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Due to the motion-related instability of the signal phase, diffusion MRI is usually performed with single-
shot techniques such as the echo-planar imaging (EPI), which are resolution-limited and suffer from
distortions caused by resonance offsets. Multi-shot methods may improve the images but require
time-consuming navigators or a trade-off of the sensitivity encoding to measure shot-dependent phase
errors. We have recently introduced an alternative approach to multi-shot MRI called phaseless encoding,
which, by analogy to optical super-resolution methods, relies on the magnitude value of images taken in
different shots thus discarding the phase error without navigators, and demonstrated its capability to
perform diffusion MRI at sub-millimeter scale on a standard 3T scanner.
In this work, we apply phaseless encoding in a routine diffusion tensor imaging (DTI) protocol with a

moderately high resolution that is still within reach of single-shot EPI with the same hardware, and com-
pare both techniques with respect to image distortions. A qualitative comparison of the phaseless encod-
ing with the established navigator-based readout-segmented EPI is also presented. Several technical
improvements are proposed to make phaseless encoding compatible with the routine scanning mode.
The tagging radiofrequency pulses used in the encoding sequence are made slice-selective to avoid arte-
facts caused by saturation effects in multi-slice scans and their flip angle is optimized to reduce the
intrinsic SNR loss. The super-resolution reconstruction algorithm is also improved to better suppress
Gibbs ringing and to correct for possible signal amplitude fluctuations. Our study shows that the phase-
less encoding is a promising approach to diffusion weighted imaging. It can easily be implemented in
multi-slice sequences and produces less distorted images than the single-shot EPI at the same resolution
and hardware parameters. It provides similar results to readout-segmented EPI but without the need of
navigators.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Diffusion weighted- (DW) and diffusion tensor imaging (DTI)
are usually performed with single shot MRI techniques such as
the Echo Planar Imaging [1] due to the sensitivity of the signal
phase to microscopic motion introduced by diffusion-sensitizing
gradient pulses [2]. Consequently, the resolution of most DTI stud-
ies is moderate compared to other MRI applications and usually
does not surpass 2 mm for the human head, which is dictated by
the capabilities of single shot EPI with typical gradient systems.
Pushing the resolution higher with this technique increases image
distortions due to the inhomogeneity of the magnetic field and
requires image corrections based on additional scans of the mag-
netic field map [3], duplicated EPI scans with inverted image dis-
tortions [4] or high parallel acceleration factors with the related
SNR tradeoff [5]. A well-known way to increase the resolution of
EPI without the distortion penalty is to split the scan to several
interleaved [6] or shifted [7–9] segments. However, the motion-
related phase instability mentioned before makes this approach
extremely challenging. Multi-shot diffusion EPI has been success-
fully demonstrated only with the use of navigators [9–11] or with
a sufficient margin of coil sensitivity information left for the phase
correction rather than the sampling acceleration [12–14].

We have recently demonstrated an alternative approach to
multi-shot DTI that is based on the so-called phaseless encoding
[15,16], i.e. on a series of low-resolved scans prepared by a micro-
scopic sinusoidal tagging sequence with different shifts [17]. The
tag is produced by a pair of RF pulses with flip angle a and a rela-
tive phase shift p�W separated by a gradient pulse in the direc-
tion of the encoding (x), which produces a sinusoidal modulation
pattern of the z-magnetization

Acos kxþWð Þ þ 1� A ð1Þ
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Fig. 1. The flow diagram of the improved phaseless encoding reconstruction. The
low-resolution data obtained with three shifts of the tagging modulation are the
input to the reconstruction pipeline. They are apodized, magnitude-reconstructed,
transformed back to k-space, loaded into the super-resolution reconstruction
algorithm, which separates the k-space bands mixed by the tagging, and corrected
by the inverse filter leading to the high-resolution data with three-fold resolution
enhancement. Optionally, the reconstructed data can be further processed to
remove the effect of amplitude fluctuations. Eventually, the final high-resolution
image is obtained.
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where A ¼ sin2a and k is the k-space step produced by the gradi-
ent pulse. When the magnetization so prepared is used for an imag-
ing sequence, the signal Sðkx; kyÞ is convolved with the spectrum of
the tagged pattern and contains three shifted components:

A
2
e�iWS kx � k; ky

� �þ 1� Að ÞS kx; ky
� �þ A

2
eiWS kx þ k; ky

� � ð2Þ

When this encoding is applied to EPI, where the k-space trajec-
tory covers one band along the phase encoding direction (y), the
two additional signal components provide information from side
bands and give a potential resolution enhancement in the readout
direction (x) by a factor of three. In practice, the shift k is adjusted
to give a slight band overlapping and a slightly lower super-
resolution factor. The experiment has to be acquired with at least
three different shifts to solve for the contributions of the three
bands.

This method is inspired by the structured illumination super-
resolution microscopy [18–20] and, like its optical analogue,
accepts magnitude images at the input of the reconstruction
algorithm. The problematic phase fluctuations caused by the
diffusion-weighting are thus discarded in a straightforward man-
ner by taking the absolute value of each encoded low-resolution
image before further processing, as indicated in Fig. 1.

The advantage is the possibility to make the EPI trajectory nar-
rower, and thus evolving faster in the phase encoding direction,
which reduces the distortion and blur of the image, just like a
readout-segmented EPI scan with three shots, but without the
need for navigators. Applying phaseless encoding to EPI in the
phase encoding direction is theoretically possible, but the gain of
k-space speed and the related distortion reduction would not be
achieved.

So far, it has been shown that diffusion EPI with phaseless
encoding can surpass the resolution limit of a single-shot acquisi-
tion and produce artefact-free diffusion-weighted scans of
0.75 mm in-plane resolution on a standard 3T scanner, without
the need of navigators or any sacrifice of the sensitivity encoding
potential. This time, we validate the utility of this method in a pro-
tocol closer to the ‘‘everyday” DTI practice, namely in a moderate
resolution (1.3 mm) scan which can also be performed with
single-shot EPI on the same system and show that phaseless
encoding produces less distortion in the images. Additionally, we
introduce several improvements of the phaseless encoding method
that make it applicable in routine mode. First, the tagging RF pulses
are made slice selective and the advantages of this modification in
a multi-slice scan are demonstrated. Second, since the tagging
modulation inevitably leads to an SNR loss compared to a
readout-segmented scan, we analyze the relation between the tag-
ging flip angle and the SNR of the reconstructed image and find the
flip angle for which the SNR loss is minimal. We also introduce a
new filtering scheme to reduce the particular form of Gibbs ringing
that appears with the phaseless encoding. This scheme is more effi-
cient than the previously proposed sinusoidal ramps over the over-
lapping k-space bands. Finally, a method is proposed to reduce the
artefact caused by amplitude fluctuations between consecutive
encoding steps. The idea of tagging flip angle optimization with
respect to SNR and the improved filtering scheme have been
shown in conference abstracts [21,22].
2. Theory and methods

Several improvements of both the tagging preparation and the
superresolution reconstruction for the phaseless encoding are
described below, including slice selective tagging pulses, an SNR-
optimization of the tagging flip angle, an improved anti-ringing fil-
tering scheme and a correction of amplitude fluctuations.
2.1. Slice-selective tagging pulses

In previously described experiments with phaseless encoding,
the tagging RF pulses were not slice selective and therefore effec-
tive on all slices during the acquisition of each single one. This
can lead to ‘‘over-tagging” effects, especially with a high number
of slices covered during a single repetition time (TR). Here, we ana-
lyze these artefacts and their physical origins for different mem-
bers of a slice package and compare the results to an experiment
with slice selective tagging pulses.
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A rectangular water-filled phantom containing several silicon
tubes (1.5 mm wall thickness) was scanned by multi-slice experi-
ments with 20 slices in total, all excited during a single repetition
in two interleaves (1, 3, . . .19; 2, 4, . . .20). Both scans were acquired
with gradient echo EPI with the nominal resolution of 2.1 mm
(readout, left–right) � 0.75 mm (phase, up-bottom) and recon-
structed at the super-resolution of 0.75 � 0.75 mm. The SENSE
acceleration factor was 3.0 and the partial-FT factor was 0.625. A
two-pulse tagging sequence prior to the EPI sequence produced a
sinusoidal pattern with a period of 2.34 mm in the readout direc-
tion with 3 shifts (0�, 120�, 240�) in different TR intervals, corre-
sponding to neighboring band overlapping of 10.3%. To visualize
saturation effects on the tagging pattern, additional similar scans
were taken with a larger pattern period of 15.00 mm but not
included in the SR reconstruction. The experiment was conducted
with non-slice selective and slice-selective tagging pulses, both
with the tagging flip angle 45�, and the time delay between the
centers of the two tagging RF pulses 2.5 ms. The slice thickness
was 2.0 mm and the gap was 1.0 mm in both scans.

For the slice selective tagging pulses, the waveform of each RF
pulse, with a time-bandwidth-product (TBWP) 3.28, was chosen
to be asymmetric and thus the second one was time-reversed to
minimize the interval between the two flips and the related tag
distortions due to field offsets. A compensation gradient lobe was
inserted between the two slice selective pulses and the zero-
crossing time point of the phase ramp of each pulse was set to
coincide with the ‘focus’ of the respective waveform [23] to pre-
vent any slice-dependent phase shifts of the tagging pattern. The
thickness of the tagging pulses was set as 3 mm, which is 1.5 times
larger than the one of the excitation pulses, however, without
causing the tagging of consecutive slices to overlap.

2.2. SNR-optimized tagging flip angle

Compared to the conventional multi-shot segmented EPI, the
signal-to-noise ratio (SNR) in the phaseless encoding is inevitably
reduced due to the partial suppression of the signal by the sinu-
soidal modulation of the longitudinal magnetization. The SNR loss
is not ‘‘white” and affects the three simultaneously sampled bands
in a different manner. As shown in [16], the variance of the recon-
structed image, acquired with N pattern shifts and tagging pulse
flip angle a, can be expressed by

r2 ¼ ~r2
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where ~r2 is the variance of a corresponding 3-shot readout-
segmented image assuming identical signal noise level, and

A ¼ ðsinaÞ2. The three components in the squared brackets are
inverse square amplitudes of the three k-space bands weightings.
By calculating the first and the second order derivative of r2 with
respect to A, it can be shown that the noise propagation in the
superresolution image is minimized when A ¼ 2

3, which corresponds

to the tagging flip angle a equal to the magic angle ð� 54:74
� Þ. With

this tagging angle the contributions of the three bands are equal,
the noise spectrum becomes white and its standard deviation
equals

r ¼
ffiffiffi
3

p
~r ð4Þ

which is significantly better than the noise enhancement of factor
2.0 that was previously obtained with 45� pulses. The tagging pat-
tern produced by a flip angle above 45� reaches negative values in
a part of each period and is therefore not strictly phaseless. We
assume, however, that such negative lobes are negligible when
the tagging flip angle is 54:74

�
and will not result in negative values
of the low-resolution images, which would be inverted by the mag-
nitude operation and could lead to artefacts.

To verify this theory, a series of phantom measurements was
carried out using the classic 2D gradient echo sequence (GRE or
FLASH). In one scan, which served as an SNR reference, an isotropic
k-space region corresponding to 1 mm � 1 mm resolution was cov-
ered with the usual frequency- and phase encoding. Further exper-
iments covered only the central 33.3% band of the k-space with the
phase encoding, while the frequency encoding range was kept
identical giving an effective resolution of 1 mm � 3 mm. These
low-resolution scans were repeated with three cycles of phaseless
encoding in the direction of the phase encoding, which allowed a
reconstruction of the entire k-space range. This setup was intended
to mimic a comparison of segmented EPI with phaseless-encoded
EPI, but without issues specific to this sequence, like ghosts or dis-
tortions. The phaseless encoded scans used tagging flip angles
ranging from 25� to 75� and a small (9.7%) band overlapping. The
experimentally measured SNR was calculated from the recon-
structed superresolution images with various tagging flip angles,
as well as from the reference scan, and compared with the theoret-
ical relative SNR computed by the Eq. (3). This analysis used the
effective tagging flip angles derived from a measured B1 map,
which slightly differed from the scanner’s nominal values. The
experimentally measured SNR was calculated by taking the ratio
between the mean value and the standard deviation of the intensi-
ties on a selected uniform area of the phantom.

2.3. Improving the anti-ringing strategy

Before resolving the mixed bands signals, magnitude operation
is applied on the low-resolution images to eliminate the phase
fluctuation between consecutive tag cycles [15]. This can also
invert the negative lobes of the Gibbs ringing, propagating this
effect to the final high-resolution image. Therefore, it is important
to apply an anti-ringing filter on the low-resolution images to
reduce the related artefacts. However, such apodization can result
in additional problems. Recall from [16] that the effective k-space
window (modulation transfer function) of the phaseless-encoded
image is:

WeffðkÞ ¼ W k� k
0� �

þW kð Þ þW kþ k
0� �

ð5Þ

where W is the anti-ringing window applied to the low-resolution
data and k0 is the spatial frequency of the tag, i.e. the shift of the
simultaneously sampled bands. When the anti-ringing filter is
applied, the effective window is periodic and causes ghosting. With
partial overlapping of simultaneously excited bands (and a small
tradeoff of final resolution), a cosine ramp filter over the overlapped
parts of k-space bands could be applied, which adds up to a flat top
window. However, the anti-ringing efficiency of this filter was lim-
ited, especially, with low overlapping of bands. Therefore, we pro-
pose to use optimized anti-ringing filters, such as the Kaiser
window to reconstruct the encoded low-resolution images, and
compensate their amplitude modulation effect in the reconstructed
k-space by an inverse filter:

Winv ¼ Whi kð Þ
Weff kð Þ ð6Þ

where Whi is the final desired transfer function extending over the
full range of recovered spatial frequencies (rectangular in the sim-
plest case). Division by the effective window is allowed when the
bands slightly overlap and the anti-ringing filter is not too strongly
apodizing, which is the case for the Kaiser window with the width-
parameter alpha set to 3.0, as in all examples presented here. The
high-resolution filter Whi was also chosen as the Kaiser window
with the width-parameter alpha set to 3.0 but extended over the
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full range of the recovered k-space data. The reconstruction based
on the inverse filter was tested and compared with the previously
described cosine ramp filter strategy.

The proposed filtering strategy was tested with an EPI image
from the section of ‘‘Slice-selective tagging pulses”: the water-
filled phantom containing several small silicon tubes acquired with
nominal resolution of 2.1 mm (readout, left–right) � 0.75 mm
(phase, up-bottom) and reconstructed at the super-resolution of
0.75 mm � 0.75 mm.

2.4. Correcting the amplitude fluctuation between shots

Although phaseless encoding is immune to phase fluctuations
of the low-resolution images, it remains sensitive to variations of
their magnitude. These may be caused by insufficient stability of
the transmission, reception and shim hardware, but also, despite
the absolute value calculation, by local variations of signal phase
when the images contain residual EPI or SENSE ghosts that inter-
fere with the main image. These amplitude fluctuations can be par-
ticularly strong with diffusion weighting. Resulting artefacts have
similar intensity as the ghosting observed with such signal varia-
tions in interleaved EPI, but their form is different. Instead of
ghosts, interference fringes appear in the fluctuating regions [16].
For simplicity, we assume the amplitude fluctuation is location-
independent, and the relation between the encoded low-
resolution- and high-resolution signals in [16] can be extended by:

S
0
err ¼ KTRS ð7Þ

where K is a diagonal N-by-N matrix containing the amplitude fluc-
tuation ratios (first diagonal element being 1.0 and remaining ones
equal to signal amplitude ratios of further encoding steps to the first
one), T is a N-by-3 matrix of phase coefficients given by the tagging
shifts, R is a diagonal 3-by-3 matrix containing (A=2;1� A;A=2) on
its diagonal, and S is a 3-by-1 vector containing unknown signal val-
ues in the three bands. The least-squares solution obtained without
the knowledge of K and thus affected by an error is

Serr ¼ N�1R�1T�S
0
err ¼ N�1R�1T�KTRS ð8Þ

In the presence of the amplitude fluctuation between low-
resolution images, i.e. K–I, the term N�1R�1T�KTR remains no
longer diagonal and therefore leads to a residual mixing of the
original three bands signals in the reconstructed Serr. In particular,
the central band signal around the k-space center, which usually
has very high intensity, ends up copied (with different scaling) to
the central regions of the side bands, giving rise to strong interfer-
ence fringes with a period of about three pixels.

Therefore, we propose to suppress data points within a small
rectangular window (e.g. 21 � 21) around the side band centers,
which contribute strongest to the interference fringes. Since the
window is quite small compared to the matrix size of the final
image (e.g. 192 � 192), the overall image quality and the SNR will
not be affected by zeroing these data. This technique was tested on
a selected in-vivo diffusion-weighted image in which the interfer-
ence fringes arise in regions of fat- and ghost-interferences, where
motion-induced phase fluctuations affect the magnitude images.

2.5. DTI scans of the human head

Phaseless encoded super-resolution EPI with all improvements
described above was applied to acquire multi-slice diffusion
images of the human brain and compared to a similar scan using
the standard single-shot EPI. All experiments described in this
and previous sections were carried out on a 3T MRI system
equipped with 30 mT/m, 200 T/m/s gradients (Achieva 3T, Philips
Healthcare, the Netherlands) and an eight-channel head array
receiver coil using an own modification of the manufacturer’s
sequence code. In total 15 slices were acquired with the slice thick-
ness of 2.5 mm and the slice gap of 1.0 mm. Two healthy male
adults volunteered for the study in agreement with the institu-
tion’s ethics policy.

The phaseless encoding scan acquired three images with the
resolution of 3.44 mm (readout, left–right) � 1.30 mm (phase,
up-bottom) and a tagging pattern period of 4.2 mm to reconstruct
a high-resolution image with resolution of 1.30 mm in both direc-
tion, which corresponds to 18.1% band overlapping. The tagging RF
pulses were slice selective with a slightly higher thickness than the
excitation (3.5 mm) and their flip angle was set to the magic angle.
These acquisitions were all repeated with three shifts (0�, 120�,
240�) of the tagging pattern, with the time delay between tagging
RF pulses of 3 ms. The TR (repetition time, counted between exci-
tations of the same slice) was 5 s, which could maximally accom-
modate an acquisition of 40 slices. The low-resolution data were
acquired with the SENSE acceleration factor of 2.0 and a duration
of the acquisition window (35 ms) short enough to allow full (sym-
metric) k-space coverage with an acceptable echo time (81 ms).
The B0 maps and B1 maps were acquired by manufacturer’s proto-
cols and used to correct the B0- and B1-related tagging distortion
[16].

The single shot diffusion weighted spin echo EPI was applied
with nominal resolution of 1.30 mm (readout, left–right) �
1.30 mm (phase, up-bottom). It used the SENSE acceleration factor
2.0 and the partial-FT factor of 0.699, leading to a similar echo time
(75 ms) despite a longer acquisition window duration (47 ms). For
this sequence, the maximum number of slices with the selected TR
was 37. Both EPI scans used 30 mT/m readout gradient with a
220 mm � 220 mm FOV corresponding to a signal bandwidth of
280 kHz.

For both scans, the data acquired with EPI were reconstructed
off-line using non-Cartesian SENSE and k-space gridding based
on a trajectory measured concurrently with a field camera (Skope,
Switzerland). The effective k-space windows in both scans were
apodized by a Kaiser filter (width coefficienta ¼ 3:0) in both
dimensions. Isotropic diffusion weighted images were calculated
by averaging images obtained with 32 directions of diffusion sen-
sitizing gradients, with b-value 800 s=mm2. The DTI images were
processed using the FSL toolbox [24] to produce the color-coded
principle diffusion direction map, with the orientation of the diffu-
sion principle eigenvectors controlling the hue and the fractional
anisotropy map controlling the brightness. To compare the
signal-to-noise ratio (SNR) of both techniques, non-weighted and
diffusion-weighted images (with diffusion gradient along three
orthogonal directions) have been repeated 6 times with a different
volunteer and the SNR was evaluated for each pixel as the ratio
between the mean of the repetitions to their standard deviation.
2.6. Comparison with navigated readout-segmented EPI

The proposed method was also compared with the established
navigator-based readout-segmented EPI, implemented on Siemens
MRI systems as RESOLVE. One volunteer was examined with 3-
shot RESOLVE on a Skyra 3T scanner (Siemens Healthineers, Erlan-
gen, Germany) equipped with 45 mT/m, 200 mT/m/ms gradients,
and with the described phaseless encoding approach on the Philips
3T scanner using the same in-plane geometry parameters as previ-
ously, 4 mm slice thickness, 3.2 mm gap, 3 orthogonal diffusion
directions, b-values 1000 and 2000 ms/mm2, TR/TE = 4000/100 ms,
full k-space sampling, and 4 repetitions to allow an estimation of
the signal-to-noise ratio. The RESLOVE-navigator TE was 149 ms.
Higher slice thickness was chosen to allow comparison of strongly
diffusion weighted images with sufficient SNR. Both scans used an
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acceleration factor 2.0, however, in combination with GRAPPA and
SENSE on Siemens and Philips scanners, respectively. The phaseless
scan was carried out with a different coil (head-and-neck 16-
channels), because its geometry was closer to the 20-channel
head-array of the Skyra scanner.
3. Results

3.1. Slice selective tagging

When the tagging pulses are not slice selective and the longitu-
dinal relaxation between consecutive tagging sequences is not
complete, nonlinear distortions of the tagging pattern take place
and produce artefacts in the reconstructed superresolution image.
We describe the tagging distortions and the image artefacts based
on the experimental results of the slice #17 and the slice #3
respectively, since the physical origin of the tagging imperfections
in the slices later in the acquisition order (e.g. the slice #17) may
differ from the ones at the beginning (e.g. the slice #3).

The late-acquired slice #17, in which the tagging distortion is
simulated in Fig. 2.A1-A2, is saturated by the tagging modulation
of other slices in the same tag shift, leading to a tagging pattern
narrower than expected in all tagging cycles, as in Fig. 3.A1-A3.
As described in the previous simulation study as the ‘‘incomplete
relaxation” in Fig. S9 in [16], in the k-space, such distorted tagging
results in the reduction in the DC component and the emergence of
higher order harmonics, which corresponds to the SNR loss (image
Fig. 2. Simulation of saturated tagging which takes place with non-slice selective tag
repetitions of the same cycle of the sinusoidal modulation (red curve in A1) leads to fl
component splits into the higher order harmonics. For the early-excited slices, the disto
previous cycle is not completely relaxed. This leads to an overall signal intensity reductio
references to color in this figure legend, the reader is referred to the web version of thi
darkening) and the slight high pass filter effect (small tubes seem
to be slightly sharper) in the superresolution image in Fig. 3.A4.
On the other hand, the tagging pattern produced by the slice selec-
tive tagging pulses is closer to the expected sinusoidal modulation,
and therefore the reconstructed superresolution image produces
higher SNR without apparent artefacts (Fig. 3.B4).

As shown in Fig. 4, the tagging saturation in the first tag cycle of
the early-excited slice #3 (Fig. 4.A1) was similar to the slice #17.
However, in the following cycles (Fig. 4.A2-A3) the tagging pattern
undergoes further modification and the peak intensity is reduced.
This is due to the differently shifted tag from the previous cycle
not being completely relaxed. As shown in the simulated pattern
in Fig. 2.B1-B2, the result strongly deviates from the sinusoidal
waveform and has a reduced DC component. This difference
between the tagging patterns in different cycles leads to stripe
artefacts (Fig. 4.A4) which are similar to the effect of the signal
amplitude changes described in the previous study (Fig. S10 and
Fig. S11 in Ref. [16]). On the other hand, the tagging pattern pro-
duced by slice selective pulses is free of inter-cycle variations for
early slices and the stripe artefacts are absent in the reconstructed
superresolution image (Fig. 4.B4).
3.2. SNR vs. tagging flip angle

Super-resolution images obtained with different tagging flip
angles are shown in Fig. 5 together with the standard phase-
encoded GRE image with identical resolution (image labelled
ging RF pulses during multi-slice experiments. In late-excited slices (A), multiple
attened tagging pattern (blue curve in A1). In k-space (A2), the energy of the DC
rtion of tagging pattern (B1, blue curve) is much stronger, since the tagging in the
n and a higher relative contribution of higher harmonics. (For interpretation of the

s article.)



Fig. 3. The slice #17, as one of the late-excited slices, was acquired with non-slice selective (A) or slice selective (B) tagging RF pulses, by a multi-slice experiment on a water
phantom with silicon tubes. The column 1–3 represents the low-resolution images in tag cycle from #1 to #3 respectively, with exaggerated tagging wavelength for
visualization. The column 4 represents the reconstructed high-resolution image acquired with the correct tagging wavelength. The non-slice selective tagging patterns (A1-
A3) end up with narrower tagging width than the slice selective ones (B1-B3), which agrees with the simulation result in Fig. 2A. Consequently, an SNR loss and a slight high
pass filter effect can be observed in the reconstructed image with the non-slice selective tagging (A4). No apparent artefacts take place in the reconstruction with the slice
selective tagging (B4).
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‘REF’). The SNR and the spectral contents of the noise is visibly
dependent on the tagging flip angle. Quantitative comparison of
the SNR of SR-images relative to the GRE reference is presented
in Fig. 6 along with the plot of the theoretical value based on Eq.
(3).

As seen in both Fig. 5 and Fig. 6, the tagging flip angle of 54.4�
(experimental point closest to the magic angle) produced the high-
est relative SNR of approximately 60% of the SNR of the reference
image, which matches the theory quite closely. Although the tag-
ging pattern with this tagging flip angle can reach negative values
in a small part of its period, no apparent artefacts is visible in the
reconstructed image.

The relative SNR of phaseless encoding decreases more rapidly
with the tagging flip above the magic angle than below this value.
In addition, when the tagging flip angle is 72.0�, artefacts appear
near the phantom contours. These can be attributed to the tagging
pattern deviating too far from the assumed ‘‘phaselessness”: the
negative pattern lobes invert the image phase, which is then falsi-
fied by the magnitude operation. Therefore, when the flip angle is
not precisely controlled, e.g. when the B1 field in inhomogeneous,
this result speaks for setting the tagging flip angle slightly below
the magic angle to stay on the safe side.
3.3. Improved anti-ringing filtering

A comparison of super-resolution images acquired with identi-
cal band overlapping (�10.3%) and reconstructed with different
anti-ringing filtering schemes is shown in Fig. 7. The ringing sup-
pression is better with the Kaiser filter associated with the inverse
filter described above than with the cosine ramp filter, which is not
effective enough with the low overlapping. The new strategy thus
has the advantage of allowing the reduction of band overlapping to
the very minimum needed to avoid k-space gaps in the case of tag-
ging distortions caused by field inhomogeneity.
3.4. Correction of artefacts caused by amplitude fluctuation

The artefacts due to the amplitude fluctuation were not
observed in the phantom testing but sometimes appeared in the
in-vivo measurements with diffusion weighting where residual
SENSE- or EPI ghosts were not fully suppressed. Their interference
with the main image changes from one encoding step to another
due to underlying phase fluctuations and leads to strong effective
amplitude variations (up to 20% peak-to-peak in the case chosen
here) and causes a clear appearance of the mentioned fringe arte-
fact (Fig. 8A). As expected, the proposed suppression of two regions
of 21x21 data points around the side bands centers suppresses the
artefacts effectively (Fig. 8B). Since this corresponds to discarding
only about 3% of the total data, there is no significant tradeoff in
image quality.
3.5. DTI of the human head

A comparison of the phaseless encoded DTI-EPI scan with a sin-
gle shot DTI-EPI with identical resolution and diffusion weighting
scheme is presented in Fig. 9.



Fig. 4. The slice #3, as one of the early-excited slices, was acquired by either non-slice selective (A) or slice selective (B) tagging RF pulses, from the same multi-slice
experiment as in Fig. 3. The column 1–4 are organized in the same way as in Fig. 3. In addition to the narrower tagging width in A1-A3, the non-slice selective tagging
introduces strong signal intensity drop in the tag cycle #2 (A2) and #3 (A3), corresponding to the simulation in Fig. 2.B. As expected, the interference fringes appear in the
reconstructed image (A4), while no obvious artefacts produced in the slice selective tagging (B1-B4).

Fig. 5. A gradient echo reference image (REF) compared to phaseless-encoded images obtained with different flip angles of the tagging pattern. The best SNR and the ‘white
noise’ of the phaseless encoded image are achieved close to the magic angle tag (54.7�). Below this angle, high frequencies dominate in the noise because of strong weighting
applied during reconstruction to the weakly excited outer k-space bands. With higher flip angles, the noise has dominant low frequency components because the over-
represented outer bands are damped by the reconstruction. Additionally, ringing effects appear near the contours with highest flip angles, because the tagging pattern has
strong negative lobes and loses its phaseless character.
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Fig. 6. The SNR of phaseless encoding as a function of the tagging flip angle, relative
to the multi-shot segmented scan (mimicked by the GRE scan). The experimental
data (red dots) were calculated from the scans in Fig. 5. The theoretical dependency
of the relative SNR was computed by the Eq. (3). The relative SNR of the phaseless
encoding reaches maximum around the magic angle tagging flip. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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A non-weighted spin-echo image, a diffusion-weighted image
(sum of images with 32 diffusion gradient directions) with isotro-
pic resolution and the color-coded map of the diffusion tensor’s
principal eigenvector are presented for one of the 15 slices
acquired in both scans. Images were purposely reconstructed with-
out unwarping of field map-related distortions to demonstrate the
intrinsic distortion level of both techniques. Both images were
identically filtered with a Kaiser 3.0-window in both dimensions.
The distortions are substantially reduced in the phaseless encoding
scan due to the shorter echo spacing in low-resolution scans. The
SNR is only slightly reduced with phaseless encoding despite the
mentioned incomplete usage of available signal because this loss
is partly compensated by the possibility of symmetric k-space
sampling at a comparable echo time that is due to the reduced
echo train length (the single-shot scan had to use partial-k-space
sampling). The effective resolution of both scans is not visibly dif-
ferent. It should be added, however, that the phaseless encoded
scan took three times longer than the single-shot, which is the
same as the multi-shot segmented scan. The average SNR value
for the central part of the non-weighted brain image derived from
the scan with 6 repetitions is 25 for single-shot EPI and 22 for the
phaseless encoded EPI. For the diffusion-weighted images, the SNR
values are 14 and 11, respectively.

3.6. Comparison with readout segmenting

Images of approximately the same transverse slice of the brain
of another male volunteer acquired with the 3-shot, navigated
readout segmenting EPI (RESOLVE method) and with the three-
step phaseless encoded super-resolution EPI, without and with dif-
fusion weighting in three directions and two different b values, are
shown in Fig. 10. All images represent an average of four repeti-
tions. Additionally, each of the repetitions of the non-weighted
images was reconstructed separately and used to evaluate the
SNR maps for both techniques as a ratio of mean to standard devi-
ation (shown in color).
4. Discussion

Obtaining high-resolution images from a series of magnitude-
reconstructed, low-resolution single-shot scans is an attractive
alternative to classic multi-shot MRI methods due to the straight-
forward elimination of the inter-shot phase error problem. How-
ever, the phaseless encoding necessary for this approach, which
consists of a sub-pixel tagging sequence and corresponds to the
optical structured illumination, requires several trade-offs. Unlike
the standard phase encoding, it involves manipulation of the longi-
tudinal magnetization and has longer-lasting consequences. A
phaseless encoding step (saturation of a tagging pattern) cannot
be simply ‘‘rewound” before the next one, and has to be given time
to relax. This is particularly problematic in multi-slice experi-
ments, where the tagging sequence is repeated multiple times
within a single relaxation period (TR). We have shown that the
slice selective tagging sequence provides a significant improve-
ment in such scans: the SNR loss caused by multiple repetitions
of identical tagging patterns in late-excited slices is reduced and
stripe artefacts due to residual shifted tags in early slices are elim-
inated. However, careful implementation of RF pulse phase ramps
and of the selection/compensation gradients is necessary, and the
resulting tagging sequence duration becomes longer which may
result in higher off-resonance-related errors. These however, can
be corrected for based on a magnetic field map, as described before
[16].

Another consequence of the encoding based on z-
magnetization is the reduction of the available signal. With this
regard, the result of the analysis of the SNR as a function of the
tagging flip angle appears quite important, because it allows
increasing the SNR relative to a standard-segmented scan from
1=2, which was obtained before with 45� pulses, to 1=

ffiffiffi
3

p
when

the flip angle is set to the optimum. The fact that this optimum
flip angle happens to be the well-known magic angle that nulls
dipolar interactions is a purely coincidental but pleasing surprise
as it gives this famous number another application in the
domain of magnetic resonance. It should be noted that our anal-
ysis assumes that the flip angle used for the reconstruction (via
the elements of R in Eq. (8)) was effectively applied for the tag-
ging. A deviation from this situation will change the proportions
of reconstructed bands and may affect the resulting SNR, which
may explain the slight systematic deviation of measured points
from the theoretical curve in Fig. 6.

The proposed anti-ringing filtering process allows using
optimized apodization windows on the low-resolution data
and can easily get rid of the replicated filter window in the
high-resolution data. This allows working without unnecessar-
ily high band overlaps (and resolution reduction) that were
needed for the sole purpose of ringing suppression with the
previously used sine-ramps. Only a very limited band-
overlapping is still needed to prevent holes between the k-
space bands in realistic situations. It should also be noticed
that the band-overlapped regions may have higher SNR due
to the averaging of different band signals. This, however, has
little impact on the overall SNR and was neglected in the pre-
sented SNR analysis. Finally, the proposed amplitude fluctua-
tion correction works well in practice and can be considered
as a standard procedure for the method to avoid any
unwanted interference fringes due to the amplitude variations
between consecutive excitation steps.

It should also be noted that phaseless encoding with the resolu-
tion enhancement beyond three is also possible as demonstrated in
a conference abstract, which might allow further shortening of the



Fig. 7. Improved anti-ringing filtering. Column 1 represents low-resolution images reconstructed with different k-space apodizations (one of the three tagging cycles). The
column 2 represents the reconstructed high-resolution images. Column 3 represents the effective high-resolution k-space window (black line) which results from summing
up the low-resolution apodization window (solid red) and its replicas (dashed red). Without apodization (row A) the effective window is strongly modulated due to band
overlapping and leads to strong ringing. This effect is reduced by the inverse filter which makes the effective window flat (row B, blue line), but residual ringing remains due
to the unsuppressed Gibbs ringing in the input images. With the sine ramp apodization used previously (row C), the final filter is flat and does not need corrections. However,
residual ringing can still be observed due to limited efficiency of the ramp filter. The improved strategy (row C) is based on the Kaiser filter, which provides better ringing
suppression on the low-resolution images and on the final super-resolved image. However, this filter leads to a modulated accumulation of the replica (black line in D3) and
needs to be corrected by an inverse filter to achieve a flat effective k-space window (blue line). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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echo train [21]. However, this is usually not as efficient as the echo
train reduction in the three-fold superresolution case due to gradi-
ent slew-rate limits. In this case, applying phaseless encoding in
two orthogonal dimensions can be more efficient, but stronger
SNR loss will take place due to the signal modulation along two
spatial dimensions.

The comparison of phaseless encoding with RESOLVE, carried
out with different scanners and different receiver coils should
only be treated qualitatively. However, it shows that both meth-
ods deliver apparently equivalent data, and the slight reduction
of the SNR inherent to the phaseless encoding is an acceptable
tradeoff for its ability to measure high-resolution diffusion MRI
data in multiple shots without the need of navigators. This
advantage may be explored in experiments where navigators
are problematic due to low signal or to the extra RF power depo-
sition they require.



Fig. 8. Amplitude modulation effects. When the signal amplitude changes between the phaseless encoding cycles, the super-resolved image contains interference fringes due
to the partial propagation of the central k-space band to the sidebands, as shown here for the spin echo EPI (A). This effect can be largely reduced by zero-filling of small k-
space regions around the sideband centers.

Fig. 9. The DTI comparison between the phaseless encoding EPI with 3 cycles (A) and the single-shot EPI (B) with identical resolution (1.3 mm � 1.3 mm). The column 1
represents the unweighted spin-echo images. The column 2 represents the sum of the diffusion-weighted images in 32 directions. The column 3 represents the color-coded
map of the principle eigenvector of the diffusion tensor. A reduced image distortion in regions of magnetic field inhomogeneity (e.g. in the frontal lobe) is observed with the
phaseless encoding due to the decreased echo spacing needed for the low-resolved tagged scans used in this technique. The SNR related to the phaseless encoding is partly
compensated by the reduction of echo time, which is allowed by shorter echo train length of the low-resolution scans.
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Fig. 10. Comparison of the readout segmented navigator-based EPI (RESOLVE) with phaseless encoding EPI acquired for the same volunteer on two different scanners. A non-
weighted image and its SNR map (color scale) is shown in the first column; further columns contain images with diffusion weighting in the left-right, posterior-anterior and
head-feet directions with two b-values (s/mm2).
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5. Conclusions

Super-resolution MRI based on phaseless encoding proves to be
a promising alternative to multi-shot segmented scans when the
signal phase is unstable, e.g. with diffusion weighting. Similar to
the segmented multi-shot techniques, it can be used not only to
reach higher spatial resolution, but also to achieve shorter echo
time and lower distortions than a single shot scan with given gra-
dient constraints. With the proposed optimization of the tagging
sequence and of the reconstruction procedure, the phaseless
encoding method makes a significant step towards routine clinical
usage. This is illustrated by the presented multi-slice DTI-EPI scan
of the human head with 1.3 mm in-plane resolution in which the
spatial distortion is significantly reduced compared to a similar
scan based on single-shot EPI while the artefacts due to motion-
induced inter-shot phase variations are absent.
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