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Retrospective Coregistration of Functional Magnetic
Resonance Imaging Data Using External Monitoring

Marleine Tremblay,1 Fred Tam,2 and Simon J. Graham1,2,3*

Coregistration is essential for correcting head motion artifacts
in functional magnetic resonance imaging (fMRI). Coregistra-
tion algorithms typically realign images through optimization of
a similarity measure based on voxel signal intensities. However,
coregistration can also be performed through external monitor-
ing, whereby a tracking device measures head motion directly
and independently of the imaging data. This paper describes
development of external monitoring using fMRI-compatible in-
frared cameras. Three subjects participated in block-design
fMRI experiments consisting of bilateral finger tapping alone
and tapping combined with visuomotor tracking to produce
controlled task-correlated head motion. Functional MRI time-
series were coregistered using the external monitoring tech-
nique and a known image-based algorithm for comparison.
Over various performance characteristics, external monitoring
and image-based coregistration exhibited good agreement, in
particular reducing signals correlated with millimeter task-cor-
related motions by 50–100%, with a 5% difference between the
two techniques. These results promise future applications and
refinements of external monitoring in patient populations where
head motion is especially problematic. Possibilities include 3D
prospective coregistration during real-time fMRI, coregistration
of individual slices, and motion correction in anatomic
MRI. Magn Reson Med 53:000–000, 2005. © 2005 Wiley-Liss,
Inc.

Key words: fMRI; head motion; image coregistration; position
tracking; fMRI-compatible devices

Head motion is a fundamental problem in functional mag-
netic resonance imaging (fMRI). The problem arises be-
cause millimeter head movements, relative to the spatial
coordinate frame of the images, are sufficient to cause
voxel signal intensity changes that appear very similar to
the blood oxygen level dependent (BOLD) signals that
reflect neuronal activity (1). Two distinct types of motion
are problematic: random motion increases the effective
noise level and tends to decrease the total number of
activated voxels that are detected, whereas task-correlated
motion (TCM) occurs synchronously with alternating task
and rest conditions, introducing artifacts that masquerade

as increased brain activation and that may be particularly
severe in patients with impaired brain function (2).

In combination with fast imaging techniques (e.g., echo
planar or spiral k-space readouts), retrospective coregistra-
tion methods are key to reducing head motion effects and
are used to realign the time-series data to a reference image
collected during the fMRI session (3–5). Conventional ret-
rospective coregistration uses rigid-body (or affine) trans-
formation consisting of six (or more) realignment parame-
ters. Realignment parameters are typically estimated by
optimizing a similarity measure based on voxel signal
intensity values, quantifying the difference between a spe-
cific image in the time-series, and the reference. Prospec-
tive coregistration is also being developed to adjust scan-
ning to track with moving anatomy, requiring fast methods
to measure head motion (6–10), although retrospective
coregistration currently predominates fMRI research and
is the principal focus of this work.

Although retrospective coregistration is effective, limi-
tations are evident. Poor spatial resolution, signal- and
contrast-to-noise ratio, and image artifacts may deteriorate
coregistration accuracy. Most coregistration algorithms
correct only for small movements (translations of 1–2 vox-
els and rotations of 1–2o) and may be less reliable at larger
amplitudes. Last, head motion is sampled at the imaging
repetition time (TR), providing only one set of realignment
parameters per stack of multislice images, with the as-
sumption of no interslice motion.

A promising alternative is to perform coregistration us-
ing external monitoring, using a tracking device (TD) in-
dependent of the MR imaging process and data. This offers
the possibility of sampling head motion at higher temporal
resolution and with improved accuracy. This paper de-
scribes development of external monitoring using an in-
frared tracking device for retrospective 3D coregistration of
fMRI data. Performance of the technique is carefully as-
sessed for both random motion and TCM and compared
with coregistration achieved by widely used fMRI data
processing software (Analysis of Functional NeuroImages,
AFNI (11,12)). The comparison is not intended to assess
the merits of using the TD versus image-based retrospec-
tive coregistration generally, but rather to confirm proof-
of-concept for the external monitoring.

METHODS

Experimental Setup, Preliminary Characterization

Figure 1 illustrates the experimental setup. The TD (Po-
laris, model P4 Position sensor, enhanced ElectroMagnetic
Interference option, Northern Digital, Inc., Waterloo, Can-
ada) was mounted on a wooden frame facing the bore of an
MRI system operating at 1.5 T (Signa CV/i configuration,
LX 8.4, GE Medical Systems, Waukesha, WI). The TD uses
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two independent charge-coupled devices (CCDs) to detect
infrared light reflected in its direction. Surrounding the lens
of each CCD is an array of infrared emitting diodes to illumi-
nate the field of view. Functional MRI compatibility was
achieved by relocating the power supply from inside the TD
main unit to outside of the magnet room, using shielded
cables routed through the filtered penetration panel.

Using parallax calculations, the TD tracks plastic tools
with precisely defined spatial arrangements of three or four
rigidly fixed, reflective markers (Traxtal Technologies, Inc.,
Toronto, Canada) (13). The set of detected positions on a
given tool is compared with information preloaded in the TD
about the theoretical marker positions. A least squares fit of
the two sets of positions determines the spatial transforma-
tion that must be applied to match the two sets (position and
orientation data with 6 degrees of freedom, 6DOF) which is
transmitted via serial communication to a computer console.
Position measurements were acquired at a rate of 4.8 Hz,
considerably exceeding that required for image-based coreg-

istration of fMRI time-series (e.g., 0.5 Hz for a TR of 2 sec,
assuming single-shot imaging).

To test the accuracy of the TD, repeated position measure-
ments were taken at precise locations within the magnet. The
TD translation accuracy along each axis was taken to be the
smallest displacement that could be applied to the tracking
tool along that axis such that the slope of linear fit between
applied and measured displacement was 1.00 � 0.01. Trans-
lation accuracies in x, y, and z of 0.01 mm0.03, and 0.1 mm,
respectively, were obtained over a 2-cm-diameter spherical
volume with the axes pointing as illustrated in Fig. 1. Angu-
lar accuracies in roll, pitch, and yaw of 0.009o, 0.23o, and
0.23o were obtained, respectively, by applying rotations to
the tracking tool with a stepper motor (Model No. QM-57–
83, Parker Hannifin Corp., Rohnert Park, CA). These accura-
cies were judged sufficient to consider using the TD to coreg-
ister fMRI data.

The stability of TD measurements was assessed by
tracking a stationary tool for several hours. Radial linear
drift rates (�((dx/dt)2�(dy/dt)2�(dz/dt)2)) of 1.2 mm/hr
were observed during the first 45 min after power-up,
presumably due to temperature variation within the TD
electronics. To improve stability, the TD was warmed up
for 60 min prior to use, and not one but two tools were
tracked during fMRI (Fig. 2). The tracking tool was
strapped to the subject’s head using a small cap com-
posed of two elastic bands surrounding the forehead,
without a chin strap to avoid tool motion during swal-
lowing. Foam padding was inserted between the tool
and the head to avoid slight magnetic susceptibility
artifacts during fMRI due to proximity of the tracking
tool to the brain surface. A reference tool was mounted
on the stationary head coil. Because the TD data for both
tools drifted similarly, stability of the tracking tool in-
formation was increased by calculating the reference
tool’s linear drift rates along the three orthogonal axes
and subtracting these linear trends from the tracking
tool data. The subsequent radial drift rate was reduced
approximately 10-fold (0.1 � 0.03 mm/hr). Linear drifts
in angular position were similarly attenuated about all
three orthogonal axes.

Calibration and TD Data Processing

A calibration procedure was developed to estimate the
transformation matrix to convert head motion information

FIG. 1. Experimental setup in magnet room (top view, not to scale).

FIG. 2. Experimental setup within magnet bore
(side view, not to scale).

2 Tremblay et al.
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from the TD coordinate frame to the coordinate frame of
the MRI system to enable image coregistration about mag-
net isocenter. If the coordinates of at least three points are
measured in two different Cartesian frames, in theory the
transformation between the frames can be obtained. Seven
holes (2.5 mm depth, 2.5 mm diameter) were drilled in the
tracking tool at precise locations and filled with aqueous
agar solution containing approximately 1 mmol/liter of
contrast agent (Gd-DTPA, Omniscan, Nycomed) to make
the tool visible by MRI. The distance of each hole center
relative to the origin of the spatial coordinate frame of the
tracking tool was provided by the manufacturer.

The 6DOF reported by the TD actually corresponds to
measurement of the specific tool frame relative to the TD
frame (Fig. 2). Given the 3D position of a hole in the
tracking tool frame, ro, the 3D position of the tool frame in
the TD frame, rTool, and R, a 3 � 3 matrix representing the
3D orientation of the tool frame relative to the TD frame,
the 3D position of the hole can be calculated in the TD
frame, rTD:

rTD � RrTool � rO . [1]

In addition, the 3D position of the same hole in the MRI
frame, rMRI, is readily obtained from a high-resolution MR
image of the tracking tool. The transformation of positions
in the TD frame to the MRI frame was estimated via Horn’s
closed-form solution (14), which is time-efficient (fast) and
holds for an arbitrary number of points (greater than 3)
measured in both frames. The latter issue is important
because the positions measured by the TD and by MRI
have experimental uncertainty, and the transformation can
be estimated more accurately by including more points.
The transformation was subsequently applied to the neg-
ative of the head motion parameters to achieve the appro-
priate realignment parameters.

Rather than developing coregistration software in its
entirety, TD realignment parameters were incorporated
into the spatial interpolation module in AFNI, enabling
direct comparison with image coregistration performed
using AFNI alone. All other aspects of the data processing
were kept identical in the comparison, ensuring that dif-
ferences in the resulting activation images could be attrib-
uted solely to differences in estimating head motion.

The TD was controlled using C�� software developed
in the laboratory and executed on a laptop computer
(Toshiba 4020CDT, 300 MHz Pentium II CPU, 96 MB
RAM, Windows 98 operating system). TD data acquisition
was synchronized with fMRI time-series data collection
using a trigger pulse sent by the laptop. The TD motion
data were also processed slightly prior to calculating re-
alignment parameters. A third order, one-dimensional me-
dian filter (the median of each datum and its nearest neigh-
bors in time) was applied to remove a small amount of
spike noise that was observed qualitatively, while preserv-
ing the sharpness of motion trends. In addition, the TD
motion parameters were resampled by spline interpolation
to the exact end of the nth TR interval (or equivalently, the
first set of motion parameters of the (n � 1)th TR interval)
for 3D coregistration of the (n � 1)th stack of multislice
images. This ensured that there were as many sets of

motion parameters as stacks of multislice images in the
associated fMRI time series, enabling 3D coregistration
assuming rigid-body motion.

FMRI Tasks

Two behavioral tasks were performed in block designs
with alternating “task” and “rest” conditions of 20-sec
duration. The first task involved self-paced bilateral tap-
ping of alternating fingers. As this task was performed on
a small group of young, healthy adults (see below), pre-
dominantly random head motion was anticipated. The
second task was designed explicitly to include well-con-
trolled TCM, requiring the same bilateral finger tapping in
the presence of a visuomotor tracking task in which the
subject followed a moving object based on a visual repre-
sentation of his or her head position. Visual stimuli were
displayed on a back-projection screen at the entrance to
the magnet bore using an LCD projector (Revolution III,
Boxlight 6000, Boxlight Corp.) and viewed by the subject
using angled mirrors in the MRI system’s quadrature bird-
cage head coil. An open “target” circle, initially positioned
in the center of the screen, moved alternately from side to
side at the rate of one cycle per 20 sec along a path of
length �. The amount of TCM associated with the task was
then controlled by varying �. Note that the entire length of
the horizontal path on the projected display was fixed;
rather, a scaling factor was varied between the path length
of the display and the actual head motion. In what follows,
� represents head motion in millimeters.

Head motion was measured by the TD and was repre-
sented visually in the form of a black disk under control of
the subject, who was to keep the disk centered inside the
target circle by moving his or her head appropriately (pri-
marily roll rotation). They were also asked to perform this
task while fixating fovially and while performing bilateral
finger tapping. During the rest condition, subjects fixated
while the target circle and the disk moved from side to side
in lock step for one cycle (i.e., visual stimuli were similar
during task and rest periods). The initial direction of target
motion was alternated for each task period.

In addition to assessing the ability of the TD to correct
for both random motion and TCM, the tracking task was
expected to involve elements of the vestibular system in-
volved in detecting head movement and generation of
compensatory eye movements (15). Detailed analysis and
interpretation of the associated brain activity is beyond the
methodological scope of this work.

Subjects

Three young, healthy subjects (right-handed males, aver-
age age 25 years, range 24–27 years old) volunteered for
this study under approval of the Research Ethics Board at
Sunnybrook & Women’s College Health Sciences Centre.
All gave informed consent and completed the simple bi-
lateral finger tapping experiment. The TCM was varied in
the tracking experiments, however, and subjects were
given different path lengths, �, ranging from 1 to 12 mm
(Table 1). Data for subject 1 with � � 2 mm were discarded
because the tracking tool was mounted improperly.

Retrospective Coregistration Using External Monitoring 3
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Imaging and Postprocessing

Functional MRI data were acquired using single-shot spi-
ral readout (TE/TR/2 � 40 msec/2000 msec/80o, field of
view (FOV) � 20 cm, slice thickness � 5 mm, matrix �
64 � 64, 17–19 slices) (16). Anatomic images were ac-
quired with 3D fast spoiled gradient echo imaging (TE/TR/
2 � 6 msec/35 msec/35o, FOV � 22 cm, slice thickness �
1.4 mm, matrix � 256 � 128, 124 slices). Calibration
images of the tracking tool were acquired similarly but
with higher spatial resolution (slice thickness � 0.7 mm,
matrix 512 � 512). After off-line reconstruction of the
spiral k-space data, including gridding and correction for
magnetic field inhomogeneity and Maxwell gradient ef-
fects (17), all subsequent data postprocessing was per-
formed within AFNI. For each fMRI experiment, two time
series data sets were created using Fourier interpolation,
in addition to the original, uncoregistered data. One data
set was coregistered using AFNI realignment parameters
and the other using TD realignment parameters. All other
processing, which included linear and quadratic detrend-
ing, spatial smoothing (Gaussian filter with 4 mm FWHM),
temporal smoothing (3 point median filter), boxcar corre-
lation analysis, and masking fMRI signals to zero outside
of the brain, was performed identically. The voxel-wise
statistical threshold for each brain activation image was
P � 3.4 � 10�7 (P � 0.01, Bonferroni corrected) with a
threshold correlation coefficient (CCTH) of 0.39.

Analyses

For each fMRI experiment, the coregistration results ob-
tained with AFNI alone and with AFNI using TD realign-
ment parameters were compared various ways. The time
series of six realignment parameters estimated by AFNI
and the TD was plotted for comparison. Brain activation

images were compared both qualitatively by visual inspec-
tion and quantitatively by plotting the number of detected
activated brain voxels as a function of BOLD percent signal
change (an “activation histogram”). Each activation histo-
gram was plotted with 101 bins. In the fMRI experiments
involving visuomotor tracking, TCM was still present to
some degree in voxels along the brain periphery even after
coregistration, suggesting comparison of the ability of the
two coregistration methods to attenuate signal variations
due to TCM. This was quantified by calculating the voxel-
wise correlation with the roll rotation waveform measured
by the TD during the fMRI experiment of interest. The
number of voxels significantly correlated with roll rotation
(for the same P and CCTH values given above) was plotted
as a function of roll correlation coefficient in a “TCM
histogram” containing 101 bins over the full range of pos-
sible correlation values (�1.0–1.0). Both the activation
and the TCM histogram approaches were undertaken for
the uncoregistered time-series data as well.

RESULTS

Bilateral Finger Tapping Experiments

The six realignment parameters for a representative bilat-
eral finger tapping experiment are shown in Fig. 3, in
which the AFNI results from image-based coregistration
and the TD results are plotted as a function of time. There
is good agreement between the two coregistration tech-
niques, although the TD results show more high frequency
fluctuations. Figure 4A shows representative examples of
the associated activation images obtained after coregistra-
tion. The images obtained solely using AFNI (left) and
those obtained using TD data (right) are very similar, de-
picting activation of the two primary sensorimotor corti-
ces, left parietal cortex, and the supplementary motor area.
The two coregistrations also agree well when comparing
the activation histograms for the whole brain (Fig. 4B),
allowing detection of very similar numbers of activated
voxels for each given value of BOLD percent signal change,
positive and negative.

Bilateral Finger Tapping and Tracking Experiments

Figure 5 shows AFNI and TD realignment parameters for a
representative visuomotor tracking experiment (� �
1 mm). As anticipated, visuomotor tracking is observed
primarily as roll rotation, with some x translation. Good
agreement is observed between the two sets of realignment

Table 1
Number of Trials per Tracking Path Length �

�
(mm)

No. Trials

Subject 1 Subject 2 Subject 3

0 2 6 2
1 2 3 1
2 1* 2 1
6 0 2 1

12 0 2 0

*Not included in subsequent analysis. Tracking tool was mounted
improperly.

FIG. 3. Realignment parame-
ters for a representative bilateral
finger tapping experiment. Re-
sults from image-based coreg-
istration in AFNI (gray line) and
those from the TD (black line)
exhibit very consistent trends.
The TD parameters show more
rapid temporal fluctuations.

4 Tremblay et al.
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FIG. 4. (a) Activation images obtained using
AFNI exclusively (left) and using the TD data
(right) for a representative subject performing bi-
lateral finger tapping. (b) “Activation histograms”
illustrating the number of active voxels detected
as a function of BOLD signal (AFNI: gray line; TD:
black line). In both (a) and (b) the two sets of
activation data are in good agreement.

FIG. 5. Realignment parameters
for a representative bilateral finger
tapping and tracking task (� �
1 mm; AFNI, gray line; TD, black
line). Results for both coregistra-
tion techniques are very similar,
although TD data again show
more rapid fluctuations. Slightly
more systematic deviation be-
tween the techniques is also ob-
servable compared to the results
shown.
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parameters, with the TD data exhibiting more high-fre-
quency fluctuations, although there are slightly more de-
viations than observed in Fig. 3. The associated represen-
tative activation images and activation histograms (Fig. 6)
are consistent with these observations. Both sets of activa-
tion images (Fig. 6A) show more extensive brain activity
than that observed for tapping alone (Fig. 4A), due to the
demands of visuomotor tracking. The activation histo-
grams (Fig. 6B) show for this subject that external moni-
toring results in slightly fewer activated voxels throughout
the brain, compared to what can be obtained solely by
AFNI. Compared to no coregistration, both coregistration
methods reduce the number of significant roll-correlated
voxels by approximately 10-fold (data not shown).

Results for All Three Subjects

Voxel counts versus � are shown in Fig. 7 for all three
subjects. Experiments involving bilateral finger tapping

alone are plotted as � � 0 mm and, as mentioned above,
increased voxel counts are expected for the visuomotor
tracking task (� � 0 mm). In Fig. 7a, all three analyses
report similar voxel counts for � � 0 mm, as expressed
by the mean plus or minus half the range of the data
(uncoregistered: 340 � 430; AFNI: 320 � 300; TD: 260 �
240). This also holds for � � 1– 6 mm, although more
voxels were activated (uncoregistered: 970 � 1200;
AFNI: 1000 � 1200; TD: 780 � 1000). For the two
coregistration techniques over this range of �, a repeat-
ed-measures two-way ANOVA indicates no statistically
significant differences (main effect of coregistration
method: F(1,1) � 2.85, ns; main effect of �: F(3,3) � 1.51,
ns). Visual inspection of Fig. 7a suggests a possible,
slight trend for the TD to detect less activated voxels.
For � � 6 –12 mm, a very large increase voxel counts is
observed irrespective of the analysis method and is very
likely spurious.

FIG. 6. (a) Activation images obtained solely
using AFNI (left) and using the TD data (right) for
a representative subject performing bilateral fin-
ger tapping and tracking (� � 1 mm). (b) Associ-
ated activation histograms for the whole brain
(AFNI, gray line; TD, black line). For this subject,
more active voxels were obtained using AFNI
alone.
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Additionally for 8 � 0 mm, there are significantly more
roll-correlated voxels in the case of no coregistration (Fig.
7b) and these voxel counts correlate very strongly with �
(R2 � 0.9925). In contrast, both coregistration techniques
suppress the number of roll-correlated voxels for � �
1–6 mm by 50–100% compared to when coregistration is
not performed, with 5% difference in suppression be-
tween the two techniques. Figure 7 suggests overall that
both coregistration techniques lead to the production of
highly similar, robust activation images for � � 0–6 mm.

DISCUSSION

There remains a strong need for improved coregistration
with higher spatial accuracy and temporal resolution to
expand fMRI applications. For example, higher spatial
accuracy is required due to the continued development of
high- and very-high-field MRI systems, which are begin-
ning to resolve brain function at the level of columnar
organization (18). Higher temporal resolution is required
to measure the delay between BOLD signals in different
brain regions on a time scale of 100 msec or less (19) or to
coregister different regions (e.g., slices or shots) of a time

series (e.g., multislice or 3D data) separately to improve
motion correction within the TR interval.

The development of MR-compatible tracking systems for
improved coregistration is attractive, but challenging.
There is a preliminary report of a TD designed to operate
using laser signals (20), although the laser light must (i)
strike appropriate reflectors located on the moving head
and (ii) be detected robustly. Practically, both are difficult
to achieve. Radiofrequency locator coils wrapped around
MR-visible samples can be tracked based on resonance
frequency using magnetic field gradients (8). However,
such devices reduce the temporal resolution that is achiev-
able during fMRI because interleaved MR experiments are
required for position tracking. Gradient nonlinearities are
also a source of inaccuracy, requiring accurate knowledge
of the 3D field distribution for the gradient coils. The latter
issue is important for other TD approaches (21) using the
voltages induced in small coils during the time-varying
gradients in an MRI pulse sequence. In this case, however,
temporal sampling is inherently nonuniform.

In comparison, the external monitoring described here is
relatively straightforward. The Polaris TD operates in the
infrared spectrum, ensuring that fMRI experiments involv-
ing visual stimuli are possible. Line of sight is required
and it is preferable to use a birdcage coil without an end
cap and appropriate cable routing to ensure that the track-
ing and reference tools are not obscured. Although the
plastic tracking tool is light and the cap fits snugly, some
motion of the tracking tool relative to the brain is possible.
Elastic motion might occur, but the scalp moving over the
skull is likely more problematic and can be reduced by
patient training.

Coregistration Involving AFNI Alone and Using the TD

Compared to coregistration using AFNI alone, the TD re-
alignment parameters did exhibit more high-frequency
fluctuations and slight systematic differences (Figs. 3 and
5). Possible sources for these effects are: (i) the patients
themselves (e.g., TD measurements reflect true head mo-
tion not measured by AFNI) and (ii) the patient-specific
experimental setup and methodology (e.g., the tracking
tool requires better mounting on the head). These prob-
lems likely are not due to the camera/tracking tool combi-
nation per se, however, given that the intrinsic tracking
error (see Methods) is considerably smaller than the noise
fluctuations observed in Figs. 3 and 5.

The calibration procedure in this study used seven co-
planar points and a manual procedure for determining the
associated voxel locations within MR images. Future im-
plementation could include more, noncoplanar points as
well as automated image processing to determine the MRI
coordinates of each point. In addition, a new tool could be
designed such that the centroid of its spatial distribution
of points, used to determine the calibration transforma-
tion, lies close to the geometric center of the relevant brain
anatomy to be coregistered. Such modifications can reduce
the error in a coordinate frame transformation calculated
using a point-based approach (22). Furthermore, a rigid
mount to provide accurate and repeatable positioning of
the TD could potentially eliminate calibration before each
fMRI session.

FIG. 7. Bar plots of voxel count versus � for all validation experi-
ments (no coregistration, white; AFNI alone, gray; TD, black). Bilat-
eral finger tapping without tracking is represented by � � 0. Arrows
indicate data for representative subjects shown in the previous
figures. Although (a) the number of activated voxels agrees well for
the three techniques, (b) the number of roll-correlated voxels is
significantly higher when coregistration is not performed. AFNI and
TD data remain quite similar throughout. There appears to be a
trend that the TD results in slightly fewer activated voxels and
slightly more roll-correlated voxels, although this is not statistically
significant over the small number of subjects investigated. See text
for further details.
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The representative image-based coregistration in the
present work is also subject to several sources of error. For
example, signal intensity changes that are inconsistent
with rigid-body motion of the entire head include eye
motion (23), the BOLD effect itself (24), and spatial distor-
tion caused by movement of anatomy within the magnet
bore (25). Indeed, the TD may have use in validating coreg-
istration algorithms. With development of appropriately
detailed phantoms under known motion and known pat-
terns of artificial dynamic “activation,” such effects could
be studied in detail.

A novel aspect of the present study was to perform fMRI
using two behavioral tasks, one with predominantly ran-
dom head motion (bilateral finger tapping) and one with
predominantly TCM (bilateral finger tapping and visuomo-
tor tracking). Importantly, the two tasks also exhibited
slightly different patterns of brain activity. The visuomotor
tracking task additionally involved bilateral medial frontal
gyri and the right superior frontal gyrus (not shown in Fig.
6), regions associated with vestibular function (26). It is
possible that this task and technology could be adapted
specifically to visualize and improve understanding of
vestibular functional neuroanatomy, beyond fMRI with
traditional means of perturbing the vestibular system (e.g.,
galvanic stimulation (15)). Furthermore, Fig. 7 indicates
that for � less than approximately twice the voxel dimen-
sion (6 mm in-plane), the head motion introduced by the
specific visuomotor tracking task does not adversely con-
taminate fMRI signals if retrospective coregistration is per-
formed. Although it is typical to discard fMRI data con-
taining head motions that corresponding to a fraction of
the voxel size, Fig. 7 indicates that for well-controlled
fMRI tasks and analyses such an approach may be overly
conservative and tasks actually designed to involve small
amounts of head motion can be contemplated.

Improving Coregistration

The brain is not a rigid body and deforms approximately
50–100 	m at the cortex due to blood flow, irrespective of
head motion (27). Coregistration techniques can still be
improved toward this fundamental limit, and external
monitoring applications are one approach. Although the
data in this study were acquired at 4.8 Hz, the data acqui-
sition rate has now been improved to 30 Hz, half the
hardware limit. Such high sampling enables coregistering
different slices of a given volume individually, rather than
assuming that all slices in a multislice acquisition are
acquired simultaneously. An iterative “map-slice-to-vol-
ume” algorithm has shown improved sensitivity and lo-
calization of fMRI signals in comparison with conven-
tional coregistration (28). Such corrections make the brain
look “more rigid” and can be used with conventional 3D
coregistration to correct for residual errors.

In addition, compared to use of navigator echoes (6), the
high sampling rate of the TD facilitates prospective coreg-
istration, potentially in combination with retrospective
coregistration to reduce residual errors (10). Others are
adopting infrared tracking technology toward similar goals
(29).

The TD can also provide real-time visual feedback via a
projector to subjects about their head motion during fMRI,

allowing them to compensate for small head movements
immediately (30). Images of brain activity will potentially
be influenced, however, by the fact that the fMRI signal
baseline already engages brain regions involved in visuo-
motor coordination. In real-time fMRI applications, rapid
presentation of head motion information is also very use-
ful to provide direct warning of poor data quality. More
generally, potential applications include k-space motion
corrections for diverse 2D or 3D MRI applications, coreg-
istration in dynamic contrast-enhanced MRI, and tracking
of probes and instruments to adjust the scanning plane
during MRI-guided therapy. Obviously, there is consider-
able scope for future development.
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