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Abstract

Purpose—Atrterial spin labeling (ASL) perfusion imaging with a segmented three-dimensional
(3D) readout is becoming increasing popular, yet conventional motion correction approaches
cannot be applied in segmented imaging. The purpose of this study was to demonstrate the
integration of 3D pseudocontinuous ASL (PCASL) and PROMO (PROspective MOtion
correction) for cerebral blood flow measurements.

Methods—PROMO was integrated into 3D PCASL without increasing repetition time. PCASL
was performed with and without PROMO in the absence of motion. The performance of PCASL-
PROMO was then evaluated with controlled motions using separate scans with and without
PROMO and also with random motion using an interleaved scan where every repetition time is
repeated twice, once with and once without PROMO.

Results—The difference in the average ASL signal of the 3D volume between conventional and
PROMO implementations was negligible (<0.2%). ASL image artifacts from both controlled and
random motions were removed significantly with PROMO, showing improved correlation with
reference images. Multiple combinations of data acquired using the interleaved scan revealed that
PROMO with real-time motion updating alone reduces maotion artifact significantly and that
rescanning of corrupted segments is more critical in tagged images than control images.

Conclusion—This study demonstrates that PROMO is a successful approach to motion

correction for PCASL cerebral blood flow imaging.
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INTRODUCTION

Avrterial spin labeling (ASL) is a noninvasive, non—contrast perfusion imaging method that
has extensively been applied to measure cerebral blood flow (CBF). Its sensitivity to subject
motion arises from the fact that ASL relies on the cancellation of static tissues in the
subtraction between images with and without blood tagging, which are assumed to be
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coregistered. Introduction of background suppression in ASL (1-3) has improved image
quality greatly by reducing temporal noise partly stemming from motion. However, even
with optimal background suppression, motion will still result in mis-registration of the
location of perfusion information, which may manifest itself as blurring. Additionally,
correcting for motion becomes more important for longer ASL acquisitions, such as might
be acquired for higher resolution, transit time insensitivity, or resting state CBF imaging.

Prospective motion correction (4,5) is a technique based on updating pulse sequences in real
time such that the logical coordinate system remains fixed with respect to the subject during
the entire scan. Previous groups have reported on the use of retrospective motion correction
for ASL using rigid-body image registration with or without discarding control/tagged
image pairs that showed significant misregistration (6—10). Prospective motion correction
based on a navigator has several advantages compared with these retrospective methods.
First, the recent consensus in ASL community is toward 3D image acquisition for higher
signal-to-noise ratio (SNR), and the navigator-based motion correction methods provide
more flexibility in the 3D readout scheme. In other words, imaging acquisition is not limited
to snapshot imaging (which acquires the whole imaging volume for each repetition time
[TR]) but can be achieved in a segmented fashion. This enables shorter length of the
individual interleaves and thus reduces the off-resonance artifacts in readout schemes such
as 3D GRASE (11) or 3D stack-of-spiral. Second, prospective motion correction with a
navigator is compatible with fully optimized background suppression. In motion correction
based on ASL images themselves, background suppression is deliberately suboptimized to
generate higher tissue contrast, especially in control images, and this in return not only
reduces the ASL signal stability, but also incurs image artifacts in segmented image
acquisition. Third, image registration based on tagged/control images is challenging
compared with navigator images because these individual images have an extremely low
SNR. Furthermore, because of background suppression, different contrast between tagged
and control images requires complicated registration algorithms, such as ones with mutual
information. The disadvantages of motion correction using navigators include possibly
prolonged scan time due to the navigator sequence and potential perturbation to the primary
imaging sequences.

PROMO (PROspective MOtion correction) is one method of image-based prospective
motion correction and uses three orthogonal 2D navigator images with rigid-body tracking
algorithm based on the extended Kalman filter (12). Compared with a k-space-based
method, the image-based navigator provides the ability to define region of interest and
thereby exclude nonrigid regions in the registration process. PROMO has demonstrated its
effectiveness in pediatric imaging with high-resolution anatomical imaging (13,14) and in
spectroscopy (15) and has shown compatibility with acceleration techniques (16). In this
study, we demonstrate the incorporation of PROMO into pseudocontinuous ASL (PCASL)
with a segmented 3D stack-of-spirals readout (17). The navigators are inserted within the
ASL preparation time so that there is no increase in TR. We demonstrate that our integration
of PROMO and PCASL does not affect the CBF measurement significantly, and leads to
improved performance in the setting of both controlled and random motion. Preliminary
versions of this work have been reported previously in abstract form (18,19).
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Figure 1a shows our integration of PROMO and PCASL. In order to maintain the same TR
as in PCASL without PROMO, the navigator block was incorporated into the time between
saturation and inversion pulses in the ASL preparation, maintaining the same timing of
preparation pulses as in PCASL without PROMO, at the potential risk of perturbing ASL
imaging. The navigator itself was composed of three orthogonal two-dimensional images
acquired in the axial, sagittal, and coronal planes, and was repeated three times. The
example navigator images of three planes are shown in Figure 2. Because the amount of
motion offset that can be tracked by one repetition of the navigator is limited, increasing the
number of navigator repetitions for each TR provides more stable and faster motion
correction; however, the number of repetitions is limited by the time interval of ASL
preparation pulses, and, in principle, more repetition would lead to larger effects on the CBF
measurement.

PROMO operates based on two correction features: apply and rescan. The navigator block
in each TR produces six motion parameters, which are translations and rotations along the X,
y, and z axes with respect to the reference position. Apply is the process of updating the
coordinate system of the pulse sequence in each TR based on these motion parameters;
rescan is the process of identifying the TRs during which a significant motion is suspected
to have occurred in the imaging (based on comparison of the motion parameters before and
after imaging) and repeating those TRs at the end of the scan to overwrite previous,
presumably motion-corrupted data. Therefore, integration of PROMO into PCASL does not
increase total scan time in the absence of motion, with the exception of time for the initial 20
successive navigators for the rigid-body region of interest defining process (9 s) (12). In our
current integration, the update of the coordinate system only applies to the image
acquisition, not the ASL labeling or background suppression pulses. Also, if a rescan of a
corrupted TR is required, the structure of the sequence currently requires a pair of control/
tagged images (2 TR) to be rescanned as one unit.

Figure 1b illustrates how apply and rescan work complementarily in PCASL-PROMO. If
motion occurs during TRy, then without PROMO, this would yield misregistration in the
image acquisitions IMGp;, IMGp+1, IMGp+2, and so on. With PROMO, the motion is
detected in the navigator NAV.1, and thereafter all the subsequent imaging (IMGy+1,
IMGp+2 and so on) avoids misregistration caused by the motion offset from TRy, by means
of apply. However, the imaging segment of IMGy is still corrupted because this is
performed before the navigator detects the motion. If the rescan metric of TRy, which is L2
norm of difference between mation parameters of NAVy and NAV 41, is larger than a
preset threshold, TRy is rescanned at the end to reacquire IMGy. On the other hand, the
maximum amount of motion that can be detected by one repetition of navigator is
approximately 5 mm for translation and 5° for rotation, and with three repetitions of
navigator in each TR, the maximum detectable motion in one TR is about 15 mm or 15°. If
the amount of the motion exceeds this, the leftover motion continues to be tracked in the
subsequent TRs. Until the motion is completely tracked, all the intermediate TRs are likely
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to be flagged as segments to be rescanned depending on the rescan threshold. Finally, at the
end of PCASL-PROMO scan (including rescanning), one last set of navigator is played to
ensure that no significant motion occurred in the last TR (data not shown). Although
PROMO can be applied to supplementary imaging such as proton density imaging required
for CBF quantification and was used in this manner in our scans, our study focused on
motion correction on ASL difference images.

Disturbance to ASL CBF Measurement

Unlike PROMO integrated in anatomical imaging (12-14), in ASL the quantitative CBF
measurement can be influenced by the placement of navigators in the dead time of ASL
preparation. Some portion of upstream blood is perturbed by the sagittal/coronal plane
excitation of the navigator, and the ASL signal change caused by this was found to be
-1.4% in our simulation with a navigator flip angle of 8°. Because not all the upstream
blood is excited by the navigator, the actual change in ASL signal would be much less than
this. To verify that navigator does not alter the intrinsic CBF measurements, a PCASL scan
was performed alternately with and without navigator (both without applying the motion
parameters to track the brain) three times for each method in two normal volunteers who
remained as still as possible.

Controlled Motion Experiment

The performance of PCASL-PROMO was evaluated in the presence of controlled motion.
Two representative types of motions were examined: side-to-side and nodding motion.
PCASL was performed with and without PROMO in a volunteer who was instructed to
perform controlled motions repeatedly during the scans. Reference images were acquired
using PCASL without PROMO in the same volunteer without any intended motion.

Random Motion with Interleaved Scan Experiment

To explore more realistic and comprehensive motions, PCASL-PROMO was performed in
the presence of random pattern of motions in this experiment. Because random maotions
cannot be repeated the same way in two separate scans, we implemented an interleaved
PCASL-PROMO sequence where every TR is repeated twice with and without PROMO,
leading to a doubled scan time (20). This scan was performed in five volunteers (1 female,
ages 37 * 5 years). Each volunteer was instructed to move their head in random directions at
random timing during the entire interleaved scan. The interleaved scan sequences save all
the data separately; data without any correction, data acquired with the updating of the
coordinate system based on the measured motion parameters, and rescanned data. Tagged
and control images were also saved separately. The separate storage of the data enabled
reconstruction using multiple combinations of the datasets. We reconstructed 1) ASL images
without PROMO, 2) ASL images with apply only, 3) ASL images with PROMO (both apply
and rescan), 4) ASL images with rescanning tagged images only, and 5) ASL images with
rescanning control images only. This analysis investigated the benefit of rescan and its
effect on tagged and control images separately. This is important, because each rescanned
TR will add time to the sequence, which may not be preferred in certain time-sensitive
applications. Reference ASL images were also acquired without PROMO in the absence of
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any intended motion. Reference scan was performed twice to provide comparison of
correlation between two reference scans and that between reference and PROMO scans.

Image Analysis

Images from each coil element were combined using optimal B1 reconstruction (OBR)
(21,22) with coil sensitivity maps that were acquired from proton density images. Optimal
B1 reconstruction provides accurate measurements, particularly when the signal amplitude is
close to zero, which is the case with ASL signal in white matter, and thus provides better
gray matter/white matter contrast in ASL images. Reconstructed images were coregistered
to the reference ASL images, and then Pearson’s correlation coefficients were calculated for
each slice and for the whole 3D volume, with respect to the reference ASL images to
evaluate the accuracy of motion correction. Pearson’s correlation was employed rather than
sum-of-squares because there may exist a temporal variation of global CBF due to
physiological change. All image analyses/registrations were performed using MAT-LAB
(Mathworks, Inc., Natick, Massachusetts, USA) and SPM8 (Wellcome Trust Center for
Neurolmaging, University College London, London, UK).

Experimental Setup

Image acquisition in PCASL was performed using fast-spin echo 3D stack of spiral imaging
with eight interleaves. Imaging parameters were TE = 10.6 ms, TR = 4.8 s, spiral readout
time = 4.1 ms, spatial resolution = 3.4 x 3.4 x 4.0 mm3, FOV = 220 x 220 x 144 mm3, 36
slices, labeling duration = 1450 ms, and postlabeling delay = 2025 ms. Background
suppression was achieved in all scans using one saturation and five inversion pulses at 4322
ms, 3510 ms, 2005 ms, 903 ms, 325 ms, and 73 ms prior to image acquisition, respectively.
The saturation and the first inversion were slab-selective pulses applied onto the imaging
volume and were played before tagging pulses while the other inversions were near-
nonselective and were applied after tagging pulses. The number of averages was three for all
scans except for the interleaved scan experiment, which used two averages. Corresponding
total scan times were 4:30 min and 6:15 min, respectively, without rescanning. In PROMO,
navigator images were acquired using a single-shot spiral gradient echo sequence using the
following parameters: flip-angle = 8°, TE = 0.8 ms, spiral readout time = 8.2 ms, spatial
resolution = 9.2 x 9.2 mm, FOV = 320 mm, and slice thickness = 13 mm. Three sets of
navigators were played leading to a duration of 628 ms for the navigator block in each TR.
All scans were performed on a GE MR750 3T scanner, and all volunteers provided written
consent under an institutional policy.

RESULTS

Disturbance to ASL CBF Measurement

Figure 3 contains the results of six PCASL scans performed alternately with and without
navigator excitation for each volunteer. Each data point in Figure 3 corresponds to the
average ASL signals of the 3D volume for each scan normalized by the average across the
scans for each volunteer. Volunteer 1 showed temporal fluctuation of ASL signal, whereas
the signal increased monotonically over time in volunteer 2. The average ASL signal with
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navigator was 0.2% higher than ASL signal without navigator, indicating negligible change
in ASL measurement due to navigator excitation.

Controlled Motion Experiment

Figure 4 contains the motion parameters that were recorded during the scans with side-to-
side and nodding motions. The dominant change in motion parameters was rotation along
the z-axis (superior—inferior) for side-to-side motion, and rotation along the x-axis (left—
right) for nodding motion as expected. Figure 5 compares the reference ASL images
(acquired without PROMO and without intended motion) and ASL images with and without
PROMO for each motion type. For side-to-side motion, ASL images without PROMO
showed significant blurring due to motion, whereas this was reduced greatly with PROMO.
For nodding motion, there was no significant visible difference between ASL images with
and without PROMO, except that there was slight blurring in the superior slices without
PROMO. Figure 6 shows Pearson correlation coefficients calculated for each slice between
the reference images and the ASL images with or without PROMO for each motion type.
ASL images with PROMO for both motion types showed consistent correlation with the
reference images. ASL images without PROMO in the presence of side-to-side motion
showed far reduced correlation as expected from the blurred images. ASL images without
PROMO in the presence of nodding motion showed lower correlation in the superior and
inferior slices, as larger motion offsets are expected in these slices in axial imaging with
nodding. Table 1 summarizes the average correlation coefficients and average CBF for each
case.

Random Motion with Interleaved Scan Experiment

Figure 7 shows the motion parameters saved during the interleaved scan in one
representative volunteer with random motion. Although the subjects were instructed to move
randomly, the two most dominant motions were rotations along the z-axis and x-axis that
correspond to side-to-side and nodding motions in all volunteers. Corresponding ASL
images reconstructed from multiple combinations of the data are displayed in Figure 8.
While the images without PROMO (second row) showed severe blurring due to random
motion, the blurring was reduced dramatically using PROMO (sixth row). The blurring was
also reduced significantly using apply only (third row). The fourth and fifth rows in Figure 8
show ASL images with apply on both tagged and control images but with rescanning either
tagged or control images only. While images with rescanning control images only showed
no significant visible difference from the images with apply only, images with rescanning
tagged images only showed considerable reduction of blurring and exhibited image quality
close to the images with full PROMO correction. Correlation coefficients calculated
between these ASL images of each method and the reference images confirm the visual
inspection as shown in Figure 9. Figure 9 also shows the correlation coefficients between
two reference ASL images to provide the reference for the correlation coefficients. Table 2
summarizes the mean * standard deviation (SD) across the subjects of the correlation
coefficients between 3D ASL images of each reconstruction method and the first reference
ASL images and the mean + SD of global CBF measurements in gray matter. The P values
were calculated using a t test with respect to the second reference scans. Although there was
no significant visual difference between the second reference and PROMO ASL images,
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there was a statistically significant difference in correlation coefficient (P = 0.036). In
contrast, there was no statistically significant difference in CBF measurement between the
reference scan and random motion scan with any reconstruction method.

DISCUSSION

This study demonstrates the integration of PCASL and PROMO for prospective motion
correction in CBF measurement. In particular, this method can be applied to segmented 3D
readout schemes, which are becoming the standard for ASL due to superior SNR and
reduced susceptibility artifacts. Such a method enables longer acquisitions to be acquired, as
might be required for higher-resolution CBF imaging, acquisitions with very long postlabel
delays (to provide insensitivity to arterial arrival time), or for resting-state CBF imaging.

PCASL-PROMO showed considerable reduction of motion artifacts caused by controlled
motions such as side-to-side and nodding head motions. Side-to-side motion appeared to
generate more blurring in our ASL images. This is because side-to-side motion is more
prominent than nodding motion in an axial plane, as vice versa is expected in a sagittal
plane, and also because there is more room for side-to-side motion in the head coil. For far
superior and inferior axial slices, however, nodding motion yielded nonnegligible
misregistration as shown in Figure 6 because of larger offset at the furthest locations from
the rotation center. PCASL-PROMO also showed robust performance in the presence of
random motion. The interleaved scan enabled various combinations of data with and without
PROMO. Comparison of these multiple reconstructions demonstrated that PROMO with
real-time updating of the coordinate system (apply) alone can reduce the motion artifacts
significantly and that tagged images may be prioritized in rescanning rather than control
images if the time for rescanning is limited. Pearson’s correlation coefficient was used as a
metric for motion correction in this study. The correlation coefficient of reference-to-
PROMO scans was still lower than that of reference-to-reference scans. However, the
discrepancy may be reduced with a lower rescan threshold at the cost of increased
rescanning time. Also, the correlation coefficients were lower with random motion
compared with controlled motion due to lower SNR, because the number of averages was
lower in the ASL scan with random motion (two versus three). The motions performed here
(both controlled and random) are not natural motions and may be larger translations/
rotations than the average motions from patient populations, but this demonstrates the
performance of PCASL-PROMO even in extreme cases of large and persistent motions.

Currently, real-time updating of the coordinate system is only applied to image acquisition,
not to ASL preparation including blood tagging partly because tagging location is rather far
from rigid part of the brain where motion parameters are estimated. Given that there was no
statistically significant difference in the average CBF measurement of 3D volume between
the PCASL scans with and without motion (P = 0.606), it can be inferred that tagging
efficiency was not significantly compromised by motion. Although demonstrated with
PCASL, PROMO motion estimation is based on the 3D navigator module, which is
independent of the ASL module and thus can be combined with other types of tagging
schemes as well as other image acquisitions.
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The only major expense for PROMO is the extra time for rescanning. However, ASL images
reconstructed with and without rescanned data suggest that PROMO with apply only, which
costs no extra time for rescanning, still leads to improved ASL images in the presence of
these extreme motions. In our experiment with less frequent motion, images reconstructed
with apply only were found to be even closer to the images with full PROMO correction,
whereas images without any motion correction at all showed similar blurring to those with
more frequent motion (data not shown). This is because the number of segments to be
rescanned is roughly proportional to the number of motion occurrences, whereas the number
of segments to benefit from apply is similar whether mation is frequent or not. Therefore,
PROMO with apply only could be expected to provide adequate performance of motion
correction in patient populations, without increased scan time.

If a user chooses to include rescanning in PCASL-PROMO, total rescanning time can be
controlled by adjusting the threshold for rescan metric and/or the maximum number of TRs
to be rescanned. That is, rescanning is performed for a predetermined number of tagged/
control image pairs with the highest rescan metric (most motion). However, more efficient
rescan schemes can be developed for a given rescanning time. One possible method is to use
the contrast difference between tagged and control images. As shown in Figures 8 and 9,
rescanning is more beneficial in tagged images because control images have very little
contrast due to background suppression. Thus, rescanning tagged images may only be more
time-efficient, or more generally, the rescan threshold can be set differently for tagged and
control images. Discarding images rather than rescanning is also an option because there are
typically multiple averages in ASL scans and less signal averages may be better than
including misregistered images in the signal averaging. Another time-efficient rescan
method would be smart rescanning; for example, if a tagged image from one pair and a
control image from another pair are corrupted by two separate motions, only one pair of
tagged/control images rather than two pairs can be rescanned to overwrite those images.
Lastly, because side-to-side motion leads to more prominent blurring in an axial imaging
plane that is commonly used in brain ASL, rotation along the z-axis can have higher
weighting in rescan metric calculation. All of these methods are compatible with each other
and can be combined to generate various rescan schemes. One caveat exists, however, when
tagged/control pairs are not rescanned as one unit. In ASL, the signal level in individual
tagged or control images can drift with low temporal frequency (23,24). This signal drift is
mostly removed by subtraction of consecutively acquired tagged/control image pair. With
either tagged or control images only acquired in rescanning, or with a long interval between
tagged and control images in a matched pair, the signal drift can cause an error in ASL
signal. Rescan schemes must be designed with this consideration.

In future work, PCASL-PROMO should be validated in aged, pediatric, and/or patient
populations. Patients with dementia, seizures, tremor, or cough may also benefit. Another
future direction would be more efficient integration of PCASL and PROMO in terms of
pulse sequence timing. It may be more effective to place the navigator immediately prior to
image acquisition. This is true if PROMO is performed only with apply because there is less
chance of motion occurring between navigator and imaging, leading to fewer corrupted
imaging segments. However, if rescan is performed, there is no significant benefit from a

Magn Reson Med. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zun et al.

Page 9

closer navigator because rescanning still has to be performed for the imaging segment
between two navigator blocks that show difference. In order to reduce the amount of
unnecessary rescanning, the navigator should be placed twice for each TR, immediately
before and after image acquisition. Despite this advantage, it may be difficult to find an
interval long enough for navigator block immediately before imaging, avoiding background
suppression pulses.

PROMO may be combined with ASL sequences for organs other than the brain. This would
require new atlas of the organs, as PROMO uses a pre-entered brain atlas for image
registration. In ASL for lung or kidney, the primary motion would be from respiration. The
current interval between navigator blocks, which is the same as TR (4.9 s), is probably too
long compared with the period of respiratory motion. Navigators immediately before and
after image acquisition would be required in these applications to detect high-frequency
motion. In myocardial ASL, it is more challenging to use PROMO due to cardiac pulsation
in addition to respiration. Cardiac motion has even faster temporal frequency and also incurs
nonrigid body motion. PROMO may be beneficial in myocardial ASL when used together
with cardiac and respiratory gating.

CONCLUSION

This study demonstrates the feasibility of PCASL combined with PROMO. The data shown
here provide evidence that a substantial amount of motion artifacts are removed with
PROMO, whereas the excitation of the navigator does not affect the intrinsic CBF
measurement significantly. Future work should include validation of PCASL-PROMO in
relevant patient populations.
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FIG. 1.

Iustration of integration of PCASL and PROMO in one TR (@) and the overall scan (b).
The navigator is incorporated into ASL preparation without increasing TR. When motion
occurs in TRy, the image acquisitions IMGy, IMGy+1, IMGy+2, and so on, will be
misregistered without PROMO. Using PROMO, the motion is detected by NAV.1 and all
the subsequent imaging (IMGp+1, IMGp+2, and so on) is corrected by applying motion
parameters y for pulse sequence update, although IMGy remains corrupted. If desired, the
motion corrupted imaging IMGy can be rescanned at the end of the scan depending on the

change of y.
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Axial Sagittal Coronal

FIG. 2.
Example of low-resolution navigator images of three planes acquired in PCASL-PROMO

scan using a single-shot spiral gradient echo sequence with a flip angle of 8° and a spatial
resolution of 9.2 x 9.2 mm.
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FIG. 3.
Average ASL signal of 3D volume measured in two volunteers using PCASL that was

performed alternately with and without navigator excitation. Both volunteers remained as
still as possible during the scans, and no motion correction was performed even when
navigator was played. Average ASL signal with navigator was only 0.2% higher than
average ASL signal without navigator.
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Motion parameters recorded by the navigators during scans in a volunteer with controlled
motions. a: Side-to-side motion. b: Nodding motion. The notations tx, ty, tz, rx, ry, and rz
correspond to translation (in millimeters) and rotation (in degrees) along the x- (left-right),
y- (anterior—posterior) and z- (superior—inferior) axes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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FIG. 5.
ASL images of selected slices from 3D whole brain acquired using PCASL with and without

PROMO in a volunteer who performed controlled motions (side-to-side and nodding)
repeatedly, and reference ASL images acquired without PROMO in the absence of any
intended motion. For side-to-side motion, significant blurring was found in the ASL images
without PROMO but was reduced substantially with PROMO. For nodding motion, there
was no significant visible difference between ASL images with and without PROMO except
for the slight blurring in the superior slices without PROMO.
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FIG. 6.
Correlation coefficients calculated for each slice between reference (no motion) images and

the ASL images with or without PROMO for each motion type. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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FIG. 7.
Motion parameters recorded in one representative volunteer during the interleaved scan

where every TR was repeated twice with and without PROMO in the presence of random
head motion. The two dominant motions were rotations along the z- and x-axes that
correspond to side-to-side and nodding motions. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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FIG. 8.
ASL images reconstructed from multiple combinations of the data acquired in the

representative volunteer using interleaved PCASL-PROMO sequence in the presence of
random motion. Reference: ASL images without PROMO in the absence of any intended
motion. PROMO on/off: ASL images with/without PROMO. Apply only: ASL images with
real-time updating of the coordinate system only (without rescanning of corrupted
segments). Rescan tagged/control only: ASL images with real-time updating of the
coordinate system and with rescanning (either tagged or control images only). ASL images
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with apply only showed significantly reduced motion artifacts compared with images
without PROMO, although residual blurring exists. Images in which rescanning was only
applied to motion-corrupted tagged images were closer to the images with full PROMO
correction than those with rescanning of motion-corrupted control images.
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FIG.9.

Correlation coefficients calculated for each slice between ASL images of each method and
the first reference ASL images in the representative volunteer. Correlation coefficients
between the first and second reference ASL images are also shown to provide the reference

for the correlation coefficients.
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Table 1

Correlation Coefficients (CC) of the Whole 3D Volume with Respect to the Reference Images and Global
CBF Measurements (in mL/100 g/min) in Gray Matter

Side-to-Side
Motion Nodding Motion

CC CBF CcC CBF

PROMOon 090 53.6 0.92 62.9
PROMO off 0.61 525 0.81 57.4

CBF of the reference ASL scan was 58.3 mL/100 g/min.
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