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Purpose: To develop and evaluate a retrospective method to minimize motion artifacts in structural MRI.

Materials and Methods: 'The motion-correction strategy was developed for three-dimensional radial data collection and demonstrated
with MPnRAGE, a technique that acquires high-resolution volumetric magnetization-prepared rapid gradient-echo, or MPRAGE,
images with multiple tissue contrasts. Forty-four pediatric participants (32 with autism spectrum disorder [mean age * standard
deviation, 13 years = 3] and 12 age-matched control participants [mean age, 12 years = 3]) were imaged without sedation. Images
with and images without retrospective motion correction were scored by using a Likert scale (0—4 for unusable to excellent) by two
experienced neuroradiologists. The Tenengrad metric (a reference-free measure of image sharpness) and statistical analyses were per-
formed to determine the effects of performing retrospective motion correction.

Results: MPnRAGE T1-weighted images with retrospective motion correction were all judged to have good or excellent quality.

In some cases, retrospective motion correction improved the image quality from unusable (Likert score of 0) to good (Likert score
of 3). Overall, motion correction improved mean Likert scores from 3.0 to 3.8 and reduced standard deviations from 1.1 to 0.4.
Image quality was significantly improved with motion correction (Mann-Whitney U test; P < .001). Intraclass correlation coef-
ficients for absolute agreement of Tenengrad scores with reviewers 1 and 2 were 0.92 and 0.88 (2 < .0005 for both), respectively. In
no cases did the retrospective motion correction induce severe image degradation.

Conclusion: Retrospective motion correction of MPnRAGE data were shown to be highly effective for consistently improving image
quality of T1-weighted MRI in unsedated pediatric participants, while also enabling multiple tissue contrasts to be reconstructed

for structural analysis.
©RSNA, 2018
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RI is inherently susceptible to motion. Faster and qui-
Meter imaging methods combined with behavioral strat-
egies may enable imaging without sedation, but do not
guarantee absence of motion artifacts (1,2). Many clinical
imaging centers sedate children to reduce motion during
imaging. However, the risk and adverse effects of sedation
(2-5) prohibits the use in neuroimaging research.

Motion correction methods can improve MRI in un-
cooperative patients. In prospective methods, the imaging
prescription is automatically adjusted to follow the object
according to real-time motion estimates by using either
optical tracking of target markers placed on the head (6)
or continuously reacquired images from dedicated naviga-
tor scans (7). Both methods assume quiescent periods with
minimal motion and reacquire data when this condition
is not satisfied, which may result in even longer imaging
times without substantial improvements to image quality.
Additionally, optical tracking requires expensive hardware,
needs a clear view of target markers, and may be sensitive
to facial muscle movements.

Retrospective methods do not require expensive hard-
ware, acquisition of dedicated navigators, or data reacquisi-
tion because they estimate motion and adjust the data as
part of the image reconstruction process. One retrospective
technique, periodically rotated overlapping parallel lines
with enhanced reconstruction, or PROPELLER (8), has
been clinically successful for in-plane (two-dimensional)
(9,10) motion correction. However, correction of three-di-
mensional motion remains challenging because of limited
efficiency of Cartesian sampling for three-dimensional self-
navigation. One of the viable alternatives is radial sampling
because it is more advantageous for data-based estimation
of motion in three dimensions (11,12). Furthermore, mo-
tion effects are more benign in radial imaging, manifesting
as blurring rather than as ghosting (13).

Three-dimensional radial sampling has other unique
advantages for many clinical sequences (14-16). For ex-
ample, combination of three-dimensional radials with
magnetization-prepared rapid gradient echo (MPRAGE),
one of the most common MRI methods in pediatric
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Abbreviation
MPRAGE = magnetization-prepared rapid acquisition gradient echo

Summary

MPnRAGE with retrospective motion correction represents a robust
imaging technique yielding consistently high-quality images with
multiple T1-based contrasts in the presence of head motion.

Implication for Patient Care

Proposed retrospective motion correction may allow high-quality
structural MRI in pediatric populations without the use of sedation.

neuroimaging (17), allowed generating multiple (7 about 400)
inversion-recovery contrast images in a single scan (a technique
called MPnRAGE) (16). The purpose of our study was to de-
velop and validate a retrospective method for motion-corrected
multiple contrast structural imaging with MPnRAGE. We hy-
pothesized that this method will significantly improve the success
rate of structural MRI in pediatric participants without sedation.
"The motion correction was evaluated in cohorts of children with
autism spectrum disorder and control participants.

Materials and Methods

Study Population

Imaging experiments were performed with institutional review
board approval and informed consent or assent was obtained
as part of a neuroimaging study of autism spectrum disorder
from July 2014 to March 2016. MPnRAGE data were col-
lected from 32 children with a diagnosis of autism spectrum
disorder (mean age = standard deviation, 155 months = 36;
range, 60-214 months) and 12 control participants (mean age,
142 months * 32; range, 69-189 months). In total, 37 (28
with autism spectrum disorder) boys and seven (four with au-
tism spectrum disorder) girls were included. Recruitment was
not based on the likelihood of participants remaining still dur-
ing imaging.

MPnRAGE Acquisition

MPnRAGE was implemented with a Discovery MR750 imager
(General Electric Healthcare, Waukesha, Wis) with an inver-
sion-recovery magnetization preparation and three-dimensional
radial &-space acquisition (16). All participants watched a video
of their choice during imaging and were instructed to remain
still. Whole-brain MPnRAGE images were acquired sagittally
at an isotropic resolution of 1.0 mm without parallel imaging.
Parameters included delay time of 250 msec, repetition time of
4.6 msec, echo time of 1.7 msec, and 7 of 438 along the re-
covery curve. The excitation flip angles were 4°/6° for the first
326/remaining 112 views. The imaging time (approximately
8.5 minutes) was comparable with that of identically prescribed
nonaccelerated MPRAGE (approximately 8 minutes).

MPNnRAGE Motion Correction

Figure 1 illustrates the proposed motion-correction method as
applied to MPnRAGE. The principal idea is to utilize subsets
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of consecutive k-space views acquired over a short duration
to form a series of low-resolution three-dimensional naviga-
tor images for motion estimation via image-based registration
techniques (18,19). The £-space data are then corrected by us-
ing these estimates before reconstruction of final full-resolution
motion-corrected images.

‘The rate of motion tracking is determined by the number of
views per navigator image. In our implementation, we exploit
the MPnRAGE acquisition strategy to obtain navigators from
the subsets of views between consecutive magnetization-prepara-
tion pulses (approximately 400 views every 2 seconds). The view
ordering is performed by using double bit—reversed scheduling
to maintain pseudorandom sampling both for all views between
consecutive magnetization-preparation pulses and for each given
view across multiple magnetization-preparation pulses (Fig 1).
The first condition ensures full sampling in the central A-space
for low-resolution navigator reconstruction. The second condi-
tion is necessary to obtain multiple-contrast images as described
in references 16 and 20.

In our implementation, navigators are reconstructed at low
resolution by apodizing the subsets of radial views with a Fermi
filter. Motion parameters are estimated by using FSL library
ools (hetps://fsl. fmrib.ox.ac.uk/fsl/fshwiki) for image coregistration
(18,19). Finally, translational and rotational motion estimates
are applied to the £-space data before final reconstruction (11).

Optimization of Navigator Resolution

Navigators reconstructed at suboptimal resolution may ad-
versely affect motion estimates (eg, very low resolution may
diminish the estimation of subtle motion, whereas too high
resolution may introduce aliasing). Therefore, we evaluated
motion correction for a range of navigator resolutions (2-10
mm) in four data sets with different motion characteristics
(two with minimal, one with drift, and one with frequent ar-
bitrary motions). Quality of motion correction versus naviga-
tor resolution was assessed by using the Tenengrad metric, a
reference-free measure of image sharpness (21) agreeing well
with human visual perception of natural images (20-22). The
choice was motivated by the fact that the dominant effect of
motion on radial imaging is blurring.

Image Quality Assessment

One midaxial, one off-center sagittal, and two coronal sections
from both noncorrected and motion-corrected data sets were
presented for scoring. Images were assessed independently by
two blinded neuroradiologists (A.S.F. and PT., with 17 and 36
years of experience, respectively) using a five-point Likert scale,
as follows: 0, unusable (not acceptable for clinical use); 1, poor
(minimal diagnostic use, reduced spatial resolution preventing
distinction of white matter/gray matter boundaries across at
least 50% of the observed brain, but large white matter struc-
tures still identifiable); 2, acceptable (white matter/gray mat-
ter generally identifiable but a significant loss of resolution
and/or image artifacts has occurred that prevent clear white
matter/gray matter boundaries); 3, good (well-defined white
matter/gray matter boundaries over at least 50% of the brain;
good signal-to-noise ratio and contrast-to-noise ratio; and few,
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Figure 1: Schematic depicts motion-correction algorithm. For illustrative purposes, two-dimen-
sional radial kspace sampling is depicted. Actual kspace sampling is three-dimensional radial. Af
ter each magnetic-preparation (MP) pulse, about 400 lines of k-space (over about 2 seconds) are
sampled along inversion recovery curve (different effective inversion times). Views after each MP
pulse form low-resolution navigator images, which are used to estimate translation and rotations
between MP pulses via image-based registration. Raw k-space data are then corrected for transla-
tion and rotation before final image reconstruction is performed. TR = repetition time.

if any, artifacts); 4, excellent (well-defined white matter/gray
matter boundaries across the entire brain, high signal-to-noise
ratio and contrast-to-noise ratio, and no motion related arti-
facts present). The readers were allowed to choose a value of 3.5
(very good) when uncertain between 3 or 4. Motion-corrected
and noncorrected image pairs for each participant were ran-
domly counter-balance—ordered for presentation. Evaluators
were allowed to toggle back and forth between the two sets of
images to inspect them for subtle variations.
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The automated quality
evaluation was performed by using
the Tenengrad metric. The metric and

percent change associated with motion

image

correction were computed for each im-
age pair and compared with the Likert

volumetric navigator
images

ratings by using Pearson correlations.

Results

Optimization of Navigator
Resolution

Figure 2 illustrates the effect of navi-
gator resolution on motion correc-
tion. The maximum sharpness of mo-
tion-corrected images was attained
for the 5-7-mm resolution range cor-
responding to up to 35% improve-
ment over noncorrected images. In
the studied navigator resolution range
(2-10 mm), the sharpness of motion-
corrected images deviated from its
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rowd

—— maximum value by 5%-11%, which
coregistration

Rotations around center-of-mass

signified moderate dependence of
motion correction on the navigator

°
™
-
®

resolution. The variability of image
sharpness within the optimal naviga-
tor resolution range (5-7 mm) was

minimal (<1%) for all data sets. The

midrange value of 6 mm was selected

o Qgected image for navigator resolution in the study.

Motion Characterization

Most frequent dominant motion

PP ——— types were translations in the supe-

rior-inferior direction and rotations
of the sagittal plane. Table 1 sum-
marizes the individual motion char-

acteristics derived from the motion
estimates.

Image Quality Evaluation

Table 2 and Figure 3 present results
of radiologic evaluation. Accord-
ing to reviewer 1, motion correction
improved the Likert scores from 1.0
to at least 3.5; no reduction of im-
age quality after motion correction
was detected. According to reviewer 2, motion correction im-
proved the minimum Likert score from 0 to 3.0 (three cases);
the slightly reduced scores of 3.5 were assigned to three out of
the 14 cases scoring a maximum 4.0 before correction. Over-
all, the mean score increased from 3.0 to 3.8 and the standard
deviation decreased from 1.1 to 0.4. A Mann-Whitney U test
rejected the null hypothesis of equal medians before and after
correction (reviewer 1, z = —5.1; P < .001; reviewer 2: z =
—4.0; P < .001). Intraclass correlation coefficient (22) for the
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Figure 2: Com-
parison of images with
no motion correction
(no MC) and images
with motion correction
when different spatial
resolutions were used
for navigator images.
Uncorrected images
are displayed in both
first and last columns
to aid visualization
and comparisons
across columns. As
distinctions in motion-
corrected images that
used navigator image
resolutions between

4 mm and 7 mm
could only be visual-
ized with high zoom
factors when display
is toggled back and
forth, only motion-cor-
rected images formed
by using lowest and
highest resolution are
shown, as well as final
resolution used for this
article.

no MC

minimal / no motion

Continual motion

degree of consistency between the raters
was 0.90 (P < .0005) and 0.17 (P = .13)
for noncorrected and corrected images,
respectively, and intraclass correlation
coeflicient for absolute agreement for the
change of scores because of motion correc-
tion was 0.88 (P < .0005).

Motion correction improved the Tenen-
grad image sharpness on average by 17% =
28 (range, —5% to 103%). Figure 4 shows
the percent changes in the Tenengrad met-
ric against the reviewers' scores. The Pear-
son correlation coefficients of the percent
changes in the Tenengrad metric versus
the observers changes of Likert scores were
0.91 and 0.87 (P < .0005 for both) for re-
viewers 1 and 2, respectively.

Two cases for which the Likert score
changed from 0 (unusable) to 3 (good)
are illustrated in Figure 5 and Figure
El (online). Figure 5 depicts a case of a
120-month-old boy with autism spectrum
disorder with combination of continuous
motion, 1-2-mm jitters, and rapid jump
motion. The case of a 77-month-old girl
with autism spectrum disorder (Fig El
[online]) demonstrates motion correc-
tion for several 2—4-mm jumps followed

512
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Table 1: Summary of Motion Transformations across All Participants

Parameter

Standard Deviation

Net

Translations in superior-inferior direction (mm)
Autism spectrum disorder
Control participant
Total

Translations in left-right direction (mm)
Autism spectrum disorder
Control participant
Total

Translations in anterior-posterior direction (mm)

Autism spectrum disorder
Control participant
Total

Rotations of sagittal plane (degrees)
Autism spectrum disorder
Control participant
Total

Rotations of coronal plane (degrees)
Autism spectrum disorder
Control participant
Total

Rotations of axial plane (degrees)
Autism spectrum disorder
Control participant

Total

0.7 (0.1, 2.7)
0.5 (0.1, 1.7)
0.6 (0.1, 2.7)

0.2 (0.1, 0.6)
0.2 (0.1,0.7)
0.2 (0.1, 0.7)

0.2 (0.1, 0.8)
0.2 (0.1, 0.6)
0.2 (0.1, 0.8)

0.6 (0.2, 2.8)
0.6 (0.2, 2.3)
0.6 (0.2, 2.8)

0.4 (0.2, 1.2)
0.4 (0.2, 0.8)
0.4 (0.2, 1.2)

0.4(0.2,2.2)
0.4 (0.2, 1.2)
0.4(0.2,2.2)

3.6 (0.8, 12.7)
3.0 (0.8, 11.0)
3.5(0.8, 12.7)

1.1 (0.4, 4.5)
1.3 (0.5, 5.8)
1.1 (0.4, 5.8)

1.3 (0.5, 4.6)
1.8 (0.6, 6.4)
1.4 (0.5, 6.4)

4.1 (0.9, 18.9)
3.7 (1.3, 20.3)
4.0 (0.9, 20.3)

2.2 (1.0, 6.6)
2.4 (1.0,7.9)
2.3(1.0,7.9)

2.4 (0.8, 13.8)
2.7 (0.8, 9.4)
2.4 (0.8, 13.8)

Note.—Data in parentheses are minimum and maximum values.
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Amounts of Motion Are Present (44 Total Participants)

Table 2: Effects on Likert Image Quality Scores after Performing Retrospective Motion Correction When Varying

After Motion Correction

No. of Participants before

Motion Correction Likert Score* No. Decreased No. Same No. Increased

Likert Score before ——

Motion Correction R1 R2 R1 R2 R1 R2 R1 R2 R1 R2
0 0 3 30 0 0 0 0 0 3
1 4 4 39*03 30 0 0 0 0 4 4
2 6 7 4+0 3.4+ 04 0 0 0 0 6 7
3 7 9 4+0 3.7 *+0.4 0 0 0 2 7 7
3.5 9 7 3.8+ 0.3 4+0 0 0 3 0 6 7
4 18 14 4+0 3.9*+0.2 0 3 18 11 0 0
0—4 (all) 44 44 32+ 1.0 29+12 0 3 21 13 23 28

* Data are means * standard deviations.

Note.—Scores from two independent raters (reviewer 1 [R]] and reviewer 2 [R2]) are shown.
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Figure 3: Graph shows Likert scores from radiologic assessment before (tail) and after (head) motion correction. For each participant, upward
arrows indicate image quality improvement resulting from motion correction, whereas downward arrows indicate image quality degradation fol-

lowing motion correction.

by slow drifts. After motion correction, both white and gray
matter are easily distinguished in both cases with well-defined
boundaries. Figure E2 (online) shows effects of motion correc-
tion on multiple MPnRAGE contrasts. Figure 6 demonstrates
the ability of the motion correction to reduce subtle blurring
from small (approximately 0.4-mm) translations.

Discussion
We developed and evaluated a new retrospective motion-cor-
rection algorithm and demonstrated its utility for high-quality
multicontrast structural T1-weighted MRI of nonsedated chil-
dren in the presence of motion. The motion correction pro-
vided images of good to excellent quality, even when original
images were poor or unusable. Subtle subvoxel motion was
also corrected, improving delineation of white and gray matter
boundaries.

It is critical for motion correction to maintain image quality
when little to no motion is present, or to revert the changes if the
applied processing results in loss of image quality. Our motion

Radiology: Volume 289: Number 2—November 2018 = radiology.rsna.org

correction performed well for images that were originally highly
scored (Likert score, 3.5—4). Specifically, over 80% (13 of 16) of
cases originally scored 3.5 were improved to 4.0, whereas the rest
retained the score. One reviewer reported slightly reduced scores
(from 4.0 to 3.5) in three of 44 cases, whereas the other did not
report any degradation. Importantly, our retrospective motion
correction provides both corrected and noncorrected images, ei-
ther of which can be presented for radiologic assessment. As our
study revealed, the selection may be performed automatically
by using the Tenengrad metric, which demonstrated high cor-
respondence with radiologic evaluation. In contrast, prospective
methods do not provide such an option because they yield only
a single image, whose improvement is not guaranteed by motion
correction (eg, in case of little to no motion).

Our current implementation targets motion occurring on the
timescale of a single acquisition block (approximately 1.5-2.0
sec), which is comparable with timescales of other retrospective
(8) and prospective (7) techniques. Correction at higher rates
may be possible with development of dedicated methods for mo-
tion estimation within each navigator. Potential improvements

513



Motion Correction Strategy for Structural MRI in Unsedated Children Demonstrated with MPnRAGE

T T T T T T T T T T T T T T

100 100

80

0
(=]

60

(o))
o

40

20

)
o

Tenengrad Metric Change, %
Tenengrad Metric Change, %
F-y
=)

04

Regression Line
¢ Observed Values
—— 95% Prediction Bounds

Regression Line
¢ Observed Values
— 95% Prediction Bounds

-0.5 0 0.5 10 1.5 20 25 30 35 -0.5 0 0.5 1.0 15 20 25 30 35
Score Change (Reviewer 1) Score Change (Reviewer 2)

a. b.

Figure 4: Graphs show percent change of Tenengrad image sharpness measures before and after motion correction agree well with change in
scores of image raters (Pearson correlation coefficients are 0.91 and 0.87; P < .0005 for both).
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Figure 5: Reconstructed images in and motion estimates from a 120-month-old boy with autism spectrum disorder. Participant exhibited large
amounts of nearly continuous motion in all three directions. Standard deviations of translations in superior-inferior, anterior-posterior, and rightleft
directions are 2.3 mm, 0.4 mm, and 0.4 mm, respectively. Standard deviations of rotations around x (Rx), y (Ry), and z (Rz) axes are 0.4°, 0.6°,
and 1.4°, respectively. Radiologic scoring changed from 1 (poor) to 4 (excellent) for reviewer 1 and from O (not diagnostically useful) to 3 (good)
for reviewer 2.
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Figure 6: Reconstructed images in and motion estimates from a 172-month-old boy with autism spectrum disorder. Partici-
pant exhibited small sinusoidal motion in superior-inferior (S/) direction with amplitude about 0.4 mm that produced slight blur-
ring of white matter/gray matter and gray matter/cerebrospinal fluid boundaries that was only visible at high zoom factors.
Retrospective motion correction reduced subtle blurring. A/P = anterior-posterior, L/R = leftright, Rx = x axis, Ry = y axis, Rz =

Z axis.

also include adaptive data weighting (23) or rejection (24) to
deemphasize data acquired during periods of rapid motion or
the use of parallel imaging and compressed sensing or low-rank
reconstructions to reduce acquisition time and increase partici-
pant compliance. Our motion correction may be also combined
with prospective motion navigators. Combining retrospective
and prospective strategies was demonstrated to yield images of
quality superior to the individual techniques (24). Additionally,
our method can be applied to other sequences utilizing radial 4-
space acquisitions such as silent (25) and zero echo time, as well
as other image contrasts (14,15).

In summary, MPnRAGE with retrospective motion correc-
tion represents a robust imaging technique yielding consistently
high-quality images with multiple T1-based contrasts in the
presence of head motion. Thus, this is a promising technique for
generating high quality structural images in studies of children
and individuals with intellectual impairment without sedation.
Furthermore, although our study focused on pediatric MRI,
motion correctable MPnRAGE will be equally effective for stud-
ies of adult patients.
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