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A fast volumetric 4D-MRI with sub-second frame rate for
abdominal motion monitoring and characterization in MRI-guided
radiotherapy
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Background: To propose a fast volumetric 4D-MRI based on 3D pulse sequence acquisition for abdominal
motion monitoring and characterization in MRI-guided radiotherapy (MRgRT).

Methods: A 3D spoiled gradient echo sequence volumetric interpolated breath-hold examination (VIBE)
[repetition time/echo time (TR/TE) =0.53/1.57 ms, flip-angle =5°, receiver bandwidth (RBW) =1,400 Hz/voxel]
based 4D-MRI acquisition, accelerated by 4-fold controlled aliasing in parallel imaging results in higher
acceleration (CAIPIRINHA), named CAIPIRINHA-VIBE 4D-MRI, was implemented on a 1.5T MRI
simulator (MR-sim) and applied for abdominal imaging of nine healthy volunteers under free breathing.
One hundred and forty-four dynamics of the entire abdomen volume (56 slices), in total 8,064 (144x56)
images with a voxel size of 2.7x2.7x4.0 mm’, were acquired in 89 s for 4D-MRI. This CAIPIRINHA-
VIBE 4D-MRI was qualitatively compared with a 2D half-Fourier acquisition single-shot turbo spin-
echo (2D-HASTE) based 4D-MRI. The motions of liver dome, kidney and spleen were analyzed using the
CAIPIRINHA-VIBE 4D-MRI data. The kidney motion was quantitatively characterized in terms of motion
range and the correlations between left and right kidneys.

Results: CAIPIRINHA-VIBE 4D-MRI was successfully conducted in all subjects. CAIPIRINHA-VIBE
4D-MRI exhibited much higher effective volumetric temporal resolution (0.615 vs. ~5 s/volume) and better
reconstructed volume consistency than 2D-HASTE 4D-MRI. CAIPIRINHA-VIBE 4D-MRI was able to
characterize the respiratory motion of abdominal organs simultaneously in three orthogonal directions, and
could potentially be used for whole abdomen deformable motion tracking. Renal motion range was most
pronounced in superior-inferior (SI) direction (L: 10.03£2.65 mm; R: 10.38+2.80 mm), significantly larger
(P<0.001) than that in anterior-posterior (AP) and the least in left-right (LR) directions. Right kidney had
significantly larger mobility (4.18+2.19 vs. 2.32+1.34 mm, P=0.045) than left kidney in AP, but not in LR
and SI directions. The Pearson correlation coefficients r between left and right kidney motion were 0.5063
(P=0.164), 0.6624 (P=0.052) and 0.5752 (P=0.105) in LR, AP and SI correspondingly. The correlation of
renal motion in SI and AP was found significant in right kidney (r=0.843, P=0.004) but not in left kidney
(r=0.467, P=0.205).

Conclusions: A fast volumetric 4D-MRI was implemented for abdominal motion monitoring in MRgRT.
A sub-second volumetric temporal resolution of 0.615 s, covering the entire abdomen, was demonstrated
for respiratory motion monitoring and characterization. This technique holds potentials for MRgRT

applications.
Keywords: Radiotherapy (RT); four-dimensional magnetic resonance imaging (4D-MRI); MRI-guided

radiotherapy (MRgRT); respiratory motion; motion monitoring

Submitted May 01, 2019. Accepted for publication Jun 27, 2019.
doi: 10.21037/qims.2019.06.23
View this article at: http://dx.doi.org/10.21037/qims.2019.06.23

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2019;9(7):1303-1314 | http://dx.doi.org/10.21037/qims.2019.06.23


https://crossmark.crossref.org/dialog/?doi=10.21037/qims.2019.06.23

1304

Introduction

Imaging-guided radiotherapy (IGRT) has dramatically
improved the accuracy of the radiation delivery in
radiotherapy with the reduced systematic and random
errors. Improved RT treatment outcomes by using IGRT
have been evidenced by many clinical trials (1,2). However,
on the other hand, the current IGRT techniques are still
far from optimal when they are applied for tumors in the
thorax and abdomen in the presence of respiratory motion,
which is often irregular in patients and could be up to
several centimeters in the superior-to-inferior (SI) direction
(3-6). The moving tumors and organs-at-risk (OARs) with
respiration are often poorly visualized on X-ray-based
images in IGRT, limited by the intrinsic low soft tissue
contrast of X-ray-based imaging. Meanwhile, the imaging
dose could be intensive if continuous real-time motion
monitoring is conducted using X-ray imaging. MRI-guided-
radiotherapy (MRgRT or MRIgRT) has been proposed
and is gaining more interests for better tumor motion
characterization and management, potentially further
improving the radiation delivery accuracy to the target and
reducing the toxicity to the OARs, by taking the advantages
of non-ionizing radiation nature of MRI as well as its
superior and versatile soft-tissue image contrasts (7-15).
4D-MRI (four dimensions are anatomy in 3D space plus
respiration in time), which is usually understood as the
respiratory-correlated or respiratory-cardiac-correlated
dynamic MRI in radiation oncology rather than the
time-resolved dynamic MRI in diagnostic radiology, is a
potentially powerful tool to characterize the respiratory-
induced motion of the tumors and OARs in treatment
planning, and to monitor the organ motion in real time and
guide radiation delivery during treatment (16-18).

In recent years, numerous 4D-MRI techniques have
been proposed in literatures for both treatment planning
and image guidance. In terms of image acquisition, current
4D-MRI techniques use 2D pulse sequences, either in
interleaved multi-slice or orthogonal cine acquisition
mode, much more frequently than 3D pulse sequences,
in particular if designed aiming for motion monitoring
or image guidance purpose (18-32). 2D pulse sequences
acquire images slice by slice, in either sequential or
interleaved ordering. The temporal resolution in terms
of slice frame rate (measured in second per slice) of 2D
acquisition could easily reach the level of <0.5 s/slice.
Meanwhile, the in-plane spatial resolution of 2D acquisition
is usually better than that of 3D acquisition, although
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its slice thickness could not be too thin, e.g., <2 mm.
Otherwise, slice profile and signal-to-noise ratio (SNR)
could be deteriorated. As such, the voxel size of 2D
acquisition is usually anisotropic and the through-plane
spatial resolution is lower than its in-plane resolution.
Furthermore, a variety of 2D pulse sequences are clinically
available to obtain different MR image contrasts, also
explaining the popularity of 2D acquisition for 4D-MRIL
However, on the other hand, 2D acquisition for 4D-MRI
is associated with some intrinsic problems due to it slice-
by-slice acquisition procedure. For treatment planning,
despite of the fast slice frame rate of 2D acquisition, its
temporal resolution in terms of volume frame rate (measured
in second per volume) is much lower (usually in tens of
seconds, depending on slice numbers in the volume, slice
temporal resolution as well as slice acquisition ordering)
than the respiratory rate (with a normal respiration cycle of
3-5's). As such, the slices in the imaged volume are acquired
at the different respiratory phases in different respiratory
cycles. When the slices are sorted for each respiratory phase
and reconstructed in 3D views, the anatomies could suffer
severely from the problem of structure discontinuity, such
as structure missing, stitching edge, and/or overlapping
slices, in particular for the situations of poor breath control
and irregular respiration pattern in patients, although
numerous dedicated algorithms have been proposed for
4D-MRI respiratory-phase sorting and reconstruction
(20,21,23,28,29,31). For treatment guidance purpose,
volumetric motion monitoring in real-time is technically
impractical by using 2D pulse sequences, so cine acquisition
of a few number of representative slices (e.g., 1-3 slices)
in a single view (usually sagittal or coronal) or orthogonal
views (axial-sagittal, axial-coronal, etc.) is usually conducted
(7,19). Consequently, only the motion in the sub-volume
of interest could be monitored, but it might not faithfully
represent the ground truth motion of the entire volume,
and thus compromises radiation delivery accuracy.
4D-MRI acquisition using 3D pulse sequences
theoretically has some advantages over using 2D pulse
sequences. First, it is easier to obtain isotropic voxel size
and spatial resolution. Second, 3D pulse sequences acquire
the MRI data on the basis of continues volume instead
of slice-by-slice, alleviating some technical difficulties of
respiratory-phase sorting in 2D acquisition and avoiding
volume discontinuity. Third, non-Cartesian acquisition
trajectory could be better designed and utilized in 3D pulse
sequences, making them less sensitive to respiratory and
thus reducing motion artifacts. A number of dedicated 3D
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Figure 1 The illustration of a volunteer setup with arms-up that is

immobilized with the personalized vacuum cushion in this study.

acquisition techniques have been proposed for 4D-MRI
and excellent image quality has been achieved for treatment
planning purpose (32-38). Lastly, the geometric fidelity
of 3D acquisition is better than that of 2D acquisition, in
particular in the through-plane direction, which is critically
demanded for RT applications (39). However, in practice,
3D acquisition is rarely proposed and used for motion
monitoring during the treatment. One most important
reason is that 3D acquisition is thought to be too slow (in
the order of tens of seconds) to capture the respiratory
motion. Also because of the much lower acquisition speed
than the respiratory rate, MRI images acquired under free
breathing using 3D pulse sequences for real-time motion
monitoring, in which scenario no respiratory gating or
navigating is allowable, could exhibit pronounced motion
artifacts and thus affect tracking accuracy.

Thus, in this study, we prompt to propose and develop
a fast 4D-MRI based on 3D pulse sequence acquisition
to achieve sub-second volumetric frame rate (VFR),
particularly aiming for whole abdominal motion monitoring
and characterization in MRgRT applications.

Methods

A total of nine healthy volunteers (aged 34.33+5.77 years),
were prospectively recruited for this ethics approved study.
Informed consent was obtained from each subject.

Scan setup and MRI acquisition

All MR scans were conducted with a 1.5-Tesla MRI-simulator
(MAGNETOM Aera, Siemens Healthineers, Erlangen,
Germany) on which the patient table was overlaid with a flat
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RT-indexed coach-top (Diacor, Salt Lake City, Utah, USA).
Subjects were immobilized with arms-up on a personalized
vacuum cushion overlaid on the flat couch top using the
lock bars. Subjects were aligned with a well-calibrated 3D
positioning laser (DORADOnova MR3T, LAP GmbH
Laser Applikationen, Luneburg, Germany). An 18-channel
body matrix coil was placed anterior to the subject as close as
possible but without touching using two-coil bridges (Orfit
Industries, Belgium). The embedded spine coil on the patient
couch was also enabled for image acquisition. A typical
volunteer setup is illustrated in Figure 1.

A 3D spoiled gradient-echo pulse sequence, volumetric
interpolated breath-hold examination (VIBE) on Siemens
MRI, was chosen for acquisition (40,41). Transversal
MRI acquisition was adopted to comply with the 4D-CT
commonly used in RT, and also to reduce the effect of
faster cardiac motion than the respiratory motion on the
introduction of motion artifacts in 4D-MRI images. To
achieve the aiming sub-second VFR, a couple of approaches
were applied for acceleration. Controlled aliasing in parallel
imaging results in higher acceleration (CAIPIRINHA)
(42,43) with an acceleration factor of 4 was applied. A very
short repetition time (TR) of 1.57 ms was achieved by using
wide receiver bandwidth (RBW), maximal gradient slew-rate
and asymmetric echo. This imaging protocol [transversal,
field of view (FOV) =350 (FE, frequency encoding) x262.5
(PE, phase encoding) x224 (SE, slice encoding) mm, FE
in left-right (LR) direction, slices =56, slice thickness
=4 mm, matrix size =128x128x56, echo time (TE)/TR
=0.53/1.57 ms, flip-angle =5°, RBW =1,400 Hz/voxel,
CAIPIRINHA factor =4, partial Fourier factor =6/8,
partial echo factor =6/8] resulted in a temporal resolution
of 615 ms per volume (56 slices), i.e., 1.63 fps (frames-per-
second) and a reconstructed voxel size of 2.7x2.7x4.0 mm’.
3D geometric correction was enabled on console for
acquisition. This 4D-MRI protocol, named CAIPIRINHA-
VIBE 4D-MRI hereafter, was applied for abdominal
imaging of 9 healthy volunteers under free breathing. One
hundred and forty-four dynamics of the volume, in total
8,064 (144x56) images, were acquired in 89 s. During free-
breathing acquisition, respiratory profile was recorded using
a pressure transducer bellow with a temporal resolution of
50 ms. The time stamp of each data point in the recorded
respiratory profile was also logged.

A 2D pulse sequence, i.e., half-Fourier acquisition single-
shot turbo spin-echo (HASTE), based 4D-MRI acquisition,
which was used in another 4D-MRI study in our center,
was also conducted for the qualitative comparison of image
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quality with 3D acquisition. This 2D acquisition also
covered the abdomen, and was conducted in the coronal
view to obtain high volumetric temporal resolution. The
imaging parameters were: coronal, FOV =384x384 mm,
interleaved slice acquisition, FE in superior-inferior (SI)
direction, slices =30, echo train length (ETL) =55, slice
thickness =6 mm, slice gap =0, matrix size =192x192, TE/
TR =44/165 ms, flip-angle =90°, refocusing-angle =110°,
RBW =1,000 Hz/voxel, generalized autocalibrating partially
parallel acquisitions (GRAPPA) factor =3, voxel size =
2x2x6 mm), which yielded a slice temporal resolution of
0.165 s/slice and an effective volume temporal resolution
of ~5 s/volume (0.165 s x30 =4.95 s). Due to its 2D
interleaved slice acquisition nature, only 2D geometric
correction was enabled on console for acquisition.

Data analysis

All acquired MR data were exported as DICOM images
and processed off-line using 3D Slicer version 4.5.0 (http://
www.slicer.org) (44). The time stamp of each DICOM
image in the 4D-MRI data was registered to the closest
time stamp of the logged respiratory profile.

The motions of liver dome, kidney and spleen were
analyzed using the CAIPIRINHA-VIBE 4D-MRI data.
Each anatomy was manually masked on the MRI data of
the first time frame (i.e., the first dynamics) as reference.
The anatomies in the following time frames were rigidly
registered to those of the reference. The transformation
matrix was recorded to calculate the displacement of
each anatomy relative to the reference with time in three
orthogonal directions, i.e., SI, anterior-posterior (AP)
and LR directions. We also conducted B-spline based
deformable registration in the whole abdomen using the
4D-MRI data to illustrate the feasibility of generation of
3D deformable vector field (DVF) map associated with
respiratory motion.

For illustration purpose, kidney motion was
quantitatively characterized in terms of its motion range in
three orthogonal directions. Motion characteristics of the
left (L) and right (R) kidney were compared using #-test.
Correlations between two kidney motions were analyzed
using Pearson correlation. A P value of 0.05 or smaller was
considered statistically significant.

Results

The CAIPIRINHA-VIBE 4D-MRI was successfully
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conducted in all nine healthy volunteers.

The reformatted CAIPIRINHA-VIBE 4D-MRI images
of a volunteer were illustrated and compared to the 2D
HASTE 4D-MRI in the same volunteer in Figure 2. Even
at a relatively fast respiratory cycle of 3.4+0.4 s (mean *
Std.) of this volunteer, the respiration induced blurring
was observable but minor at the liver dome in SI direction
in sagittal and coronal views (Figure 2). There was no
observable ghosting artifact in the CAIPIRINHA-VIBE
4D-MRI images. Meanwhile, the faster cardiac motion
did not induce artifacts in the transversal abdomen images.
In contrast, HASTE 4D-MRI images had better spatial
resolution in the coronal view due to the smaller in-plane voxel
size (2.0x2.0 vs. 2.7x2.7 mm’), but exhibited obvious stitching
artifacts on the reformatted sagittal and transversal images due
to its much slower effective VFR (~5 vs. ~0.6 s/volume) and
the interleaved slice acquisition order.

Figure 3 illustrates the translational displacements of
liver dome, kidney and spleen relative to the first-time
frame (in mm) in three orthogonal directions in a volunteer
with a relatively fast respiratory cycle of 3.4x£0.4 s, along
with the logged respiratory curve (in arbitrary unit). The
respiratory motion ranges of liver dome, kidneys and spleen
in the three orthogonal directions were illustrated in Zable 1.
The 3D DVF map of the whole abdomen (frame 2 relative
to frame 1) in the same subject were shown in Figure 4,
illustrating the potential technical possibility of voxel-wise
whole abdomen motion tracking for the treatment guidance
in MRgRT.

Renal motion was characterized and denoted in Table 2.
Substantial inter-subject and inter-respiratory-cycle
variations were observed in kidney motion. For both
kidneys, translational motion range was most pronounced
in SI (L: 10.03£2.65 mm; R: 10.38+2.80 mm), significantly
larger (P<0.001) than that in AP and the least in LR.
Right kidney had significantly larger mobility (4.18+2.19
vs. 2.32+1.34 mm, P=0.045) than left kidney in AP, but
not in LR and SI. The Pearson correlation coefficients r
between left and right kidney motion were 0.5063 (P=0.164),
0.6624 (P=0.052) and 0.5752 (P=0.105) in LR, AP and
SI correspondingly, all insignificant but strongest in AP.
The correlation of renal motion in SI and AP was found
significant in right kidney (r=0.843, P=0.004) but not in left
kidney (r=0.467, P=0.205).

Discussion

We proposed a CAIPIRINHA-VIBE 4D-MRI with a fast
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Figure 2 The reformatted CAIPIRINHA-VIBE 4D-MRI images (upper row) of a volunteer in comparison with the 2D-HASTE 4D-MRI

images (lower row) in the same volunteer. CAIPIRINHA, controlled aliasing in parallel imaging results in higher acceleration; VIBE,

volumetric interpolated breath-hold examination; HASTE, half-Fourier acquisition single-shot turbo spin-echo.

volumetric temporal resolution for MRgRT applications.
A VER of 1.63 fps was illustrated, potentially enabling of
whole abdomen motion monitoring and characterization in
MRgRT.

This 3D acquisition based CAIPIRINHA-VIBE
4D-MRI has some advantages over the conventionally used
2D acquisition based 4D-MRI in the literature. In addition
to the theoretical advantages mentioned in the introduction
section, a major advantage of CAIPIRINHA-VIBE 4D-MRI
is its much faster VFR than the normal 2D acquisition,
such as the 2D-HASTE 4D-MRI as used in this study for
comparison. Assuming the normal respiratory cycle of 3-5 s,
5 to 8 frames of the whole abdomen data could be acquired
within a single respiratory cycle by the CAIPIRINHA-VIBE
4D-MRI. As comparison, for the 2D-HASTE 4D-MRI,
which is considered very fast in terms of its short TR and
slice temporal resolution (165 ms) for 2D sequences, only
0.6-1 frame of the abdomen could be obtained within
a single respiratory cycle due to its effective volumetric
temporal resolution of ~5 s/volume. With the increase of
slice numbers, the volumetric temporal resolution of 2D
acquisition is inverse-proportionally decreased. As such,
the slices in the entire abdomen volume might be acquired
at the different respiratory phases in different respiratory

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

cycles. Taking account of inter-respiratory-cycle variability,
the reconstructed abdomen volume suffers from volume
inconsistency and discontinuity. Furthermore, a 2D pulse
sequence has to acquire slices in the interleaved ordering
to avoid the slice cross talk artifacts, which inevitably leads
to the pronounced stitching artifacts, in particular in the
SI direction, the most pronounced respiratory motion
direction. The high VFR of CAIPIRINHA-VIBE 4D-MRI
could also greatly simplify the post-processing of 4D-MRI
data, such as the complicated respiratory amplitude or phase
sorting algorithms, and considerably reduce the commonly
observed artifacts of missing slices and stitching edge of the
reconstructed 4D-MRI data. However, on the other hand,
it should be noted that 4D-MRI based on 3D sequence
acquisition works on k-space or sequence design instead of
sorting images directly, as used in 2D sequence acquisition.
Motion artifact usually shows as volume discontinuity with
image sorting method based on 2D sequence acquisition.
For 3D sequence acquisition, the motion affects more on
k-space than on image space, which could be considered as
the volume discontinuity artifact in k-space. After Fourier
transform of k-space data, the discontinuity artifact in
k-space turns to be blurring issue in the image space. In
other words, the motion artifact migrates from imaging
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Figure 3 The translation motion of liver dome, kidneys and spleen relative to the first time frame (in mm) in superior-inferior (SI), anterior-
posterior (AP) and left-right (LR) directions in a volunteer with a relatively fast averaged respiratory cycle of ~3.40.4 s (mean = Std), along
with the logged respiratory curve (in arbitrary unit). Displacements towards S, A and L are defined as positive. The peak of respiratory curve

indicates end inhalation and the bottom of respiratory curve indicates end exhalation.

Table 1 The translational motion range of liver dome, kidneys and spleen in the three orthogonal directions (LR, AP, SI) of a single volunteer

LR AP Sl

Motion range

anatomy Min Max Mean + Std. Min Max Mean + Std. Min Max Mean + Std.

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

Liver dome 3.35 6.13 4.86+0.75 2.85 5.77 4.66+0.75 14.95 23.25 19.50+2.06
Left kidney 1.86 3.10 2.38+0.37 0.57 2.73 1.56+0.67 9.18 12.14 10.83+0.88
Right kidney 4.88 7.77 6.52+0.78 0.65 2.47 1.58+0.55 6.60 10.07 8.49+0.93
Spleen 0.20 1.46 0.96+0.39 1.38 4.28 2.64+0.91 14.14 17.93 16.27+1.14

LR, left-right; AP, anterior-posterior; Sl, superior-to-inferior.

space to k-space when 3D sequence acquisition is used, VIBE 4D-MRI could simultaneously monitor the
showing but in the different pattern. respiratory motion of the entire imaged volume in all three
For the purpose of treatment guidance, CAIPIRINHA- orthogonal directions, greatly alleviating the limitations
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Figure 4 The 3D deformable vector field (DVF) mapping of the whole abdomen (frame 2 relative to frame 1) in the same subject as in Figure 3.

of cine MRI acquisition of a few number of slices (e.g.,
1-3 slices, the target motion has to be under-sampled in
its volume) in a single view (which could only monitor
the motion in the two in-plane directions) or orthogonal
views (which is associated with saturation band artifact, and
motion in the three directions is not retrieved at the same
time), without compromising the temporal resolution. Last
but not least, VIBE sequence, or their equivalent on other
MRI platforms, and CAIPIRINHA acceleration are widely
available on many MRI scanners in their clinical libraries, so
CAIPIRINHA-VIBE 4D-MRI acquisition protocol could
be straightforwardly implemented and readily applied,
without using dedicated pulse sequence programming and
customized K-space reconstruction algorithms.

The proposed fast 4D-MRI could be further extended.
Its volumetric temporal resolution could be further
increased straightforwardly by reducing the imaged volume
and/or its matrix size, when targeting for small volume
tracking. This fast 4D-MRI could also be implemented in
other novel fast 3D sequences less sensitive to motion, such
as non-Cartesian 3D pulses sequences, and combined with
advanced acceleration techniques like compressed sensing to

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

pursue higher spatial-temporal resolution (45,46). It could
be also straightforwardly applied in pelvis 4D-MRI for the
monitoring and tracking of other motions like intestinal
peristalsis.

On the other hand, the proposed 4D-MRI technique also
has its limitations. To achieve the fast volumetric temporal
resolution, the spatial resolution and image contrast
were inevitably somewhat compromised. However, it was
reported in literature that the relatively large voxel size (e.g.,
5x5x5 mm’) of 3D imaging, even with low SNR, might not
necessarily much compromise the registration accuracy,
even in the presence of undersampling artifacts (47-49). The
choices of 3D pulse sequences for fast 4D-MRI acquisition
are relatively limited. 3D spin-echo sequences might not be
appropriate due to its much longer TR and possibly high
specific absorption rate (SAR). As such, the use of gradient
echo sequences might limit and compromise the image
contrasts that could be obtained, most of which are mainly
T1-weighted, and make the images more prone to field
inhomogeneity and tissue susceptibility. We only illustrated
VIBE in this study but other 3D gradient echo sequences,
such as balanced steady state free precession (bSSFP),
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Table 2 The respiratory translation motion of the left and right kidneys (in mm) in SI, AP, LR and 3D directions for each of the 9 volunteers

Motion range (Mean + Std. in mm)

Subject # Left kidney Right kidney
LR AP Sl LR AP SI 3D

1 2.50+0.56 0.97+0.48 7.42+1.41 7.91+1.47 1.94+0.44 0.37+0.25 7.03+1.17 7.31£1.22
2 0.54+0.25 2.20+0.31 11.98+0.96 12.20+0.97 3.39+0.60 5.27+1.06 13.15+2.04 14.23+2.71
3 0.22+0.11 0.46+0.80 7.52+0.99 7.58+0.97 1.28+0.19 5.24+0.71 8.79+0.74 10.33+0.83
4 2.38+0.37 1.56+0.67 10.83+0.88 11.22+0.90 6.52+0.78 1.58+0.55 8.49+0.93 10.84+1.11
5 1.40+0.23 2.54+0.48 7.23+1.17 7.81£1.17 1.04+0.28 3.30+0.53 8.63+1.33 9.31+1.41
6 5.39+1.40 3.28+0.68 15.30+2.82 16.61+2.86 4.10+£0.54 5.75+0.95 11.55+0.91 13.56+1.18
7 1.23+0.32 1.54+0.53 9.38+1.15 9.61+1.14 0.29+0.18 3.19+0.34 8.05+0.58 8.67+0.57
8 3.09+0.52 4.10+0.95 11.43+1.82 12.30+2.17 3.11+1.60 6.75+1.60 15.21+2.38 17.05+2.56
9 0.28+0.25 4.23+1.08 9.21+2.42 10.17+2.52 1.12+0.36 6.19+1.54 12.54+2.82 14.04+3.19
Cohort 1.89+1.67 2.32+1.34 10.03+2.65 10.60+2.90 2.53+1.95 4.18+2.19 10.38+2.80 11.70+3.18

LR, left-right; AP, anterior-posterior; Sl, superior-to-inferior.

might also be feasible to obtain T2/T1-weighted image
contrast (50). For treatment planning purpose, the proposed
fast 4D-MRI might not be valuable in the original treatment
planning for target and OARs delineation due to its limited
spatial resolution and compromised image contrast. In this
scenario, other strategies of 3D acquisition could be applied.
Some researchers have developed 4D-MRI based on 3D
sequence acquisition and retrospective K-space self-gating
and sorting. High spatial and high temporal resolution
was retrospectively obtained for better delineation and
respiratory phase sorting (51,52). On the contrary, our
proposed method might be useful for fractional 4D-MRI
acquisition to characterize the respiratory motion on the
treatment day and compare it to that in the original plan
for treatment adaptation purpose (13,53,54). For treatment
guidance purpose, there are still some critical technical
issues that have to be overcome in order to perform motion
monitoring, tracking and delivery guidance in real time (55).
One most critical issue is the significant latency between
the fast image acquisition and the relatively slow on-line
image reconstruction. It was observed that a time lag of
>20 s occurred from the starting of image acquisition to the
first reconstructed image pop-up on MRI console. Other
issues include the image data storage and transfer, as well
as real-time visualization and processing. With a great
amount of data acquired in a short time, i.e., 56 MR images
within 615 ms, or 8,064 MR images within 89 s, the data
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storage on the scanner could quickly full for continuous
motion monitoring. In order to achieve real-time motion
tracking and radiation delivery guidance, much more
powerful computation capability for image visualization,
segmentation, registration and interaction with accelerator
is critically demanded.

This CAIPIRINHA-VIBE 4D-MRI technique could be
potentially used for various scenarios in RT applications.
It could be used to investigate and characterize the organ
motion simultaneously in three dimensions with respiration,
such as motion range, velocity, positional probability
distribution (PPD) as well as their inter-respiratory-cycle,
inter-subject, and inter-fractional repeatability, potentially
helpful to better determine the anisotropic margin of
planning target volume (PTV) in three directions as well
as the more appropriate motion management strategy.
Although the proposed fast 4D-MRI might be of limit value
in the task of accurate target and OAR delineation, it should
be useful for setting the margins by assessing the 3D motion
trajectories of the tumor. Another appropriate scenario to
use this fast technique is for daily 4D-MRI acquisition to
assess whether the respiratory motion on the treatment day
is much deviated from that in the treatment planning, and
then determine the treatment adaptation strategy (54). One
great potential of this technique should be in the online
MRgRT motion monitoring and tracking, provided that
technical challenges such as on-line image reconstruction,
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visualization and data storage etc., are well addressed,
particularly for those large and irregular-shaped tumors
whose motion could not be fully sampled and faithfully
revealed by the 2D cine MR acquisition.

This study has limitations. First, this study only recruited
a small number of healthy volunteers instead of real
patients. As such, visibility and motion characterization
of tumors by using this 4D-MRI protocol could not
be assessed. Meanwhile, the image blurring due to the
collection of k-space data at different time points might
compromise the visualization of structures and the
characterization of motion to some degree. As such, the
proposed method, in its current form, might not be ideal
for structure delineation in the treatment planning, so
need to further developed. Theoretically, this fast 4D-MRI
could be implemented in the coronal view to obtain higher
volumetric temporal resolution, while the effect of cardiac
motion on the image quality is yet to be investigated. In all
nine healthy volunteers in this study, the CAIPIRINHA-
VIBE 4D-MRI obtained stable and reproducible image
qualities in the presence of inter-subject and intra-subject
respiratory pattern differences. However, the robustness
of this 4D-MRI in the presence of faster and/or irregular
respiration and other motions, e.g., cough, needs to be
further studied in real patient cohorts. Some imaging
parameters in this study were restricted on the console in
the clinical mode. For example, the maximum allowable
time frame number was 144, which restricted the total
duration of the motion monitoring in this study by using
this technique. The comparison of CAIPIRINHA-VIBE
4D-MRI with 2D-HASTE acquisition in this study was
just for qualitative illustration purpose, but not for rigorous
quantitative assessment. The residual MRI geometric
distortion even after applying 3D geometric distortion
correction and its influence on positional accuracy of
motion monitoring need to be further carefully investigated.
The proposed fast 4D-MRI was implemented on an MR-
sim instead of the online MRgRT facilities, such as the
integrated MR-LINAC. The related work is under way.

In conclusion, a fast volumetric 4D-MRI based on 3D
pulse sequence acquisition was implemented and proposed
for abdominal motion monitoring and characterization in
MRgRT. A sub-second volumetric temporal resolution of
0.615 s, or an fps of 1.63, covering the entire abdomen,
was achieved and demonstrated for respiratory motion
characterization. This technique holds potentials for a
number of MRgRT applications.
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