1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

%,
/f
Yeyvaaa

/ HHS Public Access

Author manuscript
Neuroimage. Author manuscript; available in PMC 2023 February 09.

Published in final edited form as:
Neuroimage. 2022 December 01; 264: 119701. doi:10.1016/j.neuroimage.2022.119701.

Slice-direction geometric distortion evaluation and correction
with reversed slice-select gradient acquisitions

Anna |. Blazejewska?P*, Thomas WitzelC, Jesper L.R. Anderssond, Lawrence L. Wald&Pe,
Jonathan R. PolimeniaPe

aAthinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital,
Charlestown, Boston, MA, USA

bDepartment of Radiology, Harvard Medical School, Boston, MA, USA
¢Q Bio, Inc., Redwood City, CA, USA

dWellcome Centre for Integrative Neuroimaging, FMRIB, Nuffield Department of Clinical
Neurosciences, University of Oxford, Oxford UK

®Harvard-MIT Division of Health Sciences and Technology, Massachusetts Institute of Technology;,
Cambridge, MA, United States

Abstract

Accurate spatial alignment of MRI data acquired across multiple contrasts in the same subject

is often crucial for data analysis and interpretation, but can be challenging in the presence of
geometric distortions that differ between acquisitions. It is well known that single-shot echo-planar
imaging (EPI) acquisitions suffer from distortion in the phase-encoding direction due to B

field inhomogeneities arising from tissue magnetic susceptibility differences and other sources,
however there can be distortion in other encoding directions as well in the presence of strong
field inhomogeneities. High-resolution ultrahigh-field MRI typically uses low bandwidth in the
slice-encoding direction to acquire thin slices and, when combined with the pronounced By
inhomogeneities, is prone to an additional geometric distortion in the slice direction as well. Here
we demonstrate the presence of this slice distortion in high-resolution 7T EPI acquired with a
novel pulse sequence allowing for the reversal of the slice-encoding gradient polarity that enables
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the acquisition of pairs of images with equal magnitudes of distortion in the slice direction but
with opposing polarities. We also show that the slice-direction distortion can be corrected using
gradient reversal-based method applying the same software used for conventional corrections of
phase-encoding direction distortion.

1. Introduction

Many neuroimaging studies using MRI frequently leverage multiple imaging protocols with
varying complementary contrasts. This can enable the extraction of more functional or
structural information at any given anatomical location than what can be achieved with any
single modality alone, which is a key advantage of MRI over other noninvasive imaging
technologies. To achieve this, accurate alignment of these MRI data across the different
contrasts acquired is critical. Head motion often occurs between scans, and rigid registration
can be employed to align the datasets—by utilizing various available methods that can
account for the different image contrasts—however this alignment is far more challenging in
the presence of differential geometric distortion between these acquisitions. In many cases,
these geometric distortions also can change with head position, further exacerbating error in
alignment.

The most prevalent source of geometric distortion in MRI is inhomogeneity of the main
magnetic field, By, which for modern MRI scanners is predominantly induced by magnetic
susceptibility differences within the volunteer’s head mainly found in regions near to air-
tissue interfaces (e.g. at the sinuses, ear canals, and oral cavity). These local magnetic

field variations cause field gradients that interfere with the image encoding gradients and
thereby result in errors in image encoding such as voxel shift errors, which manifest as
nonrigid geometric distortion (i.e., local expansion or compression) of the resulting image.
For a given local By field offset, these image encoding errors scale with image encoding
bandwidth, such that a lower encoding bandwidth results in a greater vulnerability to
distortion and a larger voxel shift in the presence of field inhomogeneity.

Single-shot Echo Planar Imaging (EPI) is widely used for acquiring various MRI contrasts
such as functional, diffusion and perfusion weighted imaging, and increasingly for
anatomical imaging as well. EPI is well known to be vulnerable to these geometric
distortions, which are primarily along the phase-encoding direction; in EPI, not only is

this the encoding direction with the lowest bandwidth, but also in most applications of

EPI the phase-encoding bandwidth is sufficiently low that distortions are clearly apparent,
with maximum voxel displacements in the centimeter range. Phase encoding in EPI has
relatively low encoding bandwidth (such as 30 Hz/pixel) compared to the relatively high
frequency-encoding bandwidths typically used in conventional (non-EPI) acquisitions (such
as 600 Hz/pixel), thus geometric distortion is most often considered to be only in the
phase-encoding direction in EPI, and for most non-EPI applications distortion in the
frequency-encoding direction is negligible (Jezzard, 2012). While the distortion in the
phase-encoding direction in EPI can be partly mitigated with parallel imaging acceleration
(de Zwart et al., 2002; Griswold et al., 1999), which increases the effective phase-encoding
bandwidth, the undersampling used in accelerated acquisitions brings with it a fixed penalty

Neuroimage. Author manuscript; available in PMC 2023 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blazejewska et al.

Page 3

of decreased signal-to-noise ratio (SNR), and high acceleration factors can introduce severe
artifacts even with modern receive coil arrays, therefore acceleration alone cannot fully
remove the distortion in EPI. For this reason, EPI distortion must be addressed in post
processing. Conventionally, post-hoc correction of the geometric distortion is performed
based on an estimation of the voxel shifts induced by the By magnetic field inhomogeneity
during the image acquisition, where the field offsets can be calculated from a separately
acquired By map (Jezzard and Balaban, 1995). Another approach is based on the “reversed
gradient” method that, instead of using an explicit By field map, infers the distortion

using a pair of two EPI scans acquired with the phase-encoding gradients played out with
opposite polarities, resulting in two images with equal magnitudes of distortion but in
opposite directions, from which non-linear image registration can be used to simultaneously
estimate and correct the distortion (Andersson et al., 2003; Bowtell et al., 1994; Chang and
Fitzpatrick, 1992; Holland et al., 2010; Morgan et al., 2004).

While distortion in the phase-encoding and frequency-encoding directions have been
thoroughly considered in previous work, the distortion in the slice-encoding direction for 2D
slice-by-slice imaging has until now received little attention (Studholme et al., 2000), but is
becoming more important as it may be increasingly present in modern MRI applications. For
example, high-resolution (sub-millimeter) fMRI uses thin imaging slices which are usually
acquired by maximizing slice-select gradient strength; however once the maximum strength
is reached, a decrease of the slice-encoding gradient bandwidth is required to further narrow
the range or excited frequencies, which could lead to the additional geometric distortions
and “slice bending” in the slice direction. For conventional slice-selective pulses, slice
thickness (TH) is determined by the slice-encoding gradient strength (G;) and slice-select
RF pulse bandwidth (BW) such that TH=BW/»G, . While the value of G; is usually dictated
by the desired slice thickness, the RF pulse bandwidth is related to the pulse duration (D)
and the time-bandwidth product (TBW), i.e., TBW = D- BW. In sub-millimeter imaging,
because G, typically cannot be further increased, the slice thickness can be decreased by
modifying the RF pulse design either by reducing TBW (which leads to degradation of

the slice profile), or by increasing the pulse duration (which lowers SAR but increases

the minimal echo time, TE). Thus, to decrease slice thickness, often one must resort to
reducing the RF excitation pulse bandwidth. While stronger gradient coils help to achieve
distortion-free thin slices, they bring a penalty of increased peripheral nerve stimulation

and potential eddy currents. High-resolution fMRI is commonly performed at ultra-high
magnetic field strengths (=7 T) where susceptibility-induced By field inhomogeneities are
stronger than at conventional field strengths, suggesting that this imaging modality may be
particularly vulnerable to slice distortion. In addition, in many applications a low slice-select
RF pulse bandwidth may also be desirable to decrease power deposition (SAR). Slice
distortion due to field inhomogeneity has previously been reported in MRI studies conducted
using conventional field strengths as well (such as 1.5 T) (Sumanaweera et al., 1993) and in
the presence of metal implants where magnetic susceptibility offsets are substantially higher
than those between different tissue types (Hargreaves et al., 2011; Hopper et al., 2006; Lu et
al., 2009).

To characterize this slice distortion and present a method for correcting it, here we use a
novel acquisition that acquires pairs of images with reversed polarity of the slice-encoding
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gradient to create image pairs with equal slice distortions in opposing directions, and then
demonstrate that typical 7T fMRI acquisitions do suffer from noticeable geometric distortion
in the slice-encoding direction, which will result in alignment errors when registering

these data to other datasets, e.g., to anatomical reference data typically acquired using

3D encoding. Our method is analogous to the reversed-gradient method used for removing
distortion in the phase-encoding or frequency-encoding directions, and here it is applied in
the slice-encoding direction. We demonstrate a correction of these slice distortions with our
method, and evaluate it using both spin-echo (SE) or gradient-echo (GE) based data acquired
with slice gradients and RF pulse (excitation and refocusing) bandwidths that are matched
those used in the target fMRI protocol. Because we use, for correction, the popular fopup
method implemented in the FSL package (Andersson et al., 2003; Smith et al., 2004), we
have named our method overeasy (Blazejewska et al., 2017). While we demonstrate our
approach using high-resolution EPI data, it is applicable to any 2D multi-slice data suffering
from geometric distortion in the slice direction, which becomes more pronounced at higher
spatial resolutions and higher magnetic field strengths.

2. Materials and methods

Seven healthy volunteers (4F/3M, 26+7 y.0.) participated in this study after providing
written informed consent in accordance with our institution’s Human Research Committee;
the study protocol was approved by the Institutional Review Board of Massachusetts
General Hospital.

All data were acquired on a whole-body 7T scanner (MAGNETOM, Siemens Healthcare,
Erlangen, Germany) equipped with a “short-z FOV” body gradient coil (SC72) and an
inhouse-built 32-channel coil array for receive and a single-channel birdcage coil for
transmit (Keil et al., 2010). During each experimental session multiple EPI scans were
acquired fol-lowing standard automatic By shimming.

The overeasy method used in this study consists of acquiring pairs of EPI data with reversed
slice-select gradient polarity, with appropriate shifting of the RF pulse center frequency,
which causes the voxel displacement direction to alternate between the two acquisitions,

as illustrated in Fig. 1. Note that the images were not acquired purely axially, and were

tilted somewhat to be roughly aligned to the brain’s AC-PC axis, therefore the slice-select
gradient was not along a single gradient axis thus the gradient was a combination of the
physical Gy, Gy and G, gradients. Because the only parameter to change between this pair of
images is the slice-select gradient polarity, the differential distortion between these images

is in the direction perpendicular to the slice plane. Because these two images are acquired
immediately after one another, we assume that the By inhomogeneity is identical between
the two acquisitions, as is common for reversed-gradient methods. For each scanning session
an additional B field map was also obtained for validation. See Table 1 for details of the
scanning parameters.

Both GE and SE variants of the overeasy acquisition were tested, each with similar EPI
readouts and slice bandwidths. The spin-echo EPI may be advantageous over gradient-echo
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EPI at 7T because of the potential for through-slice dephasing in the gradient-echo, which
could cause signal loss exactly in those regions that suffer the most from distortion.

Each EPI scan consisted of 5 repetitions (for noise averaging) and the two slice-encoding
polarity scans were acquired consecutively. Both the SE and GE EPI data were acquired
near-axially (see above) at 1.5 mm in-plane resolution and a slice thickness of 1 mm using
TBW=2.6. To demonstrate the effect of slice bandwidth on the slice distortion, we acquired
multiple runs with RF pulse durations D=6, 8 and 10 ms (which corresponds to BW=433,
325 and 260 Hz, respectively), and for a subset of four subjects the GE data with TBW=5.2
and 7.2 and D=10 ms (BW=520 and 720 Hz, respectively).

(Recall that the distortion in the slice-encoding direction in units of “s/ice-thicknesses”

is characterized by the slice-encoding bandwidth BW (e.g., if the slice-select RF pulse
bandwidth is 260 Hz, and there is a local By field inhomogeneity corresponding to an
offset of 520 Hz, the resulting slice displacement or distortion will be two slice-thicknesses,
equivalent to twice the thickness of the slice); however, the distortion in the slice-encoding
direction in units of millimeters is characterized by the slice-select gradient amplitude G,
(see appendix of Polimeni et al., 2018).)

To test whether the overeasy method could be used to simultaneously estimate slice-
encoding distortion and phase-encoding distortion, for a subset of 5 subjects we also
acquired SE EPI data where we alternated both the slice-select gradient polarity and the
phase-encoding gradient polarity. These data were acquired with 2 mm in-plane resolution
and 1-mm slice thickness using TBP=2.6 and D=10 ms, with alternating phase-encoding
directions: anterior-to-posterior and posterior-to-anterior (four datasets in total).

To allow us to directly compare the distortion-correction results across all acquired slice-
encoding bandwidths and between the SE and GE EPI data, for each subject all datasets
acquired with positive slice-encoding gradients were co-registered together and then all
datasets acquired with negative slice-encoding gradients were co-registered together using
rigid (i.e., 6 degrees of freedom) registration calculated using the FLIRT tool of the FSL
software package (Jenkinson et al., 2002; Jenkinson and Smith, 2001). The voxel shift
deformation fields were calculated for each reversed slice-encoding volume pair using the
topup reversed-gradient method as implemented in FSL (Andersson et al., 2003; Smith et
al., 2004) from SE and GE data separately. While fgpup is mainly intended for correcting
distortion along the phase-encoding direction, it is possible to use this software to correct
distortion in any encoding direction, therefore no modifications to the software were needed.
The topup method jointly performs distortion and motion correction of the input dataset to
account for potential distortion-independent shifts between volumes acquired with reversed
slice-encoding gradient polarities; this effectively provides a co-registration across positive
and negative slice-encoding gradient polarity volume pairs, ignoring only potential motion
in the targeted direction of distortion. Two distortion correction approaches were evaluated
and applied to GE EPI data: (1) using the voxel shifts in the slice direction estimated from
the SE EPI overeasy pairs, consistent with the typical use case of the fgpup method, and (2)
using voxel shifts in the slice direction estimated from the GE EPI data themselves, to test
whether any signal loss present due to through-slice dephasing would bias the results.
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Slice-distortion can also be estimated using a conventional B field map, provided that

the slice-encoding bandwidth, slice thickness and gradient direction are known, and this
distortion estimate should be equivalent to that given by overeasy. Therefore, to validate the
overeasy-based correction, voxel shift maps based on separately acquired B field map scans
resampled to the EPI space were calculated, then distorted along the EPI phase-encoding
direction so that they more accurately matched the distorted EPI data. The resulting voxel
shift maps were estimated for different TBW and D combinations and compared pair-wise
with those estimated from the corresponding overeasy data at a voxel-by-voxel basis, and
the consistency between these two estimates was evaluated by calculating the correlation
coefficient between the By - fieldmap-based and the overeasy-based estimates.

Finally, a two-step distortion correction approach was used to correct distortion in both

the phase-encoding and slice-encoding directions in an additional SE EPI dataset acquired
with two pairs of reversed gradient directions—i.e., the SE EPI data were acquired four
times, with both positive and negative phase-encoding and slice-encoding directions. For this
two-step 2D correction, the phase-encoding distortion correction was performed first, then,
in a subsequent separate step, the slice-encoding distortion correction was applied to the
phase-encoding-direction-corrected data.

3. Results

We found clear geometric distortion to occur in the slice-encoding direction in all GE

and SE EPI datasets acquired with the proposed overeasy method which allows for
reversing slice-select gradient polarity, as illustrated in Fig. 1. Example pairs of images with
alternating slice-encoding directions are shown in Fig. 2, where distortions up to several
slice-thicknesses are observable in regions of strong Bg field inhomogeneity. The regions
near the frontal sinus where distortion is the most severe were magnified to visualize the
magnitude of voxel shifts; to aid in the visual inspection of these displacements, a horizontal
red line—placed in the same location in scanner coordinates across the two images of

the overeasy pairs—is included as a reference. This simple reversal of the slice-encoding
gradient polarities added into the pulse sequences provides a concrete demonstration of the
slice-distortion effect. We then corrected the slice-select direction distortion in the overeasy
pairs of images by applying fopup method, where either SE or GE EPI reference data of
opposite slice-encoding gradient polarities were used to derive a deformation field (Fig. 3).

Fig. 2 presents representative example sagittal reformats of the original distorted GE EPI
data acquired with TBW=2.6 and D=10 ms (BW=260 Hz) with positive and negative
gradient polarities (marked with red arrows at the images) for three different subjects,
together with the corrected data based on either the deformation estimated from the SE EPI
data or from the GE EPI data themselves. An overview of the distorted and corresponding
corrected data for all remaining subjects is presented in Supplementary Fig. 1.

As expected, the extent of distortion in the slice-encoding direction was the most
pronounced in the images acquired with the lowest slice-encoding bandwidth of 260 Hz,
which corresponded to TBW of 2.6 and D of 10 ms, and gradually decreased with increasing
bandwidth values. Fig. 3 presents a comparison of the example sagittal reformats from

Neuroimage. Author manuscript; available in PMC 2023 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blazejewska et al.

Page 7

oblique-axial GE and SE EPI datasets acquired for one subject with different BW values
ranging from 260 to 720 Hz, and both positive and negative slice-encoding gradient polarity.
A summary of the examples for all the datasets and the corresponding distortion corrected
slices from all remaining subjects can be found in Supplementary Fig. 2.

Voxel-shifts in the slice-encoded direction were averaged across all subjects for the data
acquired with BW=260 Hz; in summary, the 95th percentile of displacements within the
brain was greater than 0.4 mm for the GE-based correction and greater than 0.5 mm for the
SE-based correction, which in both cases corresponds to about half of the slice thickness.
Summarized in another way, ~4,500 voxels (or 0.8% of the image volume within the brain)
for GE-based correction and ~7,700 voxels (or 1.4% of the image volume within the brain)
for SE-based correction were shifted by one slice thickness or more (i.e., 1 mm or more).
Considering that average cortical thickness is about 2 mm across the brain, these shifts could
have a significant impact on the fMRI results in the regions of most severe distortion (such
as orbitofrontal cortex and temporal poles).

Slight differences between GE- and SE-based voxel shift maps were likely due to through-
plane dephasing and signal loss in GE EPI data; the larger displacements estimated from
the SE EPI data supports this interpretation and suggests that the SE EPI data provides
more accurate distortion estimates. However, since the largest voxel displacements were
found within regions of severe dephasing and signal loss in the GE EPI data, mis-estimating
distortions in regions without appreciable signal may be tolerable in some applications.
Indeed, the results of correcting the GE EPI data using distortion estimates from either

the GE EPI data themselves or from the matched SE EPI data were nearly identical.
Therefore, while SE EPI is expected to provide more accurate distortion estimates, and thus
is recommended in most cases, for correcting distortion in GE EPI data both approaches

to estimating distortion are expected to yield similar outcomes. Fig. 4 summarizes the
correlations between the voxel shift maps resulting from both fopup approaches and the
voxel shift map derived from the field map scan with values similar for SE- and GE-fopup.

All voxel shift maps generated using fopup and calculated from the separately acquired By
field map scans demonstrated similar spatial distribution of the shift values, reaching £2 mm
which corresponds to twice the slice thickness, as can be seen in Fig. 4A for a representative
subject. The correlation coefficients calculated between fopup and field map-based maps
within the brain mask were highest for the lowest BW values (the most distorted datasets)
reaching 0.58-0.82 (Figures 4A & B) and the correlation coefficient decreased with the
increasing BW. The lower correlation coefficient seen for the data with the lowest level of
distortion is likely due to the smaller displacements estimated in the presence of noise (i.e.,
lower “displacement-to-noise ratio”). The mean values of absolute voxel shifts calculated
within the brain were also similar for both approaches, with fgpyp estimations being slightly
higher overall and SE-fopup estimations being slightly higher than GE-topup (Fig. 4C).
Images acquired with lower slice-encoding bandwidth demonstrated larger mean absolute
voxel shift values (Fig. 4C) over larger spatial area of the brain (Fig. 4A) with the decreasing
trend for increasing BWSs, as expected.
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We also demonstrated a two-step approach using fopup to correct distortion in phase-
encoding and slice-select direction applied to four SE EPI volumes acquired separately
with A—P and P—A phase-encoding gradient direction, and positive and negative slice-
encoding gradient direction (Fig. 5).

4. Discussion

In this work we presented a simple method for quantifying distortion in the slice-select
direction, and demonstrated that modern high-resolution (i.e., thin-sliced) 7T fMRI data
contain observable geometric distortion in the slice direction, with a voxel shifts that may
exceed the slice thickness. We were able to measure these distortions from either SE or
GE-based acquisitions, indicating that for these thin-slice protocols through-slice dephasing
does not prevent reasonably accurate estimations from GE-based data, although whether this
finding generalizes to other GE-based protocols will depend on several factors including
slice thickness, TE, slice prescription, brain region, and By shim quality. While these
slice-encoding distortions are smaller in magnitude than the well-known phase-encoding
distortions, for accurate alignment of data across different MRI data, such as alignment of
2D EPI data to 3D anatomical reference data, slice distortion must be addressed to ensure
accuracy of the alignment.

While slice distortion can be readily estimated using conventional By field map methods,
provided that the slice-select bandwidth and gradient direction are known, here we used

a simple approach to demonstrate in a concrete way the level of slice-distortion that

does not require any knowledge of the RF pulses. Our method, based on pairs of EPI

data, is faster than conventional methods that acquire an explicit By field map, which
generally require multiple minutes, making them less practical—especially in cases where
estimating distortion multiple times during a session is desirable, which may be the case

in subjects prone to motion. Because magnetic-susceptibility-induced By inhomogeneity
changes with head position, and, in particular, with head orientation relative to the By

axis, updating the B inhomogeneity and the associated image distortion periodically during
the imaging session can help ensure consistent accuracy of the correction throughout the
session. EPI-based field maps are another possibility and have some advantages over By
field maps acquired with conventional encoding (Hutton et al., 2002), provided that the
distortions are not too severe. These have also been extended to estimating dynamic changes
in distortion during fMRI runs (Lamberton et al., 2007). Still, an advantage of acquiring
pairs of reverse-gradient images is that it provides a means to validate distortion correction
based on conventional By field maps: if the By field map yields an accurate estimate of

the image distortion, applying the By - fieldmap-based correction to each image of the
reversed-gradient pair should result in two identical corrected images. Also, it is possible
to estimate slice-encoding distortion present in conventional (i.e., non-EPI) image encoding
methods as well using the overeasy method, time permitting, if the slice-select RF pulse
bandwidth and slice thickness can be set to be identical to that of the target acquisition.

Another important advantage of reverse-gradient methods for estimating slice-encoding
distortion is that they can also help remove distortions due to eddy currents. Since the slice-
select gradient amplitude can be larger than other gradient blips, it can be a source of eddy
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currents that induce By inhomogeneity in the image and therefore distortion (Varadarajan et
al., 2021). Reversing the slice-encoding gradient will reverse the eddy currents and therefore
both eddy current and susceptibility distortions can be corrected. This is challenging to
achieve with conventional By field maps, unless again the B field map uses the same
slice-select gradient as the target acquisition so that both the B field map and the target
acquisition experience the same eddy currents from the slice-select gradient, which would
allow the By field map to measure the same B inhomogeneity (due to both eddy currents
and susceptibility gradients) that is present during the target acquisition.

When Bg inhomogeneity becomes severe, the distortions along the phase-encoding direction
can grow sufficiently large as to induce “singularities” in the EPI data where the
compressive distortion results in what is known as “voxel pile-up” artifacts. These artifacts
cannot be corrected when using a single phase-encoding polarity, but they can be resolved
when reversed-gradient pairs are available. In principle it is possible for “slice pile-up” to
occur, although given that the slice-encoding bandwidth is considerably higher (20 times
and more) than typical phase-encoding bandwidths this is unlikely. In more moderate cases,
Bg inhomogeneity will cause a spatially-varying voxel size in the phase-encoding direction,
due to the geometric expansion and compression of the image (Wang et al., 2022). While
Bg inhomogeneity is often viewed as causing mainly a shift in the slice position, if the By
field changes within the slice along the slice direction it can similarly cause an expansion
or compression. However, given that relatively low slice-encoding bandwidths are mainly
used to achieve thin slices, and the By field is generally smoothly varying in space, it is
also unlikely that the By field will change considerably at the spatial scale of these thin
slices. Future work will consider the effects of By inhomogeneity on the true resolution of
the image in the slice direction.

Related artifacts are also expected in 3D imaging using slab-selective pulses. The spatial
extent of local By offsets or gradients in the brain is typically larger than the thickness of a
2D slice but will be smaller than the thickness of a 3D slab. If the intended borders of the
slab were to pass through a region of strong B offset (e.g., around the frontal sinuses), there
the slab border would be shifted in the slab-encoding direction by an amount that depends
on the slab-select gradient amplitude and the magnitude of the Bg offset. This would lead

to either a local expansion or compression of the excited slab at the location of the B

offset. Note that this local shift in (or distortion of) the slab boundary results in a change

in the spatial extent of excited spins, but not in any distortion or displacement of spatial
encoding. However, artifacts may still occur. If locally the spatial extent or thickness of the
excited slab is much thinner than desired, signal loss will be seen in regions where spins
were not excited. If locally the spatial extent or thickness of the excited slab is much thicker
than desired, spins outside of the partition-encoded (a.k.a., secondary/3D phase-encoded)
region can be excited, leading to wrap-around artifacts in the partition-encoded direction;
oversampling in the slab-encoding direction can help mitigate these artifacts. In other words,
in 2D imaging, spatial encoding in the z direction is performed with slice selection, while

in 3D imaging spatial encoding in the z direction is performed with partition-encoding
gradients, and these partition-encoding gradients are typically (for conventional acquisitions)
immune to spatial localization or displacement errors. While for 2D imaging each individual
slice position is shifted due to local By offsets—which induces distortion in the stack of
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image slices—for 3D imaging, generally only the borders of the excited slab are shifted,

and no voxel displacements are induced per se. If only a single slab is excited, our overeasy
approach cannot correct these artifacts. (Similarly, overeasy cannot correct slice-encoding
distortions when only a single 2D slice is acquired.) Nevertheless, our approach could be
used to detect slab profile distortion and associated artifacts by comparing a pair of slabs
acquired with reversed slab-encoding gradient polarities by identifying brain regions that are
inconsistent between the corresponding image pairs.

A final practical consideration is on how to apply this distortion correction to the data.

While here the image pairs were corrected directly, using a nonlinear warping followed

by an interpolation, in practice, especially in high-resolution applications, it is preferable

to mathematically compose all transformations of the data to minimize the number of
interpolation steps (Glasser et al., 2013; Polimeni et al., 2018). Because the distortion in

the slice-encoding direction will typically be far smaller than that of the phase-encoding
direction, most of the displacements in the slice-encoding direction will likely be sub-

voxel shifts, which will induce blurring when interpolation is performed. Higher-order
interpolation, combined with image grid upsampling, can also help mitigate resolution losses
due to interpolation.

Here we focused on demonstrating the distortion in the slice-encoding direction by reversing
the gradient polarity of the slice-select gradient, and demonstrated that the bandwidths used
in modern fMRI acquisitions do lead to perhaps unexpectedly large levels of distortion

the slice direction. This approach can be combined with existing reverse-gradient methods
that reverse the phase-encoding direction, as we demonstrated above (see Fig. 5). While
here we acquired four images, but reversing each gradient direction, in principle only one
pair is needed, e.g., a positive-slice-encode and positive-phase-encode image followed by

a negative-slice-encode and negative-phase-encode image, to save time. In this case, the
differential distortion between the two images is no longer constrained to be only along the
slice-encoding direction or along the phase-encoding direction, rather it would be at an angle
partway between these two directions, where this angle would depend on the ratio of the
bandwidths. For example, if the phase-encoding direction was in y; the slice-encoding in 2z,
and the phase-encoding bandwidth were 5 times larger than the slice-encoding bandwidth,
the differential distortion between the two images of the pair would be along a line about
tan~1 (1/5) = 11° off of the y axis. Another potential extension of this approach could

be a dynamic distortion correction of the fMRI timeseries data that accounts for changing
magnetic field offsets in the brain caused by effects such as breathing and head motion
(Andersson et al., 2018).

5. Conclusions

Distortion in the slice-encoding direction up to several millimeters was detected in data
acquired at 7T using a standard high-resolution fMRI protocol. Reducing bandwidth in

the slice-encoding direction allows for acquiring thin slices but introduces vulnerability to
geometric distortion due to By inhomogeneity. While this distortion is lower than that found
in the phase-encoding direction, it is large enough to reduce accuracy in the alignment

of data acquired using different protocols. Both GE and SE EPI acquisitions were used
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to acquire reversed-gradient data by alternating the polarity of the slice-encoding gradient
along with the RF pulse frequency offset. These pairs of data allowed distortion correction
using a conventional reverse-gradient method, implemented in fopup, This slice-encoding
gradient reversal can also be used as a means to validate geometric distortion correction
based on acquired By field maps. The proposed reversed-gradient-based distortion correction
methods, termed overeasy, is beneficial in that it reduces the scan time needed to estimate
distortion, just as existing EPI-based reversed-gradient methods do for phase-encoding
distortion correction, and helps ensure that the relevant distortions from both susceptibility
effects and eddy currents are estimated properly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(A) Explanation of slice-encoding distortion due to local By field offsets and the reverse-
gradient method applied to the slice-select direction. The slice-select gradient establishes

a mapping between frequency and position along the slice-select direction (here, the z
direction). A given slice location is excited by an RF pulse at the corresponding frequency.
In the absence of local By field offsets, either a positive z gradient (+G,) or a negative z
gradient (—G;,) can be applied, and the desired slice location can be excited with an RF pulse
using the appropriate center frequency, +wrp Or —wrp, respectively. In the presence of local
By field offsets, the location of the excited slice will be shifted, and the direction of the shift
will depend on the polarity of the slice-selective gradient. In this case, the direction of the
shift will depend on whether the +G;, gradient or the -G, gradient is used, and the magnitude
of the shift will depend on the local By field offset Aw as well as the gradient amplitude and
the RF pulse bandwidth. A desired slice location without the shift is marked with purple,
while actual slice locations with the shift occurring in presence of +G; and -G, are marked
with green and red, respectively. (B) Example of distortion-induced displacement (z-shift)
of the voxels in the slice-encoding direction within a single axial slice, caused by local By
field offsets, for images acquired with two opposite slice-encoding gradient polarities. In this
example the shift is largest in the region at the front of the brain (near the frontal sinuses),
and manifests as a positive z-shift when using the +G, gradient and a negative z-shift when
using the -G, gradient.
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Fig. 2.
Example sagittal reformats of oblique-axial GE EPI datasets from three different subjects

(ss02, ss03 and ss04), acquired with 1-mm slice thickness, 1.5-mm in-plane resolution,
positive and negative slice-encoding gradient direction, slice-encoding pulse duration D=10
ms and TBW=2.6, which corresponds to BW=260 Hz (left). The positive (+G;) and negative
(=G,) slice encoding directions are indicated by red arrows. Corresponding slices distortion-
corrected using SE-based (middle) and GE-based (right) data. The green box represents the
regions shown in the magnified inserts, which show distortion in the slice-encoding direction
in the frontal sinus region, and the red horizontal line is positioned at the same location in

all images as a reference to help visualize the amount of displacement in the image data.

The corresponding images for all remaining subjects and BW values tested are presented in
Supplementary Fig. 1.
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E)?ample sagittal reformats of gradient-echo (GE, left) and spin-echo (SE, right) EPI
datasets from a representative subject (ss05), with 1-mm slice thickness and 1.5-mm
in-plane resolution. Positive (+G,, left) and negative (-G, right) slice-encoding direction
(indicated by red arrows). The rows are ordered according to increasing slice-encoding
BW values achieved by changing either the slice-select/slice-refocus pulse duration (D) or
time-bandwidth product (TBW); see text for details. The horizontal red lines are included in
the same position in each pair of images to help visualize shift of voxels due to distortion;
magnified inserts correspond to a region indicated by the green box where distortion is
pronounced. A summary of the data acquired for all remaining subjects is presented in
Supplementary Fig. 2.

Neuroimage. Author manuscript; available in PMC 2023 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blazejewska et al.

GE-topup

A: ss03 field map
©
(ﬁl

N

T E

8 @

~ 5
i
o
©

~ a

==

i) =

o B
it
@)
kq

L0

o o

o

< E
*
o

B: topup vs. field map correlation R, all subjects
SE-topup
BW [Hz]| 260 325 433 520 720| 260 325 433
ss02 0.82 0.80 0.70 0.77 0.58 0.66
ss03 0.81 0.76 0.65 0.73 0.70 0.60
ss04 0.80 0.59 0.77 0.79 0.74 0.75
ss05 0.68 0.62 0.72 0.50 0.32| 0.67 0.57 0.60
ss06 0.76 0.79 0.74 0.62 0.51| 0.80 0.75 0.76
sg02 0.65 0.66 0.64 045 0.35
sg03 0.73 0.67 0.71 0.68 0.52
Fig. 4.
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C: mean of absolute voxel shift, all subjects
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(A) Example sagittal reformats of voxel shift maps in the slice-encoding direction calculated
for a representative subject (ss03) using the reverse-gradient-based (i.e., fopup) (left)

and conventional Bg field map-based approach (middle) accompanied by the correlation
coefficient calculated for each pair within the brain region (right). (B) Summary of the
correlation coefficients calculated for pairs of the voxel shift maps across all subjects and
BW values. (C) Comparison of fopup and field map-based mean absolute voxel shift values
for all subjects and BWs, with the blue points representing the voxel shift estimated from
topup and the cyan points representing the corresponding voxel shift estimated from the By

field map.
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SE EPI BW=260 Hz phase-encoding slice-encoding
D=10 ms, TBW=2.6 topup correction topup correction

Fig. 5.

E)?ample sagittal reformats of the SE EPI dataset, acquired axially with 1-mm slice
thickness, 2.0 mm in-plane resolution, A—P and P—A phase-encoding gradient direction
(first and second column, respectively), positive and negative slice-encoding gradient
direction (top and bottom row, respectively), slice-encoding pulse duration D=10 ms and
TBW=2.6, which corresponds to BW=260 Hz; positive (+G,) and negative (-G,) slice-
encoding direction, as well as A—P and P—A phase-encoding direction are indicated by
red arrows; corresponding data distortion-corrected using fgpup method in phase-encoding
direction (third column) and slice-encoding direction (fourth column); magnified inserts
show distortion in the frontal sinus region with red horizontal line positioned in the same
location in all panels.
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