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Group level statistical maps of blood oxygenation level dependent (BOLD) signals acquired using functional
magnetic resonance imaging (fMRI) have become a basic measurement for much of systems, cognitive and
social neuroscience. A challenge in making inferences from these statistical maps is the noise and potential
confounds that arise from the head motion that occurs within and between acquisition volumes. This motion
results in the scan plane being misaligned during acquisition, ultimately leading to reduced statistical power
Radio-frequency markers when maps are constructed at the group level. In most cases, an attempt is made to correct for this motion
Echo planar imaging through the use of retrospective analysis methods. In this paper, we use a prospective active marker motion
fMRI correction (PRAMMO) system that uses radio frequency markers for real-time tracking of motion, enabling
Group analysis on-line slice plane correction. We show that the statistical power of the activation maps is substantially in-
Prospective motion correction creased using PRAMMO compared to conventional retrospective correction. Analysis of our results indicates
that the PRAMMO acquisition reduces the variance without decreasing the signal component of the BOLD
(beta). Using PRAMMO could thus improve the overall statistical power of fMRI based BOLD measurements,
leading to stronger inferences of the nature of processing in the human brain.
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Introduction

Functional magnetic resonance imaging (fMRI), which exploits the
blood oxygen level dependent (BOLD) signal, is among the most widely
used tools in cognitive neuroscience and neurobiology and has recently
been adopted as a clinical modality for detecting, assessing and tracking
functional changes in neurological disease (deCharms et al., 2005;
Matthews et al., 2006; Owen and Coleman, 2008; Szaflarski et al.,
2008; Voyvodic et al., 2009). fMRI provides a non-invasive and relative-
ly high spatial resolution (2-3 mm in-plane) method for observing
functional activity from the entire brain volume. It is used not only to in-
vestigate task-related changes in hemodynamics (Kwong et al., 1992),
but also to probe brain networks (Biswal et al., 2010; Calhoun et al.,
2008; Fox and Greicius, 2010; Greicius et al., 2003; Negishi et al.,
2011; Raichle et al., 2001) and hemodynamic correlates of other neural
measures (Goldman et al., 2009; Shitara et al., 2011; Vulliemoz et al.,
2011) during functional tasks, at rest, and during sleep (Andrade et
al.,, 2011; Dang-Vu et al., 2008; Stern et al., 2011).
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The BOLD signal in fMRI is most commonly captured with echo
planar imaging (EPI) sequences, which allow for the rapid acquisition
of whole brain volumes on a slice-by-slice basis at closely sampled
time-points; an acquisition of the entire brain volume requires ap-
proximately 2 s. Typically, the BOLD signal of interest is very small
(1-5%) relative to the overall measured signal variability (Ramsey et
al.,, 1996). Therefore, data analysis relies on statistical methods that
integrate information over multiple acquisition volumes, making
them extremely sensitive to head motion during the experimental
protocol. Even small head movements during acquisition can reduce
BOLD signal sensitivity, for example by causing partial volume mixing
effects due to the relative slice alignment changing during acquisi-
tion, resulting in fluctuations in signal intensity comparable to the
signal of interest itself. These motion artifacts lead to inaccurate and
poor quality activation maps (Freire and Mangin, 2001; Friston et
al., 1996; Hajnal et al., 1994; Krings et al., 2001). While all subject
populations are susceptible to motion artifacts, these problems are
likely to be exacerbated in clinical fMRI studies, as patients are
more likely to move than healthy volunteers (Brown et al., 2010;
Friston et al., 1996; Krings et al., 2001; Righini et al., 1996; Steger
and Jackson, 2004).

To correct for head motion, fMRI studies typically use retrospective
image analysis techniques, most commonly FSL's MCFLIRT (Jenkinson
et al., 2002) and SPM's SPM_REALIGN (Friston et al., 1995). These algo-
rithms estimate the parameters of the six degrees of freedom (6-df)
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transformation of a rigid body movement by assuming the sequentially
measured brain slices that make up a volume are a single rigid object,
and use these parameters to align all the slices in each volume in the
data time series identically after image acquisition. Retrospective align-
ment methods rely on interpolation schemes, which can blur the data
and, further, cannot fully account for the effects of through-plane mo-
tion and local spin history effects (Friston et al., 1996). Also, these tech-
niques commonly compensate for inter-volume movements, but
neglect intra-volume movement between slices (Oakes et al., 2005). If
subject motion occurs during acquisition of a brain volume, slices with-
in that volume would be captured at different angles and/or spacing
lengths violating the assumption of rigid body motion on which these
techniques rely.

Recently, a number of prospective realignment techniques have
been developed that attempt to keep constant the scan plane orienta-
tion and position with respect to the head, throughout the acquisition.
These methods aim to track the 6-df motions and correct the acquisition
on-line. Broadly speaking they can be classified into image-based
methods (Thesen et al., 2000) which can only correct for inter-volume
movements, navigator-based methods (Ehman and Felmlee, 1989),
which acquire extra data along various three-dimensional k-space tra-
jectories to estimate the 6-df (Pipe, 1999; van der Kouwe et al., 2006;
Ward et al, 2000; Welch et al, 2002; White et al, 2010), and
marker-based methods which follow in real time the position of exter-
nal markers attached to the head either by optical tracking (Forman et
al., 2010; Lerner et al, 2007; Qin et al.,, 2009; Speck et al., 2006;
Zaitsev et al., 2006) or using MRI (Derbyshire et al., 1998; Dumoulin
et al., 1993; Elgort et al,, 2003; Flask et al., 2001; Krueger et al., 2007;
Ooi et al,, 2009, 2011; Zhang et al., 2000). Our group has developed pro-
spective active-marker motion correction (PRAMMO) for structural
(Oai et al., 2009) and echo-planar brain scans and demonstrated poten-
tial advantages of the approach for functional imaging (Ooi et al., 2011,
2012). However, our initial experiments were done assuming substan-
tial and highly controlled motion as well as results reported for individ-
ual subjects.

Since most fMRI studies report results at the group level (across a
subject population) the true utility of prospective correction methods
must be demonstrated across a more representative population size,
with realistic task paradigms and natural experimental conditions.
So far no study has investigated the effects of prospective active
marker real time motion correction in this way, and therefore it is dif-
ficult to determine if the extra cost and inconvenience of using a pro-
spective system is justified by a resulting improvement in data quality
and statistical power. Here we assess, in vivo, the difference in statis-
tical power provided by PRAMMO versus conventionally used retro-
spective techniques for three well-established visual and motor
paradigms in a realistic acquisition situation. We report the statistical
effects of PRAMMO correction in fMRI at the group level, showing that
it substantially increases both the size and significance of the activat-
ed regions in all the paradigms. We further show that most of the im-
provement in the statistical power arises from a small increase in
effect size and reduction in variance.

Methods and materials
Active marker tracking device and scan-plane update

Details of the tracking hardware and scan-plane update scheme
have been previously presented (Ooi et al., 2009, 2011) and are brief-
ly reviewed here. Motion tracking was performed using three active
markers integrated into a rigid plastic headband worn by the volun-
teer. Three markers in 3D space are sufficient to fully describe any ar-
bitrary rigid-body head motion. Each marker is a solenoid inductor,
tuned and matched to 64.3 MHz, containing a small glass sphere
(3 mm diameter) filled with Gd-doped water solution. The markers
are attached to a Synergy Multi-Connect box (Philips Healthcare,

Best, The Netherlands; by IGC Medical Advances), which then con-
nects to the scanner (see ref. Ooi et al., 2009, Fig. 1).

Real-time, slice-by-slice prospective correction in a single-shot EPI
scan is achieved by interleaving a rapid track-and-update module into
the imaging sequence before the acquisition of each EPI-slice (see ref.
Ooi et al,, 2011, Fig. 1). The tracking module contains a short tracking
pulse-sequence of orthogonal one-dimensional projection-readouts
that measures the three-dimensional positions of the active markers.
Because the markers are on separate receive channels, they are mea-
sured simultaneously and unambiguously identified. The spherical
samples are excited by a weak, nonselective RF-pulse (flip angle =
4/°) from the volume coil, minimizing the effects on imaged spins. A
peak search and quadratic fit in frequency is used to estimate each
marker's position along the projected axis. Previous studies have dem-
onstrated measurement precision and accuracy with this method to
be 0.01 and 0.3 mm, respectively (Ooi et al,, 2011).

In the update module for every slice acquisition, 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-df
rigid-body transform (three rotations 6y, 6y, 6., and three translations
tw ty, t, given in the image coordinate-system) is calculated (Umenyama,
1991). The transform is then fed back to prospectively update the
scan-plane of the next slice for rotational and translational head
motion-by dynamically modifying the relevant imaging RF, gradient,
and data acquisition attributes-before the subsequent EPI readout. The
total time for each track-and-update is ~25 ms.

Subjects

Fourteen healthy subjects (3 female, ages 21-55) participated in this
study. Two data sets were discarded due to hardware malfunctions dur-
ing the exam making our final n = 12. Volunteers were asked to remain
motionless for all scans, as they would be during a typical functional im-
aging protocol. The Columbia University Institutional Review Board
(IRB) approved all experiments and informed consent was obtained be-
fore each exam.

Paradigms

Prospective active marker motion (PRAMMO) correction was
evaluated using three well-established block design paradigms: Flick-
ering Checkerboard (FC), Face Localizer (FL), and Finger Tapping (FT).
For all the tasks, a block design that alternated between “control” and
“stimuli” was presented. For the FC paradigm, stimuli blocks of 15 s
displaying a checkerboard flashing at 7 Hz were interleaved with
15 s fixation cross control blocks. The stimuli blocks were repeated
five times for a scan time of 175 s. In the FL paradigm, subjects
were passively shown faces at a rate of 1 Hz for blocks of 20 s inter-
leaved with blocks of isointense Gaussian random noise images
presented at the same rate. The blocks were repeated six times for a
scan time of 265 s. For the FT paradigm, the subject responded to
the text “TAP!” by tapping his/her right fingers until “REST” was
displayed. These blocks were each 15 s and were repeated 5 times
for a scan time of 180 s.

In each paradigm, two scans of PRAMMO “on” and two scans of
PRAMMO “off” were acquired in a random order blinded to the sub-
ject. For scans with correction “off,” all tracking and geometry calcu-
lations were performed and logged but were not applied to update
the scan plane. A single TTL pulse sent from the scanner, at the start
of the scan, to the presentation computer provided precise timing
control of the paradigm runs.

Data acquisition

Experiments were performed on a 1.5-T Philips Achieva (Philips
Healthcare, Best, The Netherlands). Imaging was performed with a
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Fig. 1. A. Motion plot (rotations and translations) as measured by the PRAMMO tracking coils (one measurement per image slice) for a single scan. Rotations and translations in x
(red), y (blue), and z (green) planes are shown. Note the respiratory oscillations in the motion data. B. Motion estimate correlations. Points are the mean root mean squared (rms)
deviations from the middle volume of each scan session across all subjects. “Off” denotes scans in which PRAMMO was not applied but tracking coil locations (coil) were still logged.
“On” denotes scans in which PRAMMO was on and applied. FSL “off” and SPM “off” vs. the PRAMMO tracking coil show similar correlations. FSL “on” and SPM “on” vs. the PRAMMO
tracking coil exhibit non-linear correlation patterns indicating that in the PRAMMO “on” case, subject motion has been corrected to a point where FSL and SPM are modeling noise

image time series.

standard quadrature birdcage coil, and tracking via active-marker
headband. Slice-by-slice prospective correction (tracking parameters:
TE/TR=1.8/4.3 ms, FA=4°, resolution=1 mm, rejection threshold =
10 mm) was applied to an axial, single-shot two-dimensional-EPI
time series (imaging parameters: TE/TR=40/1680 ms, FA=80°,
FOV =220x 220 mm, voxel size =3 x 3 mm, thickness/gap=>5/1 mm,
slices=13, phase-encode direction=right-left, shim = first-order
[subject-specific], 76 repetitions for FC, 115 for FL, and 78 for FT).

Images were reconstructed using the scanner's standard processing
pipeline. Scan durations increased due to extensive real-time logging of
tracking information required at this developmental stage, increasing
the effective TR to 2.3 s. Instead of full brain coverage with longer TRs,
we chose to increase the number of repetitions by reducing the number
of slices per volume. With logging disabled, scan duration is reduced by
~27%. A single EPI scan with 25 slices was acquired to help in registra-
tion along with a T1-weighted structural 3D-MPRAGE (TE/TR/TI/shot
interval =4 ms/8.3 ms/1000 ms/1500 ms, FA=28°, FOV = 240 x 240 x
150 mm, voxel size=1.25x1.25x2 mm, slices =125, ETL=48, scan
time = 6:50 min:s). Respiration measures were taken for nine of the
subjects using the scanner's respiratory bellows monitor (Philips
Healthcare, Best, The Netherlands) and continuously sampled at
500 Hz throughout each scan.

fMRI preprocessing and analysis

To investigate the advantages of PRAMMO over standard retrospec-
tive motion correction techniques (e.g. as provided in SPM and FSL), we
performed a general linear model (GLM) analysis using the FMRIB soft-
ware library (Smith et al., 2004). All fMRI data, both PRAMMO “on” and
“off”, was pre-processed with the following: brain extraction, spatial
smoothing using a Gaussian kernel of 5 mm FWHM, and high-pass fil-
tering with the high-pass cutoff at 100 s. PRAMMO “off” scans were
sent through three separate analysis pipelines: 1) retrospectively mo-
tion corrected using MCFLIRT (Smith et al., 2004), 2) retrospectively
motion corrected using SPM_REALIGN (Statistical Parametric Mapping
v8 (SPMS8), Wellcome Trust, London, UK) and 3) no motion correction.
Retrospective motion correction was not applied to PRAMMO “on”
scans. Since the block design of the fMRI paradigm makes slice-time
correction unneeded we did not use it in most of our analysis although,
to confirm it did not affect the comparison of PRAMMO “on” to “off” (be-
cause it mixes space and time domains), a complete analysis of each

paradigm was run using it. The full three-level (scan, subject, and
group) fMRI analysis was run separately for each experiment and mo-
tion correction technique. Thus, 4 group level mixed-effects results
were obtained for each functional paradigm, one from the PRAMMO
“on” data and three from the PRAMMO “off” data. At each level, activat-
ed regions that passed a corrected cluster threshold of p<0.05 at a
z-score threshold of 2.3 were considered significant.

In addition to the standard group mean for each motion correction
technique, we ran three fixed-effects paired t-tests at the subject level
to compare PRAMMO with each retrospective correction technique-
PRAMMO “on” to 1) PRAMMO “off” with MCFLIRT correction,
2) PRAMMO “off” with SPM_REALIGN correction, and 3) PRAMMO
“off” with no motion correction. Activated regions were considered sig-
nificant if they passed a voxel threshold of p<0.001 (uncorrected). In a
second analysis to explore the advantages of PRAMMO at the subject
level, a region of interest analysis was used to compare subject level
mean z-scores and mean beta and variance changes from baseline. To
create the ROIs for all three experimental paradigms, each motion cor-
rection technique's group level activation maps were thresholded at
p<0.001. The intersection of activated voxels across all four techniques
was used as the paradigm's region of interest. For each subject and mo-
tion correction technique, the means of the z-scores, beta and variance
percent signal change from baseline within the paradigm's ROI were
calculated. A paired Wilcoxon Signed Rank test collapsed across exper-
imental paradigms was used to determine significant within-subject
differences between PRAMMO and retrospective motion correction
techniques for z-scores, beta and variance signal changes.

We also compared the subject motion recorded by the active
markers between the “on” and “off” trials. The mean RMS displace-
ment as well as the mean relative (repetition-to-repetition) RMS dis-
placement was calculated for each trial. A group Student's t-test on
the motion data in total and within each paradigm was used to
make sure the subjects' movements were comparable.

Results
Motion tracking
All group Student's t-tests on the motion data indicate that the

amount of motion was not significantly different for all PRAMMO
“on” (0.24+0.17 mm) and “off” (0.2740.20 mm) scans (p=0.26
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two-tailed Student's t-test). There was also no difference between
“on” and “off” within paradigms (p=0.85 for FC, p=0.13 for FL,
and p =0.86 for FT). Even though subjects were instructed to remain
still throughout the scan, small head drifts and respiratory move-
ments were common in the data. An example motion plot for a single
scan is shown in Fig. 1A as well as a finer temporal resolution of the
same plot in Fig. S1.

To assess the performance of all the motion correction techniques,
linear correlations of the mean absolute root mean squared (RMS)
motion measurements (PRAMMO) and estimates (FSL, SPM) for
both the PRAMMO “on” and “off” scans are plotted in Fig. 1B. The lin-
ear correlation between PRAMMO measurements and FSL estimates
in the PRAMMO “off” case is displayed as the blue fit (R>=0.76)
while the correlation between PRAMMO measurements and SPM es-
timates is the red fit (R>=0.74). In the PRAMMO “on” case, the green
and cyan fits are the correlations between PRAMMO measurements
and FSL estimates (R*>=0.38) and PRAMMO measurements and
SPM estimates (R?=0.26), respectively. As expected, the FSL and
SPM estimates were approximately equal to each other for both the
“on” and “off” cases but showed less of a relationship to the PRAMMO
corrected motions in the “on” case. The mean estimated motions for
PRAMMO “on” scans by FSL and SPM were 0.10+0.05 mm and 0.12 +
0.06 mm. The motion estimates from FSL and SPM only accounted for
approximately 75% of the measured motion in the “off” case (slopes =
0.74+0.10 and 0.76 +-0.11 95% CI, respectively).

Subject level and traditional group GLM of motion correction data

At the single-subject level, each task elicited a strong BOLD re-
sponse in task-related areas, which is shown for a single voxel in
the raw and smoothed data (Fig. 2, Fig. S2). At the group level, brain
regions that passed the cluster threshold for each experimental para-
digm and motion correction technique are displayed in Fig. 3. The col-
umns represent different motion correction techniques, while the
rows are the different experimental paradigms. The locations of acti-
vation are consistent across techniques and appear in the expected re-
gions for each paradigm: large activations in the occipital lobe and
visual cortex for FC, predominately right-sided Fusiform Face Area
(FFA) and Lateral Occipital Cortex (LOC) for FL, and left primary motor
cortex for FT. Data corrected with PRAMMO (PRAMMO “on”) consis-
tently had larger cluster sizes and higher mean cluster z-scores than
the other motion correction methods. Cluster sizes (wide bars) and
mean z-scores (thin bars) for each paradigm and correction technique
are reported in Fig. 4. No significant difference in the results was ob-
served when slice-timing correction was carried out (data not shown).

A

1.0%
1.04
1.03

1.02
1.01

Signal (A.U)

098
098

0497

0.96

0.95 s " n n .

Voxel-wise paired t-test

Fig. 5 shows voxels where the PRAMMO “on” datasets have statis-
tically higher activations compared to PRAMMO “off” corrected with
FSL, SPM, and when no retrospective motion correction technique is
applied. The columns represent different motion correction tech-
niques, while the rows are the different experimental paradigms.
Areas of increased statistical significance (p<0.001 uncorrected) are
located in the same areas as those found using the traditional group
general linear model (GLM). PRAMMO increased statistical signifi-
cance in the occipital lobe and visual cortex for FC paradigm and in
the bilateral FFA as well as LOC for FL paradigm. No significant differ-
ence was seen for the FT paradigm.

Region of interest analysis

The paradigms regions of interest were quite large, encompassing
volumes of 26.6 cm> (3320 voxels) for FC, 5.7 cm? (708 voxels) for FL,
and 7.7 cm® (963 voxels) for FT. Mean z-scores and percent signal
change from baseline for beta and variance are plotted in Fig. 6. Bars
represent mean across all three experimental paradigms. A two-tailed
paired Wilcoxon Signed Rank test was used to determine significant dif-
ferences between PRAMMO and the two retrospective as well as the no
correction techniques. An “*” indicates that technique's mean is signifi-
cantly different from PRAMMO at the p<0.05 level. The ROI analysis
shows PRAMMO has higher mean z-scores and betas than all three
other techniques, and lower (no correction) or similar (FSL, SPM)
variance.

Discussion

This paper demonstrates that our prospective active marker motion
correction system, PRAMMO, provides significantly higher quality acti-
vation maps compared to standard retrospective motion correction
techniques during three common fMRI experiments. Not only did our
system provide larger activation areas but also statistically significant
increases in z-scores for activated regions at the group level which
appeared to be due to both a small increase in 3-values and a decrease
in the residuals of the individual subject GLM fits.

Most studies have analyzed their prospective motion correction sys-
tems for fMRI by calculating a quality metric of images taken with the
prospective correction “on” and comparing it with the correction “off”
for cases with and without motion (Pipe, 1999; Speck et al., 2006; van
der Kouwe et al., 2006; Ward et al., 2000; Welch et al., 2002; Zaitsev
et al., 2006). Our previous study analyzed PRAMMO not only by a
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Fig. 2. Single voxel (MNI coordinates: 16, —90, —2 mm) time series of unsmoothed (A) and smoothed data (B) for a single subject and run, showing both PRAMMO “on” and PRAMMO

“off” data for the Flickering Checkerboard experiment. The voxel was chosen as the max z-score for group level mixed effects results for both PRAMMO “o

(z=6.31) with no retrospective correction.
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Fig. 3. Statistical z-score maps for the fMRI group analysis (n = 12) of each motion correction technique (columns) applied to all 3 experimental paradigms (rows). The first column
shows the group results when the data was acquired with PRAMMO “on”. The second, third and fourth columns are the results from the data acquired without PRAMMO (PRAMMO
“off”). Columns 2 and 3 are retrospectively realigned using FSL and SPM algorithms respectively. No motion correction algorithm is applied to the data in the last column. Statistical
maps are cluster thresholded by z>2.3 and cluster significance p<0.05. Color bars are provided to show scales of activation.

quality metric but also by simulating an fMRI experiment, which
showed PRAMMO increased statistical significance in activated regions
of interest over retrospective techniques in the “deliberate motion” case
(Ooi et al.,, 2011). We subsequently confirmed these results in an actual
fMRI experiment involving a breath-holding task (Ooi et al,, 2012). One
study by Speck et al. showed that their optical correction system in-
creases the number of activated voxels while decreasing both false pos-
itives and false negatives in an in-vivo visual fMRI paradigm (Speck et
al., 2006). However, this study involved exaggerated 4 15° rotation
every 10 s, and a small sample size (n=2).

In our present study, the subjects' heads were not fixed although they
were instructed to keep as still as possible which still allowed for free
motion during the scans. Using the positions of the active marker, we
showed that the type and range of movement was consistent across
scans and subjects and within the range of a typical fMRI experiment
(<1 mm RMS displacement). After retrospective correction, we com-
pared the FSL and SPM_REALIGN algorithm's motion estimates to
PRAMMO's active marker measurements. The high coefficients of deter-
mination for FSL (R?=0.74) and SPM (R?>=0.76) indicate good agree-
ment with PRAMMO. However, there is a discrepancy of ~25%
between the measured motion and estimated motion for both FSL and
SPM. The reduction in accuracy could be due to image blurring and
slice misalignment during acquisition when movement is present. Inter-
estingly, both algorithms assessed their accuracies by taking motion es-
timates and applying the 6-df transforms to sample datasets and running

their motion correction techniques (Friston et al., 1996; Jenkinson et al.,
2002) with reported accuracies of =~0.1 mm. However, the algorithms
can only process inter-volume registrations, and thus intra-volume
movements, which in effect change the shape of the imaged brain
from volume to volume, may affect the algorithms' accuracies when
compared to PRAMMAO. It has been previously shown using an MRI sim-
ulator that continuous motion during an EPI time series can increase the
RMS error of parameter estimation by a factor of 1.7 (Drobnjak et al.,
2006, 2010). To confirm that we are seeing an underestimation by FSL
and SPM and not an overestimation by our tracking coils, we replicated
the results of Drobjnak et al. with both synthetic and PRAMMO recorded
motion data (Fig. S5-S9). FSL consistently underestimates the amount of
motion similar to our real data. Further experiments are needed to con-
firm, but our results indicate that we may be observing a true underesti-
mation of motion by retrospective techniques with real data.

For runs when PRAMMO is on, and thus the subject motion is
being corrected in real-time, the coefficients of determination are
smaller (R>=0.38 for FSL and R>=0.26 for SPM), suggesting that
the retrospective algorithms are modeling noise in the images instead
of motion since the motion has been effectively removed. As a further
validation of the success of the PRAMMO feedback, the estimated
error for both FSL and SPM motion correction routines (the vertical
spread of the PRAMMO on points in Fig. 1B) is approximately
0.1 mm, the same value reported for the accuracy of these routines.
This strongly suggests that the underlying data represents an unmoving
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Fig. 4. Cluster size and mean z-score bar plots. Quantitative analysis of the group level (n=12) cluster activation sizes and mean z-scores within the cluster for all 3 paradigms and
the bilateral clusters for the Face Localizer experiment. The wide bars represent the number of activated voxels in the significant clusters, while the thin bars represent the mean
z-score within that cluster. In all experiments, PRAMMO provided larger significant clusters compared to retrospective motion correction techniques or to no correction.

head since if there were extra motion it should increase the expected the retrospective correction techniques. In the FC paradigm, the
variance. PRAMMO map's activation size was over 10% larger than that of FSL,

For each paradigm, group level fMRI maps using PRAMMO either SPM and the no correction analysis. The FL and FT paradigm showed
had larger clusters and/or higher mean z-scores than those using similar results. Also, only PRAMMO preserved the cluster in the
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Fig. 5. Paired t-test comparing PRAMMO “on” vs. retrospective techniques. The first column shows z-scores of a group paired t-test showing the areas of increased statistical power
for PRAMMO “on” data compared to PRAMMO “off” data that has been retrospectively aligned using FSL's MCFLIRT, SPM's spm_realign algorithm, and no retrospective correction
for Flickering Checkerboard and Face Localizer paradigms (rows). Maps are thresholded at p<0.001 (uncorrected). Results for Finger Tapping paradigm did not pass threshold and
therefore are not shown.
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Fig. 6. Region of interest analysis bar plots. A. Mean subject level ROI z-score across all subjects and experiments. Each bar represents the mean of 36 (12 subjects x 3 experiments)
mean z-scores. B. Percent signal changes from baseline for the betas and variances across all subjects and experiments. An “*” indicates significant difference from PRAMMO at the

p<0.05 level, Wilcoxon Paired Signed Rank Test.

Supplementary Motor Cortex for the Finger Tapping experiment. This
highlights PRAMMO's effect on improving statistics in areas close to a
tissue/CSF or tissue/air boundary, such as the FFA or orbito-frontal re-
gions of the brain, where small through-plane motions can have a
larger impact on signal degradation. The PRAMMO cluster also covers
more of the inferior part of the post-central gyrus compared to all the
other techniques for the FT paradigm. These increases in size of the
activated regions are consistent with Speck et al., who have also de-
scribed significant increases in activation in a visual paradigm with
their optical system (Speck et al., 2006).

While the group activation maps show PRAMMO's ability to in-
crease cluster size at the group level, the reason for this improvement
is not entirely clear due to the mixed-effects model. To investigate
this further, we ran both a voxel-wise paired t-test and a region of in-
terest analysis to determine how and in what areas PRAMMO pro-
duces better activations. The paired t-test indicates that within
subjects, PRAMMO has higher activations at the center of the clusters
(Fig. 5).

Also, an ROI approach was used to further investigate within-subject
differences. We showed that PRAMMO significantly increases mean
z-scores across large ROIs and paradigms. FSL and SPM have reduced
z-scores compared to PRAMMO because the blurring caused by interpo-
lation during retrospective correction reduces FSL and SPM's beta es-
timates. Both algorithms reduce the variance compared to no
retrospective correction; however, PRAMMO reduces the variance
without lowering the beta estimate and therefore maintains higher
z-scores (Fig. 6). PRAMMO significantly increases z-scores compared
to no retrospective correction by lowering both the GLM variance
(two-sided paired Wilcoxon Signed Rank test, p=0.07) and by slightly
increasing the beta estimate (two-sided paired Wilcoxon Signed Rank
test, p=0.12). Previous prospective motion correction studies with
fMRI paradigms (Speck et al., 2006; Ward et al., 2000) attribute their
improved results to a drop in variance. However, this claim was never
investigated or shown with experiments.

Gaussian smoothing creates another potential confound in this anal-
ysis. The smoothing links the spatial extent and amplitude so as to make
it difficult to decipher whether PRAMMO has larger clusters in the
group results because of higher amplitude at the center or if PRAMMO
increases signal and decreases variance in a larger area. To address
this concern, we reran the entire subject and group analysis without
smoothing and instead of using Family-Wise Error Correction (which
requires a smoothness estimate), we used False Discovery Rate to cor-
rect for multiple comparisons. Similar to the smoothed results, at the
subject level PRAMMO slightly increases the number of voxels that
pass threshold (Fig. S3). To compare to the smoothed dataset's group
results, we ran the group level mixed effects analysis with FDR correc-
tion (Fig. S4). These results indicate that the increase in cluster size at
the group level is due to an increase in signal and decrease in variance
across a large area and not just at the center of the clusters.

Presumably, PRAMMO creates higher quality activation maps by
updating the image axis with every slice acquisition, which reduces
the volume of spins with incorrect spin-excitation history entering
the imaging plane by keeping the scan orientation the same for
each measurement and also by removing the blurring caused by in-
terpolation during retrospective correction. Using PRAMMO, the cap-
tured brain volume is a true rigid body, and thus the assumption of
fMRI image analysis - that each voxel represents the identical brain
region across the data time series - holds true.

A potential drawback of our experimental design was that each
paradigm had only two scans for PRAMMO “on” and “off”. This may
allow for one “on” or “off” scan in which the subject was not paying
as much attention to bias the results. However, we don't believe
this to be a serious issue as the subject was blinded to when
PRAMMO was “on” or “off” and the data is consistent across a large
number of subjects and paradigms.

Since in fMRI the temporal sampling of the brain volume is slow
(e.g. TR 2-3 s) relative to the frequency of significant movement by
the subject, methods which enable both inter- and intra-volume correc-
tion offer the most potential to improve SNR and sensitivity of hypoth-
esis testing. The results we report here thus demonstrate that inter- and
intra-volume correction via real-time tracking of active-markers in-
creases sensitivity to BOLD signal changes so as to substantially improve
statistical power at the group level.

Conclusion

In summary, we have shown that PRAMMO significantly increases
the spatial extent and/or mean statistical significance of task-specific
BOLD signals acquired in fMRI studies having typical amounts of sub-
ject motion. Our results are consistent with previous research (Ooi et
al., 2011; Speck et al., 2006) but have further demonstrated the utility
of the technique via increasing the number of subjects and showing
that prospective motion correction not only improves individual sub-
ject data, but also statistically improves fMRI results at the group
level, relative to commonly used retrospective techniques. Given
that this increase was found for motion under half a voxel in size,
our results show that PRAMMO could have a significant impact for
fMRI studies with even the most compliant (e.g. minimal motion)
subjects. Our earlier work (Ooi et al., 2011, 2012) has shown that
PRAMMO is effective for larger amplitude motion as well, and thus,
is useful for imaging less compliant subjects, challenging clinical or
pediatric populations, or states such as sleep where motion over
time may become problematic. As our prospective active marker cor-
rection can be implemented with relatively minor changes to hard-
ware and software and can be added to any clinical or research
scanner with multi-channel capability, PRAMMO would be feasible
for use in most clinical or research settings. It should be noted as
well that PRAMMO can be added to other functional sequences such
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as connectivity mapping or arterial spin labeling (ASL), spectroscopic
imaging, tract mapping such as diffusion tensor imaging (DTI), or
other anatomical sequences to minimize the effects of motion on
data quality for these types of images as well. Thus, as PRAMMO im-
proves fMRI data significance at both the individual and group level,
it may facilitate imaging of challenging subjects or populations who
may otherwise not be able to be adequately imaged. And, as it can
easily be added to a multitude of data acquisition paradigms,
PRAMMO could have wide impact on both neuroscientific and clinical
functional as well as anatomical imaging.
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