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Subject motion in functional magnetic resonance
imaging (fMRI) studies can be accurately estimated
using realignment algorithms. However, residual
changes in signal intensity arising from motion have
been identified in the data even after realignment of
the image time series. The nature of these artifacts is
characterized using simulated displacements of an
fMRI image and is attributed to interpolation errors
introduced by the resampling inherent within realign-
ment. A correction scheme that uses a periodic func-
tion of the estimated displacements to remove interpo-
lation errors from the image time series on a voxel-by-
voxel basis is proposed. The artifacts are investigated
using a brain phantom to avoid physiological con-
founds. Small- and large-scale systematic displace-
ments show that the artifacts have the same form as
revealed by the simulated displacements. A randomly
displaced phantom and a human subject are used to
demonstrate that interpolation errors are minimized
using the correction. o 2000 Academic Press
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INTRODUCTION

It has been accepted for some time that changes in
signal intensity in functional magnetic resonance imag-
ing (fMRI) time series can arise from head motion. In
the analysis of functional activation studies, such
changes in the fMRI signal can be confused with signal
changes due to brain activity, when the movement is
correlated with the task (Hajnal et al., 1994). If there is
no correlation between the task and the movement, it is
unlikely that artifactual activations will be attributed
to brain activity, although the detection of true activa-
tions may be impaired due to the increase in error
variance. Realignment of three-dimensional images in
a time series can provide accurate registration, but
alone is not sufficient to correct for all signal changes
due to motion. It has been shown that signal changes
can arise from a change of the position of the object in
the scanner and from movement of the object in previ-

ous scans (Friston et al., 1996). The latter has come to
be known as the spin history effect and occurs when
excited spins in the acquisition volume do not have time
to return to equilibrium before the next excitation pulse
occurs, that is, when the repetition time, TR, is compa-
rable to the relaxation time, T1. The practical consider-
ations of correcting for these effects have recently been
explored (Robson et al., 1997). Here we do not consider
changes in the fMRI signal due to the spin history
effect. In the data presented the TR is greater than 4 s,
which is long enough for this effect to be negligible. We
are concerned with the form and origin of the compo-
nents of the fMRI signal that are a simple function of
the position of the object in the scanner. We consider
displacements in the in-plane (x and y directions) as
well as the z direction. In this context it is worth noting
that it is important to use small slice gaps and square
slice profiles to ensure data sufficiency (Noll et al.,
1997).

Image realignment may be considered as a two-part
process. First, each scan in the time series is coregis-
tered to a target, which is usually the first scan in the
time series. In coregistration, a series of six-parameter,
rigid-body transformations (translations in the x, y, and
z directions and rotations about the x, y, and z axes) is
estimated by minimizing a function of the difference
between the object and the target images. A least-
squares solution is found, giving a six-parameter esti-
mation for the movements associated with each scan
(Woods et al., 1992; Friston et al., 1995). Realignment
algorithms based on this approach can achieve an
accuracy in the range 50 ym or better (Jiang et al.,
1995; Frouin et al., 1997).

The second part of the realignment process involves
resampling each image according to the spatial transfor-
mation estimated in the first stage. The intensity of
each voxel in the transformed image must be deter-
mined from the intensities in the original image. In
order to realign images with subvoxel accuracy, the
spatial transformations will involve fractions of a voxel.
It is therefore necessary to resample the image at
positions between the centers of voxels. This requires
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an interpolation scheme to estimate the intensity of a
voxel, based on the intensity of its neighbors. A rudimen-
tary approach is to take the value of the closest
neighboring voxel. This is referred to as nearest neigh-
bor resampling, which does not correct for intensities at
subvoxel displacements. A better approach is trilinear
interpolation, which computes the intensity of trans-
formed voxels by a position-dependent linear weighted-
average of eight neighboring voxels. This accounts for
subvoxel displacements but also removes some high
spatial frequency information from the image. Trilin-
ear interpolation is simple to implement and has a
relatively high computational speed; however, it can
still introduce sampling errors (Ostuni et al., 1997).

The ideal scheme for transforming band-limited MR
images without introducing artifacts is to perform the
translations and rotations in Fourier space. This ap-
proach is referred to as Fourier interpolation and has
been implemented in two dimensions (Eddy et al.,
1996). The image—space method that gives the closest
results to Fourier interpolation is a full sinc interpola-
tion using every voxel in the image to calculate the new
value at a single voxel (Jain, 1989). The slowest proce-
dure in fMRI data analysis is the accurate realignment
of the image time series. Because of the computational
burden of performing a full sinc interpolation, in prac-
tice it is necessary to limit the extent of the sinc
function (Hajnal et al., 1995). The truncated sinc func-
tion is commonly implemented using an 11-voxel Han-
ning-windowed sinc function. For a data matrix of 48
64 X 64-voxel slices, realignment using an 11-voxel sinc
kernel proceeds at a rate of about 1 min per volume on a
Sparc 20 Sun workstation. This increases 200-fold if a
64-voxel kernel is employed.

This paper investigates the form of intensity artifacts
introduced by this nonideal interpolation scheme and
explores the relationship with motion-correlated signal
changes. In the context of current high-resolution fMRI
studies, it is important to investigate displacements of
the order of several voxels. Several experiments are
presented. A simulation is used to directly address the
question of interpolation artifacts and to characterize
their form. A correction algorithm for interpolation
errors, with computational times compatible with rou-
tine fMRI studies, is derived from these results. Signal
changes due to motion are investigated and character-
ized with a brain phantom to avoid physiological signal
changes. The effects of motion in a human fMRI
activation study are also investigated. The correction
for interpolation artifacts is applied to the phantom
data and the fMRI time series and its impact assessed.

MATERIALS AND METHODS

All fMRI studies were performed on a Siemens
Magnetom Vision scanner operating at 2 T, using either

a 64-slice 2D gradient echo planar (EPI) sequence
(image array of 64 X 64 X 64 voxels) or a single-slice
FLASH sequence (image array 64 X 64). Both se-
quences had in-plane resolution of 3 mm, slice thick-
ness of 1.8 mm, and slice separation of 1.2 mm.
Simulated displacements of image data were per-
formed in Matlab (The Math Works, Inc.). All realign-
ments were performed using the standard realignment
algorithm in SPM96 (Friston et al., 1995), which resa-
mples the realigned data using an 11-voxel Hanning-
windowed sinc function interpolation kernel in three
dimensions.

The effect of object movement was investigated using
a Hoffman brain phantom (Hoffman et al., 1990). This
phantom consists of a stack of Perspex slices cut to an
anatomical MRI template, contained in an outer, cylin-
drical, Perspex shell, resulting in a three-dimensional
structure with two compartments. One compartment,
the Perspex, simulates the central brain structures and
cerebrospinal fluid, and the other compartment, the
fillable cavity, structurally simulates the features of the
human cortex. This phantom was designed to be filled
with a radioactive solution and imaged using emission
tomography to mimic the distribution of a tracer of
metabolism in the human brain. For MR imaging, the
cavity was filled with tap water. Representative EPI
images of the brain phantom are shown in Fig. 1 (top).

The effects of subject motion on fMRI data were
characterized in a human study using an auditory
stimulus. The volunteer was presented with binaural
spoken words (one word per second). The subject’s head
was cushioned inside the Siemens proprietary head rf
coil assembly, and two adjustable pads exerted light
pressure to either side of the head. This is the standard
method of immobilization in our laboratory. Representa-
tive EPI images of the subject are shown in Fig. 1
(bottom).

EXPERIMENTS
Simulated Movements

Characterization of Interpolation Artifacts

A simulated image time series was generated using a
single slice (64 X 64 voxels) from an EPI image volume
of a subject scanned at rest. Each point in the time
series was created by sequentially translating the slice
by a subvoxel displacement of 0.04 mm, spanning = 1
voxel (generating 150 slices with a total displacement
of 6 mm). The translated slice was generated at each
displacement by resampling the original slice using a
64-voxel Hanning-windowed sinc function. This interpo-
lation gave negligible error when applied repeatedly,
showing its close equivalence to Fourier interpolation.
The translated slices thus obtained were realigned and
resampled using the standard SPM96 realignment



¢ ¢

*(wo330q) 399lqns uewny oY) pue (doy) wojueyd urelq 9y} Jo SWN[OA [ A} O[SUIS B YSNOI[} SOII[S [BUOI0D PUR

[eniSes ‘erxesued], ‘T 'HIA




52 GROOTOONK ET AL.

procedure, which employs an 11-voxel Hanning-win-
dowed sinc function for reasons of computational speed.
Principal component analysis (PCA) was performed on
the resulting realigned time series to characterize the
functional form of the time dependence of the intensity
variations (Fig. 2). The periodic functions in Fig. 2
describe how the greatest amounts of variance—
covariance in the data vary with displacement over 2
voxels. There are two main components of different
magnitudes, which vary sinusoidally with a common
period of one voxel. The major form of errors is there-
fore periodic and can be described by two functions,

sin 2wt

(D

cos 2,

where ¢ is the displacement in voxels.

Correction for Interpolation Artifacts

It has previously been reported that residual move-
ment-related artifacts in realigned images are reduced
by covarying out (i.e., regressing) signal correlated with
functions of the motion estimates (Friston et al., 1996).
These functions comprised a first- and second-order
term to approximate linear and nonlinear motion-
dependent effects. In our simulations, we have identi-
fied that these artifacts can be largely explained by
interpolation errors. When the displacements are of the
order of one voxel or more, these errors are best
described by two periodic functions. We therefore pro-
pose replacing the linear and nonlinear functions of
movement above with periodic functions of movement
to remove residual signal changes after realignment.

For each voxel in the two-dimensional image, a
matrix M is generated as a function of the displace-
ments in x and y at each of JJ time points.

component 1
component 2
component 3

arbitrary units
<

2

-1 -0.5 0 0.5 1
displacement [voxels]

FIG. 2. PCA of the realigned images from the simulated time
series as a function of displacement. The first and second principal
components of realigned images show how the variance—covariance
in the time series vary periodically with displacement.
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M= (2)
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We model movement effects for each voxel time course b
linearly as

b=Mp +r, (3)

where r represents the residuals. Coefficients p are
determined that best fit the columns of M to the voxel
time course b in a least-squares sense (i.e., minimize
r2):

p = (M™) M. (4)

Any component of the signal in b that is correlated with
the first four columns of M is then removed from b:

1]
P2
b* =b — |ps| M.
Py
L 0]

(5)

This correction involves creating a separate adjust-
ment matrix M for each voxel related to the estimated
displacements of that voxel over the whole time series.
There is a natural extension of the correction to the
three-dimensional case, and the use of voxel-specific
correction matrices implicitly deals with rotations.

Displacement of Brain Phantom

The brain phantom was moved relative to the imag-
ing field of view both in a systematic manner, by
shifting the field of view of the scanner, and also
randomly by manually applying small displacements to
the phantom within the scanner field of view. Images
were collected, realigned, and resampled and analyzed
both with and without the correction for the interpola-
tion artifacts described above.

Systematic Displacements

Small- and large-scale displacements in the slice-
select or z direction were achieved by moving the field of
view in 0.1-mm steps over two slices (6 mm total
displacement) and in 0.5-mm steps covering five slices
(15 mm total displacement). A single EPI volume was
acquired at each displacement for both small- and
large-scale movements. The same displacements were
investigated for within-plane motion by moving the
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field of view in the readout or x direction. In this case,
single-slice FLASH data were acquired.

The estimates of translation in the x, y, and z
directions were plotted against scan number to illus-
trate the systematic, small-scale, movements over time
(Fig. 3, top). Principal component analysis was per-
formed on the realigned images (Fig. 3, middle). The
effect of the correction for interpolation artifacts is

demonstrated by representative voxel time courses
(Fig. 3, bottom). The data in Fig. 3 illustrate small
displacements in the z direction. The effects seen were
also reproduced with small displacements in the x
direction and large displacements in the z direction and
in the x direction. Before correction, the intensity over
the time courses varies sinusoidally with a period of one
cycle per unit voxel displacement. This periodic compo-
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FIG. 3. Results of systematic displacements of the brain phantom. (Top) Estimated realignment parameters, (middle) PCA of realigned
images, and (bottom) voxel time courses before and after adjustment plotted against scan number.
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nent is seen to be attenuated strongly after applying
the correction. The mean variance over the time series
was calculated for small and large displacements in the
x and z directions, before realignment, and after realign-
ment, both before and after the correction for interpola-
tion effects. The results demonstrate a factor of 40
reduction in variance after realignment and a further
factor of 10 reduction in variance following the correc-
tion.

Random, Manual Displacements

To mimic movement of a human subject in the field of
view, the brain phantom was moved manually within
the scanner by discrete displacements. In order to
control these displacements and avoid intrascan mo-
tion, the phantom was moved rapidly in the intervals
between scans. One movement was made every fifth
scan. The estimates of translation in the x, y, and z
directions were plotted against scan number to illus-
trate the applied movement over time (Fig. 4, top). The
time course of a representative voxel from the realigned
time series was plotted to demonstrate the effect of the
adjustment (Fig. 4, bottom). The time course from this
voxel shows a reduction in signal change from a maxi-
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FIG. 4. Results of random, manual displacements of brain phan-
tom. (Top) Estimated realignment parameters and (bottom) voxel
time courses before and after adjustment.

mum of 10% to around 2% after applying the adjust-
ment. Signal changes that appear to be highly corre-
lated with motion are removed. Variance images over
the time series were also calculated and a representa-
tive slice is shown in Fig. 5. Before the correction, the
highest variance can be seen at the boundaries between
compartments and edges of the object. After the correc-
tion, a factor of 10 reduction in variance was observed
over the whole object.

Study of Movement in a Human Subject

The human study comprised 30-s blocks of an audi-
tory stimulus alternated with 30-s rest blocks (6 scans
per block, 10 blocks per condition, each scan of 5 s
duration). A total of 120 brain image volumes were
acquired over 10 min. The image time series of the
human subject was realigned and resampled both with
and without the adjustment for interpolation artifacts
described above. The estimated translational move-
ments in the x, y, and z directions were plotted against
scan number to show how the subject moved through-
out the experiment (Fig. 6, top). The subject moved
gradually after the 60th scan, in the z direction. This
gradual drift in position after a certain period of
relative immobility is typical in our fMRI subjects. The
maximum translation for this subject is less than half a
voxel (1.5 mm).

The effect of the adjustment for interpolation is
illustrated by showing the time course of selected
voxels. The time courses of a representative voxel in the
auditory cortex and a voxel in a frontal lobe gray-
matter region are shown in Fig. 6, middle and bottom,
respectively. Variance images over the time series were
calculated to illustrate the effect of the correction for
interpolation (Fig. 7). After applying the correction for
interpolation errors, the variance was reduced by 10%,
the effect being mostly visible around the edge of the
brain and central structures. The correction had no
effect on the Z score of the activated voxel, which had an
value of 7.7.

DISCUSSION

We have emphasized the existence of residual inten-
sity errors in fMRI time series even after realignment
using accurate movement estimates. In particular we
have demonstrated that if a nonideal interpolation
scheme is used to resample realigned images, this can
account for a major component of the residual artifacts.

Artifacts obtained with a truncated sinc interpola-
tion scheme have been illustrated using simulated
displacements of an image and reproduced experimen-
tally by systematically moving a brain phantom rela-
tive to the field of view of the scanner. The form of these
artifacts has been characterized by a simple function of
the estimated displacements over the time series. The
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FIG. 5. Hoffman brain phantom: Mean image (left) and variance image for random displacements of the HBP before (center) and after
(right) adjustment for interpolation artifacts. Note the relative importance of boundaries between areas of different signal intensity on the

variance image before adjustment.

functions are periodic with a sine and a cosine compo-
nent and a cycle of one voxel. This can be intuitively
understood by recognizing that the resampling algo-
rithm is exact for movements by integral numbers of
voxels.

Our phantom experiments have shown that artifacts
arise from movement in the x—y plane (readout or
phase-encoding direction) as well as movement in the z
direction (slice select). The function that characterizes
these artifacts is the same in each case. For our
experimental setup, image resolution, and voxel size,
the function remains valid for displacements of up to 15
mm (five voxels).

These findings have allowed us to correct residual
interpolation artifacts that are related to motion. The
periodic function of the displacement that was deter-
mined using simulated data has been used to remove
motion-correlated signal changes in the fMRI time
series of in vivo data. The correction involves creating a
separate adjustment matrix for each voxel in the image
using voxel displacement parameters obtained by simple
realignment. Within the SPM package, the adjustment
has been implemented as an adjunct to the resampling
step of the realignment process. There is only a minor
computational overhead for each image resampled.

The results of the phantom experiments, in which we
know there will be no signal changes due to physiologi-
cal effects, clearly indicate the impact of the correction
for interpolation artifacts. We have also explored the
effect of the adjustment on a human study with typical
small movements. The averaged variance over the

FIG. 6. Results of human auditory activation study. (Top) Esti-
mated realignment parameters, (middle) voxel time course in an
activated auditory region, and (bottom) a nonactivated region plotted
against scan number. Time courses are shown for the data prior to
image realignment and after realignment with and without adjust-
ment.
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FIG. 7. Human auditory activation study. Mean image (left) and variance image before (center) and after (right) adjustment for

interpolation artifacts.

volume in the time series is reduced by 10% and Fig. 7
shows that the main reductions occur in areas that are
most affected by motion, e.g., around the edges of the
volume, and internal tissue boundaries. Note that in
these variance maps the variance associated with the
auditory task has already been removed.

Task-correlated motion is an important issue which
requires further investigation. If such motion is pre-
sent, use of the algorithm described here inevitably
results in reduced apparent activation. However, the
protection from false positives may render this strategy
desirable in some experimental contexts.

The adjustment reduces the degrees of freedom of the
data set by the number of functions or columns used in
the adjustment matrix. For the adjustment in three
dimensions this number is 6, which is not of serious
concern for fMRI experiments, in which it is not
uncommon to acquire 100 or more image volumes.
Often, fMRI experiments extend over tens of minutes.
Low-frequency drifts have been observed in voxel time
series and have been attributed to both scanner insta-
bility and physiological factors. High pass filtering of
the data has been suggested as a correction for these
effects (Holmes et al., 1997). We find that artifacts due
to subject motion are responsible for some low-
frequency signal changes in our experimental data.
These drifts were removed by the adjustment proce-
dure presented here.

We have so far considered only interpolation artifacts
which occur as a result of the movement between scans
in the time series and used a postprocessing step to
correct for them. Other motion-related artifacts can
confound fMRI time series, such as intrascan subject
motion, spin excitation history effects, and the interac-
tion between motion and susceptibility artifacts (Birn
et al., 1997). These issues will need further investiga-
tion and may well be better addressed within the

framework of data acquisition. Alternative approaches
to fMRI data realignment can also be implemented as
part of the data acquisition step, such as real-time
motion correction (Lee et al., 1996) and realignment in
Fourier space (Eddy et al., 1996).

Interpolation-based resampling errors have been
demonstrated in realignment methods routinely used.
Compared to the implementation of an ideal interpola-
tion scheme, the correction for residual interpolation
artifacts presented in this paper is a robust compromise
which reduces the computational time to acceptable
levels.
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