1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N
&;

2 HEpst

o WATIG,

NIH Public Access

Author Manuscript

Published in final edited form as:
Magn Reson Med. 2011 July ; 66(1): 73-81. doi:10.1002/mrm.22780.

“Echo-Planar Imaging with Prospective Slice-by-Slice Motion
Correction using Active Markers”

Melvyn B. Ooil2, Sascha Krueger3, Jordan Muraskin®, William J. Thomas?, and Truman R.
Brown?

1Department of Biomedical Engineering, Columbia University, New York, New York, USA.
2Department of Radiology, Columbia University, New York, New York, USA.
3Philips Research Europe, Hamburg, Germany.

“Department of Radiology and Radiological Science, Medical University of South Carolina,
Charleston, South Carolina, USA.

Abstract

Head motion is a fundamental problem in functional MRI, and is often a limiting factor in its
clinical implementation. This work presents a rigid-body motion correction strategy for echo-
planar imaging (EPI) sequences that uses micro radio-frequency coil “active markers” for real-
time, slice-by-slice prospective correction. Before the acquisition of each EPI-slice, a short
tracking pulse-sequence measures the positions of three active markers integrated into a headband
worn by the subject; the rigid-body transformation that realigns these markers to their initial
positions is then fed back to dynamically update the scan-plane, maintaining it at a fixed
orientation relative to the head. Using this method, prospectively-corrected EPI time-series are
acquired on volunteers performing in-plane and through-plane head motions, with results
demonstrating increased image stability over conventional retrospective image-realignment.
Implications of this improvement for BOLD fMRI applications is assessed, as well as the benefit
of non-rigid-body distortion-correction to reduce the remaining signal variation.

Keywords

functional magnetic resonance imaging; fMRI; EPI; motion correction; prospective; real-time;
active marker; device tracking; RF-coil; micro-coil; geometric distortion

INTRODUCTION

Functional magnetic resonance imaging (fMRI) is playing an increasingly important role in
the clinical setting (1). Echo-planar imaging (EPI) is the preferred sequence for fMRI, since
a closely sampled time-series of brain volumes is needed. Image stability between time-
frames is particularly important, as the measured intensity changes are small relative to
baseline levels. Even a few millimeters of movement can cause large signal fluctuations that
reduce stability and obscure the small brain activation signal, thereby leading to the
generation of inaccurate brain activation maps (1-3). This problem is further compounded in
clinical fMRI studies as patients are more likely to move than healthy volunteers (1,3-5). In
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a survey of 194 functional scans, the 26 failures were correlated to degree of paresis, with
head movement artifacts being the most frequent cause of fMRI failure (1).

To compensate for motion, fMRI studies typically employ post-hoc image-based methods to
estimate six degrees-of-freedom (6-DOF) rigid-body head movement, and to realign each
brain volume in the time-series after the data has already been acquired (2,3). In this work,
we use “volume” to refer to a complete multi-slice brain acquired at a single EPI time-
frame. These retrospective correction techniques involve interpolation, which can cause
image blurring, and are fundamentally limited by their inability to fully correct for the
influences of through-plane motion on local spin-history. Additionally, the most common
algorithms (6) only correct for inter-volume motion, neglecting potential intra-volume
motion between slices in the same time-frame. Retrospective methods may also induce
spurious brain activations even without any actual motion (7).

To avoid these deficiencies, prospective strategies compensate for motion in the acquisition
stage by keeping the scan-plane at a fixed orientation relative to the head throughout the
scan, thereby eliminating the need for interpolation and maintaining the volume's spin-
history. Several prospective techniques for fMRI have been proposed, each using different
reference data to track the 6-DOF motion. An image-based approach (8), is able to correct
for inter-volume motion only. Navigator-based methods (9) acquire extra data along various
three-dimensional (3D) k-space trajectories to estimate the 6-DOF (10-14). Prospective
correction using multiple orbital navigators require delays of ~ 160 ms per update (11).
Cloverleaf navigators reduce the delay to ~ 18 ms, but require an initial 12 s reference map
to be acquired while the patient is stationary (13). Alternatively, optical systems use cameras
to track external markers (15-19); while there is no extra pulse-sequence load, this comes at
the cost of an additional cross-calibration procedure to determine the coordinate transform
between camera-space (where markers are tracked) and magnet-space (where scan-plane
orientation is defined).

The method described here uses real-time tracking of micro radio-frequency (RF) coils
(20-25), or “active markers,” to provide the 6-DOF information for prospective correction.
Proof-of-principle was originally demonstrated in an “offline” inter-volume update scheme
(26). Krueger et al. presented the first use of active markers for real-time motion correction
(27), with successful preliminary demonstrations in moving phantoms (28). Our previous
work (29) showed the advantages of active-marker prospective correction in structural brain
scans. The current work demonstrates the first use of active markers for real-time,
prospective motion correction in 2D-EPI sequences. The scan-plane orientation is
dynamically updated between EPI readouts, allowing for intra-volume motion compensation
on a slice-by-slice basis (30). Increased image stability is demonstrated in time-series scans
of volunteers performing deliberate motions, and the implications of these results for
improving the sensitivity of brain activation maps in blood oxygenation level dependent
(BOLD) fMRI is addressed. We discuss the issue of motion-induced non-rigid image
distortion, which is a remaining source of signal variation; an unwarping algorithm
incorporating the complex EPI-data is shown to provide additional retrospective distortion-
correction to the prospectively-corrected images.

Active Marker Tracking Device and Scan-Plane Update

Details of the tracking hardware and scan-plane update scheme have been previously
presented (29), and are briefly reviewed here. Motion tracking was performed using three
active markers integrated into a headband worn by the subject. Three non-colinear markers
are sufficient to fully describe any arbitrary rigid-body head motion. Each marker is a
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solenoid inductor, tuned and matched to 64.3 MHz, containing a small (3 mm diameter)
glass sphere filled with Gd-doped 1H solution. The markers are attached to a Synergy Multi-
Connect (SMC) box (Philips Healthcare, Best, the Netherlands; by IGC Medical Advances),
which then connects to the scanner.

Figure 1 shows the prospective motion correction modules. The tracking module contains a
short tracking pulse-sequence of orthogonal 1D projection-readouts, that measures the 3D-
positions of the active markers. The markers are measured simultaneously, and
unambiguously identified due to the use of separate receive channels. A weak non-selective
RF-excitation pulse (04 = 4°) minimizes the effects on imaged spins; using this setup, no
RF-shadowing effects were observed. A peak search and quadratic fit in frequency is used to
estimate each marker's position along the projected axis. Previous studies have demonstrated
measurement precision and accuracy with this method to be 0.01 mm and 0.3 mm,
respectively (29).

In the geometry update module, the current marker positions are compared with their initial
reference positions (measured by the first tracking-module at the beginning of the scan), and
the 6-DOF rigid-body transform (three rotations 6, 0p, 65, and three translations ty, tp, ts,
given in the “measurement—phase-encode-slice-selection” (mps) image coordinate-system)
is calculated that realigns the markers (31). The transform is then fed back to prospectively
update the scan-plane for rotational and translational head motion — by dynamically
modifying the relevant imaging RF, gradient, and data acquisition attributes — before the
subsequent EPI readout. In the optional rejection module, if the motion between the current
and previous tracking modules is greater than a user-defined threshold, then the previous
time-frame is discarded and reacquired with updated geometry. If the motion is within the
threshold, then the previous data is accepted and the next EPI readout is acquired after
geometry update as described above. The total time for each update ~ 25 ms.

In Vivo Tests

Prospective correction was evaluated on volunteers performing a series of naturalistic head
motions. Eight EPI studies were performed on seven healthy volunteers (one repeat
volunteer on separate days). For each study the volunteer was trained to reproduce three
types of motion throughout the scan: a baseline “resting” position, a slow but continuous
left-right “head-shake” rotation of < £5°, and a continuous head-foot “head-nodding”
rotation of < +5°. In one of the studies, the volunteer performed two additional motions: an
abrupt left-right “head-jerk” from 0 to 5° in the middle of the scan, and a similarly abrupt
motion in the head-foot direction. In axial slices, left-right and head-foot rotations induced
in-plane and through-plane motions, respectively. For each motion, two EPI time-series
were acquired — with prospective correction ON and OFF — to evaluate correction quality
under similar motion conditions. For scans with correction OFF, all tracking and geometry
calculations were performed and logged — but not applied to update the scan-plane —to
verify reproducibility of volunteer movement. All experiments with human subjects were in
accordance with local IRB regulations and informed consent was obtained before each
exam.

Experiments were performed on a 1.5T Philips Achieva (Philips Healthcare, Best, The
Netherlands). Imaging was performed with a standard quadrature bird-cage coil, and
tracking via active-marker headband. Slice-by-slice prospective correction (TE/TR = 1.8/4.3
ms, Oy = 4°, resolution = 1 mm, rejection threshold = 10 mm) was applied to an axial,
single-shot 2D-EPI time-series (TE/TR = 40/1680 ms, 6 = 85°, FOV = 192x192 mm, voxels
= 3x3 mm, thickness/gap = 5/1 mm, slices = 20, phase-encode direction = right-left, time-
frames = 10, shim = first-order (subject-specific), scan time = 38 s). The scanner's standard
post-processing pipeline was used for image reconstruction. Scan durations increased due to
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extensive real-time logging of tracking information required at this developmental stage;
with logging disabled, scan times reduce to 23 s. The original scan with prospective
correction completely disabled is 18 s.

Uncorrected scans were retrospectively realigned to their first (reference) time-frame using a
standard image-based analysis package (Statistical Parametric Mapping v5 (SPM5),
Wellcome Trust, London, UK) for comparison with prospective correction results; default
SPMS rigid-body realignment settings were used. For visual assessment, difference images
were generated by subtracting slices acquired before mation (Ipefore) from those acquired
after motion (l4ter), Where perfect correction will result in a zero difference-image.

To quantify and provide spatial information of image stability across the time-series,
standard deviation maps (o-maps) were calculated. Binary masks of gray/white matter were
segmented from the first time-frame of each scan using SPM5, and applied to the rest of the
time-frames so that only voxels containing brain tissue were included. For each voxel, the
standard deviation of its intensity across the time-series was then normalized as a percentage
of its mean intensity to obtain the s-map. The average standard deviation & over all voxels in
the o-map was also calculated. As movement increases the intensity variation of each voxel,
the result of perfect motion correction will be reduced values of ¢ comparable to resting
scans.

A simulation was used to evaluate the effects of reducing ¢ from a BOLD fMRI perspective.
A simulated BOLD signal was applied to the time-series acquired with prospective
correction both ON, and OFF (after retrospective realignment), as follows. The standard
Automated Anatomical Labeling (AAL) template (32) was registered into subject-space
using the inverse transform matrix produced by SPM5 segmentation. Based on the AAL-
map, the left/right supplemental-motor-area and left/right cuneus-regions (i.e. motor cortex
and visual cortex, respectively) were selected as stimulated regions of interest (ROI). Binary
masks of these two ROIs were generated in the first time-frame, then propagated through the
remaining (prospectively or retrospectively realigned) time-frames of each scan. To simulate
a BOLD fMRI signal in these ROIs, the average signal intensity for each ROl was
calculated across the time-series, and 2% of this average signal was added to the ROIs in the
1st, 2nd 5th 6t 9th and 10t time-frames. A boxcar-regressor was then fitted to the data
using the standard SPM5 fMRI package, and z-scores calculated for each voxel. This
processing stream was repeated for all scans.

Distortion Correction using Field Maps

Complex EPI-data from the prospectively corrected images of one volunteer were saved to
generate field-maps, which were used to investigate the benefit of additional retrospective
correction for motion-induced non-rigid image distortion, as suggested by (33). Phase
images @, of the n" time-frame were unwrapped (34), and the field-map B, calculated: B,
= (®, — ®1)/(2nTE). B, thus yields a frequency-difference map (Hz) that represents the
relative field inhomogeneity deviation between the nt and reference time-frame due to the
different head positions. Since field inhomogeneities cause negligible pixel mis-location in
the readout direction for EPI, the distortion correction then simplifies into a series of 1D
pixel-shifts in the phase-encode direction; a simplified version of the shifting algorithm
presented in (35) was implemented here. To calculate the necessary shifts, B, is converted
into a pixel-shift map ry, = By/BWpe, where BWp, is the bandwidth per pixel (Hz/pixel) in
the phase-encode direction. The average value of each phase-encode line in r, was then used
to shift the corresponding image phase-encode line, with linear interpolation used for sub-
pixel shifts. In this manner every nt time-frame was undistorted back to the reference. This
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(non-rigid-body) distortion correction was retrospectively applied to the (rigid-body)
prospectively corrected dataset to determine if o could be further reduced.

In-plane and through-plane motions, as well as varying degrees of intra-volume motion,
were evaluated. Figure 2, row 1 shows difference images from one volunteer performing a
continuous in-plane motion. Here the slice Iy illustrates the effects of a large rotational
displacement 65 (relative to the initial reference) and moderate intra-volume motion Ads; A0
is induced due to the continuous nature of the head rotation, and is the difference in 6
between the first and last slice of the volume in which e Was acquired. The volunteer
reproduced the motion, and the closest matching slice with prospective correction ON (row
1, column 2) and OFF (row 1, columns 3,4) was chosen for comparison. Retrospective
realignment (row 1, column 4), while significantly better than no compensation (row 1,
column 3), still exhibits some remaining error. Prospective correction results in a near-zero
difference image.

Figure 2, row 2 displays analogous results for a continuous through-plane motion. Here,
latter demonstrates the case of small overall rotational displacement 6, but large momentary
intra-volume motion Af,. Matching slices with prospective correction ON (row 2, column 2)
and OFF (row 2, columns 3,4) are compared. Retrospective realignment (row 2, column 4)
does little to improve the uncompensated image (row 2, column 3) while prospective
correction again achieves near-perfect correction. No data was rejected in any continuous-
motion scans.

Figure 3a shows a-maps from the same scans used in Fig. 2. The o-maps of unprocessed
scans (column 3) illustrate the spatial distribution of increased variation caused by the
motions. After retrospective realignment (column 4) regions of increased intensity variation
still remain, particularly at the brain edges and superior slices, and are more pronounced
during through-plane motion. Prospective correction (column 2) improves image stability
over the time-series, returning standard deviations back to spatially-uniform resting levels of
o~ 2%.

Image stability o over all subjects is summarized in Fig. 3b. In all 18 cases of deliberate
motion, prospective correction significantly improved image stability (i.e. reduced o)
compared to the corresponding retrospectively realigned scan without prospective correction
(p < 1078, two-tailed paired student's t-test). For in-plane motions (N = 9), prospective
correction improved image stability by an average of ~ 23% and 74% relative to
retrospectively realigned and completely unprocessed scans, respectively. For through-plane
motions (N = 9), prospective correction improved image stability by an average of ~ 30%
and 59% relative to retrospectively realigned and unprocessed scans. As expected,
retrospective realignment performed poorer in through-plane vs. in-plane cases.
Retrospective realignment applied to prospectively corrected scans showed no visually
obvious improvements, with only marginal improvement in ¢ (data not shown). No
statistical significance was found between correction methods in resting scans.

To quantitate the effect that improved image stability has on brain-activation sensitivity, a
simulated BOLD fMRI signal was imposed on the continuous-motion scans. Since the z-
score — typically used to measure statistical significance in fMRI — is inversely proportional
to o, a decrease in a voxel's background o (Fig. 3) will increase its sensitivity to brain
activation. Figure 4a shows activation maps from one volunteer. Blue ROIs represent areas
of the motor (MC) and visual cortex (VC) where the BOLD signal was simulated, while
orange ROIs denote areas of measured activation (p < 0.01). Prospective correction during
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deliberate motions shows an overall increase in true activation, and decrease in false
activation (see Fig. 4a, row 2 column 2) vs. retrospectively realigned scans. Average z-
scores of voxels within the stimulated ROIs is summarized in Fig. 4b over all subjects. An
increase in average z-score, and hence sensitivity to brain activation, is seen between
prospective vs. retrospective compensation in the MC and VC during deliberate motions,
with an increase in sensitivity of over 300% in the MC of scans during in-plane motions.

The rejection module improves prospective correction during extreme motions. In Fig. 5a
latter Was acquired after a large, quick, through-plane head rotation 6; the volunteer then
maintained this position for several seconds, resulting in minimal intra-volume motion A6,
Since the motion was over the rejection threshold, the time-frame acquired during the
movement was rejected and reacquired after the motion was completed. Despite substantial
improvement over the uncorrected case a residual, uncorrected shear-like image-distortion is
visible, highlighted by black/white arrows. Its cause is suggested by the field maps in Fig.
5b, which were calculated from phase data acquired in an additional case of in-plane and
through-plane motion. For similar rotational magnitudes, pixel-shifts did not exceed 0.5 mm
for in-plane motions, while pixel-shifts of up to 3 mm were observed for through-plane
motions. For the through-plane case, prospective correction followed by retrospective
distortion-correction using r reduced ¢ by an additional 11% relative to prospective
correction only. There was no change in o with distortion correction for the in-plane case
(images not shown), since pixel-shifts were minimal. This suggests that non-rigid-body
image-distortion due to motion-induced By variations is a remaining source of signal
variance that can be reduced using an appropriate distortion-correction algorithm.

DISCUSSION AND CONCLUSIONS

Active-marker tracking possesses several advantages over alternative prospective methods.
Unlike the complex k-space trajectories used for 6-DOF navigator tracking, the well-defined
geometry of the active markers requires only a series of short 1D-projections for accurate
localization, followed by a computationally simple 3-point 3D-realignment algorithm.
Optical tracking is limited by direct line-of-sight with the cameras; also, since active-marker
tracking and imaging are done in the same magnet coordinate-system, no cross-calibration
procedure is needed. Integration of active markers requires little additional hardware and is
equivalent to adding three coils, something that modern multi-channel scanners easily
accommodate. For scanners with a limited number of receive channels, techniques to use a
channel for both imaging and active-marker tracking via fast switches are available. To
further decouple tracking and imaging, individually shielded markers with designated
transmit/receive chains may be employed (36).

Similar to navigator methods, a designated pulse-sequence is used for active-marker
tracking, which adds to the scanner load. In the current work, 25 ms was added to the scan
time per track-and-update iteration, which is on-par with the fastest (cloverleaf) navigator
techniques; slice-by-slice corrections thus increased scan times by ~ 30%. Decreasing the
tracking frequency, e.g., updating every 3 slices will increase times by only 10%. In
sequences that contain long “dead times” for magnetization preparation, signal recovery,
and/or echo formation, track-and-update modules may be inserted with little cost. For
example, in single-slice arterial spin-labeling (ASL) corrections incorporated into the transit
time between labeling and imaging will incur no time penalty. The optional rejection
module, while adding to the scan time, improves the robustness of prospective correction
during extreme motions (see Fig. 5a). In this case the time-frame corrupted by motion was
rejected and reacquired; for applications such as fMRI where task-activations and scanning
are synchronized, a flag should be set for every rejected time-frame to allow for timing
adjustments in the post-processing analysis.
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Its low phase-encode bandwidth makes EPI particularly sensitive to field inhomogeneities,
which cause residual non-rigid image distortion that cannot be compensated for by either
prospective or retrospective rigid-body correction. Field inhomogeneities can be considered
as having a static component common to all volumes, and a time-varying component such as
caused by changes in the effective shim within the brain as the head moves through the
magnetic field (33,37). The latter manifests as a time-varying, shear-like distortion in the
phase-encode direction and is clearly more noticeable during through-plane vs. in-plane
motions, as expected from the field maps in Fig. 5b. Image stability was further improved
when prospective rigid-body correction was followed by retrospective distortion-correction
using the saved phase images, demonstrating the benefits of a combined solution. Note that
this method only corrects for time-varying field inhomogeneities, as unwarping is performed
relative to the first time-frame. To compensate for static inhomogeneities still present in all
time-frames (i.e. unwarp to the “true geometry”), one more stage of unwarping may be
performed on the time-series by using a single EPI-volume acquired with a different TE
(35).

Other retrospective unwarping schemes face the challenge that distortions will be in
different directions, depending on the current orientation of the head relative to the initially
prescribed phase-encode direction. The approach presented here simplifies the distortion
correction to only one dimension since the phase-encode direction prospectively tracks with
the head orientation. Moreover, while other unwarping methods rely on field-map
predictions (38) and/or susceptibility models of the imaged object (39), the presented
method uses the measured phase information itself and requires only that the complex EPI-
data is saved. Alternatively, field-map estimates (38) that are modified to incorporate marker
tracking-information, as well as real-time shim-update strategies (13,40), may further
improve these results. Note, however, that if coil arrays are used for multi-transmit/receive,
the effects of head motion relative to the stationary coil elements must also be considered.
For example, B1-inhomogeneities during RF-transmit may induce additional time-varying
components in the phase images that will affect the distortion model, while change in coil
sensitivity relative to the patient orientation during RF-receive will affect parallel imaging
reconstruction (41). For our experiments at 1.5T with volume coils, these effects were
negligible.

Image stability is critical in EPI-based applications. Motion-induced variation in the time-
series data will reduce image stability, and, as a result, reduce sensitivity to signal changes
induced by true brain activity. The current work demonstrates improved image stability that
will potentially benefit the detection-sensitivity of diffusion, perfusion, and task-activated
BOLD fMRI.
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Fig. 1.

Prospective slice-by-slice motion correction scheme for a single-shot EPI sequence. A
tracking, geometry update, and rejection module are interleaved into the imaging pulse-
sequence before the acquisition of each EPI-slice. Spoiler gradients further enhance the
marker's signal relative to any signal from its surroundings (25). Custom modifications to
the standard EPI sequence were programmed in the Philips Pulse Programming
Environment, and a software patch generated that integrates all prospective correction
options (B, resolution, rejection threshold, etc.) into the standard Philips graphical user
interface.
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Fig. 2.

Difference images (1aster - Ipefore) Obtained from one volunteer performing a continuous in-
plane motion (row 1), and a second volunteer performing a continuous through-plane motion
(row 2). A zero difference image reflects perfect correction. A reference EPI image (column
1) is shown alongside sample difference images generated from time-series acquired with
prospective correction ON (column 2) and OFF (columns 3,4); column 3 images remained
completely unprocessed, while column 4 images were retrospectively realigned using SPM.
Row 1 was chosen to demonstrate an in-plane motion case with a large rotational
displacement 65 and moderate intra-volume motion Ads; the closest matching slices with
prospective correction ON (row 1, column 2: I e, acquired at 65 = 3.52°, AGs = 1.25°) and
OFF (row 1, columns 3,4: I ser at 05 = 4.38°, Afs = 1.07°) are chosen for comparison. Row
2 was chosen to demonstrate through-plane motion with a small rotational displacement 6,
but a large intra-volume motion Af; matching slices with prospective correction ON (row
2, column 2 Iafer at 0 = 0.67°, AGp = 2.37°) and OFF (row 2, columns 3,4: Iafter at 0 =
0.46°, Ad, = 2.53°) are compared. The difference image in row 1, column 3 is worse than
row 2 column 3 since in this case 65 >> 6. For all difference images, the corresponding slice
in the first (reference) time-frame was chosen for Ipefore (05,p, A0s p ~ 0°). All difference
images are identically windowed.
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Fig. 3.

a: Standard deviation maps (c-maps) generated from the same in-plane (row 1) and through-
plane (row 2) scans as used in Fig. 2. For ease of reference, the same layout is used as in
Fig. 2. Reference EPI images (column 1) are shown alongside o-maps generated from time-
series acquired with prospective correction ON (column 2) and OFF (columns 3,4); column
3 images remained completely unprocessed, while column 4 images were retrospectively
realigned using SPM before generating the o-maps. The o-maps provide spatial information
of image stability, with perfect correction reducing standard deviations to baseline resting
levels of brain activation ~ 2 %. b: Comparison of image stability between correction
methods using metric o. For each of the three motions tested, each column represents the
average o over the relevant volunteer scans, while error bars are standard deviations between
scans. N =7, 9, 9 for resting, in-plane, and through-plane motions, respectively; one resting
scan was removed due to significant subject movement, while analysis for deliberate
motions include all 8 smooth + 1 abrupt motion scans. Prospective correction provides the
greatest decrease ¢ in for both deliberate motions, returning image stability closest to resting
levels.
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Analysis of the datasets from a BOLD fMRI perspective. a: Activation maps from one
volunteer during resting (column 1), continuous in-plane (column 2), and through-plane
(column 3) motions. Blue ROIs represent areas of the motor cortex (MC) and visual cortex
(VC) where the BOLD signal was simulated, while orange ROIs denote areas of measured
activation (p < 0.01) using the standard SPM5 fMRI package. Prospective correction (row 1)
during deliberate motions shows an overall increase in true activation (orange within blue
ROls), and decrease in false activation (orange outside of blue ROIs) vs. retrospectively
realigned scans (row 2). Orientation in the patient coordinate system is shown in the bottom-
right inset. b: Summary of brain-activation sensitivity, as measured by the average z-scores
within the stimulated MC and VC regions (blue ROISs), over all continuous-motion scans.
For both in-plane and through-plane motions, each column represents the average z-score
over the relevant volunteer scans, while error bars are standard deviations between scans.
Comparing average z-scores, prospective correction outperforms conventional retrospective
realignment for all conditions of deliberate motion, as expected from the ¢ results in Fig. 3b.
The greatest improvement of brain-activation sensitivity is seen in the MC during in-plane
motion, and in both MC and VC during through-plane motion. The average z-score in the
MC and VC over all resting scans = 2.48 (best-case scenario) and is depicted by the dashed
line; no statistically significant difference was found between resting scans.
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a: Prospective correction with the rejection module enabled. A sample EPI-slice from a
volunteer before (column 1) and after (column 2) a large, abrupt through-plane head-nod,
with difference images shown (column 3). The example demonstrates a large rotational
displacement 6, and minimal intra-volume motion Ag), (the opposite of Fig. 2, row 2);
matching slices with prospective correction ON (row 1: lfer at 6y = 6.11°, A, ~ 0°) and
OFF (row 2: laster at 6 = 6.33°, Af ~ 0°) are compared. The uncorrected slice (row 2)
moving through the frontal sinus illustrates the extreme nature of the motion, while its
position is maintained with correction (row 1). Residual error in the difference image is
emphasized by white and black arrows at the corners of the brain that denote areas of
positive and negative difference, respectively — this indicates an uncorrected non-rigid-body
shear in the left-right phase-encode direction. b: Field maps illustrate the effective shim-
change within the brain due to motion. Pixel-shift maps r of prospectively corrected images
are shown after in-plane (column 1: l4er at 65 = 4.30°, A6 = 1.11°) and through-plane
(column 2: lafer at 6 = 5.38°, A = 1.76°) rotations. Maps r were windowed so that the
background gray-level = 0 mm pixel-shift, while white/black map to +3/—3 mm pixel-shifts.
For the in-plane case, pixel-shifts in r did not exceed 0.5 mm. For the through-plane case,
pixel-shifts of up to +3 mm and —1.5 mm were observed in the anterior and posterior
regions, respectively. The difference image with prospective correction only (column 3)
contains the same shear-like distortion in the anterior/posterior regions as present in Fig. 5a.
When additional retrospective distortion-correction is applied (column 4), the shear-like
artifact is significantly reduced.
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