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Abstract
Blood-oxygenation-level-dependent (BOLD) functional magnetic resonance imaging (fMRI) is
currently the dominant technique for non-invasive investigation of brain functions. One of the
challenges with BOLD fMRI, particularly at high fields, is compensation for the effects of
spatiotemporally varying magnetic field inhomogeneities (ΔB0) caused by normal subject
respiration, and in some studies, movement of the subject during the scan to perform tasks related to
the functional paradigm. The presence of ΔB0 during data acquisition distorts reconstructed images
and introduces extraneous fluctuations in the fMRI time series that decrease the BOLD contrast-to-
noise ratio. Optimization of the fMRI data-processing pipeline to compensate for geometric
distortions is of paramount importance to ensure high quality of fMRI data. To investigate ΔB0 caused
by subject movement, echo-planar imaging scans were collected with and without concurrent motion
of a phantom arm. The phantom arm was constructed and moved by the experimenter to emulate
forearm motions while subjects remained still and observed a visual stimulation paradigm. These
data were then subjected to eight different combinations of preprocessing steps. The best
preprocessing pipeline included navigator correction, a complex phase regressor, and spatial
smoothing. The synergy between navigator correction and phase regression reduced geometric
distortions better than either step in isolation, and preconditioned the data to make them more
amenable to the benefits of spatial smoothing. The combination of these steps provided a 10%
increase in t-statistics compared to only navigator correction and spatial smoothing, and reduced the
noise and false activations in regions where no legitimate effects would occur.
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INTRODUCTION
Blood-oxygenation-level-dependent (BOLD) functional magnetic resonance imaging (fMRI)
[1–3] is sensitive to spatial and temporal perturbations in magnetic field homogeneity within
the brain due to movement outside the imaging field of view (FOV) [4]. In addition to
unavoidable sources of movement due to respiration [5–8], cardiac pulsatility [5,9,10], and
sporadic swallowing [11], more elaborate paradigms require subjects to perform tasks that
include, but are not limited to, speaking, deliberate swallowing, jaw clenching, and tongue
movement [11,12], as well as movement of the forearm to reach or grasp an object [e.g., 13].
Such paradigms may also require movement of equipment or the experimenter within or
adjacent to the bore during scans. Bodily movements of the subject may also lead to head
movements, an area of study that has produced numerous algorithms that provide partial
compensation [14,15]. However, even in the absence of head motion, bodily motion can lead
to severe artifacts [16] because movements of masses outside the FOV perturb magnetic field
homogeneity and create significant geometric distortions [4,11]. When k-space is acquired
using echo-planar imaging (EPI), geometric distortions are primarily pixel intensity
fluctuations and shifts in the phase-encode direction [17,14]. This problem is exacerbated when
movement is correlated with the paradigm, creating geometric distortions that are also
correlated with the paradigm and resulting in false regions of activation [4].

A review by Strother [18] summarizes the bountiful repository of algorithms and
methodologies available to improve the quality and interpretation of BOLD fMRI data. The
choice of preprocessing algorithms, the order in which they are applied, and the statistical
analysis used to interpret the data has been denoted as the fMRI data-processing pipeline
[19]. A critical step in the preprocessing pipeline is compensation for dynamic field
inhomogeneities (primarily caused by respiration and cardiac pulsatility), which apply
corrections to either k-space [6,20,21] or image space [22,23]. The benefit of using navigator
correction to compensate for other sources of B0 fluctuations has also been presented [24].
Other strategies for compensating for subject movement have been utilized, including the use
of event-related designs [12,13] with the removal or modeling of artifact-contaminated
volumes [e.g., 25], artifact removal using independent components analysis [e.g., 26], and
reweighting of images based on the likelihood of noise contamination [27]. However, it may
be more effective to reduce the artifacts at earlier stages of processing, before they interact
with other post-processing steps, particularly motion correction, which can be misled by the
geometric distortions that accompany subject movement [28,16].

In this study, hybrid two-dimensional (2D) navigator correction [29] was used to compensate
for spatially varying field inhomogeneities. This navigator estimates 2D field inhomogeneities
in complex image space after each radiofrequency pulse, and then applies the required
corrections to low-frequency k-space. The navigator does not assume that frequency offsets
are uniform in an axial slice [30], does not require the respiratory cycle to be quasi-periodic,
and does not require external monitoring equipment. The only requirement of this technique
is that the navigator echo line (i.e., the central line of k-space in the absence of phase encoding
gradients) is acquired before the start of each echo train. In the context of the preprocessing
pipeline, another advantage of this navigator (like other k-space techniques that could have
been used in its place) is that corrections applied to k-space preserve the complex data
representation, thus permitting further processing or analysis that require phase information
[31].

Since gradient-echo fMRI is sensitive to BOLD signal changes in large veins that can be several
millimeters away from the primary site of neural activity [32], a complex phase regressor was
proposed by Menon [33] (and further validated by Nencka and Rowe [31]) to reduce the signal
contribution from large vessels and increase spatial specificity of BOLD activation. Within a
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high-resolution functional voxel a few mm3 in volume, vessels larger than the smallest
intracortical veins (> 25 µm radius) may be considered to be orientated and contribute to both
phase and magnitude changes during activation; in comparison, capillaries and venuoles (< 25
µm radius) are randomly orientated [34] and only produce magnitude changes [33]. A
maximum likelihood estimator from a linear fit of the phase and magnitude time series is used
to estimate and remove BOLD signal contributions from large vessels [33]. The phase regressor
may be applied to fMRI data acquired using any gradient echo EPI sequence that permits the
retention of the complex representation.

The use of complex phase regression (PR) to suppress BOLD changes from large vessels has
been demonstrated, but as mentioned in the original manuscript [33], this algorithm does not
discriminate between phase and magnitude correlation originating from large vessel activation
and other mechanisms causing correlated phase and magnitude changes within a voxel. It was
proposed that PR could also remove extraneous phase and magnitude fluctuations in BOLD
fMRI caused by scanner instabilities, respiratory-induced physiological noise, and geometric
distortions caused by movement outside the FOV of interest. Indeed, a swallowing and tongue
movement study [35] noted that the PR significantly reduced regions of false activation (Type
I errors) along the edge of the brain, around the ventricles, and in inferior slices (closest to the
movement). These observations suggest that PR may be particularly useful in compensating
for extraneous phase fluctuations caused by subject movement required to perform the
paradigm.

The goal of this paper is to investigate the effect of three preprocessing steps (navigator
correction, complex phase regression, and spatial smoothing) in reducing geometric distortions
due to subject movement in echo-planar fMRI. We collected echo-planar fMRI images while
subjects participated in a visual stimulation paradigm with or without uncorrelated motions of
a phantom arm (PA). Because the PA was physically independent of the subject’s body, head
motion should be comparable between runs with and without PA motions. Two analyses
quantified the effects of preprocessing steps upon data quality: 1) the average t-statistics in
occipital cortex, where legitimate activation is expected; and 2) the temporal variability through
the ventricles and in signal void outside the head, where no legitimate activation is expected.

MATERIALS AND METHODS
Subjects

Eleven subjects participated in this study. Two of these subjects did not complete the
experiments, and data from another subject were discarded due to excessive head movement.
Each of the eight remaining subjects (5 male and 3 female) completed ten functional runs. All
subjects provided written informed consent through a protocol approved by the University of
Western Ontario’s Health Sciences Research Ethics Board.

Imaging parameters
Experiments were performed on a Varian Unity INOVA whole-body 4 Tesla MRI scanner
(Palo Alto, CA) with a Siemens Sonata gradient coil (Erlangen, Germany). Functional planes
were planned parallel to the calcarine sulcus, and a 2-shot EPI sequence (64 × 64, TE = 15 ms,
TR = 1000 ms, volume acquisition time = 2 s, FOV (in-plane) = 19.2 cm, θ = 40°, 17 × 3 mm
slices, voxel size = 3 × 3 × 3 mm3) was used to acquire 105 volumes (15 per each baseline or
activation segment) during a 3.5-minute run. A multi-shot EPI sequence was used in this 4T
study to improve image quality by decreasing T2

* blurring. Although single-shot acquisitions
are becoming increasingly more standard, it must be emphasized that the preprocessing
methodologies discussed in this paper are not specific to either multi-shot trajectories or high-
field fMRI, and are therefore relevant to a wide range of fMRI studies.
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Phantom Arm Set-up
The PA constructed for this study (shown in Fig. 1a) modeled the humerus and ulna bones as
two identical pieces of wood (each 30 cm in length and 2 cm in diameter), connected with a
cable tie to allow movement at the “elbow” joint. Soft tissues were modeled by securing 1 L
of distilled water (approximately the volume of a typical subject’s hand and forearm) to each
piece of wood using two half-filled 1 L intravenous bags (to create a relatively uniform
distribution of water along the entire length of the “bone”). In the experimental set-up (Fig.
1b), one end of the PA was securely fastened in a right arm restraint with foam padding and
Velcro straps so that it did not move during the experiments, and the other end remained in its
resting position on the abdomen (where the subject’s arm would have been had it been a real
reaching/grasping experiment). The position of the arm restraint was centered on the bicep
muscle so that movement of the phantom arm would be a realistic distance from the subject’s
head.

Another cable tie was used to loop the free end of the PA around a length of twine tautly secured
to the top of the bore liner to suspend the PA off the subject’s abdomen. The end of a wooden
pole (1.5 m in length) was attached to the cable tie suspending the PA. During runs that required
PA movement, an experimenter stood beside the subject and moved the pole along the twine
in the superior-inferior direction to replicate the desired reaching/grasping motion of a human
forearm (leading to arm movements comparable to those from past studies such as Culham et
al. [13]).

Visual Stimulation Paradigm and Phantom Arm Movement
The visual paradigm utilized a block design to present seven alternations between 30 s of
baseline (blank screen) and 30 s of visual stimulation (a radial checkerboard flickering at 8
Hz). Subjects were instructed to maintain fixation on a central point throughout all runs.

Each session consisted of alternating control runs and movement runs. In control runs, the PA
remained in its resting position (as shown in Fig. 1b); in movement runs, the PA was moved
between its resting and grasping positions by the experimenter. Movement of the PA was
continuous but aperiodic to maximize geometric distortions, and the translational distances
varied at the experimenter’s discretion (up to 40 cm away from the resting position) to simulate
the random grasping of objects at varying distances. At no time were subjects required to move
their arms or any other part of their body.

Data Preprocessing
All EPI data first underwent a non-linear reference phase correction [36] to align even and odd
k-space lines and significantly reduce N/2 ghosting artifacts. Although a wide variety of
preprocessing options were possible [18], only the following three steps were considered in
this paper to focus the analysis on validating the use of phase regression for purposes other
than vessel suppression: (1) hybrid 2D navigator correction (NC) to compensate for image-to-
image intensity fluctuations due to respiratory-induced physiological noise and other sources
of dynamic field inhomogeneities; (2) complex phase regression (PR) to remove correlated
phase and magnitude fluctuations; and (3) in-plane spatial smoothing (SS) using a 7.5 mm full-
width-at-half-maximum (FWHM) Gaussian kernel to locally average thermal noise and
increase the signal-to-noise ratio (SNR).. Since NC and PR are both applied to complex data,
but the data become magnitude-only after PR, NC must be performed before PR. Furthermore,
since SS should be performed after all possible corrections for physiological noise and other
susceptibility-related fluctuations, there is only one logical order in which these steps may be
applied: NC, PR, SS. Each step was either performed or not performed, resulting in eight
(23) unique processing pipelines: raw, NC, PR, SS, NC+PR, NC+SS, PR+SS, NC+PR+SS.
The NC and PR steps were performed with custom software written in Matlab and C,

Barry et al. Page 4

Magn Reson Imaging. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



respectively. In-plane spatial smoothing was applied with Analysis of Functional NeuroImages
(AFNI) software [37].

A recent study by Strother et al. [19] investigated the impact of no smoothing and 7 Gaussian
kernels between 3.4 mm and 27.5 mm FWHM on the prediction and reproducibility of fMRI
data. Strother et al. state that the most striking observation across this range is a steep rise in
both prediction and reproducibility when the kernel size increases from 3.4 mm to 6.9 mm
FWHM. We used this finding to set a lower bound of 7 mm FWHM on our choice of kernel
size. The maximum values for prediction and reproducibility occurred at 13.8 mm and 20.6
mm FWHM, respectively, which set a very high upper bound of 21 mm FWHM. Firstly, it is
important to note that the peaks for these metrics (with reference to Fig. 3 and Fig. 4 in [19])
are both broad and shallow, and that most of the benefit to prediction and reproducibility
provided by smoothing is realized with a kernel size of only 6.9 mm FWHM. Secondly,
although a wide kernel of 14 mm to 21 mm FWHM may maximize prediction and/or
reproducibility, it is unlikely to be acceptable for the majority of fMRI studies, where
reasonable spatial resolution is desirable. Since current practices for group analyses suggest
that a kernel size between 6 mm and 9 mm FWHM may be appropriate to decrease functional
heterogeneity between subjects, a kernel size of 7.5 mm FWHM was selected for our study
because it is in the middle of this range and also benefits from significant increases in prediction
and reproducibility.

Statistical processing of data
BrainVoyager QX 1.9 (Brain Innovation, Maastricht, The Netherlands) was used to perform
the functional analysis upon the interpolated 3D volumetric data. Activation maps were
generated using a general linear model with a predictor formed by convolving a boxcar
waveform coincident with the visual stimulation paradigm with the software’s default double-
Gamma hemodynamic response function (HRF). Statistical comparisons were performed using
SPSS 16 software.

To examine the effect of the preprocessing pipeline upon Type II (false rejection) statistical
errors, we computed the average t-statistics within a volume of interest (VOI) in the occipital
cortex. Because genuine activation is expected within visual cortex, an increase of t-statistics
would indicate a reduction in the likelihood of Type II errors. For each of the 80 runs (40 control
and 40 movement), we selected a 3D VOI containing contiguous pixels in the occipital cortex
with t-statistics ≥ 4.0 using data that had undergone navigator correction and spatial smoothing.
Voxels containing large vessels that had BOLD signal change suppressed by the PR algorithm
were excluded from the VOI.

We also examined the noise variance within VOIs where no legitimate activation would be
expected: through the ventricles and corpus callosum, and in signal void outside the cranium.
The VOIs were selected within the middle 2D functional slice for each subject, and the noise
variance was recorded in each of the 80 runs for the NC and NC+PR pipelines. Such noise, if
spuriously correlated with the paradigm, can lead to false activations, so we also examined the
activation maps within these regions.

RESULTS
Figure 2 displays the spatially varying magnetic field inhomogeneities in a mid-axial slice
caused by PA movement between the grasping and resting positions, calculated as the average
of three separate measurements of phase differences in the 3D field maps (acquired using
RASTAMAP [38]). Previous field map measurements between full inhalation and exhalation
have revealed the magnitude of frequency offsets to be up to 1 Hz in posterior brain regions at
4 T [30]. In comparison, movement of the PA produced field offsets of 6 Hz peak-to-peak in
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the selected mid-axial slice, with a 3 to 4 Hz frequency shift throughout much of the occipital
cortex. Since the magnetic field was shimmed with the PA in its resting position, these
additional inhomogeneities are not present in control runs. Thus, in movement runs, data are
acquired in the presence of complicated spatiotemporally varying magnetic field
inhomogeneities from both respiration and PA movement, leading to frequency offsets at least
four times greater than expected during control runs.

We began by comparing the effects of the eight (23) combinations of preprocessing on the
movement runs. These data are shown in Fig. 3, in which data points have been normalized
such that the t-values for the standard processing step, NC+SS, were set to 1.0 for each run
and all other values were scaled accordingly. Note that the highest relative t-statistics were
observed for the NC+PR+SS combination, which provide an average improvement of 10.1%
in t-statistics across all voxels compared to NC+SS (without PR).

Table 1 summarizes the following analysis of variance (ANOVA) findings. Statistical analysis
revealed that each of the three preprocessing steps led to a significant improvement in t-
statistics for occipital cortex and, moreover, that all two-way combinations of these steps
demonstrated interactions. Specifically, to evaluate the statistical differences between the eight
conditions, a 2 (NC vs no NC) × 2 (PR vs no PR) × 2 (SS vs no SS) repeated measures ANOVA
was performed on the raw (unnormalized) tavg for the eight subjects. Significant main effects
were observed for NC, PR, and SS. From these main effects, along with posthoc tests, it is
clear that each of the steps improved the tavg values. Although there was no significant three-
way interaction (NC × PR × SS), all three two-way interactions were significant. First, the
interaction NC × PR showed that the effect of PR was smaller when the data had undergone
NC than when they had not; second, the interaction NC × SS showed that the effect of SS was
larger when the data had undergone NC than when they had not; third, the interaction PR × SS
showed that the effect of SS was larger when the data had undergone PR than when they had
not. Post hoc comparisons with a Tukey correction for multiple comparisons revealed
significant differences (p<0.01) in tavg between all pairs of pipelines, with one exception, NC
vs NC+PR. The pipeline with the highest tavg was NC+PR+SS, which had significantly higher
tavg values than NC+SS (a common processing approach).

Statistical analysis also revealed that the full complement of preprocessing steps was also
highly effective in improving tavg in the occipital cortex for runs in which there was no PA
movement; in fact, it was more effective than for runs with PA movement (see Fig. 4).
Specifically, we performed a 2×2 repeated measures ANOVA to compare the effect of NC+PR
+SS vs no preprocessing (raw) for the movement vs no control runs. As expected, tavg values
were lower for movement runs than control runs, a main effect that was significant. Also as
expected, the full preprocessing led to higher tavg values than no preprocessing, a main effect
that was also significant. In addition, there was a two-way interaction between preprocessing
and movement. Surprisingly, there was a greater improvement in tavg values for control runs
compared to movement runs, contrary to our initial expectations of the converse pattern. Post
hoc Tukey tests indicated that all comparisons between conditions were significant (p<0.01).

The t-statistic is a useful metric to quantify meaningful signal change due to BOLD activation
because it incorporates both the change in signal intensity and the noise variance. When
considering VOIs where no BOLD signal change is expected (such as in cerebrospinal fluid,
white matter, and air), the temporal variance is an appropriate metric to characterize the noise
level. In addition to reducing the likelihood of discovering true activations (Type II statistical
errors), such noise can also lead to false activations (Type I statistical errors) in these locations
if it happens to be spuriously correlated with the paradigm. In the noise analyses, the temporal
variance in two VOIs (through the ventricles and in signal void) was measured for the NC and
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NC+PR pipelines in both control and movement runs. Spatial smoothing was not applied so
that the analyses may focus solely on the efficacy of phase regression to reduce Type I errors.

Figure 5 illustrates how the addition of PR (NC+PR vs NC) reduced the variance in the noise
VOIs (ventricles and signal void) for both control and movement runs (where the latter group
has higher noise to begin with). Specifically, for each of the two VOIs, we performed a 2 (PR
vs no PR) × 2 (control vs movement) repeated measures ANOVA. For the ventricles VOI,
there was a significant main effect of PR, a significant main effect of movement, but no
significant interaction. In short, the PR algorithm was beneficial in reducing noise variance in
all functional runs, regardless of whether or not there was movement outside the FOV. For the
signal void VOI, there was also a significant main effect of PR and a significant main effect
of movement. However, in this case there was also a significant interaction, which occurred
because PR was more effective at reducing noise for movement runs than control runs. The
fact that PR reduced noise in the signal void for either control or movement runs may initially
appear surprising because thermal noise does not have correlated phase and magnitude
changes. However, the edge of the signal void VOIs included space containing residual N/2
ghosting artifacts (caused by subtle shifts between even and odd k-space lines that persisted
after non-linear reference phase correction [36]). Unlike thermal noise, these ghosting artifacts
exhibited correlated phase and magnitude changes, and thus may be reduced via phase
regression. These artifacts are also caused by ΔB0, which explains why the variance in signal
void VOIs was significantly higher in movement runs than control runs.

The reduction of extraneous susceptibility-related fluctuations within regions without
legitimate activation would be expected to lead to false positives if spuriously correlated with
the paradigm. As shown in Fig. 6a, a representative activation map for movement runs from
one subject suggests that the noise reduction achieved by NC+PR vs NC does indeed eliminate
or reduce false activations in white matter and the ventricles. The time course for falsely
activated voxels in the fornix (outlined in green in Fig. 6a, sagittal view) is shown in Fig. 6c.
This VOI has a t-statistic of 4.88 in the NC pipeline, which is mostly attributed to the sudden
change in phase (and thus magnitude) beginning around 180 seconds, coinciding with the time
in which the HRF would be expected to drop following offset of the visual stimulus. (If this
change were present in only the magnitude, then the NC and NC+PR time series would be
virtually identical.) The PR corrected this phase discontinuity and decreased the noise variance
by a factor of three (from 4.39 × 104 to 1.48 × 104), resulting in a non-significant t-statistic of
1.57 in the NC+PR pipeline.

DISCUSSION
We have shown that statistical errors caused by bodily movements can be compensated by a
combination of preprocessing techniques. We found that simulated arm movements (in the
absence of yoked head movements) led to a reduction in the average t-statistics in a region of
legitimate activation and an increase in temporal noise and false positive activations in regions
where no legitimate activation was found. Both of these problems, corresponding to Type II
and Type I statistical errors, respectively, were considerably reduced with data preprocessing.
The full combination of NC+PR+SS improved data quality over all other combinations of
preprocessing steps, including NC+SS, which is a more standard combination. Moreover, in
some cases, interactions occurred. Specifically, the benefits of SS were amplified by the
inclusion of either NC or PR while the combination of NC+PR led to smaller benefits than
would be expected by the sum of the two components alone.

The inclusion of PR was beneficial not only for movement-contaminated runs, but also for
control runs. Presumably this occurred because the PR algorithm reduced other artifacts that
affect ΔB0, including respiration and small head movements. The PR algorithm is therefore
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not only useful for suppressing the contributions from large vessels, but it also improves the
quality of data with or without movement artifacts. A modest improvement of only 10%
between NC+SS and NC+PR+SS may be explained by a reduction in activation levels (and
thus t-statistics) from the exclusion of large vessels. Similarly, the lack of a statistically
significant difference in tavg between NC+PR and NC pipelines is likely to be due to the
opposing effects of vessel suppression (which reduces tavg) and artifact suppression (which
increases tavg). Indeed, NC+PR led to a significantly greater reduction in noise in the ventricles
and outside the head compared to NC alone. In short, though the addition of PR to the
processing pipeline (before spatial smoothing) may not increase the significance levels of
legitimate activations, it excludes vessel contributions with no significant decrease in statistical
power, thus making the spatial localization of activation more closely coupled to the neural
events. The benefits of PR may be even greater in other areas of the brain. We chose to examine
t-statistics in the visual cortex, a standard VOI for methodological studies; however, given that
geometric distortions may be particularly problematic in anterior (Fig. 2) and inferior regions
closer to the bodily motion, greater improvements in statistics with PR may be expected.

Even with the combination of all three preprocessing steps, data from movement runs was still
poorer than non-movement runs (lower t-statistics and higher noise). This result is consistent
with our previous findings from simulations exploring the effect of spatially and temporally
varying field inhomogeneities due to respiratory-induced physiological noise on the time
course of pixels in reconstructed images [29]. Even though those simulations were conducted
in the absence of additive thermal noise, the residual geometric distortions persisted in
simulated images after navigator correction (global, 1D, or 2D), indicating that none of the
navigator techniques considered were able to completely compensate for spatially varying
magnetic field inhomogeneities – even under artificially ideal circumstances. Thus, residual
distortions persist in real fMRI data after NC, and are more severe in movement data than
control data. The efficacy of the subsequent PR and SS steps is unfortunately diminished by
these distortions, which explains why NC+PR+SS is more effective in control runs than
movement runs.

The most striking feature of Fig. 3 is the positive impact that the chosen spatial smoothing
kernel has on all of the pipelines. For example, data that have undergone only SS have tavg that
is not significantly different from NC. With the aim of choosing the best pipeline (for the three
steps considered), the most significant benefits of spatial smoothing are realized when this step
is applied to data that have already undergone NC+PR. Although there is no difference in
tavgbetween NC+PR and NC, there is a significant improvement in NC+PR+SS over NC+SS
due to the fact that the sequential application of NC and PR suppresses geometric distortions
better than either NC or PR alone, which preconditions the data to make them more amenable
to the well-recognized benefits of spatial smoothing [39,19].

The engineering of an algorithm to perform a specific task is typically done under ideal
circumstances or in isolation from other algorithms. However, in reality, there are interactions
between algorithms in the preprocessing pipeline because the output of one algorithm is also
the input of the next algorithm. A limitation of k-space correction algorithms (such as the 2D
navigator) stated in the literature is that they are only useful in low-frequency k-space where
there is sufficient SNR; however, a significant advantage of k-space techniques is that they can
apply different corrections to segments of k-space, which is important for multi-shot sequences.
An advantage of PR is that it operates on individual pixels in image space and can correct
temporal fluctuations that have high spatial frequencies. By combining NC and PR, data first
undergo a correction for field inhomogeneities with low spatial frequencies, followed by a
complementary correction for the highest spatial frequencies based on correlated phase and
magnitude changes. Since PR by itself is barely an improvement over the pipeline with no
preprocessing, another way of looking at this relationship is that uncorrected geometric
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distortions result in pixels with phase and magnitude changes that are influenced by the shifting
of adjacent pixels in the phase-encode direction. In the presence of geometric distortions, phase
and magnitude changes for each pixel become less correlated, and the PR algorithm is no longer
able to accurately compensate for these unwanted fluctuations.

In addition to suppressing BOLD activation from larger vessels [33] and increasing tavg via
interactions with NC and SS, the third benefit of the PR algorithm is decreasing spurious
activations (Type I errors) by reducing extraneous noise fluctuations. Although false
activations are more easily identified when they appear in white matter, cerebrospinal fluid, or
at the edge of the brain, they may, without careful scrutiny, be mistaken as genuine activation
in gray matter. Sources of extraneous fluctuations include physiological noise and field
inhomogeneities caused by bodily movements. Although this paper considered a specific
example of subject movement caused by movement of a subject’s forearm during reaching/
grasping experiments, it must be emphasized that the benefits of PR are applicable to all fMRI
experiments where unaliased complex data are retained.

The findings in this paper may also improve the reliability of motion correction algorithms.
Despite the best efforts of the MR technician to immobilize a subject’s head in the RF coil and
the good intentions of the subject to remain completely stationary, some degree of physical
head movement is inevitable during scans. Head motion degrades the quality of fMRI data by
obscuring regions of real activation and creating regions of false activation [40,41]. Even small
movements of less than 1 mm translation or 1° rotation can create false regions of activation
if the movement is correlated with the paradigm [42].

The use of an algorithm to estimate and correct for rigid-body head motion is generally believed
to improve the quality of fMRI data [15], although such algorithms can create spurious
activations in the absence of subject motion [28]. Motion correction can actually lead to
erroneous corrections [16] and create false regions of activation when the cost function used
to estimate motion is sensitive to spatially varying changes in signal intensity due to BOLD
activation and geometric distortions caused by ΔB0. Future work can include rigid-body motion
correction in the preprocessing pipeline to investigate the influence that steps to reduce
geometric distortions (e.g., navigator correction and complex phase regression) have on the
efficacy of the motion correction algorithm to compensate for genuine head motion without
introducing additional artifacts.

In conclusion, an approach to compensate for spatiotemporally varying magnetic field
inhomogeneities has been presented that combines complementary techniques of navigator
correction and complex phase regression. The first step is applied to low-frequency k-space
while the second step operates on individual pixels in complex image space, and their synergy
in the preprocessing pipeline precondition the data to make them more amenable to the benefits
of spatial smoothing. An fMRI study was performed that emulated magnetic field distortions
expected from a reaching/grasping paradigm by moving a human arm phantom outside the
imaging FOV. An analysis in the occipital lobe demonstrated a 10% increase in t-statistics
when phase regression is included between 2D navigator correction and spatial smoothing,
leading to a decrease in Type II errors. Analyses in regions other than gray matter revealed a
decrease in noise variance after phase regression, providing better control of Type I errors. As
residual geometric distortions persisted in reconstructed images, future work can investigate
the inclusion of additional steps in the preprocessing pipeline (for example, the Stockwell
transform filter [43]) to further compensate for non-trivial magnetic field inhomogeneities.
Finally, since the scope of this study was limited to spatial smoothing for typical group analyses
(a single kernel width used for all data sets), future work can also consider the role that phase
regression may play in optimized spatial smoothing for both single-subject and group fMRI
analyses.
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FIG. 1.
(a) Phantom arm and (b) the experimental set-up to replicate the movement of the subject’s
arm during a reaching/grasping paradigm.
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FIG. 2.
Spatially varying magnetic field inhomogeneities (6 Hz peak-to-peak) in a mid-axial slice
caused by the change in position of the phantom arm between its resting and grasping positions.
Frequency offsets are between 3 and 4 Hz throughout much of the occipital cortex, which are
at least three times the magnitude of field offsets expected from normal subject respiration.
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FIG. 3.
Average t-statistic for 40 movement runs normalized with respect to NC+SS (FWHM = 7.5
mm) for each run. Although there is no significant difference between NC and NC+PR, there
is a 10.1% increase between NC+PR+SS and NC+SS. Error bars represent the 95% confidence
intervals (CI). [NC = navigator correction; PR = phase regression; SS = spatial smoothing; raw
= neither NC nor PR]
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FIG. 4.
Average t-statistic in control and movement runs for the raw (unprocessed) and NC+PR+SS
(navigator correction, phase regression, and spatial smoothing) pipelines. Error bars represent
the 95% CI. Statistically significant differences exist between the two groups both before (p
< .01) and after (p < .0001) processing.
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FIG. 5.
Average noise variance in VOIs through subjects’ ventricles and corpus callosum, and in signal
void outside the head. Error bars represent the 95% CI. Application of PR decreased noise
variance in both movement and control runs. For clarity, the vertical axis is scaled differently
for each VOI. [NC = navigator correction; PR = phase regression]
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FIG. 6.
Activation maps for a movement run from one subject processed using (a) NC and (b) NC
+PR. Green arrows show regions of false activation (Type I error) that are suppressed using
the PR algorithm. (c) Raw time course for the white matter VOI outlined in (a). The timing of
the visual stimulus is superimposed. The noise variance is decreased by a factor of three in the
white matter VOI due to the correction of the phase discontinuity beginning around 180
seconds. [NC = navigator correction; PR = phase regression]
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Table 1

Summary of repeated measures ANOVAs.

Region of Interest Main Effect or Interaction F(1,7) P value

Occipital Cortex

NC 110.6 ***

PR 87.4 ***

SS 542.4 ***

NC × PR × SS 0.9 0.378

NC × PR 51.1 ***

NC × SS 176.0 ***

PR × SS 163.3 ***

Movement 30.2 ***

Preprocessing 296.6 ***

Movement × Preprocessing 43.6 ***

Ventricles

PR 28.7 ***

Movement 9.4 *

PR × Movement 2.3 0.176

Signal Void

PR 12.8 **

Movement 5.9 *

PR × Movement 6.2 *

*
p < 0.05

**
p < 0.01

***
p < 0.001
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