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objective: Four-dimensional MRI (4D-MRI) has been 
increasingly used in radiation therapy. Developments 
in k-space sorted 4D-MRI methods have shown advan-
tage over conventional image sorted 4D-MRI methods. 
However, this type of technique tends to suffer from 
undersampling image artifacts. This study aims to 
conduct an initial clinical feasibility study of a post-pro-
cessing method, denoted as MoCoAve, to overcome the 
limitation.
methods: Nine patients (seven pancreas, one liver, and 
one lung) were recruited. 4D-MRI was performed using 
two prototype k-space sorted techniques, stack-of-stars 
(SOS) and koosh-ball (KB) acquisitions. Post-processing 
using MoCoAve was implemented for both methods. 
Image quality score, apparent SNR (aSNR), sharpness, 
motion trajectory and standard deviation (σ_GTV) of the 
gross tumor volumes were compared between original 
and MoCoAve image sets.
results: All subjects successfully underwent 4D-MRI 
scans and MoCoAve was performed on all data sets. 
Significantly higher image quality scores (2.64 ± 0.39 
vs 1.18 ± 0.34, p = 0.001) and aSNR (37.6 ± 15.3 vs 
18.1 ± 5.7, p = 0.001) was observed in the MoCoAve 
images when compared to the original images. High 

correlation in tumor motion trajectories in the super-
oinferior direction (SI: 0.91 ± 0.08) and weaker in the 
anteroposterior (AP: 0.51 ± 0.44) and mediolateral 
(ML: 0.37 ± 0.23) directions, similar image sharp-
ness (0.367 ± 0.068 vs 0.369 ± 0.072, p = 0.805), 
and minimal average absolute difference (0.47 ± 
0.34  mm) of the motion trajectory profiles was 
found between the two image sets. The σ_GTV in 
pancreas patients was significantly (p = 0.039) lower 
in MoCoAve images (1.48 ± 1.35  cm3) than in the orig-
inal images (2.17 ± 1.31  cm3).
Conclusion: MoCoAve using interphase motion correc-
tion and averaging has shown promise as a post-pro-
cessing method for improving k-space sorted (SOS and 
KB) 4D-MRI image quality in thoracic and abdominal 
cancer patients.
advances in knowledge: The proposed method is an 
image based post-processing method that could be 
applied to many k-space sorted 4D-MRI methods for 
improved image quality and signal-to-noise ratio while 
preserving image sharpness and respiratory motion 
fidelity. It is a useful technique for the radiotherapy plan-
ning community who are interested in using 4D-MRI but 
aren’t satisfied with their current MR image quality.
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introDuCtion
In radiation therapy treatment planning, accurate estima-
tion of the delivered radiation dose to the tumor while sparing 
surrounding healthy organs is critical. In the thoracic and abdom-
inal regions, the estimation is complicated by respiratory motion. 
In current clinical practice, four-dimensional CT (4D-CT) is 
used as the gold-standard to quantify tumor and organ geometry 
at different respiratory motion states.1,2 However, 4D-CT images 
are prone to stitching artifacts due to the need for resorting on 
two-dimensional (2D) images. They also suffer from insufficient 
differentiation of the tumor from surrounding organs due to the 
lack of soft-tissue contrast.3 Moreover, 4D-CT exposes patients 
to ionizing radiation that can be harmful for patients undergoing 
multiple treatment fractions.

MRI has gained interest in serving as an alternative to 4D-CT 
due to its superior soft-tissue contrast, flexible imaging orienta-
tion, and free of ionizing radiation. Various 4D-MRI techniques 
such as real-time volumetric acquisitions using fast three-dimen-
sional (3D) sequences4,5 or multiple 2D acquisitions followed 
by slice resorting6–9 have been developed in the past. However, 
these methods are limited by the achievable spatiotemporal reso-
lution or, in the multiple 2D acquisition cases, suffer from similar 
stitching artifacts as 4D-CT.

Recent developments in 4D-MRI based on self-gated (or 
self-navigated) 3D acquisitions and k-space data binning have 
shown great promise in overcoming the above-mentioned limita-
tions.10–15 However, to achieve a clinically feasible scan time, this 
type of techniques tends to suffer from undersampling artifacts 
and low signal-to-noise ratio (SNR) as limited k-space informa-
tion is acquired in certain respiratory phases. The undersampling 
artifacts become more severe for patients with highly variable 
breathing patterns as data collected during irregular breathing 
states may be denoted as outliers and consequently omitted from 
the final image reconstruction. Advanced image reconstruction 
methods have been exploited to mitigate undersampling arti-
facts. However, they are typically acquisition dependent and 
computationally extensive, thus, making them less ideal for 
clinical applications. On the other hand, image post-processing 
methods as a remedy have shown to be relatively independent of 
the k-space acquisition method used and potentially applicable 
to k-space sorted techniques.14,16–19 This may allow for image 
quality improvement of 4D-MRI images obtained from various 
MRI scanners and k-space sorted sequences that suffer from 
undersampling artifacts and low SNR.

One such method is interphase motion correction and aver-
aging in image space, denoted as MoCoAve, that was initially 
introduced by Buerger et al14 and recently revisited by Bi et 
al.16 Improvement in image quality with this method was seen 
in some initial feasibility studies in healthy volunteers or anec-
dotal clinical cases. As such, the usefulness in a clinical setting 
and a more rigorous assessment of the method in patients 
with cancerous tumors have not been demonstrated. Here, 
we conducted a clinical feasibility study of the method on 
patients with pancreatic, liver, or lung tumors. The effective-
ness of MoCoAve was tested on two prototype k-space sorted 

4D-MRI techniques to show its feasibility in improving overall 
image quality while preserving the organ structural features 
and tumor motion.

methoDS anD materialS
Nine patients with previously diagnosed tumors (seven 
pancreas, one liver, and one lung) were recruited for the study. 
The study protocol was approved by the institutional review 
board and written consent was obtained from all subjects 
before enrollment of the study. 4D-MRI imaging data were 
acquired on a 3 T clinical scanner (MAGNETOM Verio or 
Biograph mMR, Siemens Healthcare, Erlangen, Germany) 
using either of the two prototype sequences, stack-of-stars 
(SOS) and koosh-ball (KB). Two of the nine patients under-
went both SOS and KB 4D-MRI.

Image acquisition
All image acquisitions were performed during free-breathing. 
In the SOS method, radial sampling with a golden-angle incre-
ment is performed within each k-space partition.20 One radial 
spoke at the same angle is acquired sequentially for all partitions 
before proceeding to the next golden-angle. The k-space center 
is measured every Nz (the number of partitions) spokes and used 
to derive the respiratory self-gating signal. In the KB method, 
spokes are collected using 2D golden means ordering21 and the 
self-gating signal is extracted from a superoinferior spoke that is 
periodically acquired.10

Shared imaging parameters were: spoiled gradient recalled echo 
readout, flip angle = 10°. Specific imaging parameters for SOS 
were: field of view = 380 × 380 × 206 mm3, isotropic spatial reso-
lution = (1.98 mm)3, 104 partitions with 6/8 partial Fourier, 1504 
spokes per partition, repetition time/echo time = 4.0/1.6 ms, self-
gating signal interval = 312 ms, total acquisition time = 9 min. 
Specific imaging parameters for KB were: field of view= 400 × 
400 × 400 mm3, isotropic spatial resolution = (1.56 mm)3, 7,3005 
spokes, 256 reconstructed partitions, repetition time/echo time 
= 5.8/2.6 ms, self-gating signal interval = 98 ms, total acquisition 
time =~7 min.

Image reconstruction
In SOS, the central three k-space samples along each Ky = Kz=0 
line were averaged, and the time series of this value were used to 
generate the respiratory self-gating signal.15 In KB, the superoin-
ferior spokes periodically acquired were processed with Fourier 
transform and principle component analysis to extract the respi-
ratory self-gating signal.10 Acquired imaging data were grouped 
into 10 respiratory bins according to their breathing amplitude 
states determined by the self-gating signal. 3D images were then 
reconstructed from each bin using their respective subset of data. 
For SOS, each respiratory bin was reconstructed on the scanner 
using direct gridding. KB images were reconstructed offline 
using an in-house MATLAB program based on iterative SENSE 
reconstruction with temporal regularization22 for joint recon-
struction of all bins.

Post-processing with MoCoAve
Following image reconstruction for SOS or KB, MoCoAve was 
subsequently applied to the reconstructed 10-phase image series 

http://birpublications.org/bjr
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for each patient with an in-house MATLAB program. As shown 
in Figure  1 under MoCoAve post-processing, forward and 
inverse transformation between each respiratory phase and a 
selected reference phase were first calculated using a symmetric 
diffeomorphic image registration method with a cross-correla-
tion metric.23 Transformation between two arbitrary phases can 
then be readily achieved by backward transforming one into 
the reference phase followed by forward transforming into the 
selected phase. Following the above procedures, the 3D image 
set of each specific respiratory phase underwent MoCoAve 
processing by transforming all other phases to it and averaging 
them all to achieve a MoCoAve data set for each specific respira-
tory phase. The overall MoCoAve post-processing took approx-
imately 30 min.

Image analysis
Image sets were randomized and blindly reviewed by two inde-
pendent reviewers (one medical physicist with 10 year of expe-
rience in radiation therapy planning and one radiologist with 
5 year of experience in abdominal imaging) using VelocityTM 
(Varian Medical Systems, Palo Alto, CA). A 3-point scale was 
used in scoring the image quality: 1, poor (drastic signal loss or 
severe streaking artifacts and difficult visualization of anatomical 
structures); 2, fair (minor signal loss or streaking artifacts and 
adequate visualization of anatomical structures); 3, good (good 
overall signal intensity, no visible streaking artifacts and good 
to excellent visualization of anatomical structures). The average 
scores between the two reviewers were used for the comparison 
between the original (non-MoCoAve) and MoCoAve image sets.

Apparent SNR (aSNR) was defined as the mean signal inten-
sity in a homogenous region of the liver divided by the stan-
dard deviation of the background signal intensity measured in 
surrounding artifact-free air space. Regions of interest (ROIs) for 
signal measurement were matched in location and size between 
non-MoCoAve and MoCoAve image sets.

Image sharpness was measured at three separate locations: (1) 
interfaces between the tumor and surrounding organ when-
ever possible or, if the interface was not well defined, at the 
boundary of a nearby organ in proximity to the tumor; (2) 

interfaces between the kidney boundary and its surroundings; 
(3) interfaces between the liver boundary and its surroundings. 
At each location, three manually drawn boundary-crossing 
signal intensity profile obtained for sharpness calculation via 
a previous method,24 and the mean sharpness among all loca-
tions was computed for comparison. All measurement locations 
were matched between original (non-MoCoAve) and MoCoAve 
image sets.

The motion trajectory of the tumor in each subject was obtained 
separately from the non-MoCoAve and MoCoAve image sets. 
Specifically, gross tumor volumes (GTV) were contoured on 
the first respiratory phase of the MR images based on the clin-
ical contours from the planning CT images (rigid registration 
followed by visual assessment and modification). 3D deform-
able image registration based on the B-spline algorithm was 
performed across all respiratory bins using Velocity (Varian 
Medical Systems, Palo Alto, CA). The GTV contours were 
then mapped to other respiratory bins. The coordinates at the 
geometric center of each tumor contour were extracted for each 
respiratory bin and used to determine the motion trajecto-
ries. Absolute amplitude difference was calculated between the 
non-MoCoAve and MoCoAve images based on their respective 
motion trajectories. In addition, considering pancreatic ductal 
adenocarcinoma is a firm mass,25 pancreatic tumor volume is 
expected to remain constant during breathing. The standard 
deviation (σ _GTV) of the GTVs for the pancreas subgroup was 
calculated from all respiratory phases for each 4D-MRI image 
set, and used as a metric to evaluate GTV consistency during 
breathing.

Statistical analysis
Wilcoxon signed-rank test was used to determine the differences 
in image aSNR, image sharpness, image quality scores, and σ
 _GTV between the non-MoCoAve and MoCoAve approaches 
using GraphPad Prism software (GraphPad Software Inc., La 
Jolla, CA). Cross-correlation was used to determine the agree-
ment in the motion trajectory between the two approaches using 
Microsoft Excel (Microsoft® Excel, Redmond, Washington, WA). 
In all tests, statistical significance was defined at p < 0.05 and data 
were presented as means ± standard deviations.

Figure 1. Schematic diagram of the proposed MoCoAve method for 4D-MRI. k-space data were sorted into 10 respiratory bins 
based on the k-space self-gating signal and reconstructed into 10 image sets. Motion correction was performed toward a target 
image (bin1 in this example) prior to averaging of all warped images. Such process was repeated to generate MoCoAve images for 
all respiratory phases (bin 1–bin 10). 4D-MR, four-dimensional magnetic resonance; KB, koosh-ball; SOS, stack-of-stars.

http://birpublications.org/bjr
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reSultS
All subjects successfully underwent 4D-MRI scans. Figure  2 
shows example images of non-MoCoAve and MoCoAve for both 
SOS (A) and KB (B) 4D-MRI. In general, the use of MoCoAve 
remarkably improved aSNR, reduced the image artifacts, and 
preserved the anatomical details within the organs for both 
acquisitions. Figures 3 and 4 show MoCoAve SOS and MoCoAve 
KB image sets, respectively, at end of inspiration, mid-ventila-
tion, and end of expiration.

Table  1 summarizes the quantitative analyses of all patients. 
MoCoAve images showed significantly higher aSNR (37.6 ± 15.3 
vs 18.1 ± 5.7, p = 0.001) and higher image quality scores (2.64 ± 
0.39 vs 1.18 ± 0.34, p = 0.001) when compared to non-MoCoAve 
images. Strong correlation in tumor motion trajectories between 
MoCoAve and non-MoCoAve was observed in the superoinfe-
rior direction (SI: 0.91 ± 0.08) and weaker in the anteroposterior 
(AP: 0.51 ± 0.44) and medolateral (ML: 0.37 ± 0.23) directions. 
Small average absolute difference in the SI direction between the 
MoCoAve and non-MoCoAve motion trajectories profiles was 
observed, 0.47 ± 0.34 mm. In addition, similar image sharpness 
with no significant differences (0.367 ± 0.068 vs 0.369 ± 0.072, 
p = 0.805) was also seen when MoCoAve was applied. The σ
 _GTV in pancreas patients was significantly (p = 0.039) lower 
in MoCoAve images (1.48 ± 1.35 cm3) than in non-MoCoAve 
images (2.17 ± 1.31 cm3).

DiSCuSSion
4D-MRI based on self-gated 3D acquisitions and k-space data 
binning10–15,26 has shown improved image quality and spatial 
resolution compared with 2D-based 4D-MRI methods,4–9 
resulting in intensified research interest for radiotherapy plan-
ning. To further increase its clinical utility, scanning needs to 
be completed in several minutes, which leads to limited data 
collection and a highly undersampled k-space. This may result 
in streaking artifacts and low SNR in the reconstructed images. 
Despite the use of advanced image reconstruction methods, 
image quality may remain unsatisfactory particularly for patients 
with irregular breathing patterns that forces larger exclusion of 
k-space data. This work implemented a post-processing method, 
denoted as MoCoAve, and assessed its clinical feasibility on 
two prototype k-space sorted 4D-MRI techniques, SOS and KB 
acquisitions. Improved SNR and overall image quality using 
MoCoAve was demonstrated in patients with pancreatic, liver, 
or lung tumors.

As a post-processing method, MoCoAve has three advantages 
for 4D-MRI. First, this is an acquisition independent technique 
and potentially effective for various k-space data binning-based 
4D-MRI sequences. In this study, two types of radial sampling 
sequences were used for MoCoAve processing. Improvement 

Figure 2. Example images comparing MoCoAve and non-Mo-
CoAve images from stack-of-stars (A) and koosh-ball (B) 
acquisitions. Red circles represent the tumor region. Yel-
low arrows point at the areas with streaking artifacts in 
the non-MoCoAve images which is well suppressed in the 
MoCoAve images.

Figure 3. Example of stack-of-stars acquisition with MoCoAve 
in end-of-inspiration, mid-ventilation, and end-of-expiration.

Figure 4. Example of koosh-ball acquisition with MoCoAve in 
end-of-inspiration, mid-ventilation, and end-of-expiration.
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in image quality appeared independent of acquisition methods. 
Using a similar approach, Buerger et al also demonstrated such 
benefits in a Cartesian sampling sequence (golden-radial phase 
encoding).13 It is reasonable to anticipate that other acquisi-
tion methods could also benefit from the MoCoAve method 
to improve image quality.12,27 A standalone image processing 
package based on the MoCoAve method would be highly desir-
able to perform more rigorous validations of different 4D-MRI 
techniques in a clinical setting. Second, the MoCoAve method 
is especially beneficial for MR acquisition in a relatively random 
pattern undergoing retrospective k-space sorting. In these cases, 
although reconstructed images may consist of streaking arti-
facts in one phase, these artifacts are typically distributed in a 
random fashion among all respiratory phases. By performing 
interphase motion correction and averaging, the random noise 
could then be suppressed. This, however, cannot be exploited 
by other post-processing methods that focused on one image 
set only. For example, a recently introduced denoising-based 
method processes each respiratory phase individually, which can 
result in enhancement of the streaking artifacts as the algorithm 
may not be able to differentiate between true anatomic structure 
and patterned artifacts.17 Third, MoCoAve serves as a remedy 
to ensure the success of 4D-MRI. The ability can be particularly 
appreciated in SOS 4D-MRI whereby no advanced image recon-
struction had been employed and MoCoAve had significantly 
improved image quality. This ability is also useful when a scan 
has to be shortened or is terminated early due to, e.g. patient 
intolerance. Using MoCoAve, acceptable images can be obtained 
with a reduction of 50% in data for KB 4D-MRI28 and >80% for 
the golden-radial phase encoding technique.14 Clearly, the extent 
to which k-space can be undersampled is application-dependent 
and warrants more focused investigation.

The risk of image blurring associated with MoCoAve appears 
to be minimal for the tested imaging protocols. For both acqui-
sitions, MoCoAve and non-MoCoAve showed similar image 
sharpness and preserved respiratory motion. This suggests that, 
with our current imaging protocols, the symmetric diffeomor-
phic image registration method23 implemented in this work 
was sufficient to correct for respiratory motion in the abdomen 
between all respiratory bins. However, it is expected that the 
performance weakens as original image quality further deteri-
orates and that more substantial image blurring could happen 
when applying MoCoAve.

It is interesting to note that, in this study, the consistency in tumor 
volume (σ _GTV) among 10 respiratory phases in the pancreas 

subgroup patients was more appreciable in MoCoAve images 
compared to non-MoCoAve images. The smaller σ _GTV with 
MoCoAve processing can be attributed to imaging noise.17 With 
reduced noise from the MoCoAve 4D-MRI, the B-spline based 
deformable registration algorithm implemented in Velocity 
was able to map the tumor boundary to other respiratory bins 
more consistently. Additionally, previous studies have shown 
that malignant pancreatic tumors are relatively uncompressible 
and thus their volumes are likely to remain constant throughout 
respiratory phases.25 The lower σ _GTV from the MoCoAve 
method may in some way represent this phenomenon. However, 
a larger cohort of patients needs to be studied to better under-
stand the clinical relevance of less tumor volume variation.

This study had some limitations. First, the performance of the 
MoCoAve method may be dependent on the original quality of 
the images which is further dependent of the amount of k-space 
data available for reconstruction. In of severe image artifacts, the 
MoCoAve method may not be able to gain back the clear defini-
tion of the anatomical structures. Future sensitivity studies will 
be needed to determine the limit of MoCoAve to handle these 
more severely undersampled images. Second, the current study 
was limited to two radial trajectory sequences. Clinical perfor-
mance of the proposed method on other sampling trajectories 
such as Cartesian or spiral trajectories needs to be elucidated on 
cancer patients.

ConCluSionS
The MoCoAve post-processing method using interphase motion 
correction and averaging has shown promise in improving 
k-space sorted (SOS and KB) 4D-MRI image quality in pancre-
atic, liver, and lung cancer patients. Significant increases in SNR 
and image quality can be achieved while image sharpness (tumor 
and its surrounding organ boundaries) and respiratory motion 
fidelity are well-preserved. Further rigorous validation in a large-
scale clinical study is warranted to establish its applicability for 
4D-MRI.
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