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Abstract
Purpose: To develop a distortion-free motion-resolved four-dimensional
diffusion-weighted PROPELLER EPI (4D-DW-PROPELLER-EPI) technique for
benefiting clinical abdominal radiotherapy (RT).
Methods: An improved abdominal 4D-DWI technique based on 2D
diffusion-weighted PROPELLER-EPI (2D-DW-PROPELLER-EPI), termed
4D-DW-PROPELLER-EPI, was proposed to improve the frame rate of repeated
data acquisition and produce distortion-free 4D-DWI images. Since the radial
or PROPELLER sampling with golden-angle rotation can achieve an efficient
k-space coverage with a flexible time-resolved acquisition, the golden-angle
multi-blade acquisition was used in the proposed 4D-DW-PROPELLER-EPI to
improve the performance of data sorting. A new k-space and blade (K-B) ampli-
tude binning method was developed for the proposed 4D-DW-PROPELLER-EPI
to optimize the number of blades and the k-space uniformity before performing
conventional PROPELLER-EPI reconstruction, by using two metrics to evaluate
the adequacy of the acquired data. The proposed 4D-DW-PROPELLER-EPI was
preliminarily evaluated in both simulation experiments and in vivo experiments
with varying frame rates and different numbers of repeated acquisition.
Results: The feasibility of achieving distortion-free 4D-DWI images by using
the proposed 4D-DW-PROPELLER-EPI technique was demonstrated in both
digital phantom and healthy subjects. Evaluation of the 4D completeness
metrics shows that the K-B amplitude binning method could simultaneously
improve the acquisition efficiency and data reconstruction performance for
4D-DW-PROPELLER-EPI.
Conclusion: 4D-DW-PROPELLER-EPI with K-B amplitude binning is an
advanced technique that can provide distortion-free 4D-DWI images for resolv-
ing respiratory motion, and may benefit the application of image-guided abdom-
inal RT.
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1 INTRODUCTION

4D-CT has been widely used in abdominal image-guided
radiotherapy (IGRT)1 for improving the precision and
accuracy of the treatment procedure, despite its extra radi-
ation exposure and poor contrast in soft tissue.2 Recently,
4D-MRI has become an emerging technique in abdominal
IGRT that can overcome the drawbacks of 4D-CT because
of its non-invasive property, high contrast in soft tissue,
and flexibility in imaging orientation.3 4D-MRI techniques
can be typically categorized into prospective 4D-MRI and
retrospective 4D-MRI, of which the former acquires data at
preset motion directly, whereas the latter acquires data at
various motions and then sorts them.3 In addition, the sort-
ing of data for resolving the abdominal motion using either
amplitude or phase binning method is usually based on
a surrogate respiratory signal concurrently recorded dur-
ing data acquisition. With these developments, the main-
stream 4D-MRI techniques have successfully achieved dif-
ferent conventional image contrasts, such as T1-, T2-, and
T1/T2-weighted imaging.4

Although the mainstream 4D-MRI techniques can pro-
vide various image contrasts with complementary infor-
mation, the tumor-to-tissue contrast may still be insuffi-
cient for abdominal IGRT applications, especially with-
out the administration of MRI contrast agents. In addi-
tion to conventional image contrast, DWI can provide
both structural and functional information with improved
tumor-to-tissue contrast, and has been integrated into the
routine practice of abdominal MRI.5,6

To date, the feasibility of the motion-resolved 4D-DWI
technique has been demonstrated by using routine
diffusion-weighted single-shot EPI (DW-ss-EPI), referred
to as 4D-DW-ss-EPI.7 It synchronously acquired repeated
abdominal DWI images and surrogate respiratory signals
over multiple respiratory cycles and then sorted image
data into several phase bins according to the correspond-
ing respiratory waveform. The sorted images with different
diffusion encoding directions of each bin were averaged for
producing the final 4D-DWI dataset. This important study
first shows that the abdominal 4D-DWI may provide supe-
rior tumor-to-tissue contrast to conventional 4D-MRI and
also be capable of simultaneously measuring the function-
ality of tissue.

However, the performance of 4D-DW-ss-EPI is cur-
rently limited because the abdominal DWI is particu-
larly challenging when using DW-ss-EPI. First, the geo-
metric distortions and blurring artifacts caused by more
prominent field inhomogeneity and T∗2 decay can lead
to low image quality and insufficient geometric accuracy
in abdominal DW-ss-EPI.8–10 In addition, cardiac motion,
respiration, and voluntary movements can further degrade

the image quality and increase the challenge in achieving
robust abdominal DW-ss-EPI.6,11–13 Moreover, significant
variations in amplitude and period of surrogate respira-
tory signal and the relatively low frame rate of repeated
image acquisition can aggravate the image blurring in
4D-DW-ss-EPI after data binning.7,14

Several developed techniques may potentially allevi-
ate the challenges of abdominal 4D-DW-ss-EPI. Parallel
imaging techniques, such as SENSE15 and GRAPPA,16

have been used to reduce the geometric distortions
and image blurring for abdominal DW-ss-EPI,17,18 at
the cost of undesired noise amplification when using
high acceleration factors. In addition, multi-shot EPI
techniques (ms-EPI), such as interleaved EPI (iEPI)
with multiplexed sensitivity encoding (MUSE),19,20 and
readout-segmented EPI (rs-EPI),21,22 can significantly
improve the image quality of brain and abdominal
DWI,23,24 but often require additional navigator echo or
advanced calculation for removing the data inconsistency
due to shot-to-shot phase variations. A self-navigated
ms-EPI technique, namely PROPELLER-EPI, can per-
form robust phase correction and has been proposed to
achieve high-resolution DWI,25 Q-ball imaging,26 SWI,27

fMRI,28 and echo planner time-resolved imaging (EPTI)29

for different brain applications with improved geomet-
ric fidelity, reduced susceptibility to subject motion, and
better acquisition efficiency enabled by the data shar-
ing among the blades. In addition, a preliminary study
also demonstrated the high-quality and robust liver DWI
being achieved by using PROPELLER-EPI30,31 under
free-breathing conditions.

In this study, we proposed an improved abdomi-
nal 4D-DWI technique based on 2D diffusion-weighted
PROPELLER-EPI (2D-DW-PROPELLER-EPI), termed
4D-DW-PROPELLER-EPI, to improve the frame rate of
repeated data acquisition and produce distortion-free
motion-resolved 4D-DWI images. Since the radial or
PROPELLER sampling with golden-angle rotation
can achieve an efficient k-space coverage with a flex-
ible time-resolved acquisiton,32–35 the golden-angle
multi-blade acquisition was also used in the proposed
4D-DW-PROPELLER-EPI to improve the performance of
data sorting. In addition, a new k-space and blade (K-B)
amplitude binning method was developed for the pro-
posed 4D-DW-PROPELLER-EPI to optimize the number
of blades and the uniformity of k-space before performing
conventional PROPELLER-EPI reconstruction, by using
two metrics to evaluate the adequacy of the acquired
data. The proposed 4D-DW-PROPELLER-EPI was prelim-
inarily evaluated in both simulation experiments and in
vivo experiments with varying frame rates and different
numbers of repeated acquisitions.
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2 METHODS

2.1 Flowchart
of 4D-DW-PROPELLER-EPI

Figure 1A shows the overall flowchart of the proposed
motion-resolved abdominal 4D-DW-PROPELLER-EPI,
which mainly consists of 2D-PROPELLER-EPI imag-
ing, retrospective data binning, and conventional
PROPELLER-EPI reconstruction. After the repeated
acquisition of DWI data using PROPELLER-EPI sam-
pling, Nyquist ghost correction was performed for each
blade. Then, for the data of each diffusion direction, the
K-B amplitude binning method was used to sort the blades
into several bins according to the corresponding respira-
tory cycle during data acquisition. Next, the sorted blade
data for each bin along each diffusion direction were
reconstructed with the conventional PROPELLER-EPI
reconstruction method. Finally, the reconstructed 4D-DWI
datasets for the three orthogonal diffusion directions
were combined to produce the final abdominal 4D-DWI
images by taking the geometric mean. The details of

each acquisition or processing step are described in the
subsections below.

2.2 Data acquisition

The acquisition of the originally proposed 4D-DW-ss-EPI
technique based on conventional 2D DW-ss-EPI includes7

(Figure 1B, left): (1) one image dataset acquired with T2-
weighted ss-EPI (T2W-ss-EPI at b-value= 0 s/mm2) and
three individual image datasets acquired with DW-ss-EPI
along x, y, and z diffusion directions under free-breathing;
and (2) the surrogate respiratory signals synchronously
recorded during the image acquisition. The full cover-
age of the whole liver required a TR of 6000 ms. In
order to improve the frame rate and geometric fidelity,
the 2D-DW-PROPELLER-EPI pulse sequence was used to
sample the 4D-DWI datasets with long-axis multi-blades
(Figure 1B, right) instead of conventional 2D DW-ss-EPI.

The rotation angle and the number of blades are two
crucial parameters in 2D-DW-PROPELLER-EPI acquisi-
tion, and often the fixed values (i.e., linear-angle rotation)

F I G U R E 1 (A) Overview of the flowchart of the proposed motion-resolved abdominal 4D-DW-PROPELLER-EPI with the schematic
illustration of the acquisition in one diffusion direction. Nyquist ghost correction was firstly performed for each blade after the multi-blade
acquisition with golden-angle rotation. Then, for each diffusion direction, all blades were binned retrospectively using the K-B amplitude
binning method. Afterward, images were reconstructed by the conventional PROPELLER-EPI reconstruction for each diffusion direction.
Finally, 4D-DWI images were produced by combining 4D-DWI datasets produced from the three orthogonal diffusion directions. (B) Data
acquisition of the originally proposed 4D-DW-ss-EPI technique (left) and proposed 4D-DW-PROPELLER-EPI technique (right). Full k-space
data were acquired for the former while rotated blades were acquired for the latter.
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which are determined by the blade size (i.e., frequency and
phase encoding matrix for each blade), target resolution,
and the effective number of excitation (NEX).33,36 Whereas
for 4D-DW-PROPELLER-EPI, the linear-angle rotation of
blades for sampling the k-space with multiple 360◦ circular
coverages may be suboptimal to form a sufficient sam-
pling of k-space after binning the over-sampled blades. In
other words, the coherency between the repeated acquisi-
tion of blades and respiratory cycles may occur, possibly
leading to the redundancy of blades or the insufficiency
of k-space data for a single bin. To address this problem,
the golden-angle32–35 multi-blade acquisition (i.e., rotation
angle= 111.25◦) was used for introducing improved tem-
poral incoherency between the sampling of blades and
respiratory cycles.

In motion-resolved 4D-DWI, the other two impor-
tant parameters are the number of repeated acquisitions
(Nr) and frame rate (Fs) of repeated acquisitions for
each slice location. Nr is defined as the total number of
multi-blades for 4D-DW-PROPELLER-EPI. Fs is equiva-
lent to the inverse of TR (1/TR) for both 4D-DW-ss-EPI and
4D-DW-PROPELLER-EPI. However, the attainable frame
rate (i.e., inversely proportional to the shortest TR) for
4D-DW-ss-EPI was limited by the desired slice coverage
and image quality (e.g., insufficient SNR due to shortened
TR). By using 2D-DW-PROPELLER-EPI, the shortened
echo-train length (ETL) of each blade acquisition could
improve the frame rate by 50% compared with using ss-EPI
for the same slice coverage in our study (i.e., TR of 3000 ms
vs. 6000 ms).

2.3 Nyquist ghost correction

Because of the use of oblique gradient waveforms for
multi-blade acquisition in 2D-DW-PROPELLER-EPI, each
blade often requires 2D Nyquist ghost correction for
better suppression of ghosting artifact.37 To eliminate
the need for additional reference scan and the possible
inconsistency between reference and imaging data, the
reference-free 2D phase cycled reconstruction (PCR) was
adopted to perform the 2D Nyquist ghost correction for
each blade before data binning,38,39 consisting of an iter-
ative column-based reconstruction procedure as follows:
(1) the odd and even k-lines of each blade were sepa-
rated into two undersampled k-spaces and then recon-
strutcted to two induvidal images; (2) a single column
along phase-encoding direction located at FOV center was
selected; (3) 2D PCR generated a set of ghost corrected
1D profiles by cycling through various potential 2D phase
errors, and the ghost corrected 1D profile with the lowest
artifact level was selected by evaluating the background
energy; and (4) the columns adjacent to the previously

processed column were selected for performing 2D PCR
with the reduced phase cycling range according to the
phase errors derived in step 3. The above procedure was
repeated until all columns were processed for each blade.

2.4 K-B amplitude binning method
and conventional PROPELLER-EPI
reconstruction

For 4D-DW-PROPELLER-EPI, the simple use of ampli-
tude or phase binning for sorting all acquired blades
into several bins could possibly lead to k-space sam-
pling non-uniformity, resulting in degraded image quality
after performing conventional PROPELLER-EPI recon-
struction. As shown in Figure 2, the 2D point-spread func-
tion (PSF) of PROPELLER-EPI associated with T∗2 decay
windowing of blades was prominently affected by the
number of blades (NB) and the k-space sampling unifor-
mity (Kunif).

Therefore, to provide the indexes for optimizing data
binning, the Kunif and NB were used to evaluate the data
sufficiency for PROPELLER-EPI reconstruction after data
binning. The Kunif for the data sampled with the matrix
size of M-by-N was defined as

Kunif =
1

MN

M−1∑

m=0

N−1∑

n=0

||Nre−grid(m,n) − Ndes(m,n)||
Ndes(m,n)

where Nre-grid represents the number of k-space data points
after re-gridding of all collected blades, and Ndes rep-
resents the number of desired k-space data points for
PROPELLER-EPI reconstruction. For a given blade size
with desired NB for 360◦ circular k-space coverage, higher
Kunif suggests better image quality after PROPELLER-EPI
reconstruction of the binned blades (max Kunif = 1.0).

In 4D-MRI, the completeness of the 4D dataset is eval-
uated with a 4D completeness metric (Cp), which was
defined as the ratio of the number of image-filled bins for
all slices (N i,all) to the total number of desired bins for all
slices (Nbin,all):

Cp(%) =
Ni,all

Nbin,all

To ensure sufficient data for the accurate reconstruc-
tion of 4D-MRI, Cp is expected to be equal to or greater
than 95%.40 In the proposed 4D-DW-PROPELLER-EPI,
achieving sufficient quality for the reconstructed image
relies on both desired NB and Kunif. Therefore, the met-
rics of 4D completeness of desired NB (Cpb) and Kunif
(Cpk) were defined to evaluate the data adequacy for
4D-DW-PROPELLER-EPI:
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F I G U R E 2 Simulated 2D-PROPELLER-EPI acquisitions using the Shepp-Logan digital phantom with different k-space trajectories,
and their corresponding k-space coverages, 2D PSFs, and reconstructed images (matrix size= 256× 256). (A) to (C) Data acquired with high
k-space uniformity and full 180◦ k-space coverage with 24, 12, and 6 blades (blade size= 256× 64), respectively. (D) Data acquired with low
k-space uniformity, and full 180◦ k-space coverage with 12 blades. (E) Data acquired with low k-space uniformity, and insufficient k-space
coverage with 12 blades. Artifacts are pointed by the yellow arrows in the reconstructed images with either low k-space uniformity or
insufficient k-space coverage. (A)–(C) A sufficient number of blades (e.g., NB ≥ 12) are important for achieving high image quality for
2D-PROPELLER-EPI even if the acquired blades are uniformly distributed in k-space. (B), (D), (E) Uniformity of k-space sampling is also
important when blade numbers are sufficient for 180◦ k-space coverage. In short, both sufficient blades and high k-space uniformity are
highly desired for 2D-PROPELLER-EPI.

Cpb(%) =
Nbin,all>des_b

Nbin,all
#

and

Cpk(%) =
Nbin,all>des_k

Nbin,all
#

where Nbin,all>des_b is the number of bins filled with the
blades more than the desired NB (des_b) for all slices, and

Nbin,all>des_k is the number of bins filled with blades that
can reach the desired Kunif (des_k) for all slices.

To simultaneously maximize the Kunif and NB, the
K-B amplitude binning method was introduced to sort
all the blades acquired with golden-angle rotation under
free-breathing (Figure 3). First, the interval of each ampli-
tude bin was extended (e.g., producing 10%–20% overlap-
ping between two adjacent bins) to sort all the blades into
different bins (Figure 3A). In addition, a single blade could

 15222594, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29802 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



WANG et al. 2459

F I G U R E 3 Flowchart of K-B amplitude binning and the conventional PROPELLER-EPI reconstruction for the proposed
4D-DW-PROPELLER-EPI technique. (A) All blades acquired with golden-angle rotation and same diffusion direction were sorted into
different bins according to the extended interval of each amplitude bin. (B) For each slice location, an initial blade was selected from the
binned data to start the search of the adjacent blade either in the clockwise or count-clockwise direction until reaching the target NB for a
180◦ circular k-space coverage or no available blades fulfilling the predefined angular difference between any pair of two adjacent blades (i.e.,
+/−10% of desired rotation angle). For the rest of the blades without being selected, one of them was selected as an initial blade for starting
another search cycle again with the use of all blades in the same bin. The blade selection process was repeated until all blades in the same bin
were selected for at least one combination. (C) The combination of blades with the highest NB and Kunif was selected to produce the image
for the corresponding bin by using conventional PROPELLER-EPI reconstruction. (D) A series of conventional PROPELLER-EPI
reconstruction steps were performed to produce the final 4D-DWI images, which consist of spatial registration, phase correction, re-gridding
reconstruction, off-resonance effects reduction, density compensation, and Fourier transformation. Only the data in one diffusion direction
were demonstrated for simplification.

be associated with two different bins when it fell into the
overlapping interval, therefore increasing the number of
blades sorted into each bin. Second, for each slice loca-
tion of the binned data, an initial blade was selected to
start searching the adjacent blade in either a clockwise
or counter-clockwise direction. Two criteria were used to
maximize the k-space uniformity by selecting the optimal
combination of blades for PROPELLER-EPI reconstruc-
tion (Figure 3B): (1) the target desired NB was determined
for a 180◦ circular k-space coverage with specified blade
size; and (2) the angular differences between any pair of
two adjacent blades were as close as possible to the desired
rotation angle (i.e., 180◦/NB) with a pre-defined tolerance
for the angular difference (e.g., +/−10% of the desired
rotation angle). The blade selection process stopped when

reaching the target NB or no available blades fulfilling the
second criterion. Then, for the rest of the blades without
being selected, one of them was selected as an initial blade
for starting another searching cycle with all blades in the
same bin. The blade selection process was repeated until
all blades in the same bin were selected for at least one
combination. Finally, the NB and Kunif were respectively
recorded and calculated (Figure 3C), and the combination
of blades with the highest NB and Kunif was selected to
produce the image for the corresponding bin by using con-
ventional PROPELLER-EPI reconstruction41 (Figure 3D).
For all simulated and acquired data, only the reconstruc-
tion of six bins was performed for a fair comparison with
the 4D-DW-ss-EPI technique which was originally demon-
strated with six bins.
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2.5 Simulation experiments

A 4D Digital Extended Cardiac-Torso (XCAT) phan-
tom42 was used to evaluate the performance of
4D-DW-PROPELLER-EPI associated with Nr and Fs (i.e.,
1/TR). For performing statistical analysis, each simula-
tion was repeatedly performed 100 times with random
variations of the respiratory period (3.33–5 s)43 and chest
motion (±5.5–7.1 mm along anteroposterior direction).44

2.5.1 Generation of simulated 4D dataset

The simulation parameters for the XCAT phantom, coil
sensitivity map, PROPELLER-EPI blade, and data bin-
ning were summarized in Supplementary Table S1. First,
a total of 1360 individual 4D datasets with 200 dynam-
ics in one respiratory cycle were generated with differ-
ent combinations of 68 varying respiratory periods and
20 varying maximum chest wall motions. Afterwards,
all 4D datasets were randomly concatenated to pro-
duce a single 4D dataset with varying respiratory cycles,
and the corresponding synchronized respiratory signals
were also produced accordingly. Then, a set of simulated
eight-channel coil sensitivity maps with varying SNR in
each channel was used for producing a multi-coil 4D
dataset.

2.5.2 Simulation of data sampling
with different Nr and Fs

Different Nr and Fs were tested for investigating the
performance of 4D-DW-PROPELLER-EPI. By consider-
ing (1) at least 20 acquisition repetitions needed for six
bins in 4D-MRI40 and (2) 12 blades needed for the 180◦
k-space coverage, the required Nr was estimated to be 240
(20× 12) for sufficient data sampling at eight different Fs
(i.e., TR= 1500, 2000, 2500, 3000, 3500, 4000, 4500, and
5000 ms). For each Fs, the 3D volume data were picked
from the simulated multi-coil 4D dataset accordingly, and
then sampled in k-space with PROPELLER-EPI blades
using golden-angle rotation (i.e., the total number of
blades=Nr). In addition, the T∗2 relaxation time of 20 ms45

was applied to simulate the T∗2 signal decay effect along
phase encoding during EPI readout with an ESP of 0.8 ms.
Finally, all 3D volumetric blades were used to form a
simulated raw dataset acquired at a specified Fs for the pro-
posed 4D-DW-PROPELLER-EPI. In addition, to compare
the performances between linear-angle and golden-angle
multi-blade acquisitions for 4D-DW-PROPELLER-EPI,
another simulated multi-blade dataset with 15-degree
rotation at Fs of 1/(2000 ms) (i.e., TR= 2000 ms) was

generated with other parameters identical to the simula-
tion for golden-angle multi-blade acquisition.

2.5.3 Simulation of data binning
and reconstruction

All blades of each simulated raw dataset with golden-angle
rotation were sorted using either conventional ampli-
tude binning or K-B amplitude binning to generate the
motion-resolved 4D-DW-PROPELLER-EPI data with six
bins for each slice location (Supplementary Table S1).
For the proposed K-B amplitude binning, the desired
NB was 18 for a 180◦ circular k-space coverage and the
pre-defined angular difference between any two adja-
cent blades was 10◦. For both conventional and K-B
amplitude binning methods, the blades of each bin for
each slice location were reconstructed with conventional
PROPELLER-EPI reconstruction to produce two sets of
final 4D motion-resolved images with six bins. The simu-
lated multi-blades generated with 15-degree rotation were
sorted into six bins by using K-B amplitude binning only,
and then reconstructed to the six-bin 4D images with the
same procedure.

2.5.4 Data analysis of simulation
experiments

All the analyses were performed by using MAT-
LAB (version R2021a). To evaluate the effect of Nr
and Fs on the data adequacy (i.e., image quality) of
4D-DW-PROPELLER-EPI for two different binning meth-
ods, 4D Cpb and 4D Cpk were calculated for each Fs
at 12 different numbers of Nr (i.e., varying from 20 to
240 with an increment of 20) with the desired NB of 18
and Kunif of 0.8 (i.e., > 80% Kunif for 180◦ k-space cover-
age). In addition, the medians of 4D Cpb and 4D Cpk at
each Nr were measured from 100 repeated simulations
to plot the completeness curves (i.e., ranging from 0 to
100%). The data adequacy was qualified when 4D Cpb
and 4D Cpk achieved 95%, and the minimal requirement
for Nr (defined as Nr,min) could also be determined. The
structural similarity index measure (SSIM) was used to
quantitatively compare the 4D images reconstructed with
two different binning methods. Pearson correlation test
was used to test the consistency of the tendency for com-
pleteness. Two-sample paired t-test was used to test the
significant differences between the completeness curves.
Furthermore, to compare the effect of different rotation
angles on the data adequacy of 4D-DW-PROPELLER-EPI,
similar data analysis (i.e., calculations of 4D Cpb, 4D
Cpk, and SSIM) was also performed on the 100 repeated
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WANG et al. 2461

simulations of linear-angle multi-blade acquisition (i.e.,
15-degree rotation) at Fs of 1/(2000 ms).

2.6 In vivo experiments

2.6.1 Data acquisition

This study was approved by the local Institutional Review
Board. Two sets of abdominal 4D-DWI data were acquired
from two healthy volunteers with b-values of 0 s/mm2 and
500 s/mm2 at three orthogonal diffusion directions using a
1.5T MRI scanner (HDxt, GE Healthcare, Waukesha, WI)
and a 12-channel phase-array body coil. First, The origi-
nally proposed 4D-DW-ss-EPI data were acquired with the
scan parameters as follows: TR= 6700 ms, TE= 61.2 ms,
FOV= 380× 380 mm2, matrix size= 128× 128, slice
thickness= 8.00 mm, number of slices= 20, number of
repeated acquisition (Nr)= 20 for each diffusion direc-
tion, total acquisition time= 480 s. Second, the proposed
4D-DW-PROPELLER-EPI data with two different TRs
was acquired with the scan parameters as follows:
TR= 2000/3000 ms, TE= 60 ms, FOV= 380× 380 mm2,
blade size= 128× 32, rotation angle= 111.25◦, slice thick-
ness= 8.00 mm, number of slices= 14/20, number of
multi-blades (Nr)= 90 for each diffusion direction, total
acquisition time= 720/1080 s. During the acquisition of
both datasets, a respiratory belt transducer with a sampling
rate of 25 Hz was wrapped around the volunteer’s upper
abdomen to simultaneously record the respiratory signal.
In addition, for the comparison of geometric fidelity, the
20s-breath-held T2-weighted fast spin-echo (T2W-FSE)
images were acquired with TR/TE of 2250/85 ms, matrix
size of 256× 256, echo-train length= 16, and other
geometric parameters identical to 4D-DWI acquisitions.

2.6.2 Data binning and reconstruction

For 4D-DW-ss-EPI, images acquired for each diffusion
direction at each slice location were sorted into six bins
using conventional amplitude binning, and the images of
each bin for each slice location were averaged to gen-
erate 4D-DWI images. For 4D-DW-PROPELLER-EPI, the
multi-blade data acquired for each diffusion direction
at each slice location were sorted into six bins using
either conventional amplitude binning or K-B amplitude
binning (with desired NB = 18 for 180◦ circular k-space
coverage). Subsequently, the sorted blades of each bin
for each slice location were reconstructed with conven-
tional PROPELLER-EPI reconstruction to generate the
motion-resolved 4D-DWI image with six bins. Before
data binning, the amplitudes of respiratory signals were

normalized to a range between 0 and 1 corresponding
to the largest chest wall motions during expiration and
inspiration. Thus, six amplitude intervals were set without
overlapping as 0 to 0.22, 0.22 to 0.39, 0.39 to 0.61, 0.61 to
0.72, 0.72 to 0.83, and 0.83 to 1 for conventional amplitude
binning, and with overlapping as 0 to 0.28, 0.17 to 0.39,
0.33 to 0.61, 0.44 to 0.72, 0.67 to 0.83, and 0.78 to 1 for K-B
amplitude binning.

2.6.3 Data analysis

All the analyses were performed by using MATLAB (ver-
sion R2021a). Motion-resolved 4D-DWI images produced
from either 4D-DW-ss-EPI or 4D-DW-PROPELLER-EPI
were compared by visual assessment and SSIM evaluation.
In addition, 4D Cpb and 4D Cpk were calculated with the
desired NB and Kunif for evaluating the performance of
4D-DW-PROPELLER-EPI.

3 RESULTS

3.1 Simulation experiments

Figure 4 shows the completeness curves of 4D Cpb and
4D Cpk measured from the 100 repeatedly simulated
data using either K-B amplitude binning (first rows of
Figure 4A,B) or conventional amplitude binning (second
rows of Figure 4A,B) under three different Fs (TRs of 2000,
3000, and 4000 ms). All the completeness curves under
eight different Fs (TRs ranging from 2000 to 5000 ms) were
shown in Supplementary Figures S1 and S2. It demon-
strates that the completeness of 4D Cpb and 4D Cpk
depends on Nr in a sigmoidal pattern for both K-B ampli-
tude binning and conventional amplitude binning. For K-B
amplitude binning with the data sampled under different
Fs, all the 4D Cpb and 4D Cpk could achieve 95% complete-
ness from Nr ≥ 90 (first rows of Figure 4A,B). However,
the conventional amplitude binning required Nr of 240
for achieving 95% completeness for both 4D Cpb and 4D
Cpk (second rows of Figure 4A,B), suggesting that the pro-
posed K-B amplitude binning can improve the acquisition
efficiency for 4D-DW-PROPELLER-EPI with Nr,min of 90
(i.e., total number of multi-blades= 90 for each diffusion
direction). Pearson correlation analysis shows the com-
pleteness curves of 4D Cpb and 4D Cpk at different Fs
were strongly correlated to each other for the two different
binning methods (p< 0.001, all).

Furthermore, the two-sample paired t-test demon-
strates no significant differences between 4D Cpb curves
at different Fs (0.062< p< 0.065, all) for K-B ampli-
tude binning (59.75<M< 65.53, 40.82< SD< 44.22)
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2462 WANG et al.

F I G U R E 4 Simulation result of (A) 4D Cpb curves and (B) 4D Cpk curves measured from 100 repeatedly simulated
4D-DW-PROPELLER-EPI data using either K-B or conventional amplitude binning at varying Fs. It demonstrates that the completeness of
4D Cpb depends on Nr in a sigmoidal pattern for both K-B amplitude binning and conventional amplitude binning. All the 4D Cpb and 4D
Cpk curves could achieve 95% from Nr of 90 for K-B amplitude binning, whereas from Nr of more than 240 for conventional amplitude
binning. This simulation result suggests that the acquisition efficiency could be substantially improved by using K-B amplitude binning for
the proposed 4D-DW-PROPELLER-EPI (90 vs 240 for the total number of multi-blades needed for the reconstruction of six bins).

and conventional amplitude binning (67.01<M< 68.12,
33.30< SD< 34.75). Similarly, no significant differences
between 4D Cpk curves at different Fs (0.058< p< 0.072,
all) for K-B amplitude binning (58.94<M< 67.29,
34.55< SD< 41.76) and conventional amplitude binning
(57.38<M< 66.56, 30.96< SD< 32.48).

Figure 5 shows the simulation result of
the six-bin 4D-DWI images reconstructed from
4D-DW-PROPELLER-EPI (Nr = 240 and Fs = 1/2000 ms)
using K-B amplitude binning and conventional amplitude
binning, respectively. Compared with the ground truth
data (i.e., first row of Figure 5), the images resulting from
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WANG et al. 2463

F I G U R E 5 Simulation result of the six-bin 4D-DWI images reconstructed from 4D-DW-PROPELLER-EPI (simulated data acquisition
with Nr = 240 and Fs = 1/2000 ms) using either K-B amplitude binning (second row) or conventional amplitude binning (third row), with the
comparison to ground truth images generated from XCAT digital phantom (first row). The zoomed regions demonstrate that the images
resulting from K-B amplitude binning show less streaking and blurring artifacts than those from conventional amplitude binning. Note that
the blurring of reconstruction images was caused by the simulation of T∗2 windowing effect existing in the data acquisition of each blade.

K-B amplitude binning show less streaking and blurring
artifacts than those from conventional amplitude binning
(i.e., the zoomed regions in Figure 5). Also, the images
resulting from K-B amplitude binning show slightly higher
similarities and lower variations of similarities to the gold
standard (SSIM: 0.83± 0.363) than those from conven-
tional amplitude binning (SSIM: 0.82± 0.456). Note that
the blurring of reconstructed images was caused by the
simulation of T∗2 decay windowing effect existing in the
data acquisition of each blade.

Figure 6 shows the simulation result for comparing
the performance of 4D-DW-PROPELLER-EPI at Fs of
1/(2000 ms) between the uses of golden-angle rotation and
15-degree rotation. Figure 6A shows the 4D Cpb curves
and the 4D Cpk values measured from the 100 repeat-
edly simulated multi-blade data with either golden-angle
rotation or 15-degree rotation at Nr of 90. It demon-
strates that the 4D Cpb could achieve 95% completeness
from Nr ≥ 90 for both golden-angle and linear-angle rota-
tions. However, the 4D Cpk value for the multi-blade
data with 15-degree rotation was significantly lower than
that with golden-angle rotation (p< 0.05), suggesting that
the acquisition of multi-blades with linear-angle rota-
tion may lead to poor k-space sampling uniformity after

the data binning for 4D-DW-PROPELLER-EPI. Figure 6B
shows that the six-bin 4D-DWI images reconstructed
from the multi-blades with the 15-degree rotation had
more blurring and streaking artifacts than those with the
golden-angle rotation (pointed by the yellow arrows in
Figure 6).

3.2 In vivo experiments

Figure 7 compares the images reconstructed from
T2W-FSE, 4D-DW-PROPELLER-EPI with K-B ampli-
tude binning (at TR of 2000 ms), and originally proposed
4D-DW-ss-EPI. A contour of the liver was drawn on
T2W-FSE and then pasted on the other two images
for assessing the geometric fidelity. Results show that
4D-DW-PROPELLER-EPI with K-B amplitude bin-
ning can achieve superior geometric fidelity over
4D-DW-ss-EPI, which has prominent geometric distortion
(arrows in the right panel of Figure 7).

Figure 8 shows the in vivo results of two sets of
six-bin 4D-DWI images produced from the proposed
4D-DW-PROPELLER-EPI (Nr = 90 for each diffusion
direction) with K-B amplitude binning at TR of 2000 ms

 15222594, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29802 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2464 WANG et al.

F I G U R E 6 Simulation result for comparing the performance of 4D-DW-PROPELLER-EPI at Fs of 1/(2000 ms) between the uses of
golden-angle rotation and 15-degree rotation. (A) Completeness curves of 4D Cpb and values of 4D Cpk measured from the 100 repeatedly
simulated multi-blade data with either golden-angle rotation or 15-degree rotation at Nr of 90. The 4D Cpb could achieve 95% completeness
from Nr ≥ 90 for both golden-angle and linear-angle rotations. (B) The six-bin 4D-DWI images reconstructed from multi-blades with the
15-degree rotation show more blurring and streaking artifacts than those with the golden-angle rotation angle (pointed by yellow arrows).

F I G U R E 7 Comparison of in vivo abdominal images reconstructed from T2W-FSE, 4D-DW-PROPELLER-EPI with K-B amplitude
binning, and 4D-DW-ss-EPI. By observing the liver contour drawn on T2W-FSE image, it shows that 4D-DW-PROPELLER-EPI can produce
distortion-free 4D-DWI images. Yellow arrows in the right picture point to the geometric distortions present in the liver and spleen for the
4D-DWI images produced from 4D-DW-ss-EPI.
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WANG et al. 2465

F I G U R E 8 The in vivo results of two sets of the six-bin 4D-DWI images produced from proposed 4D-DW-PROPELLER-EPI (Nr = 90 for
each diffusion direction) with K-B amplitude binning at TR of (A) 2000 ms and (B) 3000 ms for two different subjects, and the corresponding
reformatted 4D-DWI images in coronal and sagittal planes. Although both Fs could achieve high-quality 4D-DWI images, the higher Fs (i.e.,
shorter TR) led to more limited volume coverage along slice direction.

(Figure 8A) and 3000 ms (Figure 8B) for two different sub-
jects, and the corresponding reformatted 4D-DWI images
in coronal and sagittal planes. Although both Fs could
achieve high-quality 4D-DWI images, the higher Fs (i.e.,
shorter TR) led to more limited volume coverage along
slice direction.

Figure 9 compares the representative 4D-DWI
images produced by 4D-DW-ss-EPI and 4D-DW-
PROPELLER-EPI at TR of 2000 ms (Figure 9A) and
3000 ms (Figure 9B). Either conventional amplitude bin-
ning or K-B amplitude binning was used to sort the
multi-blade data of 4D-DW-PROPELLER-EPI, and all the
4D-DWI images produced by 4D-DW-PROPELLER-EPI
(second and third rows of Figure 9A,B) show superior
geometric fidelity and image quality to 4D-DW-ss-EPI
(first rows of Figure 9A,B). In addition, the 4D-DWI
images produced by 4D-DW-PROPELLER-EPI with K-B
amplitude binning (second rows of Figure 9A,B; zoomed
regions) had less streaking artifacts than those with con-
ventional amplitude binning (third rows of Figure 9A,B;
zoomed regions), suggesting that K-B amplitude binning

can achieve marginal to moderate improvement on the
performance of 4D-DW-PROPELLER-EPI. The recon-
struction of a whole set of 4D-DW-PROPELLER-EPI data
required 27.6 min for a slice location of 14 and 39.5 min
for a slice location of 20, using a PC equipped with 64-bit
Windows 11, a 3.20 GHz Intel Core i9-12900KF processor,
and 4 GB of memory.

Figure 10 shows the resulted NB and measured
Kunif after the binning of multi-blades acquired with
4D-DW-PROPELLER-EPI (at TR of 2000 ms) using either
K-B amplitude binning or conventional amplitude bin-
ning. Different colored boxplots represent different diffu-
sion directions, and each boxplot shows the resulted NB
and measured Kunif from all slice locations in the same bin.
A total of 96.4% of the NB resulting from K-B amplitude
binning was equal to 18, whereas those from conventional
amplitude binning were distributed from 4 to 30. In addi-
tion, 95.2% of the measured Kunif were greater than 0.8 for
K-B amplitude binning, whereas those from conventional
amplitude binning were from 0.61 to 0.84. Therefore,
the 4D Cpb of K-B amplitude binning and conventional
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2466 WANG et al.

F I G U R E 9 In vivo result of the representative axial six-bin 4D-DWI images produced by 4D-DW-ss-EPI with conventional amplitude
binning (first row), and 4D-DW-PROPELLER-EPI with either conventional amplitude binning (second row) or K-B amplitude binning (third
row) at TR of (A) 2000 ms and (B) 3000 ms. All the 4D-DWI images produced by 4D-DW-PROPELLER-EPI show superior geometric fidelity
and image quality to 4D-DW-ss-EPI. The 4D-DWI images produced by 4D-DW-PROPELLER-EPI with K-B amplitude binning (second rows of
A and B; zoomed regions) had less streaking artifacts than those with conventional amplitude binning (third rows of A and B; zoomed regions),
suggesting that K-B amplitude binning can achieve marginal to moderate improvement on the performance of 4D-DW-PROPELLER-EPI.
The reconstruction of a whole set of 4D-DW-PROPELLER-EPI data required 27.6 min for a slice location of 14 and 39.5 min for a slice
location of 20, using a PC equipped with 64-bit Windows 11, a 3.20 GHz Intel Core i9-12900KF processor, and 4 GB of memory.
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WANG et al. 2467

F I G U R E 10 In vivo results of (A) NB and (B) Kunif measured after the binning of multi-blades acquired with proposed
4D-DW-PROPELLER-EPI using either K-B amplitude binning (left column) or conventional amplitude binning (right column) at TR of
2000 ms. Different colored boxplots represent different diffusion directions, and each boxplot shows the resulted NB and measured Kunif from
all slice locations in the same bin. (A) A total of 96.4% of the NB resulting from K-B amplitude binning was equal to 18, whereas those from
conventional amplitude binning were distributed from 4 to 30. (B) A total of 95.2% of the measured Kunif were greater than 0.8 for K-B
amplitude binning, whereas those for conventional amplitude binning were from 0.61 to 0.84. Those results suggest that the K-B amplitude
binning method is advantageous to the data reconstruction using PROPELLER-EPI for the proposed 4D-DW-PROPELLER-EPI.

amplitude binning were 96.4% and 54.3%, and the 4D Cpk
of K-B amplitude binning and conventional amplitude bin-
ning were 95.2% and 57.4%, respectively. Similar results
were also observed from the binned data acquired with
4D-DW-PROPELLER-EPI at TR of 3000 ms (Supplemen-
tary Figure S3).

4 DISCUSSION AND
CONCLUSIONS

For the IGRT, 4D-DW-ss-EPI has recently been proposed
to provide superior tumor-to-tissue contrast compared to
conventional 4D-MRI, thereby improving the treatment

 15222594, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29802 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [02/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2468 WANG et al.

planning.7 However, the routinely used DW-ss-EPI
technique can only provide limited image quality and
low geometric fidelity in imaging the abdomen. Because
IGRT treatment planning highly depends on the accurate
estimations of turmor volume and its location in relation
to other organs, the presence of geometric distortion in
4D-DW-ss-EPI may affect the accuracy of dose calculation
for the target volume and organs at risk.7 In this study,
the 4D-DW-PROPELLER-EPI was proposed to enable
motion-resolved abdominal 4D-DWI with better geo-
metric fidelity compared with 4D-DW-ss-EPI (Figures 7
and 9).

The DW-PROPELLER-EPI was originally devel-
oped for achieving distortion-free high-resolution brain
DWI,41 and also preliminarily tested for its feasibility
in free-breathing liver DWI with motion-compensation.
To enable motion-resolved abdominal 4D-DWI using
DW-PROPELLER-EPI with motion-compensation for the
reconstructed images of each bin, first, the golden-angle
rotation for multi-blade acquisition was adopted to
better introduce temporal incoherency between the sam-
pling of blades and respiratory cycles. The proposed
4D-DW-PROPELLER-EPI with golden-angle rotation can
improve the distribution of k-space blades associated
with different respiratory phases (i.e., respiratory bin),
as well as reduce the possible redundancy of k-space
blades caused by the use of linear-angle rotation (as
the lower k-space uniformity demonstrated in Figure 6
for the 15-degree multi-blade acquisition). Second, the
long-axis multi-blade acquisition was used to shorten the
ETL (i.e., less phase-encoding for the blade of long-axis
PROPELLER-EPI), thereby improving the sampling rate
Fs (i.e., the frame rate of repeated acquisition) compared
with 4D-DW-ss-EPI for same slice coverage (i.e., TRs of
3000 ms vs. 6700 ms). For a desired number of bins, the
improved Fs can ensure that the multi-blade data rela-
tively equally fall into each bin after data sorting according
to the surrogate respiratory signal.40,46 Third, the K-B
amplitude binning was developed to sort the multi-blades
into different bins that can optimize the subsequent image
reconstruction using conventional PROPELLER-EPI
reconstruction.

The use of K-B amplitude binning can search for the
best combination of blades from the same bin by simul-
taneously considering the number of blades (NB) and the
uniformity of k-space. Thus, the selection of blades from
the same bin can fulfill the requirement of subsequent
conventional PROPELLER-EPI reconstruction as much as
possible. In other words, sufficient NB and high Kunif of
the selected blades are necessary to produce high-quality
images for each bin at each slice location. In addition,
the variations in amplitude and period of the surrogate
respiratory signal may reduce the adequacy of blades in

each bin for the data sorting, and therefore the overlap-
ping between amplitude binning intervals was used to
increase the number of blades falling into each desired
bin. Although including more blades into one amplitude
bin may give rise to data inconsistency associated with
varying respiration, nevertheless, the intrinsic capacity of
motion reduction in PROPELLER-EPI reconstruction can
alleviate this problem.31

The simulation experiment with a digital XCAT phan-
tom was conducted to evaluate the feasibility and perfor-
mance of 4D-DW-PROPELLER-EPI with different acqui-
sition parameters (e.g., Nr and Fs). Also, the practical
respiratory condition was mimicked during the simula-
tion, such as the presence of varying respiratory periods
and chest wall motion during the data sampling. Simula-
tion results of 4D Cpb and 4D Cpk show that the depen-
dency of data adequacy on Nr (i.e., number of multi-blades
for each diffusion direction) is in agreement with pre-
vious 4D-MRI studies40 (Figure 4). To ensure sufficient
data for producing images with satisfactory quality, 4D
Cpb and 4D Cpk are required to be equal to or over 95%.
As shown in Figure 4, at a desired NB (i.e., 18 blades),
the Nr,min of 4D-DW-PROPELLER-EPI with K-B ampli-
tude binning is significantly lower than that with conven-
tional binning (Nr,min = 90 vs. 240), suggesting that K-B
amplitude binning can also improve the acquisition effi-
ciency for 4D-DW-PROPELLER-EPI. Therefore, Nr of 90
was set for the in vivo experiments in order to acquire
the data from healthy subjects at a reasonable time. In
addition, compared with conventional amplitude binning,
K-B amplitude binning can produce simulated and in vivo
4D-DWI images with less blurring and streaking artifacts
(Figures 5 and 9), owing to the better Kunif for binned data
(Figure 10B). Furthermore, the TRs of 2000 and 3000 ms
were tested for the proposed 4D-DW-PROPELLER-EPI
with a fixed Nr of 90 (for each diffusion direction),
verifying that the K-B amplitube binning can improve
the robustness in high-quality 4D-DW-PROPELLER-EPI
(Figures 8 and 9). In contrast, the use of conventional
amplitude binning for 4D-DW-PROPELLER-EPI can lead
to varying image quality, due to the variations of NB and
relatively low Kunif across different bins (Figure 10A).

Although only the reconstruction of six bins for the
proposed 4D-DW-PROPELLER-EPI with K-B amplitude
binning was demonstrated, any other number of recon-
structed bins can also be chosen from the typically desired
range for the 4D-MRI applications (i.e., 4–10 bins3). To
optimize the image reconstruction according to the desired
number of bins and the overlapping between amplitude
intervals, another simulation experiment is required to
estimate the Nr,min (i.e., the minimal requirement for
the total number of multi-blades) by evaluating the 4D
Cpb and 4D Cpk (i.e., both need to be >95%). Taking
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WANG et al. 2469

10 bins with 15% overlapping between amplitude intervals
as an example, the corresponding simulation result shows
that an Nr,min of 220 is required, therefore increasing the
total acquisition time compared with the reconstruction
of six bins (first column of Supplementary Figures S4A
and S4B). In addition, the overlapping between ampli-
tude intervals can be enlarged to reduce the total number
of multi-blades needed for the data binning (simulations
with 25%, 35%, and 45% overlappings between the ampli-
tude intervals are also shown in Supplementary Figure S4).
However, the reconstructed images of each bin may suf-
fer from imaging blurring because the extended amplitude
interval can introduce prominent variations of respiratory
motion among the blades sorted into the same bin. Fur-
ther study is needed to investigate the effect of extended
amplitude interval on reconstructed image quality for
4D-DW-PROPELLER-EPI with K-B amplitude binning.

There are several limitations to this study. First,
although DW-PROPELLER-EPI can produce high-quality
DWI images without geometric distortion, the differ-
ent off-resonance effects in each blade can cause blur-
ring in the final reconstructed images.30 Particularly
in abdominal imaging, performing proper shimming is
often required to reduce the off-resonance effects. Also,
incorporating off-resonance correction into the conven-
tional PROPELLER-EPI reconstruction may help further
improve the image quality of 4D-DW-PROPELLER-EPI.30

Second, despite superior geometric fidelity compared with
4D-DW-ssEPI, similar to other multi-shot EPI techniques,
the proposed 4D-DW-PROPELLER-EPI requires substan-
tially increased acquisition time (ranging from 12 to
18 min for covering 14 to 20 slices), which can hinder
its clinical adoption. Other alternative multi-shot PRO-
PELLER techniques based on gradient and spin echo,
such as X-PROP47 and Steer-PROP,48 can also achieve
high-quality and high-fidelity DWI with more reason-
able acquisition time. Therefore, they may also potentially
enable high-quality abdominal 4D-DWI for IGRT appli-
cation. Third, the quantitative measurement of ADC was
not evaluated for the proposed 4D-DW-PROPELLER-EPI.
Future investigation with a large cohort of healthy sub-
jects may be required for assessing the robustness of
4D-DW-PROPELLER-EPI in ADC measurement.

In conclusion, the simulation and preliminary
in vivo experiments demonstrate the feasibility of
4D-DW-PROPELLER-EPI for achieving high-quality
4D-DWI with high geometric fidelity, thereby potentially
benefiting IGRT treatment planning.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Table S1. The parameters of simulation experiments.
Figure S1. Simulation result of 4D Cpb curves measured
from 100 repeatedly simulated 4D-DW-PROPELLER-EPI
data for the reconstruction of six bins using either (A) K-B
amplitude binning or (B) conventional amplitude binning
at varying Fs.
Figure S2. Simulation result of 4D Cpk curves measured
from 100 repeatedly simulated 4D-DW-PROPELLER-EPI
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data for the reconstruction of six bins using either (A) K-B
amplitude binning or (B) conventional amplitude binning
at varying Fs.
Figure S3. In vivo results of (A) NB and (B) Kunif measured
after the binning of multi-blades acquired with proposed
4D-DW-PROPELLER-EPI using either K-B amplitude bin-
ning or conventional amplitude binning at TR of 3000 ms.
Figure S4. Simulation result of (A) 4D Cpb and (B)
4D Cpk curves measured from 100 repeatedly simulated
4D-DW-PROPELLER-EPI data for the reconstruction of 10
bins using K-B amplitude binning with 15%, 25%, 35%, and

45% overlapping between the amplitude intervals of two
adjacent bins.
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