MOTION-CORRECTION TECHNIQUES FOR STANDING EQUINE MRI
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Magnetic resonance imaging (MRI) of the distal extremities of the standing, sedated horse would be desirable if
diagnostic quality images could be obtained. With the availability of extremity and special purpose magnet
designs on the market, a system to safely accommodate the standing horse may gain increasing popularity. This
paper considers the issue of motion that will need to be addressed to achieve successful, diagnostic quality
images. The motion of the carpus and tarsus of ﬁve standing, sedated horses was quantiﬁed. The obtained
motion records were then used to induce motion in cadaveric joint specimens during several MRI scans. The
measured dorsal–palmar/plantar, medial–lateral, and proximal–distal random wobbling motions in the standing
sedated horse were several centimeters in magnitude and generated severe motion-artifacts during axial MRI of
the cadaveric specimens. Two retrospective motion-correction techniques (autocorrection and navigator-based
adaptive correction) were used to correct the corrupted images. The motion artifacts were nearly eliminated
with the use of both techniques in series. Although significant hurdles remain, these results suggest promise for
allowing diagnostic quality MRI of the carpus and tarsus in the standing horse. Veterinary Radiology &
Ultrasound, Vol. 45, No. 6, 2004, pp 513–519.
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Introduction

physiologic and nonphysiologic motion can cause signiﬁcant image quality degradation. Longer scan times help
regain SNRs in lower ﬁeld strength systems—but at the
price of increased susceptibility to motion artifacts. Therefore, motion is a critical problem to address for acceptable
image quality in a standing, sedated horse.
Considerable research to reduce motion artifacts caused
by translational and rotational motion of the body during
MRI is ongoing.2–20 Motion artifacts are particularly
problematic for cardiac imaging,21 diffusion weighted imaging,22–24 functional imaging,7,25 upper abdominal imaging,21,26 musculoskeletal imaging,15 and examinations on
pediatric,3 neurologic,27 and elderly patients.
There are several methods for motion correction in
MRI. Each has advantages and disadvantages, and its
usefulness is related to the type of motion and the application. Techniques during acquisition include fast scanning
sequences, various reordering,28 resampling,29 and gating21
of the k-space data, gradient moment nulling,30 and presaturation.31 Some extremely fast scanning sequences, such
as echo planar imaging, for example, work well for brain
and upper abdominal studies, but are associated with
higher susceptibility artifacts so that heterogeneous musculoskeletal tissues are difﬁcult to image with these pulse
sequences. Furthermore, not all scanners have the hardware or software capabilities for some fast sequences. Periodicity of motion, as in the respiratory and cardiac cycles,
dictate the use of specialized gated data acquisition
sequences for motion compensation, but these are not applicable in standing equine MRI. There are many retro-
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AGNETIC RESONANCE IMAGING (MRI) in veterinary
medicine has often been limited to small animals
under general anesthesia.1 Recent constraints include magnet designs that cannot easily accommodate large animals
and the inability to obtain high-quality images in nonanesthetized animals because of motion. As these constraints are overcome, the diagnostic beneﬁts of MRI may
expand to large and small animals imaged only under sedation. High-quality conventional MR examinations of the
distal limbs of the standing horse are within the realm of
possibilities.
Magnets designed to accommodate the lower limb of a
standing horse are nearing market availability. Because of
inherent size limitations of the horse, it is likely that the
ﬁeld strength of the system will be in the low- to mid-ﬁeld
range. Even with conventional high-ﬁeld strength MR
scanners (where signal-to-noise ratio (SNR) is higher)
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spective techniques4,8,10,32–35 that can aid in the correction
of motion-corrupted data that may be well suited for
equine applications.
This paper evaluates the use of two different retrospective motion-correction techniques as they pertain to the
standing, sedated horse using conventional spin echo pulse
sequences: navigator echoes4,7,8,36 and autocorrection.10,35
Navigator echoes are incorporated into the imaging pulse
sequence and track motion during an exam, which is then
used to correct the data retrospectively (see Fig. 1A). Navigator echoes are effective for in-plane, nondeforming global motions as in musculoskeletal imaging,15 but they
require the use of a special pulse sequence for data acquisition. The autocorrection technique corrects image data
retrospectively without a priori motion history. The motion-corrupted image itself provides the information necessary for correction. An image metric and an iterative
algorithm are used to quantify and minimize motion artifacts given a motion-corrupted image (see Fig. 1B). Auto-

Fig. 1. (A) This schematic illustrates navigator echo correction. A special
pulse sequence acquires a navigator echo at each view of the scan used to
map the position of the object or body in one or more degrees of freedom
during every phase encoding view. The middle graph represents the results of
navigator echoes acquired during the scan of a phantom. The pixel displacements in a specific direction are shown along the y-axis, and the numbers of views are shown along the x-axis. The motion-corrupted image of the
phantom is corrected using this information. The maximum pixel displacements in this example are less than 2.5 pixels. The displacements in the
standing horse are as large as 30–40 pixels. (B) This schematic illustrates the
process of autocorrection. In this technique, the motion occurring during a
scan is not measured. The raw motion corrupted k-space data is analyzed,
and the motion is deduced using an image quality metric that quantiﬁes
motion artifacts. The algorithm estimates trial corrections and evaluates
their result on image quality. This process is iterated many times until the
image metric is optimized.

correction has been proven useful for imaging the shoulder
where respiratory motion because of respiration or motion
from relaxation can seriously degrade image quality.10
As the foot of a standing horse remains on a nonmoving
surface, it is considered to least likely cause significant
motion artifacts and be the easiest region to successfully
image. Therefore, the carpus and tarsus were chosen for
examination. These joints are more susceptible to motion
artifacts and are near the proximal limit of the limb that
can still be imaged while the horse is standing. The objectives for this paper are to (1) observe and quantify motion
in the carpus and tarsus while simulating a standing equine
MR examination, (2) apply these measured ‘‘standing’’
motions to cadaver limbs during MRI, and (3) assess the
ability of navigator echoes and autocorrection to correct
the obtained motion-corrupted images.

Methods
To quantify the motion of the carpus and tarsus that
would occur during an MRI examination of the standing
horse, we ﬁrst built a full-sized wooden model of a magnet
designed for this purpose to simulate a standing exam. The
model represents a small, 0.3 T open bore permanent magnet. Four highly reﬂective spherical markers were placed on
the carpus and tarsus of ﬁve thoroughbred horses that were
then centered within the bore of the model magnet. A total
of 10 motion records (ﬁve carpus and ﬁve tarsus records)
were obtained by optically tracking each marker. Standing
sedation was achieved in all ﬁve horses with a combination
of acepromazine (20–25 mg) and detomidine (2–4 mg).
The model magnet had windows in two of its three sides
so that three–dimensional (3D) motions of the carpus and
tarsus could be monitored. This was done by using Digital
Motion Analysis Software (DMASs ),w an optical highresolution 3D motion acquisition technique by Spica Technologies, Inc. This system used two progressive scan digital
video camerasz placed approximately 901 apart that were
focused on the same four markers. The cameras were set to
obtain images at a frequency of 20 Hz for a total of 10 min
on each joint. The DMASs software has been independently tested at the University of Utah and shown to have a
mean error of 0.004% of the ﬁeld of view. This setup included a 25-cm ﬁeld of view, allowing us to detect motion
as small as 14 mm. This information was subsequently
analyzed by DMASs to obtain motion records.
These motion records were used to simulate the actual
standing motion in cadaver specimens of the carpus and
tarsus during MRI. This was accomplished by building a
2D computer-controlled MRI motion simulator that precisely displaced the cadaveric specimens in the medial to
Magna-Lab Inc., Syosset, NY.
wKihei, Maui, HI.
zPulnix America, Sunnyvale, CA.
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lateral and the dorsal to palmar/plantar motions according
to the motion record ﬁles. The motion simulator displaced
the specimens at 20 Hz, corresponding to the frequency of
the acquired data. Time permitted for ﬁve of the 10 different obtained motion records to be used as input into the
motion simulator. The ﬁve records that were chosen did
not exceed the motion simulator’s acceleration limits (corresponding to a peak velocity of approximately 7 cm/s).
MRI of the mechanically moving specimens was performed in a conventional 1.5 T GE Signay superconducting
system using a head coil. Spin echo pulse sequences, containing two orthogonal navigator echoes, were applied.
The navigator echoes preceded each imaging TR and were
used to measure x and y displacement throughout the scan
period so that adaptive motion correction could be made.
The image matrix was 256  256; T1-, T2-, and proton
density-weighted images were acquired, and the ﬁeld of
view was 20–21 cm. Scan times were either 3 min 26 s (for
the T1-weighted scans) or 8 min 56 s (for the proton- and
T2-weighted scans). Static images of each sample were also
obtained with the same acquisition parameters.
For the autocorrection technique, image entropy was
measured as the image quality parameter.10,35 The methodology used was similar to that described by Manduca
et al.,10 with the exception that translations in x and y were
searched for simultaneously using a simplex algorithm.37
Individual autocorrection run times were approximately
65 min. For this study on a Sun Enterprise 450k with four
400 MHz processors and 4 GB RAM. Two iterations of the
autocorrection scheme were performed on each case to
improve performance.
All ﬁve motion corrupted MR images were processed
using navigator echoes and the autocorrection technique.
Both techniques were also tried in combination to further
evaluate for optimal correction. Four radiologists were
then asked to review each of the 20 images and assign an
observer score according to the following scale: 0 ¼ no
motion artifacts detected; 1 ¼ minimal artifacts, image
considered diagnostic quality; 2 ¼ mild-to-moderate artifacts, image considered nondiagnostic; 3 ¼ severe artifacts,
completely nondiagnostic.

Results
Four examples of the obtained motion records from the
carpus and tarsus are shown in Fig. 2. Random oscillatory
motions are present in the medial–lateral and dorsal–palmar/plantar directions throughout the 10-min period. As
expected, much smaller motions are in the proximal–distal
direction. One interesting ﬁnding in all horses (in addition
to the random motions described above) is very regular,
sinusoidal oscillations at a rate of approximately 10/min
yGeneral Electric, Milwaukee, WI.
kSun System, Santa Clara, CA.
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Fig. 2. Ten-minute motion record results obtained from standing sedated
horses. (A)The motion occurring in the carpus of Horse 5, considered ‘‘typical.’’ (B) The motion record from the carpus of Horse 4, containing the least
amount of motion of all experiments. The inset shows an enlarged 1-min
section. The white arrow is pointing to one of the typical oscillatory peaks
that represent medial to lateral motion from the respiratory cycle
that was relatively distinct in most of the horses. (C)The motion record
from the tarsus of Horse 3, also considered ‘‘typical.’’ (D) A motion record
from the tarsus of Horse 5. Note the abrupt rise in the proximal–distal
motion as the horse shifted his weight, as well as the distinct oscillatory
pattern in the medial–lateral direction from the respiratory cycle.

(see inset, Fig. 2B). The displacements of these oscillations
averaged 2–5 mm and result from the respiratory cycle.
The maximum and average peak-to-peak displacements
during the 10-min period for the carpus and tarsus are
illustrated in Fig. 3. The majority of all the maximum
peak-to-peak displacements in the medial–lateral and dorsal–palmar/plantar directions were less than 4 cm; however,
in several instances the displacements exceeded 4 cm and in
one was 7.8 cm. The majority of peak-to-peak displacements in the proximal–distal direction were less than 1 cm,
with two instances of maximum displacements reaching
2 and 3 cm. The differences existing between horses is
illustrated in Fig. 2A–D. The average displacement was
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Fig. 3. The maximum and average peak to peak displacements of the
carpus and tarsus in the medial–lateral, dorsal–palmar/plantar and proximal–distal directions for each of the 10 motion records is shown here. The
large majority of the maximum and average dorsal-proximal/plantar and
medial–lateral motions were less than 4 cm, with several instances reaching
between 5 and 8 cm. The large majority of the maximum and average proximal–distal displacements were less than 1 cm, with two instances reaching 2
and 3 cm. The average displacement is reported as the average of all ten 95%
conﬁdence intervals of the mean for each motion record.

calculated by using the 95% conﬁdence interval about the
mean for each motion record. The average of all ten 95%
conﬁdence intervals in the dorsal–palmar/plantar direction
was 1.6  1.2 cm for the carpus, and 1.6  0.8 cm for the
tarsus. In the medial–lateral direction, the average of all ten
95% conﬁdence intervals was 1.26 cm with a standard deviation of  0.9 for the carpus, and an average of 2.0 cm
 1.4 for the tarsus. The average of all ten 95% conﬁdence
intervals in the proximal–distal direction was 0.2 cm with a
standard deviation of  0.1 cm for the carpus and 0.6 
0.5 cm for the tarsus.
Transverse images of the carpus and tarsus of four of the
ﬁve scans are shown in Fig. 4A–D. The images on the left
correspond to the scans obtained while applying the medial–lateral and dorsal–palmar/plantar motion records
seen in Fig. 2A–D. Note that the scan times were less
than the full 10-min motion records; Fig. 4A–C were from
the ﬁrst 8 min 56 s, and Fig. 4D was from the ﬁrst 3 min
26 s of the motion records. The images obtained after correction from a combination of both navigator echo correction and autocorrection are shown in the middle column
of Fig. 4A–D. The images on the right are the static (no
motion) images for comparison. The corrected images are
comparable in quality to the static images, and only minimal motion artifacts remain in some cases.
Figure 5 presents the average observer scores for each of
the images. All ﬁve of the scans with the applied motions
from the records obtained from the standing horses are
considered completely nondiagnostic with moderate-tosevere motion artifacts. Autocorrection alone improved

Fig. 4. The images on the left are from the magnetic resonance exams
obtained while moving the carpus (A, B) and tarsus (C, D) according to their
corresponding motion records shown in Fig. 2. The scans in (A, B) are
proton density weighted, (C) is T2-weighted, and (D) is T1-weighted. The
images in the middle result from the combination of adaptive motion correction using both navigator echoes and autocorrection. The static, no motion images are on the right for comparison.

image quality, but not to a diagnostic level. Navigator echo
correction alone was considered to improve image quality
to a diagnostic quality in four of the ﬁve cases. The combination of the two algorithms further improved image
quality to where most observers rated four of the ﬁve cases
as having no motion artifacts present.
Figure 6 shows an example of the difference in image
improvement by navigator echo correction alone (6B), autocorrection alone (6C), and the combined navigator echo/
autocorrection technique (6D). Both individual corrections
have improved image quality, but motion artifacts have
been further reduced by combining the two algorithms.
The superﬁcial medial and lateral vessels, for example, are
well demarcated only following the combined corrections.

Discussion
Any motion that is greater than approximately half the
pixel resolution of the MR image can degrade image quality. As an example, an image with a 20 cm ﬁeld of view and
a 256  256 image matrix would have an in-plane resolution of 0.78 mm. This would mean that motions as small
as 0.4 mm could potentially create visible artifacts. The
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Fig. 5. The average of the observer scores from the four radiologists are
shown for the original motion corrupted image, and each of the navigator
corrected, autocorrected, and combined navigator and autocorrected images.
Observer score: 0 ¼ no motion artifacts detected; 1 ¼ minimal artifacts, image considered diagnostic quality; 2 ¼ mild-to-moderate artifacts, image
considered nondiagnostic; 3 ¼ severe artifacts, completely nondiagnostic. All
ﬁve original scans were considered nondiagnostic, four of them with severe
motion artifacts present. The autocorrected images only generally improved
the image quality somewhat, but not to a diagnostic quality. Four of the ﬁve
navigator echo corrected images markedly improved to a diagnostic quality.
Most observers rated four of the ﬁve combined autocorrected and navigator
echo corrected images as having no motion artifacts detected. Error bars
represent standard error of the mean. Values without error bars indicate all
four reviewers reported the same score.

random, wobbling motions that were measured in the
carpus and tarsus of 10 standing, sedated horses were up
to 40–50 mm.
The degree of motion artifacts present in the image is
also heavily dependent upon the timing of the motion relative to the ﬁlling of k-space. One millimeter displacements
occurring during the acquisition of the center of k-space

Fig. 6. Original motion corrupted T2-weighted image from the tarsus of
Horse 3 (A), and correction results by navigator echoes alone (B), autocorrection alone (C), and the navigator echoes in combination with autocorrection (D).
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will have a much more deleterious effect than during acquisition of the edges of k-space. The measurements presented here, however, show that the wobbling motion
occurring in the standing, sedated horse are continuous,
random, and of such large magnitude that they will likely
always be problematic. The motions occurring secondary
to the respiratory cycle alone were shown to be 2–5 mm
displacements and are enough to corrupt the image and
render it nondiagnostic.
Given that the motions in the carpus and tarsus are very
large relative to the in-plane image resolution, successful
MRI of these regions will be dependent on some type of
motion correction. Although motion correction is a popular
topic of MR research, we are unaware of other publications
reporting correction of displacements as large as reported in
this study. We note that the combination of navigator echoes and autocorrection is surprisingly powerful and capable
of converting severely motion corrupted, completely nondiagnostic image data into diagnostic images.
The correlation between the motion records that were
used to move the cadaver specimens and the resultant
navigator record was not measured. However, the movement was asynchronous because the time resolution of the
motion records was much ﬁner than the navigator pulses in
each imaging TR. This was performed in order to include
any intraview effects on motion correction. The results of
the study suggest that intraview motion in the standing
horse will not be problematic.
The computational time for correction in this study was
nearly instantaneous with the navigator technique. The
65 min autocorrection computations were excessively long
in this study. This time can be significantly shortened with
highly optimized FFTs, faster processors, and other techniques38 that were not used.
There are several limitations and other assumptions of
this study that impact the clinical usefulness of this work.
First, the through-plane motions were ignored. Although
the proximal–distal motions were much smaller in magnitude (often less than 1.5 cm) than the medial–lateral and
dorsal–palmar/plantar motions, they were significantly
large relative to the 3 mm through-plane resolution (or
slice thickness). Through-plane motions are more challenging to correct and are critical in order to image the
sagittal and dorsal planes where all medial–lateral and
dorsal–palmar/plantar motions, respectively, are through
plane. Next, the motions were assumed to be rigid-body
motions. Any small deformations of the joint may affect
image quality. Finally, all motions were assumed to be
translational motions, and a small degree of rotational
motion may be present that would further complicate the
correction process.
It is also important to consider that we used a conventional 1.5 T superconducting magnet in this study. This
scanner will likely have a larger homogeneous ﬁeld and a
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higher SNR than a system designed for the standing
horse. The size of the homogeneous ﬁeld is important
because motions that extend beyond the homogeneous
ﬁeld of the magnet (and beyond the imaging ﬁeld
of view) are more difﬁcult to correct. Furthermore, the
SNR in a 1.5 T system will also likely be greater than that
available in a magnet designed for the standing horse. The
increased noise would negatively affect both navigator
echo and autocorrection techniques, but it is not known to
what extent.
Although increasing the scan time can increase the SNR
for improved image quality, it also makes the scan more
susceptible to motion artifacts. For this reason, we chose to
use proton density-, T2-, and T1-weighted scans with times
(8 min 56 s, 8 min 56 s, and 3 min 26 s, respectively) longer
than necessary so that they would better reﬂect the longer
scan times typical of a lower ﬁeld strength system. The
results indicate that corrections of realistic standing equine
motions are possible with these long scan times.

exist. When applied to cadaveric specimens, these motions
rendered the MR images completely nondiagnostic with
varying degrees of motion artifacts. For in-plane motions,
autocorrection and navigator-based adaptive correction
techniques together resulted in diagnostic image quality
even in the presence of severe motion. In our study,
navigator echoes appeared to provide better ‘‘coarse tuning’’ of the images. Autocorrection appeared to provide
the necessary ‘‘ﬁne tuning.’’ Further work is needed to determine the best correction technique for through-plane
motions before conventional, diagnostic quality musculoskeletal imaging of the distal limbs of the standing horse
could be performed.
Significant hurdles remain, including a well-designed
magnet, that still need to be addressed before clinical imaging is expected to be acceptable. However, these results
suggest promise for diagnostic quality MRI of the carpus
and tarsus in the standing, sedated horse using conventional spin echo pulses.

Conclusion
The motion records obtained from the carpus and the
tarsus of ﬁve standing, sedated horses indicate large medial–lateral, dorsal–palmar/plantar, and proximal–distal
random wobbling motions. Smaller regular, cyclic medial–
lateral motions secondary to the respiratory cycle also
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