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Unlike optical imaging methods, where the Fourier representation of the object is created by wave
diffraction, magnetic resonance imaging (MRI) scans the Fourier domain by spatially modulating the
nuclear magnetization with magnetic field gradients. Therefore, the resolution of MRI is limited by signal
strength rather than the wavelength of the diffracted wave. However, in several important applications,
such as the imaging of water diffusion or blood oxygenation in the human brain, MRI must collect all
the Fourier data during a single evolution of the signal to avoid artifacts caused by random fluctuations
of its phase. The Fourier domain coverage of the “single-shot” MRI strategy is limited by the lifetime of
the signal and results in a resolution limit analogous to the diffraction limit in optical microscopy. Conse-
quently, recently developed optical superresolution methods may appear helpful. This work employs the
recently developed method of phaseless encoding, which implements the idea of linear structured illumi-
nation microscopy (SIM) to enable multishot data acquisition and triple the MRI resolution regardless of
the presence of spin phase fluctuations, and develops it further to enhance the resolution in two dimensions
and to push its gain above a factor of 3 using “illumination patterns” with multiple harmonics, a concept
borrowed from saturated SIM (SSIM) methodology. Results obtained with enhanced phaseless encoding
on a 3-Tesla clinical scanner in phantoms and human brain are presented. This method will be beneficial

when conventional multishot MRI is impeded by signal instability due to motion or other factors.
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I. INTRODUCTION

The kinship of magnetic resonance imaging (MRI) with
Fourier optics, noticed by Lauterbur [1] and Mansfield [2]
in their seminal 1973 papers, inspired several concepts
during the early years of development of this technique,
greatly contributing to its present status as a standard med-
ical imaging tool. Decades later, the breathtaking progress
made in the meantime by optical microscopy and the
advent of superresolution (SR) methods overcoming the
diffraction limit (i.e., the Abbe or the Rayleigh criterion)
again provide ideas that allow MRI performance to be
pushed higher in some of its important applications.

A. The diffraction limit in MRI

Mansfield has proposed to describe MRI using terms
of diffraction physics [3] and this approach is used ever
since. MRI scanners create transverse nuclear magne-
tization in an object by exciting polarized spins with
a radio-frequency (rf) pulse, modulate it by letting
the spins precess in the presence of a gradient field
superimposed on the main field of the polarizing mag-
net, and measure a signal that is given by the net
magnetization. This allows sampling of the object’s
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representation in the Fourier domain, called k space, along
a trajectory whose speed is defined by shaped pulses of
three orthogonal gradients [4—6]. The shortest modulation
period, and thus the maximum k-space range, which sets
the resolution limit, does not depend on the resonance fre-
quency or electromagnetic wavelength, as is the case in
optical microscopy where the Fourier domain signal is cre-
ated by diffraction. In MRI, the resolution limit is solely
defined by the strength of the magnetic field gradient and
the lifetime of the precession signal. With gradients avail-
able on modern scanners (almost 0.1 T/m) and transverse
relaxation times of 'H nuclei in the water in tissue of
tens of milliseconds, the k-space range that can be reached
with a straight trajectory section corresponds to a reso-
lution limit of a few microns, well below the detection
level of MRI receiver coils, which is roughly 100200 pm.
Because multiple trajectory sections are needed to sample
two-dimensional (2D) k space, high-resolution MRI uses
multiple spin excitations, or “shots,” to collect data for one
image. The resolution of multishot MRI is thus considered
limited only by the signal-to-noise ratio (SNR), and free of
inherent Fourier domain limits.

The situation is different when the MRI signal phase is
affected by uncontrollable factors such as subject motion or
respiration-induced fluctuations of the magnetic field [7].
This is particularly the case in two important neuroimag-
ing applications: diffusion tensor MRI, a method allowing
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neuronal connections to be traced [8], and blood-
oxygenation-level-dependent (BOLD) MRI used to observe
cortical activity [9—11]. These applications usually require
the entire image information to be scanned with a sin-
gle shot, and use a long 2D k-space trajectory, which
takes the form of a zigzag line, as in Mansfield’s pop-
ular echo planar imaging (EPI) method [12], or a spiral
[13]. The k-space range covered by such trajectories is
inevitably much more restricted and, with available gra-
dient hardware, corresponds to a resolution limit of only
about 1-2 mm. These circumstances place MRI in the sit-
uation of classical optics: the signal is strong enough to
push the resolution higher, but a physical obstacle anal-
ogous to the diffraction limit precludes the acquisition of
higher spatial frequencies.

B. Inspiration from superresolution light microscopy

Breaking the diffraction limit by superresolution optics,
an achievement awarded with the 2014 Nobel Prize in
chemistry, is based on a “manipulation” of the light-
emitting object at a scale that is smaller than the width
of the optical filter. This manipulation involves either
inducing a single-point light emission in a line-scanning
[14-16] or stochastic [17,18] order, or an illumination
of the object with a periodic pattern that shifts normally
truncated spatial frequencies into the filter’s limited band-
width. This approach, known as structured illumination
microscopy (SIM) [19-21], provides lower resolution gain
than the single-point methods owing to the limitation of the
achievable modulation frequency by the light wavelength,
a limitation mitigated in saturated SIM (SSIM) based on
nonlinear pattern distortions to generate higher-order har-
monics [22—24]. However, it is the SIM principle that
appears attractive in MRI, where periodic modulations are
easily implemented with gradient and rf pulse sequences
and used, e.g., to evaluate cardiac motion with moving
“tags” [25].

In the MRI method called phaseless encoding, a micro-
scopic sinusoidal tagging pattern is imposed on the longi-
tudinal magnetization of the object prior to a single-shot
imaging sequence [26,27]. Just like the structured illumi-
nation pattern in linear SIM, this tagging simultaneously
excites three signal bands in the k space, and allows a
resolution enhancement of a factor of 3. To reconstruct a
high-resolution image, several low-resolution scans with
different tagging shifts are required to allow the mixed
bands to be separated. The acquisition thus consists of
multiple shots; however, by contrast to the standard mul-
tishot MRI methods, phaseless encoding involves only
a real-valued modulation. Consequently, random phase
fluctuations, the “curse” of multishot MRI, can be elimi-
nated by simply taking the magnitude of the low-resolution
images acquired with each pattern shift. These images are
Fourier transformed back to k space where the three band

signals are separated by inversion of a linear problem anal-
ogous to that of SIM, and, finally, an image with up to
threefold resolution enhancement can be reconstructed. To
improve the matrix conditioning and thus maximize the
SNR of the reconstructed image, the contributions of the
three signal bands are usually made equal by employing
the “magic angle” (circa 54.74°) as the tagging flip angle
[28].

It should be noted that the word “phase” in this context
refers to the direction of the transverse spin magnetiza-
tion. The proposed encoding is “phaseless” because, unlike
standard MRI methods, it affects longitudinal magnetiza-
tion only. The shift of the sinusoidal tagging pattern needed
for phaseless encoding can also be regarded as a “phase
shift”; however, since this does not involve spin phase
modulation, the term “shift” is used for pattern modula-
tions to avoid ambiguity. We also use the term “phaseless
encoding” interchangeably with “superresolution MRI” to
emphasize the mentioned analogy of this approach with
SR optics, and to keep the established use of the SR clas-
sification in MRI for methods based on magnitude image
processing [29,30].

Phaseless encoding has been successfully implemented
to produce high-resolution EPI scans with diffusion
weighting [28]. However, in the experiments carried out
so far, the resolution enhancement was restricted to one
dimension, and limited by a factor of 3. This one-
dimensional (1D) improvement was well suited to the
rectangular k-space coverage characteristic of EPI. Other
sampling trajectories, like the spiral scan, require a more
a general structured illumination scheme that could give
an isotropic 2D resolution enhancement. Further, to sur-
pass the enhancement factor of 3, the signal encoding
scheme should give access to more distant k-space regions.
In this paper, another few phaseless encoding schemes
fulfilling these criteria are developed by adapting further
concepts from optical microscopy. An early account of
this work was recently presented in conference abstracts
[31,32]. Another application where MRI is predominantly
used with single-shot sampling due to possible phase
variability is functional brain imaging [9—11]. Since the
blood-oxygenation contrast used in functional MRI (fMRI)
requires a long gradient-echo time [9], the magnetiza-
tion phase becomes highly sensitive to magnetic field
offsets caused by respiration and heartbeat [7]. The results
obtained with phaseless encoding in diffusion MRI suggest
that this method should also be useful to push the reso-
lution of fMRI and other long gradient-echo applications,
such as susceptibility MRI [33].

C. MRI with 2D SIM and SSIM

First, phaseless encoding is extended to increase the
resolution threefold in two orthogonal dimensions, which
allows further shortening of the sampling time in each
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cycle, in a manner that is compatible with both rectan-
gular and circular k-space sampling and is thus suitable
for both EPI and spiral scans. For this purpose, a total of
nine k-space regions (i.e., “tiles”) can be mixed in various
ways. The enhancement can be achieved by a rotational
1D tagging modulation as in SIM, with an optional scaling
of the tagging along the diagonal. Alternatively, the same
goal can be reached by a 2D grid tagging with shifts simi-
lar to the modulation scheme in multidoughnut nanoscopy
[34]. Both strategies are implemented and compared for
the trade-off between the relative SNR and the minimum
scan time. Additionally, owing to the overlapping of the
nine k-space regions, these parts of the data can be used to
estimate any residual constant phase shifts of tagging and
remove these shifts during postprocessing.

Second, the fundamental concept of SSIM is translated
to phaseless encoding MRI to increase the superresolu-
tion factor. SSIM generates higher spatial harmonics by
increasing the illumination power so that the sample emit-
tance signal is modulated by a nonsinusoidal function,
even though the illumination pattern is diffraction lim-
ited. In MRI, however, the tagging modulation frequency,
which is determined by the time integral area of the tagging
gradient pulse, can be made nearly arbitrarily high. There-
fore, instead of building a tagging sequence that excites all
required harmonics, we apply the standard sinusoidal tag a
few times (twice in the current implementation) with dif-
ferent wavelengths to sample harmonics of different orders
one by one. In the k-space perspective, this causes mix-
ing of the central band with two neighboring sidebands in
the first scan, and two bands at twice this distance in the
second, both sampled by the same elongated EPI trajec-
tory. In each scan, the three elongated bands are resolved
based on three tagging shifts, as in the standard phaseless
encoded reconstruction. In this way, a fivefold superre-
solved image can be obtained by simply combining the
signal bands reconstructed from a total of six scans (with
the central band, measured twice, being averaged). Higher
enhancement factors can also be envisaged.

II. IMAGING METHODOLOGY AND RESULTS

Superresolution MRI scans using the proposed tech-
niques are carried out with a water phantom with immersed
silicon tubes (1.5-mm wall thickness), a spherical water-
filled phantom, and a human subject in a 3-Tesla MRI
scanner. In each signal encoding scheme described in
the following, the two-pulse tagging sequence for spatial
modulation of magnetization (SPAMM) [25] is added at
the beginning of the vendor-designed pulse sequences for
EPI and spiral scans to gain access to additional k-space
bands at a programmable distance and angle. A superres-
olution image is reconstructed by adapting the standard
reconstruction pipeline for 1D phaseless encoding [28] to
resolve the mixed band signals in each shot, and combining

them properly in & space. Eventually, the experiments suc-
cessfully achieve nearly threefold superresolution in 2D
mode and fivefold in 1D. A small band overlapping is
used to avoid k-space holes similar to the multishot seg-
mented scan. To estimate the trade-off in the SNR drop,
a theoretical SNR calculation for each scheme is made,
assuming an equal amplitude for the excited k-space sig-
nal bands to consider the minimum noise propagation in
the reconstruction for each scan. The mathematical for-
mulation, the technical details for all encoding schemes,
and the SNR analysis are provided in the Supplemental
Material [35], and the details of the implemented scan pro-
tocols and reconstruction steps are available in Sec. III.
Throughout the paper, the resolution of the reconstructed
images is derived as the inverse of the k-space range
obtained from the phaseless encoding reconstruction. This
theoretical measure agrees with the analysis of the test
object contours using an extended version of the method
proposed in Ref. [36], as described in the Appendix.

A. Scheme A, 2D superresolution, 1D rotational
tagging
1. Tagging sequence

Scheme A4 applies a 1D sinusoidal tagging with four
rotations, and three shifts in each direction [see Fig. 1(a)],
exactly resembling the modulation patterns in the lin-
ear SIM for 2D resolution improvements. The rotation of
the tagging is obtained by a linear combination of two
orthogonal gradients in the SPAMM [25] sequence prior
to each shot of the acquisition. In this way, standard 1D
phaseless encoding scans along the four directions (i.e.,
horizontal, vertical, and diagonal) are consecutively per-
formed, with optional scaling of the tagging wavelength
(i.e., inversely proportional to the neighboring bands’ dis-
tance) in diagonal directions. For spiral sampling with
unscaled tagging [see Fig. 1(b)], k-space data covered by
a circularly arranged pattern of round tiles can be even-
tually reconstructed to reach threefold isotropic resolution
enhancement [see Fig. 1(c)]. With Cartesian sampling, the
wavelength of the diagonal tagging is shortened by a fac-
tor of /2 [see Fig. 1(d)], covering a 3 x 3 rectangular
pattern of square tiles of reconstructed k-space data [see
Fig. 1(e)], which also improves resolution threefold along
two orthogonal dimensions.

2. Reconstruction: Spiral

The water phantom with silicon tubes is used to test
the rotational tagging with spiral sampling [see Figs.
2(a)2(c)]. With three acquisition shots using a low-
resolution spiral window [see Fig. 2(a), black solid tra-
jectory], regions covered by three round tiles with 14.2%
band overlapping are reconstructed along each rotational
direction and combined (the central band being averaged
4 times) to yield an isotropic threefold increase of the
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Tagging appearance Tagging modulation and super-resolution reconstruction
(exaggerated tag width for visualization) in k-space perspective
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FIG. 1. Tagging modulation in the phaseless encoding schemes 4, B, and C. (a) 1D rotated tagging with three shifts along each
of the four directions, optionally with scaling of the tagging wavelength in the diagonal. (b) The k-space sampling of the mixture
of the three signal bands (in distinct colors) excited along a rotated direction in a spiral trajectory. Along each direction, three scans
with distinct tagging shifts are performed. (c) Reconstructed k-space data combine resolved bands from twelve scans, improving
2D coverage threefold with a rotated circular pattern. (d) The k-space sampling of the mixture of the three signal bands (in distinct
colors) along a direction in a Cartesian trajectory (e.g., EPI). Along each direction, three scans with tagging shifts are performed. (e)
Reconstructed k-space data improve resolution in 2D threefold with a rectangular pattern. (f) 2D grid tagging with nine tagging shifts
in two orthogonal dimensions. (g) The k-space sampling of the mixture of the nine signal bands (in distinct colors) excited at a time
in a Cartesian trajectory. Nine scans are performed with tagging shifts in 2D. (h) Reconstructed k-space data have a 3 times increased
coverage in 2D with a rectangular pattern. (i) 1D tagging with three shifts in three scans, repeated twice. The tagging wavelength
is shortened by half in the second set of three scans to excite higher-order k-space signal bands, with no need to create a saturated
sinusoidal tagging as in the SSIM. (j) The k-space sampling of the three signal bands excited at a time in a Cartesian trajectory. The
first three scans mix the two neighboring bands with the central band, while the second three mix the two bands twice the distance in

the same sampling window. (k) The k-space reconstructed data combine resolved bands from six scans, improving resolution fivefold
in 1D.
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k-space coverage in the finally reconstructed data [see
Fig. 2(a), side bands in red, blue, green, and gold dot-
ted trajectories]. From a total of 12 tagged low-resolution
images [3.0 x 3.0 mm?, their sum is shown in Fig. 2(b)],
a high-resolution image with resolution of 1.1 x 1.1 mm?
is reconstructed, corresponding to an almost threefold
isotropic resolution improvement and resolving details that
are invisible in the low-resolution scans without observ-
able artifacts [see Fig. 2(c)].

3. Reconstruction: Cartesian

In vivo measurements are conducted to test the rota-
tional tagging with Cartesian sampling for nonweighted
images and diffusion-weighted images of the human brain
with a total of 16 diffusion directions [see Figs. 2(d)-2(h)].
With three shots of low-resolution Cartesian sampling [see
Fig. 2(d), black solid trajectory], k-space data covered
by three square tiles are reconstructed along a tagging
direction (the central band, averaged 4 times), and are com-
bined to give a final image with nearly threefold resolution
enhancement along two orthogonal dimensions [Fig. 2(d),
side bands in red, blue, green, and gold dotted trajectories].
From a total of 12 low-resolution scans [2.1 x 2.1 mm?,
the sum images in Figs. 2(e) and 2(g)], a high-resolution
image with resolution of 0.75 x 0.75 mm? (approximately
10% band overlapping) is reconstructed [see Figs. 2(f) and
2(h)] with no observable artifacts. The reconstructed diffu-
sion image [see Fig. 2(h)], which is completely free of the
ghost artifacts, confirms the insensitivity of our approach
to random phase fluctuations.

4. The scalable tagging wavelength in the diagonal

The scaling of the diagonal tagging in Fig. 1(d) max-
imizes the finally reconstructed k-space coverage with
Cartesian sampling as in Fig. 1(e). However, for the phase-
less encoding with spiral trajectory, simultaneous sampling
of equidistant neighboring tiles in all directions turns out
to be a natural choice for optimal k-space coverage, as
illustrated in Fig. 3. The spiral sampling window in &
space [i.e., represented by a round tile, Fig. 3(a)] and the
corresponding low-resolution sum image [3.0 x 3.0 mm?,
Fig. 3(b)] are shown as the references. With the diagonal
tagging shortened to cover a rectangularly arranged pattern
of the round tiles, certain regions between the neighbor-
ing tiles cannot be recovered in the reconstructed k-space
data with resolution of 1.1 x 1.1 mm? [see Fig. 3(c)], lead-
ing to visible image artifacts due to the k-space holes [see
Fig. 3(d)]. These empty holes can be eliminated by uni-
formly reducing the neighboring bands’ distance in all
directions, but with a trade-off of a minimum of 29.3%
band overlapping [see Fig. 3(e)], which compromises the
resolution improvement potential leading to an image with
resolution of 1.24 x 1.24 mm? only [see Fig. 3(f)]. There-
fore, the unscaled tagging in all directions is preferred for

3.0x3.0mm?* 1.1x1.1mm?

t

FIG. 2. Reconstruction of 2D threefold superresolution. (a)
Reconstructed k-space bands, sampled by the spiral window
at the center (black solid trajectory), with the side bands
(red, blue, green, gold dotted trajectories), eventually resolve
to reach a threefold enlarged circular coverage. (b) Sum
of the low-resolution images with tagging, 3.0 x 3.0 mm?.
(c) Reconstructed high-resolution image, 1.1 x 1.1 mm?. (d)
Reconstructed k-space bands, sampled by the Cartesian win-
dow at the center (black solid trajectory), with the side
bands (red, blue, green, gold dotted trajectories) eventually
resolve to reach a rectangular threefold increased coverage. (e)
Sum of the low-resolution nonweighted images with tagging,
2.1 x 2.1 mm?. (f) Reconstructed high-resolution nonweighted
image, 0.75 x 0.75 mm?. (g) Sum of the low-resolution diffusion-
weighted images (i.e., 16 diffusion directions) with tagging,
2.1 x2.1 mm?. (h) Reconstructed high-resolution diffusion-
weighted image (i.e., 16 diffusion directions), 0.75 x 0.75 mm?.
No ghost artifact due to random phase fluctuation is observed,
owing to the magnitude-based reconstruction. (i) Reconstructed
k-space bands sampled by the Cartesian window at the center
(black solid trajectory), with the side bands (blue dotted trajec-
tory), resolve to form a rectangular threefold increased coverage.
() Sum of low-resolution nonweighted images with tagging,
2.1 x 2.1 mm?. (k) Reconstructed high-resolution nonweighted
image, 0.75 x 0.75 mm?. (1) Sum of low-resolution diffusion-
weighted (i.e., 16 diffusion directions) images with tagging,
2.1 x2.1 mm?. (m) Reconstructed high-resolution diffusion-
weighted image (i.e., 16 diffusion directions), 0.75 x 0.75 mm?.
The reconstruction is free of ghost artifacts in the presence
of diffusion gradients due to the magnitude-based reconstruc-
tion. Please note that the k-space trajectories are drawn only for
illustration purposes and are not strictly based on the scan pro-
tocols. Additionally, the details of reconstructed images can be
visualized better in the full-size figure.
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spiral acquisition, which maintains a continuous coverage
of the enlarged final k-space window and has a very small
requirement (7.6%) for the minimum band overlapping,
yielding an image with resolution 1.1 x 1.1 mm? [see Figs.
3(g) and 3(h)]. For both options with the spiral window, the
minimum band overlapping is computed by the geometry
of the k-space band patterns as illustrated in the Fig. 4.

B. Scheme B, 2D superresolution, 2D grid tagging
1. Tagging sequence

Scheme B concatenates two orthogonal tagging sequences
with three shifts in each direction, modulating the object
with a 2D grid pattern [see Fig. 1(f)], similar to mul-
tidoughnut nanoscopy [34]. This simultaneously covers
nine k-space tiles [see Fig. 1(g)] arranged in a rectangu-
lar pattern similar to the rotational tagging with Cartesian
sampling [Fig. 1(h)]. This grid tagging has been used for
superresolution MRI [37] with a simplified, interleaving-
based reconstruction, which does not provide the same
resolution enhancement as the SIM-like reconstruction
technique used here.

2. Reconstruction

Scheme B is tested by in vivo measurements with non-
weighted images and diffusion-weighted phantom images.
With a total of nine acquisitions by low-resolution Carte-
sian sampling [see Fig. 2(i), black solid trajectory], nine
square k-space tiles are reconstructed and combined to
reach approximately threefold increased k-space coverage
in two orthogonal dimensions [see Fig. 2(i), side bands
in blue dash trajectory]. From the low-resolution images
[2.1 x 2.1 mm?, their sum images are shown in Figs. 2(j)
and 2(1)], high-resolution images with resolution of 0.75
% 0.75 mm? (approximately 10% band overlapping) are
reconstructed, with clearly more image details and no
obvious artifacts [see Figs. 2(k) and 2(m)].

a. Comparisons between schemes A and B—Owing to the
modulation of the net magnetization, scheme 4 has the rel-
ative SNR efficiency of 100% and 50% compared with
the multishot segmented scan for regions covered by the
tile at the k-space center and its neighbors, respectively.
Scheme B maintains only 33% relative SNR efficiency for
all bands because of the stronger suppression of the longi-
tudinal magnetization by the grid tagging. While scheme
A is preferred to maximize the SNR of phaseless encod-
ing, scheme B requires three fewer acquisition cycles to
complete the experiment. The SNR drop from scheme 4
to scheme B can be roughly observed by comparing the
reconstruction [Fig. 2(f) versus Fig. 2(k); Fig. 2(h) ver-
sus Fig. 2(m)]. The calculation of the SNR performance
is shown in the Supplemental Material [35].

3.0 x 3.0 mm?

1.1 x 1.1 mm?

1.24 x 1.24 mm?

1.1 x 1.1 mm?

FIG. 3. Rectangularly and circularly arranged band pattern in
k space for spiral acquisitions. (a) Low-resolution spiral sam-
pling coverage. (b) Sum of low-resolution images with tag-
ging, sampled by the spiral window in (a), 3.0 x 3.0 mm?. (c)
High-resolution reconstructed k-space coverage using the rotated
tagging scheme A. The tagging wavelength in the diagonal
is shortened to yield a rectangularly arranged pattern, simi-
lar to the one in Cartesian 2D phaseless encoding, but incurs
nonsampled k-space regions (i.e., holes) between neighboring
bands. (d) Reconstructed image with the k-space coverage in (c),
1.1 x 1.1 mm?. (e) Reconstructed k-space coverage by uniformly
increasing the tagging wavelength in the experiment in (c), elim-
inating the k-space holes between the reconstructed neighboring
bands, but compromising the finally achieved resolution due to
the large overlapped regions. (f) Reconstructed image with the
k-space coverage in (e), 1.24 x 1.24 mm?. (g) Reconstructed
k-space coverage by uniform tagging wavelength along all direc-
tions, resulting in a circularly arranged band pattern without large
band overlapping. (h) Reconstructed images with the k-space
coverage in (g), 1.1 x 1.1 mm?. Improved image quality can be
seen in (h) compared with reconstructions in (d) and (f). The
details of reconstructed images can be visualized better in the
full-size figure.
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(a)

BOF = (2-2/V2)R

(b) T"y

-
 BOF

BOF = [2 — 2c0s(22.5°)]R

FIG. 4. The geometry of band overlapping for spiral acquisitions. R is the radius of each circular k-space band (i.e., coverage by
spiral trajectory), BOF is the band overlapping factor, with the band overlapping percentage = BOF/2R. (a) Rectangular arrangement
for 2D phaseless encoding with spiral, with the minimum band overlapping to avoid interband holes. In the finally reconstructed -
space data, along the k, and the &, directions, the maximum k-space range that can be reached is reduced by 29.3% of the single-shot
circular coverage (i.e., by the low-resolution spiral trajectory), owing to strong band overlapping. (b) The circular arrangement with
the minimum band overlapping to avoid holes, with only 7.6% band overlapping needed.

C. Scheme C, SSIM in MRI, 1D tagging with multiple
wavelengths

1. Tagging sequence

Scheme C simultaneously samples the central band of
the elongated EPI trajectory with two adjacent bands in
the first three scans, similar to the standard 1D phaseless
encoding, followed by a second set of three scans with the
tagging shortened by half to cover the two bands twice this
distance [see Fig. 1(i)]. In this way, multiple k-space sig-
nal bands are excited, reconstructed in separate scans [see
Fig. 1(j), side bands in red, blue, yellow, and magenta],
and eventually combined (with the central band averaged
twice) to yield a fivefold superresolved image [equiva-
lent to 5 times enlarged effective k-space coverage, see
Fig. 1(k)].

Scheme C is tested with Cartesian sampling in the
readout dimension for two different applications: to reach
further resolution enhancement, and to reduce the echo
spacing in each scan given the same final resolution.
Compared with the multishot segmented scan, the rela-
tive SNR efficiency for scheme C is 75% and 53% for
the central band and the side bands, respectively. The
calculation of SNR performance for scheme C is shown
in the Supplemental Material [35].

2. Reconstruction—nhigher resolution

The ability of the phaseless encoding to reach a super-
resolution factor beyond 3 is demonstrated using a water
phantom with small silicon tubes and with a human
subject [see Figs. 5(a)-5(1)]. Sampled by a limited k-
space window [see Fig. 5(d)], the sum of low-resolution
images (3.4 x 0.75 mm?) are shown as the reference
for the water phantom, the nonweighted human head
image, and the diffusion-weighted human head image
with sum of 16 diffusion-weighted directions, respectively
[see Figs. 5(a)-5(c)]. With standard 1D phaseless encod-
ing, the reconstructed image resolution can be improved
about threefold, as 1.25 x 0.75 mm? [approximately 12%
band overlapping, see Figs. 5(e)-5(h)]. Scheme C further
enhances the spatial resolution around fivefold, reaching
the resolution of 0.75 x 0.75 mm? (approximately 12%
band overlapping) and resolving more details than the
threefold improved images [see Figs. 5(1)-5(1) in full size].

3. Reconstruction—reduced echo spacing

A human subject is scanned with scheme C to fur-
ther shorten the EPI echo spacing while maintaining the
same final resolution [see Figs. 5(m)-5(r) in full size].
The standard 1D threefold phaseless encoding improves
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FIG. 5. The reconstruction of 1D fivefold
superresolution for two applications. (a)—(c)
Sum of low-resolution images with tagging
for the water phantom with silicon tubes, the
nonweighted head image, and the diffusion-
weighted head image with 16 diffusion direc-
tions, respectively, all in 3.4 x 0.75 mm?. (d)
The k-space coverage by the low-resolution
EPI sampling. (e)<(g) Reconstructed image
of the 1D threefold superresolution phaseless
encoding, all in 1.25 x 0.75 mm?. (h) The k-
space coverage by the standard 1D threefold
phaseless encoding, with the low-resolution
EPI sampling at the k-space center (black solid
trajectory), and the two additional neighbor-
ing bands resolved in the reconstruction (red
dotted trajectory). (i)+(k) Reconstructed image
of the 1D fivefold superresolution phaseless
encoding, all in 0.75 x 0.75 mm?. Note the dif-
fusion images are free of ghost artifacts due
to the magnitude-based reconstruction. (1) The
k-space coverage by the 1D fivefold super-
resolution phaseless encoding with the low-
resolution EPI sampling window (black solid
trajectory), the two resolved bands for three-
fold higher spatial frequency (red dotted tra-
jectory), and the two bands for fivefold higher
spatial frequency resolved further. (m) Sum
of low-resolution images with tagging for the
nonweighted head image, in 2.1 x 0.75 mm?.
(n) The k-space coverage by the low-resolution
EPI sampling, which has longer echo time
compared to the one in (d). (o) Reconstruc-
tion of the standard 1D threefold phaseless
encoding for the nonweighted head image, in
0.75 x 0.75 mm?. (p) The k-space coverage by
the standard 1D threefold phaseless encoding
with the low-resolution EPI sampling at the k-
space center (black solid trajectory), and the
two additional neighboring bands resolved in
the reconstruction (red dotted trajectory). (q)
Reconstruction of the 1D fivefold phaseless
encoding for the nonweighted head image, in
the same final resolution as in (o), but with
shorter echo spacing and, therefore, with vis-
ibly improved image quality. (r) The k-space
coverage of the 1D fivefold phaseless encod-
ing, reaching the same final resolution but
with shorter echo spacing for the EPI window
compared to (p). Please note that the k-space
trajectories are drawn only for illustration pur-
poses and are not strictly based on scan proto-
cols. Additionally, the details of reconstructed
images can be visualized better in the full-size
figure.

the image resolution from 2.1 x 0.75 mm? [see Fig. 5(m)]  final resolution can be achieved with even shorter echo
to 0.75 x 0.75 mm?* (approximately 10% band overlap- ~ spacing, in which a superresolution image with resolu-
ping) [see Fig. 5(0)]. By applying scheme C, the same  tion 0.75 x 0.75 mm? [see Fig. 5(q)] can be reconstructed
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from low-resolution tagged images [3.4 x 0.75 mm?, see
Fig. 5(b)]. The corresponding k-space coverage for each
image can be visualized in Figs. 5(n), 5(p), and 5(r), as
well as Fig. 5(d). The possibility to acquire images with
shorter echo spacing can lead to better image quality, such
as having less geometric distortion in the presence of field
inhomogeneity.

III. TECHNICAL DETAILS FOR
IMPLEMENTATION

All experiments are carried out on a 3-Tesla MRI scan-
ner equipped with 30 mT/m, 200 T/m/s gradients (Achieva
3-Tesla, Philips Healthcare, Netherlands) and an eight-
channel head array receiver coil using our own modi-
fication of the manufacturer’s sequence code. Acquired
data are reconstructed offline using non-Cartesian rf sen-
sitivity encoding (SENSE) and k-space gridding based on
a trajectory measured concurrently with a field camera
(Skope, Switzerland). A rectangular water-filled phantom
with immersed silicon tubes (1.5-mm wall thickness) and
a spherical phantom are used for phantom scans, and a
healthy male adult volunteered for the in vivo scans in
agreement with the institution’s ethics policy.

A. The general MRI scan protocols

The field of view (FOV) for all scans is 220 x 220 mm?,
except for the scan of the spherical phantom with
280 x 280 mm?. The repetition time interval is 3s for EPI
(Cartesian) and spiral scans. The echo time is 12—13 ms for
EPI (Cartesian) acquisition, and 2.2 ms for spiral acqui-
sition. The slice thickness is around 2 to 3 mm, and the
time duration between rf binomial pulses in the tagging
sequence is around 2 to 3 ms. The tagging flip angle is set
to be around 45° or 54.7°. The isotropic diffusion-weighted
image is calculated by averaging images obtained with 16
directions of diffusion-sensitizing gradients, with b value
800 s/mm?.

B. The specific protocols for schemes 4—C
1. Scheme A, 1D rotational tagging

a. Circular arrangement—Figs. 2(a)—2(c), 3(g) and 3 (h)—
Each phaseless encoding experiment along a rotated direc-
tion acquires three low-resolution images with resolution
of 3 mm (readout, horizontal) x 3 mm (phase, vertical)
by a single shot of spiral sampling (acquisition window
of 35 ms). During each acquisition, the tagging pattern
with period of 3.5 mm (which corresponds to 14.2% band
overlapping) is phase shifted by 0°, 120°, and 240°, respec-
tively. This experiment is repeated in the four directions
(horizontal, vertical, diagonals) with the identical tag-
ging period. A high-resolution image with resolution of

1.1 mm (readout, horizontal) x 1.1 mm (phase, vertical) is
reconstructed.

b. Rectangular arrangement—Figs. 2(d)—2(h)—Each
phaseless encoding experiment acquires three low-
resolution images with resolution of 2.1 mm (readout,
horizontal) x 2.1 mm (phase, vertical) by EPI sampling. It
is repeated in four directions (horizontal, vertical, diago-
nals), with the tagging periods of 2.34 mm in horizontal
and vertical scans, and 1.65 mm in diagonal scans, cor-
responding to about 10% band overlapping. The tagging
pattern is shifted by 0°, 120°, and 240° in each experiment
along a direction. A high-resolution image with resolu-
tion of 0.75 mm (readout, horizontal) x 0.75 mm (phase,
vertical) is reconstructed.

¢. Rectangular arrangement—Figs. 3(c)—3(f)—Each phase-
less encoding scan acquires three low-resolution images
with resolution of 3.0 mm (readout, horizontal) x 3.0 mm
(phase, vertical) by a single shot of spiral sampling (acqui-
sition window of 35 ms), and with tagging pattern (along
readout and phase directions) in the period of 3.5 mm
[see Fig. 3(c)] and 4.25 mm [see Fig. 3(e)], correspond-
ing to 14.2% and 29.4% band overlapping, respectively.
The tagging pattern is shifted by 0°, 120°, and 240° in
each experiment along a direction. The reconstructed high-
resolution images are 1.1 x 1.1 mm? [see Fig. 3(d)] and
1.24 x 1.24 mm? [see Fig. 3(f)], respectively.

2. Scheme B, 2D grid tagging, rectangular arrangement

In Figs. 2(j) and 2(1) and the low-resolution scans for the
reconstruction in Figs. S3(e) and S3(f) in the Supplemen-
tal Material [35], the phaseless encoding scan acquires nine
low-resolution images with resolution of 2.1 mm (readout,
horizontal) x 2.1 mm (phase, vertical) by EPI sampling.
The 2D tagging can be seen as the multiplication of two
orthogonal 1D tagging (i.e., [horizontal; vertical]), each
with period of 2.34 mm, but with independent phase shifts
during each scan [tag x; tag y] as: [0°; 0°], [0°; 120°], [0°;
240°], [120°; 0°], [120°; 120°], [120°; 240°], [240°; 0°],
[240°; 120°], [240°; 240°].

A similar protocol is used for the low-resolution scans,
from which the spherical phantom in Figs. S3(c) and S3(d)
in the Supplemental Material [35] are reconstructed. How-
ever, in these scans, the FOV is 280 x 280 mm?, and the
tagging period is 3.2 mm (readout, horizontal) x 3.2 mm
(phase, vertical).

The high-resolution with resolution of 0.75 mm (read-
out, horizontal) x 0.75 mm (phase, vertical) is recon-
structed corresponding to 10% band overlapping, as in
Figs. 2(k) and 2(m), and Figs. S3(c)-S3(f) in the Sup-
plemental Material [35]. Note that the reconstructions in
Figs. S3(c) and S3(e) in the Supplemental Material [35] are

034074-9



TIAN, HENNEL, BIANCHI, and PRUESSMANN

PHYS. REV. APPLIED 19, 034074 (2023)

not corrected with the estimated residue By related phase
errors.

3. Scheme C, 1D tagging with multiple wavelengths,
five-band arrangement in 1D

In Figs. 5(a)-5(c), the phaseless encoding experiment
acquires three low-resolution images with resolution of
3.4 mm (readout, horizontal) x 0.75 mm (phase, vertical)
by EPI sampling. This is repeated twice with tagging peri-
ods of 3.85 and 1.925 mm, respectively, and each one has
the tagging shifts of 0°, 120°, and 240°.

In Figs. 5(e)-5(g) and 5(i)-5(k), high-resolution images
in 1.25 mm (readout, horizontal) x 0.75 mm (phase,
vertical) and 0.75 mm (readout, horizontal) x 0.75 mm
(phase, vertical) are reconstructed, respectively achieving
almost threefold and fivefold superresolution in the readout
dimension with around 12% band overlapping.

In Fig. 5(m), the phaseless encoding scan acquires low-
resolution images with resolution of 2.1 mm (readout,
horizontal) x 0.75 mm (phase, vertical) by EPI sampling,
and tagging period of 2.35 mm in shifts of 0°, 120°, and
240°.

In Fig. 5(0), a high-resolution image with 0.75 mm
(readout, horizontal) x 0.75 mm (phase, vertical) is recon-
structed with band overlapping of about 10%, reaching
almost threefold resolution enhancement.

Figure 5(q) is identical to Fig. 5(j), and therefore, has the
same protocol.

C. Phaseless encoding image reconstruction

The raw data after SENSE and partial Fourier recon-
struction are loaded into the phaseless encoding recon-
struction pipeline to obtain the final high-resolution image,
similar to the previous work [28]. In the experiments here,
schemes A and C have the central band averaged multiple
times, and scheme B has nine bands (nine unknowns) to
resolve instead of three. The inverse filter calculated from
the propagated low-resolution apodized window are shown
in Fig. S2 in Supplemental Material [35].

(1) Low resolution images from each scan are recon-
structed using non-Cartesian SENSE and Fourier trans-
formed back to & space.

(2) The obtained low-resolution k-space data, which
still contain mixed signal bands, are apodized by a Kaiser
filter with the width factor from 2.7 to 3.

(3) The apodized data are inverse Fourier transformed
to the image space and the magnitude is taken to eliminate
the shot-dependent phase fluctuations.

(4) The magnitude images are Fourier transformed to
the k space and the mixed bands’ signals are resolved by
inversion of the linear problem represented by one of the
Egs. (S6)—S8) in the Supplemental Material [35].

(5) For the tagging schemes 4 and C, the resolved bands
in each scan are combined to reconstruct k-space data with
increased coverage. The tagging scheme B directly obtains
all bands after resolving nine shots of acquired images.

(6) The reconstructed k-space bands are multiplied by
the inverse filters calculated from the apodization window
in the first step. The inverse filters efficiently eliminate the
amplitude modulation by different band overlaps as shown
in Fig. S2 in Supplemental Material [35].

(7) Optionally, the reconstructed k-space bands are cor-
rected by the additionally acquired By and B; maps for
tagging distortions. A small array of pixels around the side
band centers are zero-filled to reduce amplitude fluctua-
tions between shots. In scheme B, residue phase offsets
after the By map tagging correction are estimated by com-
paring overlapped regions between neighboring bands and
used for phase offset corrections (see Fig. S3 in Supple-
mental Material [35]).

(8) Finally, the reconstructed k-space data with larger
coverage are transformed to the image domain to obtain
the superresolution image.

IV. CONCLUSION AND DISCUSSION

Phaseless encoding is successfully used to reach a three-
fold resolution enhancement in two dimensions and a five-
fold enhancement in one dimension, which demonstrates
the utility of SIM and SSIM superresolution concepts
in MRI. This approach enables multishot high-resolution
MRI scanning based on the absolute value of intermediate
low-resolution images, freeing it from the usual intershot
phase sensitivity, in particular in the context of diffusion-
weighted imaging. With the extensions presented in this
work, this superresolution technique becomes compatible
with arbitrary k-space sampling trajectories in MRI, and
has no inherent limit on the maximum resolution enhance-
ment factor. Based on these concepts, experiments for
improving resolution in three orthogonal dimensions or
beyond the fivefold superresolution will be straightforward
to implement by modifying the tagging schemes 4—C to
excite and resolve more k-space signal bands in a similar
manner. The applications of this technique in fMRI and
direct comparisons with alternative phase-insensitive MRI
methods [38—40] represent a highly interesting topic for
future studies.

However, a fundamental limit for such resolution
enhancements—the SNR of the reconstructed image—will
eventually be reached when the signal energy contributing
to a single pixel becomes too low relative to the con-
stant noise power. Therefore, the ultimate resolution for
phaseless encoding MRI depends on the minimum SNR
requirement and the maximum scan time for averaging,
without considering the limit imposed by the diffusion phe-
nomenon. This also applies for the conventional multishot
segmented scans.
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Implementing structured illumination in MRI does not
require additional hardware and demands only a minor
modification to the preparatory part of existing MRI
pulse sequences. Given the characteristics of the tag-
ging sequence, the illumination pattern in MRI can reach
slightly negative values to excite k-space signal bands
with equal amplitude to maximize the SNR. At the same
time, the wavelength of the MRI pattern can be arbitrarily
smaller than the pixel size and provide an arbitrary reso-
lution enhancement (limited only by SNR), in contrast to
SIM where the illumination itself is diffraction limited and
the resolution can only be tripled. In addition, nonlinear
illumination patterns can also be generated using proper-
ties of the steady-state magnetization without the need for
additional preparatory sequences, as demonstrated recently
[41]. Presented analogies between optical SR methods and
MRI surely do not exhaust all possibilities to transfer ideas
between these two seemingly distant, but, in fact, closely
related imaging modalities. Thus, we believe this path is
worth exploring further.
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APPENDIX: EVALUATION OF EFFECTIVE
RESOLUTION ENHANCEMENT

Throughout the paper the resolution of the SR images
is provided as the inverse of the k-space range recovered
from the phaseless encoding reconstruction. This definition
is verified by an analysis of image contours of a spherical
phantom. Radial sections through the contours allow the
measurement of edge-spread functions in multiple direc-
tions. Their derivatives correspond to projections of the 2D
point-spread function (PSF) in these directions. By virtue
of the central slice theorem, the Fourier transforms of these
projections represent sections of the 2D modulation trans-
fer function (MTF), the 2D Fourier transform of the PSF. A
map of the MTF, which can be obtained from the sections
by interpolation, shows the k-space region that effectively
contributes to the image. This procedure is a generalization
of the 1D resolution assessment method based on linear
contours proposed by Delakis et al. [36] (Fig. 6).
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FIG. 6. The MTF analysis for a low-resolution image and two superresolution images with threefold and fivefold resolution improve-
ment by phaseless encoding. (a) Low-resolution image, nominal resolution of 4.0 mm (horizontal) x 1.0 mm (vertical). (b) Threefold
resolution enhanced image, nominal resolution of 1.53 mm (horizontal) x 1.0 mm (vertical). (c) Fivefold resolution enhanced image,
nominal resolution of 0.95 mm (horizontal) x 1.0 mm (vertical). (d) The MTF map calculated from (a). (¢) The MTF map calculated
from (b). (f) The MTF map calculated from (c). (d)«f) are shown as linear color maps with arbitrary units.
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Figure 6 shows the MTF analysis for a low-resolution
image (resolution 4.0 mm horizontally, 1.0 mm vertically,
upper row, a), and two superresolution images (nomi-
nal horizontal resolution 1.53 and 0.95 mm, respectively;
vertical resolution unchanged) obtained with 1D tagging
to achieve nearly threefold (b) and fivefold (c) resolu-
tion enhancement, as described in scheme C. The bottom
row shows the MTF maps calculated from these images
(linear color map with arbitrary units). The width of the
MTF support closely matches the theoretical k-space range
(arrows), which confirms the correctness of the resolution
measure adopted in this work.

[1] P. C. Lauterbur, Image formation by induced local inter-
actions: Examples employing nuclear magnetic resonance,
Nature 242, 190 (1973).

[2] P. Mansfield and P. K. Grannell, NMR ‘diffraction’ in
solids?, J. Phys. C: Solid State Phys. 6, L422 (1973).

[3] P. Mansfield and P. K. Grannell, ‘Diffraction’ and
microscopy in solids and liquids by NMR, Phys. Rev. B
12,3618 (1975).

[4] S.Ljunggren, A simple graphical representation of Fourier-
based imaging methods, J. Magn. Reson. 54, 338 (1983).

[5] D. B. Twieg, The k-trajectory formulation of the NMR
imaging process with applications in analysis and synthesis
of imaging methods, Med. Phys. 10, 610 (1983).

[6] R. S. Likes, Moving gradient zeugmatography. US Patent
#4307343 issued (22 Dec 1981).

[7] P.-F. Van de Moortele, J. Pfeuffer, G. H. Glover, K. Ugurbil,
and X. Hu, Respiration-induced B0 fluctuations and their
spatial distribution in the human brain at 7 Tesla, Magn.
Reson. Med. 47, 888 (2002).

[8] P. J. Basser, J. Mattiello, and D. LeBihan, MR diffu-
sion tensor spectroscopy and imaging, Biophys. J. 66, 259
(1994).

[9] S. Ogawa, D. W. Tank, R. Menon, J. M. Ellermann, S. G.
Kim, H. Merkle, and K. Ugurbil, Intrinsic signal changes
accompanying sensory stimulation: Functional brain map-
ping with magnetic resonance imaging, Proc. Natl. Acad.
Sci. U. S. A. 89, 5951 (1992).

[10] K. K. Kwong, J. W. Belliveau, D. A. Chesler, 1. E. Gold-
berg, R. M. Weisskoff, B. P. Poncelet, D. N. Kennedy, B.
E. Hoppel, M. S. Cohen, and R. Turner, Dynamic magnetic
resonance imaging of human brain activity during primary
sensory stimulation, Proc. Natl. Acad. Sci. U. S. A. 89,
5675 (1992).

[11] P. A. Bandettini, E. C. Wong, R. S. Hinks, R. S. Tikofsky,
and J. S. Hyde, Time course EPI of human brain function
during task activation, Magn. Reson. Med. 25, 390 (1992).

[12] P. Mansfield, Multi-planar image formation using NMR
spin echoes, J. Phys. C: Solid State Phys. 10, L55 (1977).

[13] C. B. Ahn, J. H. Kim, and Z. H. Cho, High-speed spiral-
scan echo planar NMR imaging-I, IEEE Trans. Med. Imag-
ing 5, 2 (1986).

[14] S. Bretschneider, C. Eggeling, and S. W. Hell, Breaking the
Diffraction Barrier in Fluorescence Microscopy by Optical
Shelving, Phys. Rev. Lett. 98, 218103 (2007).

[15] S. W. Hell and M. Kroug, Ground-state-depletion
fluorscence microscopy: A concept for breaking the diffrac-
tion resolution limit, Appl. Phys. B: Lasers Opt. 60, 495
(1995).

[16] S. Bretschneider, C. Eggeling, and S. W. Hell, Breaking the
Diffraction Barrier in Fluorescence Microscopy by Optical
Shelving, Phys. Rev. Lett. 98, 218103 (2007).

[17] E.Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S.
Olenych, J. S. Bonifacino, M. W. Davidson, J. Lippincott-
Schwartz, and H. F. Hess, Imaging intracellular fluorescent
proteins at nanometer resolution, Science 313, 1642 (2006).

[18] M. J. Rust, M. Bates, and X. Zhuang, Sub-diffraction-limit
imaging by stochastic optical reconstruction microscopy
(STORM), Nat. Methods 3, 793 (2006).

[19] R. Heintzmann and C. G. Cremer, in Proc. SPIE 3568,
Optical Biopsies and Microscopic Techniques III vol. 3568
(1999), pp. 185—197.

[20] M. G. L. Gustafsson, Surpassing the lateral resolution limit
by a factor of two using structured illumination microscopy,
J. Microsc. 198, 82 (2000).

[21] J. T. Frohn, H. F. Knapp, and A. Stemmer, True optical
resolution beyond the Rayleigh limit achieved by standing
wave illumination, Proc. Natl. Acad. Sci. U. S. A. 97, 7232
(2000).

[22] R. Heintzmann, T. M. Jovin, and C. Cremer, Saturated
patterned excitation microscopy—a concept for optical
resolution improvement, J. Opt. Soc. Am. A 19, 1599
(2002).

[23] R. Heintzmann, Saturated patterned excitation microscopy
with two-dimensional excitation patterns, Micron 34, 283
(2003).

[24] M. G. L. Gustafsson, Nonlinear structured-illumination
microscopy: Wide-field fluorescence imaging with theoret-
ically unlimited resolution, Proc. Natl. Acad. Sci. U. S. A.
102, 13081 (2005).

[25] L. Axel and L. Dougherty, MR imaging of motion with
spatial modulation of magnetization, Radiology 171, 841
(1989).

[26] F. Hennel and K. P. Pruessmann, MRI with phaseless
encoding, Magn. Reson. Med. 78, 1029 (2017).

[27] F. Hennel, R. Tian, M. Engel, and K. P. Pruessmann,
In-plane “superresolution” MRI with phaseless sub-pixel
encoding, Magn. Reson. Med. 80, 2384 (2018).

[28] R. Tian, F. Hennel, and K. P. Pruessmann, Low-distortion
diffusion tensor MRI with improved phaseless encoding, J.
Magn. Reson. 309, 106602 (2019).

[29] G. V. Steenkiste, B. Jeurissen, J. Veraart, A. J. D. Dekker,
P. M. Parizel, D. H. J. Poot, and J. Sijbers, Super-resolution
reconstruction of diffusion parameters from diffusion-
weighted images with different slice orientations, Magn.
Reson. Med. 75, 181 (2016).

[30] K. Setsompop, Q. Fan, J. Stockmann, B. Bilgic, S. Huang,
S. F. Cauley, A. Nummenmaa, F. Wang, Y. Rathi, T. Witzel,
and L. L. Wald, High-resolution in vivo diffusion imaging
of the human brain with generalized slice dithered enhanced
resolution: Simultaneous multislice (gSlider-SMS), Magn.
Reson. Med. 79, 141 (2018).

[31] R. Tian, F. Hennel, and K. P. Pruessmann, in Program
#2671. In proceedings of the joint annual meeting of
ISMRM-ESMRMB 2018, Paris, France (June, 2018).

034074-12


https://doi.org/10.1038/242190a0
https://doi.org/10.1088/0022-3719/6/22/007
https://doi.org/10.1103/PhysRevB.12.3618
https://doi.org/10.1016/0022-2364(83)90060-4
https://doi.org/10.1118/1.595331
https://doi.org/10.1002/mrm.10145
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.1073/pnas.89.13.5951
https://doi.org/10.1073/pnas.89.12.5675
https://doi.org/10.1002/mrm.1910250220
https://doi.org/10.1088/0022-3719/10/3/004
https://doi.org/10.1109/TMI.1986.4307732
https://doi.org/10.1103/PhysRevLett.98.218103
https://doi.org/10.1007/BF01081333
https://doi.org/10.1103/PhysRevLett.98.218103
https://doi.org/10.1126/science.1127344
https://doi.org/10.1038/nmeth929
https://doi.org/10.1046/j.1365-2818.2000.00710.x
https://doi.org/10.1073/pnas.130181797
https://doi.org/10.1364/JOSAA.19.001599
https://doi.org/10.1016/S0968-4328(03)00053-2
https://doi.org/10.1073/pnas.0406877102
https://doi.org/10.1148/radiology.171.3.2717762
https://doi.org/10.1002/mrm.26497
https://doi.org/10.1002/mrm.27209
https://doi.org/10.1016/j.jmr.2019.106602
https://doi.org/10.1002/mrm.25597
https://doi.org/10.1002/mrm.26653

SUPERRESOLUTION MRI WITHA ...

PHYS. REV. APPLIED 19, 034074 (2023)

[32]

[33]

[34]

[35]

[36]

[37]

R. Tian, F. Hennel, and K. P. Pruessmann, in Program
#4675. In proceedings of the joint annual meeting of
ISMRM 2019, Montreal, Canada (May, 2019).

E. M. Haacke, Y. Xu, Y.-C. N. Cheng, and J. R. Reichen-
bach, Susceptibility weighted imaging (SWI), Magn.
Reson. Med. 52, 612 (2004).

A. Chmyrov, J. Keller, T. Grotjohann, M. Ratz, E. d’Este,
S. Jakobs, C. Eggeling, and S. W. Hell, Nanoscopy with
more than 100,000 ‘doughnuts’, Nat. Methods 10, 737
(2013).

See Supplemental Material at http://link.aps.org/sup
plemental/10.1103/PhysRevApplied.19.034074 for more
mathematical formulation and technical backgrounds of the
phaseless encoding method presented in this paper.

I. Delakis, C. Xanthis, and R. I. Kitney, Assessment of
the limiting spatial resolution of an MRI scanner by direct
analysis of the edge spread function, Med. Phys. 36, 1637
(2009).

S. Ropele, F. Ebner, F. Fazekas, and G. Reishofer, Super-
resolution MRI using microscopic spatial modulation of
magnetization, Magn. Reson. Med. 64, 1671 (2010).

[38]

[39]

[41]

D. A. Porter and R. M. Heidemann, High resolution
diffusion-weighted imaging using readout-segmented echo-
planar imaging, parallel imaging and a two-dimensional
navigator-based reacquisition: EPI with parallel imaging
and 2D reacquisition, Magn. Reson. Med. 62, 468 (2009).
N.-K. Chen, A. Guidon, H.-C. Chang, and A. W. Song, A
robust multi-shot scan strategy for high-resolution diffusion
weighted MRI enabled by multiplexed sensitivity-encoding
(MUSE), Neurolmage 72, 41 (2013).

M. Mani, M. Jacob, D. Kelley, and V. Magnotta, Multi-shot
sensitivity-encoded diffusion data recovery using structured
low-rank matrix completion (MUSSELS), Magn. Reson.
Med. 78, 494 (2017).

P. J. Lally, P. M. Matthews, and N. K. Bangerter, Unbal-
anced SSFP for super-resolution in MRI, Magn. Reson.
Med. 85, 2477 (2021).

Correction: The label on the previously published Figures 2(b) and
3(b) was erroneously changed during the production cycle and has

been set right.

034074-13


https://doi.org/10.1002/mrm.20198
https://doi.org/10.1038/nmeth.2556
http://link.aps.org/supplemental/10.1103/PhysRevApplied.19.034074
https://doi.org/10.1118/1.3097633
https://doi.org/10.1002/mrm.22616
https://doi.org/10.1002/mrm.22024
https://doi.org/10.1016/j.neuroimage.2013.01.038
https://doi.org/10.1002/mrm.26382
https://doi.org/10.1002/mrm.28593

	I. INTRODUCTION
	A. The diffraction limit in MRI
	B. Inspiration from superresolution light microscopy
	C. MRI with 2D SIM and SSIM

	II. IMAGING METHODOLOGY AND RESULTS
	A. Scheme A, 2D superresolution, 1D rotational tagging
	1. Tagging sequence
	2. Reconstruction: Spiral
	3. Reconstruction: Cartesian
	4. The scalable tagging wavelength in the diagonal

	B. Scheme B, 2D superresolution, 2D grid tagging
	1. Tagging sequence
	2. Reconstruction

	C. Scheme C, SSIM in MRI, 1D tagging with multiple wavelengths
	1. Tagging sequence
	2. Reconstruction—higher resolution
	3. Reconstruction—reduced echo spacing


	III. TECHNICAL DETAILS FOR IMPLEMENTATION
	A. The general MRI Q12scan protocols
	B. The specific protocols for schemes A–C
	1. Scheme A, 1D rotational tagging
	2. Scheme B, 2D grid tagging, rectangular arrangement
	3. Scheme C, 1D tagging with multiple wavelengths, five-band arrangement in 1D

	C. Phaseless encoding image reconstruction

	IV. CONCLUSION AND DISCUSSION
	ACKNOWLEDGMENTS
	A. APPENDIX: EVALUATION OF EFFECTIVE RESOLUTION ENHANCEMENT
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


