unison with the vari- :
ous G,/G, gradients, a diamond-like targeted shape in this 3
plane. Red polygons are shown in Figure 4 under idealized 3
conditions that disregard field inhomogeneity or chemical/ 3
susceptibility shifts, as well as non-idealities of the adiabatic 362
sweeps that are considered in more detail in the Supporting 3
Information S4. In the original single-shot implementation, 36
the y-axis information emerged on sampling k., and therefore 365
“zooming in” could be carried out trivially. In the present 3
case, however, different scenarios emerge depending on 3
whether the object to be imaged is targeted by the FOV, aris- 3
ing from the k, encoding, or it is not (Figure 4). If the imaged 3
object is entirely located within the predefined FOV, X L, :
region (Figure 4A), all the previously derived multi-scan :
xSPEN arguments will hold. By contrast, if zooming on an :
object that extends beyond the predefined FOV, (Figure 4B), 3
foldover artifacts may arise along the y-axis. This reflects the 3
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B Zoomed-in object

\z

Lohase
-

FIGURE 4 Two scenarios arising in a multi-scan xXSPEN MRI experiment targeting a FOV,, X L, region (yellow box). The red polygon shows the

slab defined by the RF pulses themselves,'? whereas the grey images illustrate a putative object. Notice that in common imaging cases, F OV, > 10xL.. (A)

The whole object s located within the FOV, X L. region defined by the k,/k. sampling parameters. (B) “Zoomed-in” scan where the imaged object extends

beyond the predefined FOV,, X L. region. In this case, a slightly larger FOV = L5, + FOV, is required for imaging the desired FOV,, without folding arti-

facts, where L,j,q5. = FOV, /Q is generally much smaller than FOV,, for common (Q ~ 20—40) settings

fact that the xSPEN £_/y’ dimension will sample y information
arising from object components outside the FOV, without
folding; hence the occurrence of a ky-driven folding would
make the procedure introduced in Figure 2 inconsistent.

The y-axis folding effect will be limited by the selectivity
of the spatiotemporal encoding to a spatial extent L., =
FOV,, /Q, which is generally much smaller than FOV, for
commonly used (Q ~ 20-40) settings. Expanding by an
additional factor 1/Q, the FOV, extent targeted by the k,
phase encoding will solve this folding problem, alternatively,
so would cropping a small length of the y’ data allows one to
reinstate the original one-to-one y/y’ correspondence, and
hence the correctness of the procedure introduced in Figures
2B and 3. Figure 4B shows that even with k, oversampling,
the profile along the y axis may be slightly affected by the
non-uniform thickness of the z profile; this, however, is a
negligible effect for the relatively thin slabs targeted in most
imaging experiments. It is worth noting that from a practical
perspective, a small oversampling along the k, acquisition is
also usually useful in dealing with non-idealities in the slab
selection process.

The resolution and line shape characteristics of multi-
scan xSPEN for a fully-sampled k, acquisition can be appre-
ciated from Figure 2A. This shows that the k, echoes will
appear shifted for different y positions, with a minimal extent
of |k,| sampling occurring for y=0 and a prediction of
dispersive-free line shapes and a Az=L/Q resolution for
this symmetric-echo case. For other y-values, the echoes will
be asymmetrically placed thereby leading to potential disper-
sive components; however, given that an object’s image
should be real, these components can be eliminated by a
complex conjugation that restores the full symmetry to the k,
echoes.?>*° Further, by doing this asymmetric-to-symmetric
echo conversion, the z resolution will be improved in a y-
dependent fashion, ranging from the aforementioned Az at
the center of FOV,, to Az =L,/2Q at the edges. Conversely,
should the data be processed so that the k, echoes appear
shifted for different z positions, the y resolution would
span from a minimum Ay = //k]"* value at the center of the
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z-slab, to an improved Ay = 1 /(k;"“x + Q/FOV,) value (after a
complex-conjugate constrained reconstruction) at the edges
of the z axis. In the case of a downsampled &, acquisition,
the unfolded y information will still be accessible from the
reconstruction shown in Figure 2B. The y-axis resolution
will then stay identical as with the full k, sampling counter-
part, whereas the z resolution will be decreased and potential
artifacts may arise because of the aforementioned k_-folding
effects. This worsening in the z resolution will be y-inde-

pendent, and artifacts will depend on the object’s characteris- -
tics at other y position(s). In general, resolution losses and z- -

4

4
4

5
416
417
418
419
420
421

422

axis artifacts will be negligible if the z features change 425

smoothly, as will usually be the case when dealing with natu-
ral objects; alternatively, spurious artifacts will arise if deal-
ing with strong, sharp features. In most objects that we have
scanned, the k_-folding effects brought about by &, downsam-
pling yields images whose appearance are akin to their fully
ky-sampled counterpart, apart from a “skipping” of intra-slab
z-slices. This is again in accordance with the picture of the k,
variable as sampling physical positions along the z direction:
downsampling in the former axis will then lead to missing
slices in the latter.

2.4 | SNR and contrast considerations

As shown in Figure 1, multi-scan xSPEN can, for a full k,
sampling, reconstruct a conventional y-z image (aside from a
phase ¢">%) by 2D FT. This magnitude image will have the
same SNR as a fully 3D k-encoded FT-based counterpart
(SNRp7 in Figure 5), because the FT implemented along
xSPEN’s k. axis reinstates a multiplexing advantage that was
absent on 2D multi-slice experiments collected under identi-
cal resolution and FOV conditions. Increasing the number of
scans beyond this value by either repeating scans or by over-
sampling the phase-encoded axis, will bring about a conven-
tional |Ncans (0r {Noyersampling) dependence on the number
of averaged scans (or oversampled points). On downsam-
pling the k, axis, a number of scenarios will arise. As long as
artifacts from the aforementioned k, foldover effects do not
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FIGURE 5 Sensitivity (SNR) considerations affecting multi-scan
xSPEN MRI as a function of its over/downsampling. SNR -y represents the
sensitivity that—if ignoring for simplicity field inhomogeneity, T,, and
diffusion-decay effects—will characterize a fully-sampled 3D FT MRI
image under identical resolution and FOV conditions. See text for the

meaning of the various colors and regimes

arise, the SNR will remain constant—even if the z-axis reso-
lution will start to decrease owing to the z-skipping effects
mentioned above (purple region in Figure 5). At some point,
however, the k, downsampling will start to cause an overlap
between the tails of the various k, acquisitions, leading to
artifacts that may eventually overcome noise as the main fac-
tor controlling the image’s sensitivity (Figure 5, in green).
Eventually, in the k,=0 limit, the experiment reverts to
single-shot xSPEN; this acquisition does not attempt to
resolve anymore the intra-slab z structure, and because all
multiplexing advantages are lost the sensitivity decreases
R,Q.

While in their original single-shot implementation, both
SPEN and xSPEN were affected by a progressive T, spatial
weighting, phase-encoded xSPEN is devoid from such
spatially-dependent contrast effects by virtue of its FT-
based nature. There will still be an overall T,-weighting
arising from the pre-acquisition delays—but they will

down to a factor

affect the in-plane images uniformly. A diffusion contrast
will also affect the images arising from the b ~ 100 s/mm*
weighting associated with xSPEN’s encoding gradients—
yet this will also be a constant. The sole progressive effect
will be as a function of the readout echo number (i.e.,
along k). This should result in an intra-slab blurring along
z although this is relatively minor and was not noticed in
the experiments—probably as a result of the relatively
short duration and weak G, gradients associated to the data
acquisition process.
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2.5 | Experimental

Human volunteers were scanned on Weizmann’s 3T Siemens

TrioTIM platform using a 32-channel head coil. All experi- -

ments were approved by the Internal Review Boards of the
Wolfson Medical Center (Holon, Israel) and the Weizmann

Institute and were collected after obtaining informed, suitably 4s-
written consents. The purposes of the experiments were -

2-fold: to test the various features derived above for multi-

scan 3D xSPEN and to compare the performance of this -
sequence against alternatives that can provide comparable -
3D images in terms of resolution, contrast, and sensitivity. -
Three sequences were chosen for this comparison, all taken -
from the scanner’s library: 1 based on 2D slab-selective EPI, -

and the other 2 on turbo spin-echo (TSE) MRI. Given the

mm and sub-mm resolutions being sought, the EPI sequence 4v:
had to be run using multi-scan phase-encoding along the SS 49
axis, as well as multi-shot interleaving along the low- 493
although these procedures -

bandwidth (PE) dimension;
worked on phantoms, they gave consistent artifacts under in

vivo conditions (despite the collection and reliance on navi- -
gator scans) and hence its resulting images are not presented -
here. Both multi-slice 2D and phase-encoded 3D versions of 5
TSE were successfully run at the desired resolutions and :
compared against home-written xSPEN acquisition sequen- :
ces. In none of the experiments were parallel acquisition, fat 50:
suppression, partial FT, or simultaneous multi-slice capabil- 50
ities implemented: such optimizations have not yet been fully 505
developed for xSPEN, and hence they were left out of the 5
comparisons. Two sets of scan parameters are presented in :
this study; details on one are shown in Table 1, whereas the :
multi-scan parameters for the second set included TR = 2s, 5
TE=81 ms, FOV,XFOV,= 192X 192mm’ in-plane 5
matrix size = 192 X 192, z-slab thickness = 12 mm, number :
of slabs =16 (i.e., FOV,= 192 mm), xSPEN time-bandwidth :
product Q =24, G, = 1.57 mT/m, G, = 0.10 mT/m, echo train s51:
length =29 (=1.2XQ; ie., a 20% oversampling to better 5

479

480

resolve the slices within each slab at a 12mm/24 = 0.5mm 515

resolution), echo spacing = 1.03 ms, and an initial 15 ms long

SLR 90° excitation pulse. The overall scan times of these 5
experiments without downsampling was 6min 40 s. To 5

explore zooming-in capabilities, small FOV imaging xSPEN
experiments were also recorded using the same parameters as
above except that G, = 0.20 mT/m, FOV, = 96 mm, number
of phase encodings = 96, and overall scan time = 3 min 20 s.

3 | RESULTS

Figure 6 illustrates high-resolution features of multi-slab,

phase-encoded xSPEN MRI. These images arise from a 525

multi-shot 3D xSPEN acquisition that covered the whole :
brain using an in-plane resolution of 1X 1mm?® and a :
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192 X 192 X 156

TABLE 1 Sequence parameters for 3D xSPEN, 3D TSE, and 2D TSE experiments
Parameters PE xSPEN scan 1 PE xSPEN scan 2 3D TSE 2D TSE
Echo spacing (ms) 1.03 1.03 9.88 13.2
Echo train length 29 29 29 29
TR (ms) 2000 4000 4000 8200
TE (ms) 99 99 99 92
Slice/slab thickness (mm) 12 12 12 0.5
Slices/slabs (N) 13 13 13 312

192 X 192 X 156

Resolution (mm?>) 1X1X0.5 1X1X05 1X1X0.5 1X1x0.5
SAR (W/kg) 0.699 0.349 0.719 0.428
Total acquisition time 6 min 24 s 12 min 48 s 16 min 54 s* 16 min 30 s”

“An oversampling factor of 1.5 was applied along the slab dimension of this acquisition to avoid slice folding effects.

PAlthough a single slice image took ~400 ms to collect, achieving a 156 mm coverage along the SS dimension demanded a large number of slices (312) to be

acquired (in 15 concatenations) leading to a minimum TR of 8200 ms.

0.5 mm resolution across the slab dimension. The data were
collected without downsampling, using a full k,/k,/k, data set
and processed according to the recipe in Figure 3. These
images are dominated by a T, contrast and lack any noticea-
ble susceptibility or fat-water shift in-plane distortions
despite the absence of multiple spin echoes owing to
XxSPEN’s built-in compensation characteristics.'> Nearly
absent as well, are “stitching effects” along the SS axis,
owing to the cleanness with which the SLR slab-selective
excitation and the subsequent inversion pulses addressed
each of the “diamonds” introduced in Figure 4. To ensure
this cleanness throughout the full FOV,, FOV, extents, the
Q-values of the WURST-shaped** encoding pulses were
increased by ~35% (see the Supporting Information S4 for
further details on the slice selection). An interleaved slab
acquisition procedure also ensured long TRs the absence of

A Transverse B

Sagittal

noticeable T;-weighting effects (that could be included by
shortening the TRs).
Figure 7 and Table 1 compare representative performan-

ces of 3D multi-slab PE xSPEN acquisitions against 3D 5
multi-slab PE TSE and 2D multi-slice TSE results collected 5

under as-close-as-possible acquisition conditions. Important

criteria maintained throughout these comparisons were equal s:
FOV and resolution along all dimensions; similar T,-based 5:

544
545
54F7

contrasts among the images were also sought. At first glance, 552

the various whole-brain images shown in Figure 7 look simi- 553
lar, even if slight differences—particularly concerning the s:
fat-derived signals—arise because of the different slab/slice 555

excitation bandwidths of the different experiments. The most

noticeable differences among both sets of images arise from 557

“bright fat” artifacts’’ of the kind that usually accompany
TSE experiments acquired with long echo trains, effects that

FIGURE 6 Three-plane high-resolution images acquired using multi-slab phase-encoded xSPEN imaging. Multi-slabs were combined based on their

weighted slab profiles®>*°

to get sagittal and coronal planes from multiple transverse acquisitions
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A 3DxSPEN (6.4min) B

slice #1

slice #2

3D xSPEN (12.8 min) C

FIGURE 7 Comparison between xSPEN and TSE acquisitions covering a volunteer’s whole brain, shown for 2 representative slices and indicating
their total scan times. (A and B) Multi-slab 3D PE xSPEN images collected using TRs of 2 and 4 s, respectively. (C) Multi-slab 3D PE TSE images (TR = 4
s). (D) Multi-slice 2D TSE images (TR = 8.2 s). Zoomed images shown in the middle row arise from the light blue marked regions. No downsampling was

done in any of the experiments. Further acquisition parameters are detailed in Table 1

are absent in the case of xXSPEN. As can be appreciated from
the zoomed images in the middle panels of Figure 7, arising
from the regions marked by light-blue dashes in the whole-
brain slices, a remarkably superior sensitivity characterizes
all 3D methods over 2D TSE, thanks to their use of a FT
along the SS dimension. The longer acquisition times that
2D TSE needs to achieve the 0.5-mm slice thickness deliv-
ered by the 3D methods are also remarkable, reflecting the
large number of slices leads needed for covering the whole
brain. Moreover, although the sensitivities of 3D TSE and
3D xSPEN are comparable, the minimum TR required by
3D TSE (~3800 ms) is substantially longer than its xXSPEN
counterpart (~1600 ms) for identical slab settings covering
the whole brain. This reflects the longer per-slice acquisition
times and the heavier SAR deposition required by 3D TSE
per unit time, to cover these large FOVs at these high resolu-
tions (Table 1). By contrast, xXSPEN’s EPI-based acquisition
and its full T5-refocused nature can achieve the same effects,
without requiring TSE’s trains of rewinding gradients and
refocusing pulses.

A quantitative in vivo comparison of SNR among the
various PE methods is challenged by the influence of
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multichannel coil operation,”’33

conditions, without relying on parallel receiving. SNRs

were then evaluated as mean,cgror(S(r, k) +S(r, xiv1))/ -
where the functions 588
mean( ) and stddev( ) return the mean value and the SD over 5
selected regions of interests, and the «; represent repeated :
measurements. Results of these analyses are presented as :

stddevieror  (S(ryx;)—S(r,xi+1)),>

as well as because of poten- 582
tially different motion and diffusion effects. To account for ss:
this, the protocol’s SNRs were measured on a NiSO4-doped
water phantom by repeating them several times identical 585

Supporting Information S1. These results validate Figure 7 592

and show that: (1) although an SNR advantage of ~1.28 X is 59:
expected for 3D TSE versus 3D xSPEN because of their dif- 5
ferent oversampling factors along the slab dimensions (1.5 5
vs. 1.2) and RO bandwidths (789 vs. 1042 Hz/pixel), a 5
slightly higher gain (1.36X) is experimentally observed, and :
(2) although an SNR advantage of 4.7 Xis expected for 59¢
multi-scan xSPEN over 2D TSE, reflecting the former’s PE

steps along slab/slice dimension (29 vs. 1) and different RO
bandwidths (1042 vs. 789 Hz/pixel), a slightly lower experi-
mental gain is observed (3.4X). Both of these effects can be
traced to xXSPEN’s exp(—b X D) diffusivity losses, which for
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Images and residuals as a function of the k, down-sampling factor R,

SNR as a function
of k, downsampling

(c) Artifact levels as a function
of k, downsampling
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>
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FIGURE 8 Results arising on downsampling the phase-encoded axis of an xSPEN acquisition. (A) Images in the y-z and x-y planes, including resid-

uals arising on implementing xSPEN MRI with different k, downsampling factors. The latter are shown as differences (magnified X 2) arising on subtract-

ing each of the latter from the fully sampled reference. (B) SNRs arising from the blue/green/red squares indicated on the leftmost image, calculated by

dividing these signals by the noise’s SD arising from the yellow squares for in-plane images arising with different downsampling factors. (C) Artifact levels

evaluated by taking the ratios between the signals in the various difference images, and the signals arising in the fully sampled image, focusing again on the

blue/green/red squares

the imaging gradients used involved b, sppy ~ 120 s/mm?
values and thereby lead to ~25% signal attenuations beyond
the T, losses.

A remarkable aspect stressed in Fig. 2b for multi-scan
xSPEN MRI, was its ability to deal with k,- downsamplings.
The folding that this will incur along the y axis can be
undone by the available low-resolution y' = k./C profile—at
the expense of resolution along the z axis and of eventually
increasing artifacts. Figure 8 demonstrates this feature by
comparing fully k,-sampled results with images arising from
downsampled experiments. As can be appreciated from the
y-z plane images, only a substantial downsampling of %,
brings about strong effects in the resolution along z—that ini-
tially is mostly affected by a reduction in the number of
image points. To better gauge these downsampling effects,
Figure 8 also focuses on how SNR and artifacts affect
images in the x-y plane for the same z-resolved center slice.
At first glance, all these in-plane images look similar, and
artificial structures are only visible when the downsampling
reaches R,=8. SNR estimations arising from different
regions in the image also lack a clear trend as a function of
R, (Figure 8B), even if artifact levels evaluated by taking dif-
ferences against the images arising from a fully sampled
experiment do evidence a monotonic increase with down-
sampling (Figure 8C). The artifacts arising in these x-y
images are dependent on the z-axis features for the various y-
positions and, in this instance, show no particularly evident
structure.

Figure 9 demonstrates another feature of multi-scan
xSPEN MRL: its built-in ability to zoom into the phase-

ID: nareshrao Time: 17:51 |

encoded FOV,, without suffering from major folding. Indeed,
as was the case with its single-shot counterpart,'?
the latter FOV will also be dominated by the encoding chirped
pulses. As discussed in connection to Figure 4, however, edge
effects that were absent in the single-shot counterparts will
arise in the multi-scan phase encoding case. These effects are
examined in Figure 9 for slices centered on the back of the
brain (position 1) and on the cerebellum (position 2). Whereas
no artifacts arise on targeting a full FOV, =192mm (Figure
9), zooming to a half FOV, = 96 mm (yellow-dotted regions
in Figure 9) shows the onset of aliasing effects. These are not
as severe as those often seen in conventional phase encoding
methods and involve 2 small edge regions extending over
Lypase/2 = 2mm.

4 | DISCUSSION

The present study explored basic features that arise when
extending single-shot xSPEN to multi-scan acquisitions.
Main rationales for implementing this extension included
enhancing the resolution limitations exhibited in all axes by
the single-shot technique, making up for the sensitivity losses
of the original non-Fourier method, and at the same time
seeking to exploit the resilience that single-shot xSPEN
showed to field and shift heterogeneities. A solution capable
of achieving these aims was devised by adding a phase-
encoding loop to the original implementation. Owing to the
pre-acquisition hyperbolic phase encoding of the spins, this
multi-scan xSPEN variant ended up exhibiting a dual-axis
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A Fully FOV, xSPEN acquisitions
Position #1

.‘:!! ’
R
1

B “Zoomed-in” (FOV, /2)
xSPEN acquisitions

2 i A

&Lphase/z

FIGURE 9 Restricted FOV imaging in multi-scan xXSPEN MRI. (A) Reference images arising from a full FOV,, (192 mm) xSPEN acquisition. (B)
“Zoomed-in” images arising on halving FOV,, to 96 mm (selected yellow dot colored regions in A) exemplifying the folding phenomena introduced in

Figure 4. Red rectangles mark the L,,../2 regions, exhibiting minor foldovers marked by the yellow arrows

redundancy whereby k./k, not only encoded the imaging
information in reciprocal space but also provided low-
resolution y/z images in direct spatial space. The first of these
features endowed the resulting experiment with resolution
and sensitivity without relinquishing on xXSPEN’s fully refo-
cused acquisition nature, while fully sampling a 3D k-space
using a single PE loop. At the same time, the redundant
information makes the experiment tolerant to downsampling
along the PE axis and hence to further acquisition speed ups.
In conventional MRI, such downsampling leads to image ali-
asing, requiring multiple receivers for its unfolding. Folding
will also occur in xSPEN, yet this can be undone thanks to
redundant information along the k./y’ axis. PE downsampling
may still incur losses of resolution along the SS axis; as
explained above, these losses will depend on the degree of
features present in the selected slab. Interestingly, it appears
that parallel imaging procedures can also be introduced inde-
pendently from the unfolding considerations above to further
accelerate phase-encoded xSPEN MRI scans. A full charac-
terization of this behavior is under investigation.

ID: nareshrao Time: 17:52 |

In terms of SNR/unit_time, multi-scan XSPEN performs
most competitively against TSE counterparts when seeking
sub-mm 3D spatial resolutions. In the specific cases pre-
sented here, we scanned the z axis by interleaving the acqui-
sition of multiple slabs, each with a 12-mm thickness. This
choice of slab thickness L, was somewhat arbitrary and arose
as a trade-off between the resolution and SNR being sought,
the number of readout echo trains, and the tolerable
immunity to field inhomogeneity along the z axis. Indeed, it
follows from our theoretical derivations that xSPEN’s resolu-
tion along the z axis will be given by Az = L/Q, where Q is
both the time-bandwidth product of the encoding pulses as
well as the number of elements defining resolution along z.
Q generally needs to be >15 to keep the adiabaticity condi-
tions underlying the frequency-swept-pulse assumption; on
the other hand, Q cannot be too large because this is also the
number of RO echoes and increasing it excessively will end
up in long echo trains and diminished sensitivities. Az
resolution can also be manipulated by changing the L, slab
thickness, yet this is also constrained: very thin slabs will
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require increased G, gradients associated to signal losses
because of diffusion,12 whereas thicker slabs will achieve a
more efficient coverage of FOV, yet be subject to distortions
caused by field inhomogeneity acting over the course of the
slice-selective excitation (that is not subject to xXSPEN’s full
refocusing). In summary, there is a range of L, , TE, and Q
combinations that can lead to similar coverage and resolution
characteristics but may have its optimal setting depending
also on sensitivity and on the artifact levels that can be toler-
ated. Supporting Information 2 presents a range of choices
that, by themselves or in combination with denoising
algorithms, worked well in a variety of brain scans with
voxel sizes in the 0.6-1 mm® range.

In terms of their data acquisition modules, the main dif-
ference between xSPEN and TSE acquisitions is the fact that
the former uses a gradient-echo train whereas the latter uses
spin-echoes. Normally the T3 and field heterogeneity effects
in these 2 kinds of echo trains would be dramatically differ-
ent; XSPEN’s in-plane refocusing, however, manages to keep
its acquisitions distortion-free without using RF. This, in
turn, enables the use of much shorter echo spacings: in the
above-mentioned examples these times were 1.03 for xSPEN
versus 9.88/13.2 ms for 2D/3D TSE, with the latter 2 delays
defined by the selective RF pulses, PE gradient rewinders,
and crusher gradients. These shorter acquisition times free
xSPEN of blurring phenomena like those arising in TSE
because of T,-related effects (see Supporting Figure S1 for
an examples of this).>* Interestingly, T»-related effects affect-
ing the signal intensity along the k, axis may also influence
the xSPEN images in the form of a spatially progressive
weighting along the orthogonal y-axis. Not relying on RF
pulse trains also endowed multi-scan XSPEN with ~50%
lower SARs than 3D PE TSE counterparts; this enabled PE
XxSPEN acquisitions to use ~50% the TRs needed by 3D
TSE experiments targeting similar numbers of slabs and of
phase-encoding steps, leading to shorter overall volumetric
acquisitions. (As for the 2D TSE scans: these should in prin-
ciple have taken a shorter duration than their 3D TSE coun-
terparts; yet to achieve the high SS definition sought while
fulfilling whole brain coverage, a large number of slices had
to be collected, leading again to long volumetric scan times).
A final consequence arising from xSPEN’s RF-free acquisi-
tions is their lack of “bright fat” artifacts,”" associated in spin
echo trains to RF-driven spin-locking effects. Further com-
parisons on the contrast-to-noise ratios characterizing TSE
and xSPEN scans in brain are discussed and illustrated in
Supporting Information 3.

Another important acquisition difference arises from
xSPEN’s demand for a G, acquisition gradient acting
throughout its course. This results in a relatively high
diffusion-related b-weighting, which makes this 3D imaging
technique ~25% less sensitive than comparable 3D TSE
counterparts on a per-scan basis. The z-axis imaging that this
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constant gradient makes over the course of the echo planar
train also demands that the slab-selection bandwidth be made
equal to the inverse of the echo train spacing (i.e., to Ak,).
This requirement is absent in TSE, and for long RO trains it
could introduce water—fat displacement problems along the
SS dimension; although not used here, fat suppression and/or
partial FTro procedures can alleviate this limitation.

A final property worth noting is xXSPEN’s zooming capa-
bilities, because restricting FOVs is often a simple means to
increase resolution without acquisition time overheads. In
conventional phase-encoded MRI, this generally requires sat-
uration filtering bands that increase both the minimum TR as
well as the SAR. Multi-scan xXSPEN MRI, by contrast, has a
built-in restricted FOV capability thanks to the action of
frequency-swept encoding pulses along the PE domain
(Figure 9). Because of the differences arising between the
imaging FOVs targeted by the k, PE variable and the k./y’
reading out the SS axis, edge effects arise on zooming that
were absent in single-shot counterparts (Figure 4). These spa-
tial compromises, however, are quite small, and could open
interesting high-definition applications for imaging small,
soft tissues organs.

5 | CONCLUSIONS

This study summarized the main features arising when the
robustness of single-shot 2D xSPEN are coupled with the
additional sensitivity and resolution arising from phase-
encoded multi-scanning. From a fundamental standpoint, it is
interesting to notice the similarities and differences that,
owing to the hyperbolic phase encoding and XxSPEN’s spe-
cial spatiotemporal refocusing conditions, arise between the
ensuing experiment and 3D k-based MRI alternatives such as
TSE. Whereas the latter were implemented without certain
improvements that still need to be worked out for xXSPEN
counterparts—including partial FT, parallel imaging, and
multi-band excitation—it was encouraging to see that in cru-
cial parameters including sensitivity per unit time for a given
FOV and resolution, the new method compared well with
existing alternatives. Furthermore, the XxSPEN sequence
exhibits a number of features that could open yet additional
opportunities. Each step in the phase-encoded procedure, for
instance, entails a single-shot XSPEN acquisition providing a
low-resolution 2D image; this could enable the scan-by-scan
identification and elimination of motional artifacts, leading to
very high definition 3D MRI capabilities. Another promise
arises from the relatively short acquisition times involved in
the XSPEN gradient echo train, which make it compatible
with additional spin-echo combinations. These and other
potential improvements of the experiments introduced here
are currently under investigation.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article.

FIGURE S1 SNR performance of the phase-encoded
xSPEN and TSE acquisitions. (A and B) PE xSPEN
images collected using TR =2 and TR =4 s, respectively.
(C) Multi-slab 3D TSE images. (D) Multi-slice 2D TSE
images. Yellow dot marks the ROIs on which SNR was
computed, whereas red arrows show the T, blurring effects
in TSE experiments. Average SNRs are listing on the bot-
tom of each column. Experimental parameters are detailed
in Table 1 of the main text.

FIGURE S2 (A) Raw image with a resolution of
1 X 1% 0.5 (thickness) mm® reconstructed from the phase-
encoded xSPEN. (B) Denoised counterpart image arising
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on using the Block-matching and 4D filtering (BM4D)
algorithm. Zoomed images from the red dotted regions of
(A) and (B) are shown in the middle column.

FIGURE S3 Contrast in PE xSPEN and in 3D TSE
acquisitions (A) PE xSPEN result using TR =2 s and cov-
ering 11 slabs. (B) Multi-slab 3D TSE result using TR =2
s and covering 3 slabs. (C) Multi-slab 3D TSE using
TR =4 s and covering 11 slabs. All slab thicknesses were
12 mm.

FIGURE S4 CNR values calculated between the 2 indi-
cated voxels in each image. CNR was defined as |mean(tis-
suel) — mean(tissue2)|/std(noise), where for each image
the 2 red boxes represent the tissuel, tissue2 signals
whereas the yellow boxes were used for calculating the SD
of the noise.

FIGURE S5 Boundary artifacts arising in multiscan

xSPEN if not pushing transition areas outside the targeted ¢

region of interests (right) and explanation of why using
larger G, gradients and concurrently large RF sweeping
bandwidths will alleviate these problematic edge effects
without affecting the slab chosen along the z axis
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L. Phase-encoded xSPEN: A novel high-resolution vol-
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2018;00:1-15. https://doi.org/10.1002/mrm.27143

Path: //chenas03/Cenpro/ApplicationFiles/Journals/Wiley/MRM#/VVol00000/180045/Comp/APPFile/JW-MRM#180045

959

961
962
963
964
965


https://doi.org/10.1002/mrm.27143

	Pages from JW043_forms
	Pages from JW043_forms-4
	13
	1
	2
	2
	3
	3
	4
	4
	5
	5
	6
	6
	7
	7
	8
	8
	9
	9
	10
	10
	11
	11
	12
	AQ1
	12
	13
	AQ1
	AQ13
	AQ2
	AQ3
	AQ12
	l
	l
	AQ9
	AQ4
	AQ5
	AQ10
	AQ11
	AQ6
	AQ7
	AQ8

