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SynopsisSynopsis
Low-resolution,  whole-head volumes can be acquired rapidly with EPI-basedLow-resolution,  whole-head volumes can be acquired rapidly with EPI-based
volumetric navigators (vNavs).  vNavs interspersed in a longer scan are widely usedvolumetric navigators (vNavs).  vNavs interspersed in a longer scan are widely used
for prospective motion correction in a variety of sequences.  To further improvefor prospective motion correction in a variety of sequences.  To further improve
the accuracy and !exibi l i ty of  vNavs,  we present a novel  registration algorithm,the accuracy and !exibi l i ty of  vNavs,  we present a novel  registration algorithm,
tai lored speci"cal ly for the vNavs application.  Accuracy of the algorithm is testedtai lored speci"cal ly for the vNavs application.  Accuracy of the algorithm is tested
on navigator volumes acquired with human volunteers at three isotropicon navigator volumes acquired with human volunteers at three isotropic
resolutions,  6.4mm, 8mm, and 10mm, using a series of "eld of view (FOV) rotationsresolutions,  6.4mm, 8mm, and 10mm, using a series of "eld of view (FOV) rotations
and translat ions to provide ground truth r igid “motion”.and translat ions to provide ground truth r igid “motion”.

PurposePurpose
Volumetric navigators (vNavs) , based on 3D-encoded gradient echo EPI, are widely used
prospective motion correction systems for neuroimaging, particularly in pediatric imaging. Previous
applications of vNavs used the PACE  registration algorithm, designed for higher-resolution fMRI
volumes, constraining vNav design choices. In this work, we present a novel registration algorithm,
achieving both the accuracy and e#ciency requirements of prospective motion correction with
lower-resolution, and thus faster, vNavs than PACE allowed.

MethodMethod
Imaging was performed on a 3 T TIM Trio (Siemens Healthcare, Erlangen, Germany), using the body
coil to ensure spatial uniformity. Three human volunteers, having given informed consent, were
scanned at three isotropic resolutions, 6.4 mm, 8 mm, and 10 mm (see acquisition parameters in
Table 1).

Motion was simulated by a programmed series of FOV rotations and translations. “Small rotations”
data contained a volume at iso-center and on-axis (the “reference”), followed by volumes with
rotations of 0.5°-5° at 0.5° increments and translations of 1-5 mm at 1 mm increments. “Large
rotations” data was acquired on two of the volunteers with rotations of 5°- 25° at 5° increments.
Rotations were repeated around the x-, y-, and z-axes paired with z-direction translations, and
around axes oriented along xy, xz, and yz paired with xy-direction translations. Scans were acquired
in <30 s sets, during which the volunteers were instructed to hold their breath and remain still. 432
volumes per resolution per subject were acquired, from which 420 pairs (comparing each set’s
“reference” with subsequent volumes) were extracted.

The volumes were masked before registration with a spherical mask (radius = image width/2 – 1
pixels) in the Fourier domain. Corners of the mask were Hann windowed to reduce ringing artifacts.

Our algorithm registers a new volume  to a given reference volume  by minimizing the
residual

where  is a rigid transformation parameterized by .  is the same mask function
initially applied in the Fourier domain, and  is the set of points inside our image FOV. We
transform the reference to the new volume, interpolating only the reference volume. We can then
precompute the coe#cients of the cubic B-spline interpolator, accelerating each interpolation
step .

We performed Gauss-Newton minimization, giving the update equation
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Table 1. Scanner Parameters for
vNavs.

Figure 1. Sagittal slices from
vNavs at di$erent resolutions.

Figure 2. Distribution of RMS
error displacement on three
di$erent subjects with small
rotations at three vNav
resolutions. Each violin
represents results from 420 pairs
of registration with rotations
ranging from 0 to 5 degrees and
translation from 1 to 5 mm.
Median value is shown as a white
point in each violin, and on the
left side of each violin is the
scatter plot of the values of RMS
error.

Figure 3. Distribution of RMS
error displacement on two
di$erent subjects with large
rotations at three vNav
resolutions. Each violin
represents results from 420 pairs
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We update our estimated  by composing its transformation with that given by . A line search
scales , ensuring the residual decreases at each step. Minimization stopped when updates move
all points in a 100 mm radius of the image center less than 0.05 mm.

We evaluate the gradient with the approximation

where

and

We computed the “residual error transformation” between the estimated transformation and the
known true transformation of each reference/new pair. We computed the RMS displacement that
the “error transformation” would produce in a 100 mm sphere centered at isocenter .

Results and DiscussionResults and Discussion
In all conditions RMS error was within 1 mm, with the exception of large rotations for one subject at
8mm resolution (Detailed results in Figures 2 and 3). We compared vNav resolutions using the
Wilcoxon signed-rank test on the RMS errors (Results in Table 2). While 6.4 mm resolution produced
the highest accuracy, assuming our motion tracking goal is ~1 mm, our new algorithm achieved
functionally equivalent accuracy with 10 mm vNavs, requiring less than half of the acquisition time
of 6.4 mm vNavs.

The algorithm is implemented in C++, using the Eigen  library and is available on Github . Median
registration times for small rotations, running single-threaded on a 2.30 GHz Intel Xeon, were 12.97
ms, 25.10 ms, and 54.53, ms for 10 mm, 8 mm, and 6.4 mm vNavs respectively. Large rotations took
18.30 ms, 36.46 ms, and 88.47 ms, respectively.

To ensure that involuntary motion did not dominate registration error, we performed the same
tests using a pineapple. Median RMS error in human subjects were 0.18, 0.14, 0.12, and in pineapple
were 0.23, 0.21, 0.19, at 10 mm, 8mm and 6.4 mm resolutions, respectively.

ConclusionsConclusions
We have developed and validated novel registration algorithm for vNavs that achieves fast and
highly accurate motion tracking on a wider range of vNav protocols than was previously possible.
Our algorithm supports motion correction with 10 mm vNavs, reducing navigator durations
compared to previous designs, and increasing the number of sequences in which vNavs can be
inserted.
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of registration with rotations
ranging from 5 to 25 degrees and
translation from 1 to 5 mm.
Median value is shown as a white
point in each violin, and on the
left side of each violin is the
scatter plot of the values of RMS
error.

Table 2. Z-score computed from
the Wilcoxon signed-rank test
statistic for comparing
registration accuracy across
resolutions. The test was
performed on each pair of vNav
resolutions on small and large
rotations. The test statistic is
computed on the pairs of
registration on all subjects
combined. A negative score
indicates that there is an
improvement in the pair from
the "rst resolution to the second,
and a positive score indicates the
opposite. All values in the table
are z-scores that are signi"cant
for a one-sided di$erence at p <
0.01.
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