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Background: Although 7T functional MRI (fMRI) provides better signal-to-noise ratio and higher spatial resolution than 3T
fMRI, geometric distortions become more challenging because fMRI is more susceptible to distortions than structural MRI.
Accurate alignment of 7T fMRI to structural MRI data is critical for precise cortical surface-based analysis.
Purpose: To quantify the effectiveness of distortion corrections of 7T fMRI data.
Study Type: Prospective.
Subjects: Fifteen healthy individuals aged 19–26 years (mean: 21.9 years).
Field Strength/Sequence: Multiband gradient-echo echo-planar imaging sequence at 7T; 3D T1/T2-weighted sequences
(magnetization prepared rapid acquisition with gradient echo [MPRAGE] and sampling perfection with application opti-
mized contrast using different flip angle evolution [SPACE]) at 3T.
Assessment: fMRI data at 7T were registered to cortical surfaces reconstructed from 3T structural data acquired in the
same subjects. Distortions induced by B0 inhomogeneity and gradient nonlinearity (B0 and gradient distortions) were eval-
uated as cortical fallout (misregistration of noncortical areas) and displacement (misregistration along gray matter).
Statistical Tests: Repeated measures analyses of variance with post-hoc t-tests with Bonferroni correction.
Results: The accuracy of fully corrected fMRI images based on the intensity distribution was 89.2%. Without any correc-
tions, 9.7% of vertices in the whole surfaces were fallout and the average displacement was 0.96 mm for the rest of the
vertices. B0 and gradient distortion corrections significantly reduced the fallout (to 2.1% and 8.7%) and displacement
(to 0.29 mm and 0.86 mm). These corrections were effective even around regions with moderate distortions (the somato-
sensory and visual cortices for B0 distortion, and the anterior frontal, inferior temporal, and posterior occipital cortices for
gradient distortion).
Data Conclusion: B0 distortion correction is crucial for surface-based analysis of fine-resolution fMRI at 7T. Gradient distor-
tion correction should be considered when regions of interest include regions distant from the isocenter of scanners.
Evidence Level: 1
Technical Efficacy Stage: 1
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ULTRA-HIGH FIELD (UHF) magnetic resonance imag-
ing (MRI) allows us to acquire high-resolution blood

oxygenation-level dependent (BOLD) functional images by

echo-planar imaging (EPI)1 with better contrast2,3 and signal-
to-noise ratio (SNR)4,5 compared with conventional field
strength (≤3T). UHF also allows imaging with increased
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spatial resolution, which reduces partial volume effects, thus
providing better cortical separation from the surrounding
white matter, cerebrospinal fluid (CSF), and pial veins. Spa-
tial specificity of detected brain activity in BOLD functional
(f)MRI is also improved at 7T6 and it is estimated that the
full-width at half-maximum of the average point-spread func-
tion is below 1 mm. These advantages have helped in devel-
oping cortical column-7 and layer-based fMRI analyses.1,8–10

These anatomically informed analyses11 depend on a cortical
ribbon defined by high-resolution structural images. Thus, an
appropriate correction of BOLD functional image distortions
is critical for precise cross-modal registration.

Because of the higher resonance frequency, UHF-fMRI
is more susceptible to static magnetic field (B0) inhomogeneity
resulting from differences in magnetic permeability of human
brain tissues. Distortion induced by B0 inhomogeneity (B0 dis-
tortion) is seen around the nasal cavity and ear canals12,13 in
high-resolution EPI because of the narrow acquisition band-
width (BW).14 Additionally, its appearance is strongly depen-
dent on the phase-encoding (PE) direction. Conversely,
distortion induced by gradient magnetic field nonlinearity (gra-
dient distortion) gradually increases with distance from the
isocenter of an MRI scanner. These distortions result in mis-
registration of EPI to structural images and reduce the accuracy
of surface-based analysis in which the signals in the cortex are
selectively sampled and analyzed. In particular, signal sampling
at incorrect locations at the surface affects the geodesic dis-
tances between points on the cortex. These are neu-
robiologically more meaningful than simple 3D Euclidean
distances, as the cortex is like a complexly folded sheet.15 The
distortion correction of fMRI images is, therefore, an essential
preprocess for surface-based analysis in UHF-MRI.

B0 inhomogeneity can be estimated and corrected by tra-
versing k-space twice with different PE directions14 rather than
using the conventional field map method.12 This method of
correction is available as the tool topup in FSL (FMRIB [Func-
tional MRI of the Brain] Software Library, Oxford, UK)14,16

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup). Gradient distor-
tion can be corrected by a voxel displacement map calculated
from a gradient coefficient file describing the characteristic of
gradient coils as a spherical harmonics expansion.17,18 This
method of correction is available as the tool gradunwarp in
FreeSurfer (https://surfer.nmr.mgh.harvard.edu/fswiki/
GradUnwarp). Recently, the minimum preprocessing pipelines
for the Human Connectome Project (HCP)19,20 have incorpo-
rated both topup and gradunwarp, enabling systematic correc-
tion for EPI distortions. However, there has been no
quantitative analysis of the effects of 7T EPI image distortion
corrections on surface-based analysis in a way that reflects how
often noncortical signals are mapped and how far cortical sig-
nals are incorrectly mapped onto the surface.

The aim of this study was to quantitatively evaluate the
correction of image distortions induced by B0 inhomogeneity

and gradient nonlinearity on surface-based analysis in 7T
fMRI data.

Materials and Methods
We first evaluated the accuracy of fully corrected fMRI images based
on the intensity distribution of fMRI image voxels within the corti-
cal ribbon defined by the cortical surfaces reconstructed from struc-
tural images through HCP Pipelines. In the second step, we
quantified the effects as cortical fallout (misregistration of EPI image
voxels to the outside of the gray matter in an anatomical image) and
cortical displacement (distance between the distorted and corrected
EPI image voxels within the surface) by regarding the fully corrected
images as ideally corrected ones that corresponded to the structure-
based surfaces and by comparing these surfaces with those replicating
fMRI image distortions.

Subjects
This study was approved by the Ethical Committee of the institute
and all subjects provided written informed consent. Fifteen healthy
individuals aged 19–26 years (eight men and seven women; mean
age = 21.9 years; standard deviation [SD] = 1.6 years) participated in
the study. None of the subjects had a history of symptoms requiring
neurological, psychological, or other medical care.

Data Acquisition

FUNCTIONAL DATA ACQUISITION WITH 7T MRI.
Functional data were acquired with a 32-channel phased-array head
coil on a Magnetom 7T scanner (Siemens Healthcare, Erlangen,
Germany). For whole-brain coverage at high spatial and typical tem-
poral resolutions, the multiband (MB) gradient-echo (GRE) EPI
sequence21 was used in conjunction with the generalized
autocalibrating partially parallel acquisition (GRAPPA) technique22

with repetition time (TR) = 2000 msec, echo time (TE) = 25 msec,
flip angle (FA) = 65�, BW = 1,562 Hz/pixel, in-plane field of view
(FOV) = 192 × 192 mm2, matrix = 160 × 160, 128 slices tilted at
15–20� to the transversal plane, 1.2-mm isotropic voxels, echo spac-
ing (ES) = 0.74 msec, MB acceleration factor = 4, PE undersampling
factor GRAPPA = 3, and an anterior-to-posterior (AP) PE direction.
In this sequence, a single-band (SB) GRE EPI image was also
acquired using a separate SB excitation of the same slices
(TR = 2000 msec; volume TR = 8000 msec), with otherwise identi-
cal parameters, including PE undersampling factor of 3. This image
was used for the evaluations because of its better image quality than
MB images and identical distortion to MB images.

Two spin-echo (SE) EPI datasets with reversed PE directions
were also acquired (three volumes with each PE direction) with the
same geometric and ES parameters (TR = 11,900 msec, TE = 60
msec, FA = 90�, refocus FA = 180�) as the GRE EPI images. These
images, which were referred to as SE field maps in the HCP,20 were
used to correct B0 distortion with FSL’s topup tool using a method
similar to that in Anderson et al14 (explained in more detail below).

STRUCTURAL DATA ACQUISITION WITH 3T MRI. Image
intensity is substantially inhomogeneous at 7T due to less uniform
excitation (B1 inhomogeneity) and larger dielectric effects, especially
in the temporal base area. As B0 and B1 inhomogeneities are less
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problematic at lower field strength, the structural data for subjects’
cortical surface reconstructions were acquired with a 32-channel
phased-array head coil on a Magnetom Verio 3T scanner (Siemens
Healthcare). Two T1-weighted (T1w) and two T2-weighted (T2w)
whole-brain images were acquired at 0.8-mm isotropic resolution in
each subject to process with HCP Pipelines.20 These images were
aligned and averaged in each of the T1w and T2w images to improve
the image SNR. T2w images were used not only for correcting for
bias fields but also for removing veins and dura that were not ade-
quately contrasted with gray matter in T1w images. The 3D magne-
tization prepared rapid acquisition with GRE (MPRAGE)
sequence23 was used for T1w images (TR = 2400 msec, TE = 2.24
msec, inversion time [TI] = 1060 msec, in-plane
FOV = 256 × 240 mm2, matrix = 320 × 300, 224 sagittal slices in
a single slab, FA = 8�, BW = 210 Hz/pixel, ES = 8.1 msec, PE
undersampling factor GRAPPA = 2, and an AP PE), while the 3D
sampling perfection with application optimized contrast using differ-
ent FA evolution (SPACE) sequence24 was used for T2w images
without a fat suppression pulse (same in-plane FOV, matrix, slices,
and PE direction as in the T1w images, TR = 3200 msec, TE = 560
msec, BW = 744 Hz/pixel, ES = 3.6 msec, PE undersampling factor
GRAPPA = 2, total turbo factor = 334, and echo train
length = 1,156). Similarly, two SE field maps with reversed PE
directions were also acquired for readout distortion correction with
FSL’s FUGUE tool (TR = 7700 msec, TE = 60 msec, in-plane
FOV = 196 × 196 mm2, matrix = 98 × 98, 72 transversal slices,
FA = 78�, refocus FA = 160�, BW = 1,822 Hz/pixel, and
ES = 0.73 msec).

Software
HCP Pipelines 4.0.0-alpha.5,20 Connectome Workbench 1.2.3 or
1.3.2, FSL 5.0.10, FreeSurfer 5.3.0-HCP, and HCP gradunwarp
tool 1.0.3 running on a 64-bit Linux Operating System (Ubuntu
16.04 LTS or CentOS 6.8 or 6.9) were used for preparation before
evaluation of distortion correction such as EPI image distortion cor-
rection, registration to structural images, cortical surface reconstruc-
tion, and creation of distorted EPI images and distortion-replicated
surfaces. MatLab R2017b (MathWorks, Natick, MA) was used to
write home-made scripts for statistical tests, judgment of cortical fall-
out of vertices, and measurement of cortical displacements.

Preparation for Evaluation of Effects of Distortion
Corrections

CREATION OF FULLY CORRECTED ECHO-PLANAR
IMAGES. We created fully corrected EPI images through HCP’s
fMRI volume preprocessing pipeline20 (zone surrounded with an
orange dotted line in Fig. 1). A warp field to correct gradient distor-
tion of an SB GRE EPI image was first obtained using HCP
gradunwarp tool (black WG in Fig. 1), which was part of FreeSurfer.
This calculated the amount of gradient distortion based on a
scanner-specific gradient coefficient file.18 Gradunwarp was also
applied to the two SE EPI images with reversed PE directions
(WG_SEAP and WG_SEPA in Fig. 1). The amount of B0 distortion was
next estimated from these gradient distortion-corrected SE EPI
images using FSL’s topup tool14 (black WB0 in Fig. 1). The resulting
warp fields were then sequentially applied to a raw SB GRE EPI

image to fully correct the image with the intensity correction using
Jacobian modulation.14 Rigid-body transformation was used to
remove a misalignment between SE and GRE EPI images due to
subject’s head motion in discrete runs (black TR in Fig. 1). For regis-
tration of the corrected SB GRE EPI image to a T1w one (black TA

in Fig. 1), a transform matrix was calculated by sequentially using
two registration tools: FSL’s BBR and FreeSurfer’s BBRegister.25

Instead of rigid-body transform, affine transform was used for the
registration to minimize interscanner gradient distortion correction
(GDC) errors,26 as we used 3T and 7T scanners for structural and
EPI acquisitions, respectively.

CREATION OF DISTORTED ECHO-PLANAR IMAGES. For
the evaluation of distortion corrections, we prepared three types of
distorted SB GRE EPI images for each subject: uncorrected, gradient
distortion-corrected, and B0 distortion-corrected. A raw SB GRE
EPI image was directly used as an uncorrected EPI image (green
bold arrow in Fig. 1). For a gradient distortion-corrected image, a
corrected image just after applying gradunwarp to a raw image was
utilized (blue bold arrow in Fig. 1). A B0 distortion-corrected image
was created by skipping GDC and applying only a warp field output
by topup to a raw image (gray and red bold arrows in Fig. 1). The
intensity of these partially distortion-corrected images was corrected
in a similar way to the fully corrected images described above. A
transform matrix that the fMRI volume preprocessing pipeline nor-
mally outputs to register a fully corrected (undistorted) SB GRE EPI
image was not used (black TA in Fig. 1) for registrations of these dis-
torted images to the structural data because the estimated transform
matrix (black TA) is influenced by the preceding distortion correc-
tion procedures. An affine transform matrix calculated for each dis-
torted image (uncorrected, gradient distortion-corrected, and B0

distortion-corrected) was employed for conversion from distorted
EPI image space to structural image space (green, blue, and red
“TA”s in Fig. 1, respectively).

CREATION OF DISTORTION-REPLICATED CORTICAL
SURFACES AND RIBBONS. Undistorted native cortical surfaces
were created from the 3T structural images through a series of the
original HCP’s surface reconstruction pipelines,20 where gradient
and readout distortions were corrected. Meanwhile, surfaces where
EPI image distortions were replicated for each distortion condition
in each subject were generated as follows. To distort the undistorted
native surface, inverse warp fields, upsampled to the same resolution
as the structural images (0.8 mm isotropic resolution), were first
made from the warp fields for distortion corrections. A warp field for
creating B0 distortion-replicated (gradient distortion-corrected) sur-
faces was generated by concatenating the inverse warp field to repli-
cate B0 distortion, inverse affine and rigid-body transform matrices
to convert from the structural image space to the SE EPI space
where the inverse warp field existed, and rigid-body and inverse
affine transform matrices to convert back to the structural image
space (Fig. 2b). Then, by applying this new warp field to the
undistorted native surfaces with the command surface-apply-field of
the Connectome Workbench, surfaces replicating the B0 distortion
of the EPI images were created. Similarly, a warp field for creating
gradient distortion-replicated (B0 distortion-corrected) surfaces was
generated by concatenating the inverse warp field to replicate
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gradient distortion, inverse affine transform matrix to convert from
the structural image space to the GRE EPI space where the inverse
warp field existed, and the affine transform matrix to convert back
to the structural image space (Fig. 2c). Moreover, for a warp field
creating surfaces where distortions of uncorrected EPI images were
replicated, all of these transform matrices and inverse warp fields
were concatenated (Fig. 2a). Identical procedures were applied to the
undistorted cortical ribbons to generate distortion-replicated cortical
ribbons.

Evaluation of Distortion Correction Effects

CALCULATION OF ECHO-PLANAR IMAGE DISTORTION.
The absolute amounts of B0 and gradient distortions of the EPI
images were calculated from the x, y, and z components of the warp

field output by topup for B0 distortion correction (B0DC) and
gradunwarp for GDC in each subject, respectively. The affine trans-
form matrix for the registration of the fully corrected SB EPI image
to the T1w image was applied to these calculated data to overlay
onto the T1w image. The rigid-body transform matrix to convert the
SE EPI space to the GRE EPI space was also applied to the calcu-
lated data for the B0 distortion, as the warp field for the calculation
was in the SE EPI space.

EVALUATION OF ACCURACY OF FULLY CORRECTED
ECHO-PLANAR IMAGES. The overall efficiency of the full dis-
tortion correction was evaluated before the surface-based evaluations.
Fully corrected EPI images were regarded as perfectly correct
(corresponding to the structural images) and were thus used as a

FIGURE 1: Flow chart of the Human Connectome Project (HCP) pipeline and its modification. A zone surrounded by an orange
dotted line indicates the process of the HCP’s functional MRI (fMRI) volume preprocessing pipeline. The pipeline fully corrects the
distortion of the gradient-echo (GRE) echo-planar imaging (EPI) images with the anterior-to-posterior (AP) phase-encoding direction
to register to an undistorted T1-weighted (T1w) structural image. Boxes indicate output images by a process, and rounded boxes
indicate script names. Black arrows indicate the application of the warp field (W) or transform matrix (rigid-body transform; TR or
affine transform; TA) to images. W with subscripts G and B0 shows that the warp field is for gradient distortion correction (GDC) and
B0 distortion correction (B0DC), respectively. W with subscripts G_SEAP and G_SEPA indicates that the warp field is applied to
correct raw spin-echo (SE) images acquired with AP and PA (posterior-to-anterior) phase-encoding directions for gradient distortion,
respectively. Transform matrices with the superscript –1 indicate that the matrices are inverse ones. Purple, magenta, and aqua
zones denote 3T structural, 7T GRE EPI, and 7T SE EPI spaces. Different “TA”s were generated for registration of fully corrected
GRE EPI (black), raw GRE EPI (green), gradient distortion-corrected (GDCed) EPI (blue), and B0 distortion-corrected (B0DCed) GRE
EPI (red).
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reference against other partially corrected and uncorrected ones in
the surface-based evaluation.

Voxels in the cortical ribbon defined by the structural images
were first extracted from the fully corrected SB GRE EPI image in
each subject to generate a normalized intensity histogram of these

voxels as a probability density. Given that all these voxels are of the
gray matter, the shape of the histogram should have a single peak
with a normal probability density function. However, this may not
be the case because of white matter and CSF contamination
resulting from imperfect distortion correction, and intensity dropout,

FIGURE 2: Flow chart of echo-planar imaging (EPI) image distortion replication. The distortion correction processes shown in Fig. 1
were reversely applied to the undistorted T1-weighted (T1w) image to create cortical surfaces. (a) Both B0 distortion and gradient
distortion, (b) B0 distortion only, and (c) gradient distortion only are replicated. Abbreviations are the same as in Figure 1.
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which is inevitable in EPI images. Moreover, the partial volume
effect may broaden the bottom of the single peak. Therefore, consid-
ering these factors, we fitted the probability density function with
four normal distribution functions for the four components: gray
and white matter, CSF, and intensity dropout using MatLab’s mle
function. Maximum likelihood estimation was performed to estimate
12 parameters: weights, means, and SDs for these four normal distri-
bution functions. An estimated intensity histogram F(x) as probabil-
ity density for normalized intensity x was calculated according to the
following equations:

F xð Þ =wg f x,μg ,σg
� �

+wwf x,μw,σwð Þ

+wf f x,μf ,σf
� �

+wd f x,μd ,σdð Þ

wg +ww +wf +wd = 1

where f(x, μ, σ) is a normal distribution function for the average μ

and SD σ, μg, μw, μf, μd, σg, σw, σf, and σd are intensity averages
and SDs of the gray and white matter, CSF, and dropout, respec-
tively, and wg, ww, wf, and wd are weights for the same four
components.

To confirm that the fitting was valid, simulated spatial distri-
bution maps for the four components were created for each subject.
Voxels in the cortical ribbon were classified into four categories
based on the frequency ratio of the four components in each bin
(0.1 SD). For example, when a bin is composed of 1000 voxels and
the frequency ratio of the gray matter is 0.8, 800 voxels of these
voxels were randomly labeled as gray matter.

CALCULATION OF CORTICAL FALLOUT AND CORTICAL
AND EUCLIDEAN DISPLACEMENTS. A Euclidean displace-
ment map was obtained by calculating spatial distances between
corresponding vertices of undistorted and distorted surfaces and
mapping them onto the undistorted surfaces for each distortion con-
dition in each subject.

We needed to determine whether each vertex of the distorted
“midthickness” surface, which was the intermediate surface between
“white” and “pial” surfaces of FreeSurfer, was located in or out of
the undistorted cortical ribbon for each distortion condition in each
subject. Therefore, x, y, and z coordinate values of the vertex were
first obtained in the native volume space after the “acpc alignment”
step.20 The vertex was classified as a fallout, when the ribbon did
not contain the vertex (Fig. 3a). Meanwhile, for the vertex contained
in the ribbon (surviving), we searched the vertex nearest to the coor-
dinate values on the distorted surface and the vertex correspondent
to the nearest vertex on the undistorted surface (Fig. 3b). A cortical
distance between these vertices was measured and mapped onto the
undistorted surface as a cortical displacement. A cortical fallout map
was finally obtained by assigning “1”s to fallout vertices on the
undistorted surface.

Surface maps of the cortical fallout and cortical and Euclidean
displacements for each distortion condition from the 15 subjects
were transformed to the 164 k-CIFTI (Connectivity Informatics
Technology Initiative) format20 with the application of MSMSulc26

and averaged over the subjects in each vertex to obtain group maps.
Group-averaged maps of the cortical thickness and curvature, which

expressed whether the surface was convex or concave, were also cal-
culated with the output data from the HCP structural pipelines. The
displacement ratio was defined as the ratio between the cortical and
Euclidean displacements of each vertex. The group displacement
ratio map was created by computing the group cortical displacement
map divided by the group Euclidean map in each distortion
condition.

The fallout rate was calculated by dividing the number of fall-
out vertices by that of the valid ones in the 164 k CIFTI format in
each subject and then averaging across subjects in each distortion
condition to calculate the group fallout rate. Additionally, the aver-
age cortical displacement of each subject was obtained by averaging
the values stored in all vertices, except fallout ones, of the surface
map in each condition.

Statistical Tests
We applied repeated measures analysis of variance (ANOVA) to each
of the 15 subjects’ cortical fallout rates and displacements among the
three distortion conditions. A Bonferroni correction was applied to
correct for multiple comparisons; α was set at 0.0167 for these con-
ditions in post-hoc paired t-tests.

Results
Echo-Planar Image Distortions
Figure 4a shows a comparison of a T1w image (top row) with
a raw SB GRE EPI image acquired with the AP PE direction
(middle row) in four different slices in a single subject. A
distortion-corrected EPI image with topup is also shown in
the bottom row. Mismatches between the gray matter region
of the EPI image and trace lines of gray matter defined by the
structural images were observed, particularly, around the fron-
tal and occipital poles, and the orbito-frontal cortex (OFC).
The amount of distortions experienced at each position
because of gradient nonlinearity and B0 inhomogeneity are
shown in Fig. 4b,c, respectively. Gradient nonlinearity
induced distortions over 2 mm were seen around the frontal
and inferior occipital regions, although the distortions were
milder than B0 inhomogeneity-induced ones. In addition, the
inferoposterior part of the cerebellum was distorted by
~4 mm. Meanwhile, the heaviest B0 distortions were observed
around the OFC near the nasal cavity and the inferior tempo-
ral cortex (ITC) near the ear canal (~10 mm). Distortions
over 5 mm were also seen around the occipital pole, and
several-millimeter distortions occurred in many other parts.

Accuracy of Fully Corrected Echo-Planar Images
The black curve in Fig. 5a indicates the normalized intensity
histogram of voxels in the cortical ribbon defined by the
structural images as a probability density in a typical subject.
Estimated histograms for the four components are also shown
with yellow, blue, red, and purple curves, respectively. The
simulated distribution of these four components in the rib-
bon is shown in Fig. 5b. Yellow voxels are prominently dis-
tributed in the ribbon with a scattering of blue and red
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voxels, consistent with the notion that the yellow voxels cor-
respond to gray matter (see also Fig. 5c). As the peak density
of the blue component was lower than that of the yellow
component, which was in turn lower than the peak of the red
component, the blue and red voxels corresponded to white
matter and CSF, respectively. A substantial bump seen in the
left side of the histogram (purple curve in Fig. 5a) was distrib-
uted around the frontal pole, OFC, and ITC where intensity
dropout was prominent (Fig. 5c). Overall, these data indicate
that the estimated components of the probability density rep-
resent the corresponding tissues of gray and white matter,
CSF, and intensity dropout.

Table 1 shows the distortion correction accuracy for
fully corrected EPI images in all subjects. As the average wd

was 0.048, 4.8% of the voxels in the cortical ribbon lost sig-
nal in the fully corrected EPI images. The simulation (Fig. 5)
showed that voxels labeled as white matter and CSF were dif-
fusely distributed in the ribbon and occupied 1.9% (average
ww = 0.019) and 8.3% (average wf = 0.083) of its volume,
respectively. Altogether, the average distortion correction
accuracy was 89.2 � 2.0%.

Group Average Effects of Distortion Corrections on
Surface-Based Analysis
Figure 6a shows the effects of uncorrected distortion on
surface-based analysis when the uncorrected SB GRE EPI
images were registered to the structural images. Cortical fall-
out was obvious in the OFC, ITC, occipital cortex, and pos-
terior bank of the central sulcus. In the former two cortices,

cortical and Euclidean displacements and their ratio were
large, while, in the latter two regions, the ratio was large in
spots despite the fact that these displacements were small.
The group-averaged cortical fallout rate and displacement
were 9.7 � 2.5% and 0.96 � 0.17 mm in the whole cortex,
respectively (see also green bars in Fig. 7).

Figure 6b shows the effects of GDC. The cortical fall-
out was again obvious in the OFC, ITC, occipital cortex,
and posterior bank of the central sulcus. The maps of
Euclidean and cortical displacements and the displacement
ratio were also similar to those in Fig. 6a. Cortical displace-
ment was typically smaller than that in Fig. 6a, except in
part of the OFC. Reflecting these results, the group-
averaged cortical fallout rate and displacement were
significantly smaller (8.7 � 2.4% and 0.86 � 0.16 mm,
respectively; see also blue bars in Fig. 7) than those in the
uncorrected condition.

Finally, the effects of B0DC are shown in Fig. 6c. Fall-
out was seen in the anterior frontal cortex, ITC, and posterior
occipital cortex (POC). Cortical and Euclidian displacements
were relatively large in these regions, and the distance ratio
was large in spots in the ITC and POC. The group-averaged
cortical fallout rate and displacement was the lowest in this
case (2.1 � 0.7% and 0.29 � 0.07 mm, respectively; see also
magenta bars in Fig. 7).

Figure 7a shows the comparisons of group-averaged cor-
tical fallout rates for the three distortion conditions. The
repeated measures ANOVA for 15 subjects indicated statisti-
cally significant differences among the three conditions (F

FIGURE 3: Examples of a fallout (a) and surviving vertices (b). The trace lines of an original undistorted mid-thickness surface and
distorted one are shown as olive and blue lines, respectively. A cortical ribbon, a gray matter zone positioning between the
undistorted white and pial surfaces (these trace lines are not shown), is denoted as yellow voxels. A target vertex on the undistorted
mid-thickness surface (magenta filled circle on the olive line) moves onto the distorted mid-thickness surface (magenta filled square
on the blue line), which is outside the cortical ribbon in (a), thus determined as a fallout. Meanwhile, in (b), the correspondent vertex
is inside the ribbon. In this case, the nearest vertex on the undistorted mid-thickness surface to the correspondent vertex is
searched (green filled circle). A cortical distance between the target and searched vertices is measured on the undistorted mid-
thickness surface (green curved arrowed line along the olive line), while the Euclidean distance between them is shown with a
magenta arrowed line.
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FIGURE 4: Distortions of echo-planar images. (a) Raw and corrected echo-planar images are compared with a structural image at
four slice positions in a subject. A T1-weighted structural image acquired at 3T is shown in the first row. In the second row, a raw
single-band (SB) gradient-echo (GRE) EPI image acquired with the anterior-to-posterior (AP) phase-encoding direction at 7T is
registered onto the structural image (first row). An echo-planar image in which distortion corrections are applied to the raw one
(second row) is registered in the third row. Green and magenta lines denote white and pial surfaces created with FreeSurfer. The
amount of distortions induced by gradient nonlinearity and B0 inhomogeneity are shown in (b,c), respectively. Colors on these maps
indicate how much distortion each position in the brain experiences in the raw echo-planar image in mm. Thin and thick white lines
denote the same white and pial surfaces, respectively.
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FIGURE 5: Evaluation of distortion correction accuracy of a distortion-corrected gradient-echo (GRE) echo-planer image in a typical
subject. (a) A normalized intensity histogram of voxels of a single-band (SB) GRE echo-planer image (c) that locate within a cortical
ribbon defined by structural images is shown as a probability density. The black curve is an actual distribution of the voxel intensity,
while the gray one is the total estimated distribution by summing estimated distributions of gray and white matter, cerebrospinal
fluid (CSF), and intensity dropout (denoted by yellow, blue, red, and purple curves, respectively). (b) The spatial distribution of
voxels that are categorized into the four types (gray and white matter, CSF, and intensity dropout) based on fitting to the
normalized intensity histogram is shown on a T1-weighted structural image. Voxel colors are the same as in (a). (c) The SB GRE EPI
image used for the estimation is shown with borders of the cortical ribbon (red lines).
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(2,28) = 133.95, P < 0.05). The post-hoc paired t-tests rev-
ealed significant differences among all pairs of conditions
(P < 0.0167 with Bonferroni correction, t(14) = 5.45 between
the uncorrected and GDC conditions, t(14) = 12.35 between
the uncorrected and B0DC conditions, and t(14) = 11.13
between GDC and B0DC conditions). The comparisons of
group-averaged cortical displacements among the three distor-
tion conditions are shown in Fig. 7b. Again, the repeated
measures ANOVA indicated statistically significant differences
among the conditions (F(2,28) = 241.71, P < 0.05). The
post-hoc paired t-tests revealed significant differences among
all pairs of conditions (P < 0.0167 with Bonferroni correc-
tion, t(14)= 9.13 between the uncorrected and GDC condi-
tions, t(14) = 17.03 between the uncorrected and B0DC
conditions, and t(14) = 14.36 between GDC and B0DC
conditions).

Individual Effects of Distortion Correction on
Surface-Based Analysis and Volume Data
Figure 8a demonstrates maps of Euclidean and cortical dis-
placements and their ratio in the right hemisphere of a typical
subject when no distortion corrections were applied to the
EPI image. Euclidean and cortical displacements were large in
the medial frontal cortex (MFC), OFC, and ITC. Cortical

fallouts were seen not only around these cortices but also
around the central sulcus and part of the occipital cortex.

The cortical fallouts around the AFC, posterior bank of
the central sulcus, and POC (left, middle, and right columns,
respectively) are reflected in the volume data from the same
typical subject in Fig. 8b. In the T1w images in the first row,
gray matter voxels are located between two trace lines: pial
and white surfaces. When these lines are overlaid on the
corrected SB EPI images, we find gray matter voxels included
between them (see images in the second row). In contrast,
voxels from white matter or CSF intruded into the gray mat-
ter zones in the uncorrected SB EPI image registered to the
structural image (see images in the third row). This can be
more clearly seen from images in the fourth row, where
distortion-replicated cortical ribbon is overlaid on the dis-
torted EPI images and the correct trace lines. The point F in
the AFC includes signals outside the CSF (quite low voxel
intensity) because of a distortion to the posterior (see the left
column). We also found a cortical displacement over 5 mm
in the medial area. Meanwhile, the points S and V in the
somatosensory and visual cortices included signals from the
CSF and white matter (higher and lower voxel intensity than
gray matter), as shown in the middle and right columns,
respectively.

TABLE 1. Distortion Correction Accuracy and Weights of Gray Matter, White Matter, Cerebrospinal Fluid (CSF),
and Intensity Dropout (wg, ww, wf, and wd, respectively) for Fully Corrected Echo-Planar Images in 15 Subjects

Subject number Gray (wg) White (ww) CSF (wf) Dropout (wd) Accuracy (%)

01 0.840 0.049 0.061 0.050 88.4

02 0.887 0.011 0.054 0.048 93.1

03 0.872 0.022 0.074 0.032 90.1

04 0.862 0.010 0.084 0.044 90.1

05 0.827 0.055 0.081 0.037 85.9

06 0.836 0.043 0.080 0.041 87.2

07 0.831 0.074 0.069 0.027 85.4

08 0.846 0.000 0.098 0.057 89.7

09 0.857 0.000 0.100 0.043 89.5

10 0.848 0.017 0.091 0.044 88.7

11 0.838 0.005 0.099 0.058 88.9

12 0.842 0.000 0.100 0.058 89.4

13 0.860 0.000 0.080 0.060 91.4

14 0.855 0.002 0.077 0.067 91.5

15 0.843 0.000 0.100 0.057 89.4

Average 0.850 0.019 0.083 0.048 89.2

Standard deviation 0.016 0.024 0.015 0.011 2.0
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FIGURE 6: Group-averaged effects of distortion corrections on the cortical surface-based analysis. Panels (a,b,c) correspond to the
effects in case that echo-planar images acquired with the anterior-to-posterior phase-encoding direction were registered to the
structural image, with no correction, gradient distortion correction (GDC), and B0 distortion correction (B0DC), respectively. Maps of
the cortical fallout rate, cortical displacement, Euclidean displacement, and displacement ratio are shown in the first to fourth rows
of each panel. The fallout rate maps indicate how frequently each vertex was categorized as data from extracortical voxels.
Additionally, maps of cortical thickness and curvature averaged over 15 subjects are shown in (d).
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Discussion
This study quantified the effects of geometric distortion cor-
rections on surface-based analysis in terms of cortical fallouts
and displacements, instead of simple 3D Euclidean displace-
ments. To this end, cortical surfaces replicating distorted EPI
images were compared with those reconstructed from
undistorted structural images, which were regarded as surfaces
replicating fully corrected EPI images, that is, ideally
corrected ones. However, since the accuracy of fully corrected
EPI images was unknown, it was first evaluated based on
intensity distributions of voxels within a cortical ribbon. The
simulated spatial distribution map obtained by fitting the
probability density function with four normal distribution
functions for gray and white matter, CSF, and intensity drop-
out exhibited clear intensity dropout around the OFC and
ITC, as expected. Some voxels labeled as white matter and
CSF were randomly scattered in gray matter, while most were
located on the edge. SB GRE EPI images, the least noisy EPI
images, are therefore imperfect for voxel classification of brain
tissues. Thus, the actual distortion correction accuracy for
fully corrected EPI images may be greater than the 89.2%
estimated.

Cortical fallout and displacement have allowed us to
clearly delineate the impact of subtle distortions. In the com-
parison between undistorted and distortion-replicated cortical
surfaces, the most striking finding was that even moderate
distortions can yield important cortical fallout and displace-
ment. Hitherto, for distortion correction evaluations, dis-
torted EPI images were simply compared to structural or
corrected EPI images, or the amounts of distortions were
shown or overlaid onto structural images.13,20,27–29 As with
the other approaches, B0 distortion was indirectly evaluated
by presenting effects on functional connectivity,30 and the
effect of gradient distortion correction was assessed by evalu-
ating voxel-based image intensity reproducibility.18 These
studies remind us of the importance of distortion correction

in brain regions where distortions are prominent, such as the
OFC and ITC for B0 distortion. Our results supported these
findings, showing a high cortical fallout rate and large cortical
displacement around these regions. Additionally, prominent
cortical fallouts were observed in the posterior bank of the
central sulcus (the primary somatosensory cortex) and visual
cortex, where distortions were supposed to be mild or moder-
ate without B0DC, unlike areas near the nasal cavity and ear
canals.12,13 The primary somatosensory cortex is one of the
thinnest cortices.31,32 The visual cortex is also thin,33,34 with
complex gyri and sulci running throughout.35 Due to these
structural factors, small distortions in the AP direction
resulting from PE can easily cause a fallout.

Across the whole brain, we observed far higher cortical
fallout rate and larger cortical displacement with only GDC
compared to only B0DC, indicating that B0 distortion was a
major cause of distortions. The effect of GDC in our study
was small. Glasser et al20 have previously claimed that GDC
is not required for standard scanners with gradients that are
linear over a large FOV and where the head position is close
to the isocenter. Most gradient coils have specifications of
<1% linearity over a 40-cm sphere.27 Nevertheless, in our
study gradient distortion resulted in measurable cortical fall-
outs and displacements in the AFC, ITC, and POC. Gradient
distortion is mild but global, so that it changes the volume
size of whole EPI images. Therefore, the burden of whole
image distortion cumulatively arises as registration errors in
the volume periphery, where the AFC, ITC, and POC are
located. Further, these cortices are located in a zone where
gradient distortion was high enough for measurable cortical
fallouts and displacements. As for the POC, the above-
mentioned structural factors might have also affected these
quantities similarly.

Our results examining cortical fallout and displacement
indicate that GDC is necessary for precise surface-based fMRI
analysis. Offline GDC is especially important when we use
MRI scanners where the availability of a vendor’s GDC
depends on the scanning sequences. In fact, the vendor’s
GDC was not available in the present fMRI sequence on our
7T scanner, but it was available for the structural image
sequences acquired at 3T. Conversely, the importance of off-
line GDC applications has been less emphasized in scanners
where a vendor’s GDC is applicable in fMRI sequences.
However, replacing the vendor’s GDC with our own offline
one may be important, as the vendor’s GDC is applied only
in the in-plane direction in 2D EPI sequences. Although
comparison of 2D and 3D GDCs is outside the scope of this
study, several studies have reported or referred to the effec-
tiveness of 3D GDC over 2D GDC in structural imaging
sequences,17,18,36 implying that offline GDC should not be
confined to scanners that have a poor gradient nonlinearity
due to a short or small bore and/or where the subject’s head
is not positioned at the isocenter.

FIGURE 7: Group-averaged cortical fallout rates and
displacements across vertices in three distortion conditions.
Post-hoc paired t-tests for 15 subjects indicated significant
differences in both the cortical fallout rate and displacement
among the conditions. Error bars indicate standard errors of the
mean across subjects.
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FIGURE 8: Individual effects of distortion corrections on cortical surface-based analysis. (a) Maps of Euclidean (left column) and
cortical displacements (middle column), and displacement ratio (right column) are shown on the right inflated surface of a typical
subject. These maps from medial (top row) and lateral views (bottom row) are aligned. (b) Cross-sectional views of the points F, S,
and V in (a) are shown in the left, center, and right columns, respectively. Crosshairs correspond to these points. In each cross-
sectional view, T1-weighted and corrected single-band (SB) gradient-echo (GRE) echo-planar images are shown in the first and
second rows, respectively. The uncorrected versions of the echo-planar images are also shown in the third row. The distortion-
replicated cortical ribbon denoted in red is overlaid on the uncorrected images in the fourth row. Green and blue or aqua lines
indicate pial and white surfaces created with FreeSurfer, respectively.
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The metrics used in our study (cortical fallout and dis-
placement) were informative in demonstrating the impact of
distortions on surface-based analysis in functional neuroimag-
ing. The introduction of cortical displacement highlighted a
problem caused by voxels surviving on gray matter despite
image distortion. The group-averaged cortical displacement in
the uncorrected condition was comparable to the length of a
side of the voxel in this study (0.96 mm compared to
1.2 mm). The displacement ratio was also helpful to accentu-
ate vertices where cortical displacement was observed. Mean-
while, because of the vertexwise metrics relying on only
positional information of vertices, we did not consider partial
cortical fallout resulting from voxel volume change and the
partial volume effect. Moreover, a vertex was determined as a
fallout when experiencing a distortion yielding displacement
over half the cortical thickness in the direction normal to the
surface. The present group-averaged cortical fallout rates are,
therefore, likely to be conservative. However, even if ~90% of
the vertices could survive on gray matter without any distor-
tion corrections in the conservative evaluation, fMRI data
would be missampled on vertices with every surviving voxel
displaced by nearly the length of the side of a voxel, on
average.

Limitations
We evaluated displacements only on a cortical surface
modeled as a sheet. However, as the cortex indeed has thick-
ness, displacements caused by image distortions should also
be observed in the depth direction. These displacements are
much more critical for cortical layer-based analysis,1,8–10

which is more advanced than surface-based analysis.37,38 For
future study, we need to consider the reduction of image dis-
tortions during fMRI data acquisition and methods for more
precise distortion corrections. At the same time, evaluation
for displacements in the depth direction will be more
important.

Conclusion
This study quantified the effects of geometric distortion cor-
rections in surface-based analysis as cortical fallouts and dis-
placements, rather than simple 3D Euclidean displacements,
by creating cortical surfaces and ribbons replicating distor-
tions of EPI images. Using these neurobiologically more
meaningful quantities, our method of distortion correction
evaluation revealed that even moderate distortion (B0 distor-
tion in regions other than in the vicinity of the nasal cavity
and ear canals and gradient distortion) can yield significant
cortical fallouts and displacements in regions where the cortex
is thin (eg, the primary somatosensory cortex), where the
folding pattern of the cortex is complex (eg, the visual cortex),
or where gradient linearity is imperfect (eg, the AFC, ITC,
and POC, that is regions distant from the isocenter of an
MRI scanner). This suggests that careful distortion

corrections, as performed in the preprocessing pipelines, are
essential for surface-based analysis of high-resolution fMRI
data at 7T.
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