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Background: Motion management plays an important role in abdominal cancer radiotherapy. In this study, 
we investigated the motion measurement accuracy and tumor contrast in liver tumor using a fast volumetric 
four-dimensional magnetic resonance imaging (4D-MRI) technique using commercial sequence. 
Methods: Four volunteers and 34 patients with liver tumors were included in this study with institutional 
review board (IRB) approval, and all patients underwent routine MRI scans with additional 4D-MRI scan 
on a 3.0 Tesla MRI scanner. A fast-volumetric sequence [time-resolved imaging with stochastic trajectories-
volumetric interpolated breath-hold examination (TWIST-VIBE)] was used to acquire 4D-MRI images. 
The temporal resolution of 4D-MRI was ~0.69 s per measurement. The 4D-MRI sequence was performed 
before and immediately after the injection of gadolinium contrast agent, termed as non-contrast 4D-MRI 
(in patient study) and contrast-enhanced 4D-MRI (4D-MRICE) respectively. The tumor average motion 
amplitude (AMA) and maximum motion amplitude (MMA) in the superior-inferior (SI), anterior-posterior 
(AP), and medium-lateral (ML) directions were measured in two sets of 4D-MRI and three sets of two-
dimensional (2D) Cine magnetic resonance (MR) images. The tumor signal-to-noise ratio (SNR) and tumor-
to-liver contrast-to-noise ratio (CNR) were also evaluated. 
Results: High temporal resolution (~0.69 s per measurement) and isotropic spatial resolution (~2.7 mm3 
voxel size) were achieved with the fast volumetric 4D-MRI technique. Phantom experiments validated 
the motion measurement accuracy, showing that the average and MMAs in the SI, AP, and ML directions 
matched the programmed motions with errors below 3 mm. In patient studies, tumor motion amplitudes 
and trajectories measured by 4D-MRICE and non-contrast 4D-MRI (4D-MRINC) were comparable to 
conventional 2D Cine MRI in all three directions, with no statistically significant differences. Specifically, 
for AMA, the P values were 0.096, 0.019, and 0.009 for 4D-MRICE in the SI, AP, and ML directions, 
respectively, and 0.049, 0.008, and 0.016 for 4D-MRINC, respectively. For MMA, the corresponding P values 
were 0.054, 0.022, and 0.086 for 4D-MRICE, and 0.041, 0.007, and 0.016 for 4D-MRINC. Tumor SNR and 
tumor-to-liver CNR obtained with 4D-MRICE and 4D-MRINC were also comparable to those from standard 
diagnostic sequences (T1W, T2W) and Cine MRI, with P values <0.05, ensuring sufficient image quality 
for radiotherapy planning. Although minor motion artifacts were occasionally observed, the overall image 
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Introduction

Abdominal cancers are a leading cause of cancer related 
morbidity and mortality. According to the report of the 
World Health Organization, the number of new liver 
cancer and pancreatic cancer around the world were 906 
thousand and 496 thousand in 2020, located on the 6th and 
13th among all malignant tumors, respectively (1). While the 
cancer related death of liver cancer and pancreatic cancer 
were 830 thousand and 446 thousand in 2020, ranking at 
2nd and 7th among all malignant tumors, respectively. In the 
past ten years, radiation therapy has made great progress 
as one of the treatment methods for abdominal cancer, 
especially with the development of stereotactic-body 
radiotherapy (SBRT) in recent years which greatly improves 
the local tumor control rate of abdominal cancer (2-7). 
However, the application of radiotherapy in abdominal 
cancer is still limited due to the radiation toxicity to normal 
tissues and the respiratory motion is the main obstacle to 
further improve the efficacy of radiotherapy for abdominal  
cancer (7-9). 

Therefore, respiratory motion management, which refers 
to the procedures that sense and account for motion, plays 
an important role in abdominal cancer radiotherapy (10).  
If not properly managed, the respiratory motion can 
compromise the treatment accuracy and cause underdose 
to the target or overdose to the normal tissues. Recently, 
four-dimensional imaging has been used for respiratory 

motion management in radiotherapy, especially the tumor 
and organ motion measurement. In clinical practice, four-
dimensional computed tomography (4D-CT) is the clinical 
standard technique for motion measurement (11). However, 
due to the low soft tissues contrast of CT, it is difficult for 
4D-CT to clearly show the location of the tumor in the 
abdomen. 

Magnetic resonance imaging (MRI) on the contrast 
offers excellent soft tissue contrast without ionizing 
radiation, drawing increasing attention in radiotherapy. 
While two-dimensional (2D) Cine MRI has been used for 
tumor motion assessment (12,13), its repeated acquisitions 
in multiple directions are inefficient. Four-dimensional 
MRI (4D-MRI) overcomes this by providing simultaneous 
multidirectional tumor motion information. Compared to 
conventional 2D Cine MRI and slower 3D acquisitions, 
fast volumetric 4D-MRI sequences such as time-resolved 
imaging with stochastic trajectories-volumetric interpolated 
breath-hold examination (TWIST-VIBE) enable high 
temporal (~0.69 s/measurement) and isotropic spatial  
(~2.7 mm3 voxel size) resolution imaging, allowing 
comprehensive characterization of respiratory-induced 
tumor displacement. Over the past decades, several 4D-MRI 
methods have been proposed for abdominal imaging and 
demonstrated promising results for volunteers and patients. 
Figure 1 demonstrated an example of comparison of tumor 
contours generated from 4D-CT and 4D-MRI. It can be 

quality and motion fidelity support the clinical feasibility of the method. Taken together, these results 
demonstrate that the TWIST-VIBE 4D-MRI technique provides accurate, high-quality volumetric motion 
assessment efficiently, without requiring specialized hardware or prolonged scanning times.
Conclusions: Our preliminary results demonstrated that the commercially available TWIST-VIBE 
4D-MRI sequence provides precise volumetric tumor motion tracking suitable for clinical abdominal 
radiotherapy. Its rapid acquisition and reliable image quality facilitate seamless workflow integration, 
potentially enhancing treatment precision and improving patient outcomes. The technique offers a practical 
alternative to existing imaging modalities by combining speed, spatial coverage, and soft tissue contrast 
without additional hardware requirements. Further efforts will target artifact minimization, optimization 
of spatial and temporal resolutions, improved clinical decision-making impact, and broader multi-center 
validation to ensure robust clinical implementation and generalizability across diverse patient populations.
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seen that the 4D-MRI can provide superior tumor contrast 
compared to 4D-CT and therefore can potentially improve 
the accuracy of tumor motion management. 

The rich motion information in fast-volumetric 4D-MRI 
enhances radiotherapy planning accuracy by improving 
internal target volume (ITV) delineation and motion 
management strategies. Accurate tumor motion delineation 
is critical to minimize radiation exposure to healthy tissues, 
thereby potentially improving treatment efficacy and 
reducing toxicity. Integrating fast volumetric 4D-MRI 
into clinical workflows holds promise for more precise 
and adaptive radiotherapy, a crucial step toward improved 
patient outcomes.

Specifically, most 4D-MRI techniques can be categorized 
into two groups: (I) retrospective 4D-MRI; and (II) 
prospective 4D-MRI. In retrospective 4D-MRI, images are 
continuously acquired with simultaneous breathing signal 
recorded and retrospective sorting methods are applied 
to generate 4D-MRI. For example, Cai et al. developed a 
4D-MRI technique with 2D fast T2/T1-weighted steady-
state free precession magnetic resonance (MR) sequence 
and an image-based surrogate was used for retrospective 

sorting (14). However, this method requires extra scanning 
time to acquire enough data for sorting and the image 
quality may be impaired by breathing irregularity. In 
prospective 4D-MRI, real-time 3D acquisition or fast 2D 
acquisition with respiratory triggering system is typically 
used for image acquisition. For example, Du et al. developed 
a prospective amplitude-triggered 4D-MRI protocol that 
offers T2 weighting for better tumor visualization (15). 
However, the triggering system will prolong the acquisition 
time especially for irregular breathing patients. For real-
time 3D acquisition, Yuan et al. proposed a 4D-MRI 
technique using commercial 3D VIBE sequence with 
controlled aliasing in parallel imaging. They achieved a 
spatial resolution of 2.7×2.7×4.0 mm3 and a time resolution 
of 0.615 s/measurement (16). However, only nine volunteers 
were involved in their study and did not investigate this 
technique in real clinical setting. Therefore, in this study, 
we aim to investigate a fast-volumetric 4D-MRI technique 
using commercial sequence for motion management in 
physical phantom, volunteers, and liver cancer patients. 
We present this article in accordance with the STARD 
reporting checklist (available at https://qims.amegroups.

Figure 1 An example of comparison of tumor contours generated from 4D-CT and 4D-MRI. The orange outline is the contour from 
4D-MRI and the blue outline is the contour from 4D-CT. (A,B) The CT images in the axial and coronal views; (C,D) the MRI images in 
the axial and coronal views. 4D, four-dimensional; CT, computed tomography; MRI, magnetic resonance imaging.
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Methods

Subjects

A total of four volunteers and 34 patients (age range: 
28–78 years, 25 males, 9 females) with liver tumor(s) were 
included in this study. The study was approved by ethics 
board of Peking University Cancer Hospital & Institute 
(No. 2021YJZ05), and informed consent was taken from 
all the patients. This study was conducted in accordance 
with the Declaration of Helsinki and its subsequent 
amendments. The patient cohort comprised individuals 
with 17 hepatocellular carcinoma (HCC) patients, 13 liver 
metastases patients, and four post-operative cases. Motion 
measurements were performed using the visible tumor as a 
landmark for patients with HCC and liver metastases. For 
post-operative patients, alternative surrogates such as the 
gallbladder, liver dome, or post-surgical fluid collections 
were used for motion assessment. A Computerized Imaging 
Reference Systems, Inc. (CIRS) (Model 008M, Virginia, 
USA) MR compatible motion phantom was also used to 
evaluate the accuracy of motion measurement of the 4D-MRI 
sequence as shown in Figure 2. The phantom is comprised of 
a plastic shell with a cylindrical thru hole and has a moving 
rod with a simulated target. The maximum motion amplitude 
(MMA) is 5.0 cm and the motion accuracy is 0.01 cm. The 
cycle time is adjusted based on the motion amplitude with a 
minimum cycle time of one second. 

Image acquisition and processing

All the subjects and the phantom have undergone routine 
MRI scans with additional 4D-MRI scan on a 3.0 Tesla MRI 
scanner (Skyra, Siemens Healthineers, Erlangen, Germany). 
The patients were all immobilized using thermoplastic masks 
and positioned the same as in the radiotherapy process. 
The 4D-MRI is achieved using TWIST-VIBE sequence 
with the following scanning parameters: TR =3.44 ms;  
TE =1.23 ms/2.46 ms; flip-angle =5°; matrix size =160×128; 
voxel size =2.7×2.7×2.7 mm3; acquisition time =53 s; 
number of measurements =72; bandwidth =1,420 Hz/Px. 
The scanning range covered the whole liver with at least  
5.0 cm extension in superior-inferior (SI) direction. Dixon 
fat suppression was used to suppress the fat signal. The 
temporal resolution of 4D-MRI was ~0.69 s/measurement, 
while it takes ~4 s to prepare before the first measurement 
is collected. The 4D-MRI sequence was performed before 
and immediately after the injection of gadolinium contrast 
agent, termed as non-contrast 4D-MRI (4D-MRINC) and 
contrast-enhanced 4D-MRI (4D-MRICE) respectively, 
without interfering with the clinical scans. All the patients 
also underwent contrast-enhanced 3D T1-weighted (T1W), 
2D gated T2-weighted (T2W), DWI with b=50 and  
1,000 s/mm2, and Cine MRI in three orthogonal directions. 
The b-value in DWI quantifies the strength of diffusion 
weighting, determined by gradient amplitude, duration, 
and timing. Lower b-values (e.g., 50 s/mm2) provide higher 
signal-to-noise ratio (SNR) and depict more anatomical 
detail, whereas higher b-values (e.g., 1,000 s/mm2) enhance 

A B

Figure 2 Photographs of the phantom in the MR device and the SCOUT scan of the 4D-MRI. (A) The CIRS (Virginia, USA) MR 
compatible motion phantom set up for the evaluation of the 4D-MRI motion measurement accuracy. (B) SCOUT scan of 4D-MRI. 
4D, four-dimensional; MR, magnetic resonance; MRI, magnetic resonance imaging; SCOUT, synthetic correlated overview utilizing 
tomography.
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sensitivity to restricted water diffusion, which aids in 
differentiating tissues such as tumors, inflammation, and 
necrosis. The contrast-enhanced 3D T1W MRI was 
scanned with stack-of-stars VIBE (STAR-VIBE) sequence 
after the injection of contrast agent under free-breathing 
condition with acquisition time around 3 minutes. The 
scanning parameters for Cine MRI are: TR =249.60 ms;  
TE =1.22 ms; voxel size =1.3×1.3×8.0 mm3; acquisition time 
=13 s; number of measurements =50. Since the patient’s 
breathing curve varies greatly from person to person, 
a general sinusoidal pattern was used for CIRS motion 
phantom in SI, anterior-posterior (AP), and medium-lateral 
(ML) directions with 1.0, 2.0, 3.0, and 4.0 cm amplitudes. 
The phantom was scanned using the 3D T1W and 4D-MRI 
sequence with the same parameters as used in patient study. 

Data analysis

All the acquired images were analyzed using an in-
house developed Matlab (The MathWorks Inc., Natick, 
Massachusetts, USA) program. For phantom study, 
the motion amplitude automatically measured in three 
directions from 4D-MRI using the in-house developed 
program was compared with the gold-standard, which is 
the motion amplitude set in the phantom software. The 
program can automatically segment the moving target 
of the phantom using threshold-based method and the 
centroid will be extracted in each frame for the subsequent 
measurement. The average motion amplitude (AMA) 
across different motion cycles and MMA of the phantom 
with different motion amplitudes were also measured. 
The measurement in SI direction was conducted in both 
coronal and sagittal views, while the measurement in AP 
direction was conducted in both axial and sagittal views. 
The measurement in ML direction was conducted in both 
axial and coronal views. 

In patient study, tumor-to-liver contrast-to-noise ratio 

(CNR) and SNR were measured for both 4D-MRICE and 
4D-MRINC sequences to evaluate image quality. This 
comparison was performed to assess whether non-contrast 
4D-MRI could provide sufficient image quality for accurate 
tumor delineation and motion assessment, thereby offering 
a clinically preferable alternative that avoids the risks and 
invasiveness associated with contrast administration. 

Besides, the AMA and MMA in the SI, AP, and ML 
directions were manually measured by an experienced 
medical physicist in two sets of 4D-MRI and three sets 
of 2D Cine MR images for all patients. An example of 
MMA is shown in Figure 3. The AMA was measured over 
five breathing cycles considering the balance between 
complicity and time consumption. The tumor SNR and 
tumor-to-liver CNR were measured in 4D-MRI, 2D Cine, 
T1W, and T2W images. The SNR was measured as the 
ratio of the mean pixel value to the standard deviation of the 
pixel values in a selected region. The CNR was measured 
as the ratio of the mean pixel value difference between 
tumor and liver to the standard deviation of the pixel values 
in liver. In addition, retrospective sorting was also applied 
to the 4D-MRI images to demonstrate the feasibility for 
radiotherapy application. The volunteer images were only 
used for feasibility demonstration of the technique and no 
measurement was done in this cohort.

Results

Phantom study

Figure 4 shows an example of T1W and one frame of 
4D-MRI images of the CIRS motion phantom with 1.0 cm 
motion. It can be seen from Figure 4B,4C that the target 
in the phantom in T1W MRI is blurred due to the motion 
while the 4D-MRI can resolve the motion clearly without 
blurring as the blue arrow shows. The motion amplitude 
measurement results in three directions are shown in  

Figure 3 An example of MMA measurement for a patient. The MMA was measured as the distance indicated by the blue arrow. The orange 
outline represents the tumor contour. MMA, maximum motion amplitude.
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Table 1. The results showed that the measured motion 
agrees with the programmed motion with errors less than 
3.0 mm. Examples of motion trajectories with different 
amplitudes in SI direction measured in sagittal view are 
shown in Figure 5. The measured motion trajectories agree 
well with the motion trajectories programmed for the 
phantom and the differences are generally less than 2.0 mm. 

Patients study

Figure 6 shows an example of different MRI images of 
a liver cancer patient. Figure 7 is a comparison of 2D 
Cine MRI and retrospectively sorted 4D-MRI based on 
amplitude in coronal view for a liver cancer patient. The 
image quality measurement results of the 4D-MRI in 

patients are shown in Table 2. No significant difference  
(P value >0.05) was found between 4D-MRICE/4D-MRINC 
and T1W/T2W/2D Cine MRI for tumor SNR and CNR, 
while the liver SNR of 4D-MRICE and 4D-MRINC is 
significantly higher (P value <0.05) than T1W/T2W/2D 
Cine MRI. The mean MMA and AMA (± standard 
deviation, SD) measured for 4D-MRICE, 4D-MRINC, and 
Cine MRI for all patients are shown in Table 3. The mean 
absolute differences (MAD) of both maximum (MMA) 
and average (AMA) motion amplitudes between the two 
4D-MRI sequences (4D-MRICE and 4D-MRINC) and Cine 
MRI were small across all directions (SI, AP, ML), with 
no statistically significant differences observed between 
the sequences. For AMA, the P values were 0.096, 0.019, 
and 0.009 in the SI, AP, and ML directions respectively for 

Figure 4 The CIRS phantom images with motion amplitude of 1.0 cm. (A-C) 3D T1W images in the axial, sagittal, and coronal views, 
respectively. (D-F) One frame of 4D-MRI images in the axial, sagittal, and coronal views, respectively. 3D, three-dimensional; MRI, 
magnetic resonance imaging; T1W, T1-weighted.

Table 1 Phantom motion measurement in coronal and sagittal views 

Phantom motion 
amplitude (cm)

MMA (cm) AMA (cm)

SI (coronal/sagittal) AP (axial/sagittal) ML (axial/sagittal) SI (coronal/sagittal) AP (axial/sagittal) ML (axial/sagittal)

1.0 1.0/1.1 0.9/1.1 0.9/1.1 0.9/0.9 0.8/0.9 0.8/0.9

2.0 2.0/2.1 2.1/2.1 2.1/2.1 1.9/1.9 1.9/1.9 1.9/1.9

3.0 3.0/3.1 3.3/3.1 3.3/3.1 2.8/2.8 2.9/2.8 2.9/2.8

4.0 3.9/4.1 4.1/4.1 3.9/4.1 3.9/3.9 3.8/3.9 3.8/3.9

AMA, average motion amplitude; AP, anterior-posterior; ML, medium-lateral; MMA, maximum motion amplitude; SI, superior-inferior.

A B C

D E F
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Figure 5 The measured motion trajectories in SI direction with amplitudes of 1.0, 2.0, 3.0, and 4.0 cm. The red dots are the measured 
position of the phantom motion bar, and the sinusoidal curves are the motion trajectories set by the CIRS phantom program. CIRS, 
Computerized Imaging Reference Systems, Inc.; SI, superior-inferior.

Figure 6 MRI images of an example patient. (A) T1W MRI. (B) T2W MRI. (C) DWI with b=800 s/mm2. (D) Axial 2D Cine MRI. (E) 4D-MRICE. 
(F) 4D-MRINC. The blue outline indicates the position of the lesion. 4D-MRI, four-dimensional magnetic resonance imaging; 4D-MRICE, 
contrast-enhanced 4D-MRI; 4D-MRINC, non-contrast 4D-MRI; DWI, diffusion-weighted imaging; T1W, T1-weighted; T2W, T2-weighted.
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4D-MRICE, and 0.049, 0.008, and 0.016 for 4D-MRINC. 
For MMA, the P values were 0.054, 0.022, and 0.086 for 
4D-MRICE, and 0.041, 0.007, and 0.016 for 4D-MRINC. A 
slight inconsistency in motion along the SI direction was 
noted in the 4D-MRICE sequence, likely attributable to 
motion artifacts.

Discussion

Recent studies of SBRT have demonstrated improved 
treatment outcomes for abdominal cancer patients. 
However, the application of radiotherapy in abdominal 
cancers has been historically limited by the tumor 
motion introduced by respiration. Therefore, various 

Figure 7 Coronal view of MRI images of an example patient. (A) 2D Cine MRI. (B) 4D-MRICE. (C) 4D-MRINC. The blue arrow indicates 
the position of the lesion, and the white dashed line is used to better visualize the motion. 2D, two-dimensional; 4D-MRI, four-dimensional 
magnetic resonance imaging; 4D-MRICE, contrast-enhanced 4D-MRI; 4D-MRINC, non-contrast 4D-MRI.

Table 2 Image quality measurement of 4D-MRI

Image quality index 4D-MRICE 4D-MRINC T1W T2W Cine

SNR tumor 19.5±12.3** 21.8±8.2** 13.8±11.3 16.1±5.6 31.4±26.3

SNR liver 56.4±30.5 62.4±39.2 39.1±10.6 22.2±12.8 33.0±16.5

CNR 6.0±5.8** 5.2±4.3** 9.0±5.5 11.7±11.6 4.8±3.9

Data are presented as mean ± standard deviation. Statistical comparisons indicate results of a paired t-test comparing the SNR tumor 
and CNR between 4D-MRI and Cine for each patient in the category. **, P≤0.05. 4D-MRI, four-dimensional magnetic resonance imaging; 
4D-MRICE, contrast-enhanced 4D-MRI; 4D-MRINC, non-contrast 4D-MRI; CNR, contrast-to-noise rations; SNR, signal-to-noise ratio; T1W, 
T1-weighted; T2W, T2-weighted.

Table 3 Patients motion measurement in three directions

Image modalities
MMA (cm) AMA (cm)

SI AP ML SI AP ML

4D-MRICE 1.31±0.48* 0.31±0.18** 0.19±0.13*** 1.07±0.47* 0.28±0.11** 0.17±0.13***

4D-MRINC 1.32±0.52** 0.33±0.16*** 0.19±0.12** 1.00±0.49** 0.30±0.07*** 0.17±0.13**

Cine 1.25±0.39 0.26±0.19 0.14±0.08 1.06±0.40 0.23±0.20 0.12±0.05

Statistical comparisons indicate results of a paired t-test comparing the mean motion amplitude for each patient in the category. *, P≤0.1; 
**, P≤0.05; ***, P≤0.01. 4D-MRI, four-dimensional magnetic resonance imaging; 4D-MRICE, contrast-enhanced 4D-MRI; 4D-MRINC, non-
contrast 4D-MRI; AMA, average motion amplitude; AP, anterior-posterior; ML, medium-lateral; MMA, maximum motion amplitude; SI, 
superior-inferior.
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methods have been proposed to measure tumor motion 
for motion management in radiotherapy, including 4D-
CT, Cine MRI, 4D-MRI, etc. Among these methods, 
4D-MRI has gained increasing attention recently due 
to its excellent soft-tissue contrast, ability of providing 
3D motion information, and has no radiation hazard. 
Nevertheless, most current 4D-MRI techniques require 
sophisticated software or hardware which have greatly 
hindered its clinical applications. Therefore, in this study, 
we evaluated a commercially available 4D-MRI method 
for abdominal tumor motion management. A previous 
study has demonstrated the feasibility of using controlled 
aliasing in parallel imaging results in higher acceleration 
(CAIPIRINHA)-VIBE sequence for fast volumetric 
4D-MRI acquisition with 0.615 s/measurement and has 
demonstrated better volumetric consistency compared 
with a 2D-HASTE 4D-MRI method (16). However, 
they only included nine volunteers in the study and did 
not evaluate their technique against clinical standard or 
physical phantoms. The TWIST-VIBE sequence was 
originally designed for contrast enhanced imaging. It uses 
the CAIPIRINHA and keyhole techniques to accelerate 
the acquisition speed and is able to acquire multiple 3D 
volumes within seconds, which provides the possibility 
for 4D-MRI application in radiotherapy. Compared to 
other 4D-MRI methods using 3D acquisition, it does not 
require sophisticated hardware or software and has a faster 
scanning time (50 s vs. several minutes) (17). In this study, 
we have conducted a more comprehensive evaluation of 
the commercially available 4D-MRI based on TWIST-
VIBE sequence in four volunteers and 34 patients. The 
commercially available 4D-MRI technique was compared 
with the Cine MRI which is a clinical standard method for 
tumor motion measurement and validated using a physical 
motion phantom. The evaluation results of this study could 
provide helpful information for clinical adoption of this 
commercially available 4D-MRI technique. 

The MR compatible physical phantom used for 
validation in this study was set to move sinusoidally with 
different motion amplitudes in SI direction. For the motion 
in AP and ML directions, it was achieved by rotating of the 
motion rod with different degrees. In Figure 4, it can be 
seen that the motion of the phantom will introduce blurring 
artifacts in the clinical 3D T1W image while the boundary 
can be clearly identified in the 4D-MRI images. This 
indicates that the 4D-MRI may provide a more accurate and 
conformal tumor delineation in radiotherapy which in turn 
may improve the dose conformity to the target and spare 

more normal tissues around the target. The measured AMA 
and MMA in three directions generally agree well with the 
programmed motion of the phantom with maximum error 
of 2.0 mm as shown in Table 1, indicating a satisfactory 
motion measurement accuracy of this 4D-MRI technique. 
The motion measurement data points in Figure 5 were 
retrospectively fitted to a sinusoidal curve with programmed 
amplitude and have also demonstrated a good agreement 
with an error around 2.0 mm. The results of phantom 
experiments demonstrated satisfactory motion measurement 
accuracy of this 4D-MRI technique, indicating a good 
potential for the clinical adoption of this technique.

The 4D-MRI was acquired both before and immediately 
after the contrast agent injection to evaluate potential 
influences of contrast-agent on the image quality of 
4D-MRI. It can be seen from the quantitative evaluation 
results in Table 2 that the tumor SNR, liver SNR, and 
tumor CNR are similar for both 4D-MRICE and 4D-MRINC 
with no significant differences. However, we have observed 
that for 4D-MRICE, the liver signal generally becomes 
higher with time after contrast agent injection, which makes 
the boundary of liver become clearer. Since the 4D-MRI 
acquisition time is relatively short and is unlikely to 
interfere with the clinical practice, acquiring 4D-MRI after 
contrast-injection may improve the motion measurement 
accuracy. Nevertheless, future studies are still warranted 
to verify this observation. In addition, motion artifacts 
were also observed in certain frames of 4D-MRICE and 
4D-MRINC for several patients which may be caused by 
the breathing irregularity during acquisition, and this may 
also be the reason why relatively large variation of SNR 
measurement in 4D-MRICE and 4D-MRINC are observed. 

For motion measurement in the liver cancer patients, 
although the 4D-MRI and Cine MRI were acquired at 
different time points, the differences of MMA and AMA 
between 4D-MRI and Cine MRI are relatively small with 
no significant differences. However, it is worth noticing 
that the Cine MRI was acquired with a frame rate of  
0.26 s/frame, which is faster than the 4D-MRI frame rate 
of 0.69 s/measurement, and this may render the Cine MRI 
more sensitive to the measurement of motion trajectory. 
The relatively slow frame rate of 4D-MRI may introduce 
some motion artifacts and blur the image if irregular 
breathing happens. However, with a scanning time of 
50 seconds, we can acquire more than 70 frames and it 
could cover most of the major breathing status and the 
motion measurement results are satisfactory. Therefore, 
with a clinically acceptable scanning time, we believe 
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this technique can provide useful motion information for 
tumour or OAR in the field of radiotherapy. In addition, 
the voxel size of the 4D-MRI is isotopically 2.7 mm3 
which may lose some anatomical details as can be seen in 
Figure 6 and is not optimal for radiotherapy applications. 
Therefore, future studies are warranted to further improve 
both the temporal and spatial resolutions of 4D-MRI to 
make the motion measurement more precise. One possible 
solution is to use MRI super resolution techniques to 
enhance image quality. There are several super resolution 
techniques available including the one we proposed  
(18-22). However, their efficacy on the 4D-MRI needs to be 
evaluated in the future study. Another limitation of the fast 
volumetric 4D-MRI technique is the compromised image 
contrast which may make it challenging to identify the 
tumor accurately. However, studies have reported that the 
3D imaging techniques can provide satisfactory registration 
accuracy (23-25). Therefore, one possible solution is to 
extract the deformation vector fields from the 4D-MRI 
and apply it on the high-quality static 3D MRI sets (26). 
Nevertheless, the clinical efficacy of this method still needs 
to be verified. 

There are several limitations in this study, which also 
suggest promising directions for future work:
	 First, the evaluated fast volumetric 4D-MRI 

technique was implemented only on a single 
machine from one vendor (3.0 T Skyra, Siemens). 
Its feasibility and performance on scanners from 
other vendors or field strengths remain untested, 
which may limit the generalizability of the proposed 
approach. Future investigations are necessary to 
validate the technique across diverse platforms and 
hardware configurations.

	 Second, this study only evaluated a single spatial-
temporal resolution setting (0.69 s/measurement 
with isotropic 2.7 mm3 voxels), selected as a practical 
balance between image quality and temporal 
resolution. However, in MR-guided radiotherapy, 
clinical demands vary greatly—some scenarios may 
benefit from higher temporal resolution with coarser 
spatial detail, while others require submillimeter 
precision for accurate target delineation (27). Future 
work will systematically explore a broader matrix of 
acquisition strategies, pairing in-plane resolutions 
(e.g., 1.0, 1.5, and 2.0 mm) with temporal resolutions 
spanning 2–20 Hz. Advanced k-space sampling 
techniques (e.g., golden-angle radial, variable-
density spiral) and cutting-edge reconstruction 

algorithms (e.g., compressed sensing, low-rank 
models, and deep-learning-based unrolled networks) 
will also be incorporated to optimize spatiotemporal 
trade-offs for clinical scenarios such as gating, dose 
accumulation, and adaptive replanning.

	 Third, the current patient scans were acquired under 
immobilization without concurrent respiratory 
monitoring, which prevented correlation with real-
time breathing waveforms or assessment of irregular 
respiratory patterns on image quality. To address 
this, we are conducting phantom-based experiments 
using programmable respiratory phantoms capable 
of replicating complex, patient-derived breathing 
profiles (e.g., apnea, deep breaths, coughing), 
along with synchronized optical motion tracking 
(28). These will allow quantitative comparisons of 
motion accuracy, image fidelity, and gating trigger 
performance under varied respiratory conditions. 
Furthermore, future in vivo studies with integrated 
respiratory sensors (e.g., bellows, navigator echoes) 
will enable correlation between external motion 
surrogates and image-derived trajectories, paving the 
way for adaptive reconstruction schemes and robust 
outlier rejection mechanisms.

	 Lastly, although this study demonstrates technical 
improvements in motion imaging, the clinical impact 
on radiotherapy planning remains to be quantified. 
Future studies will integrate reconstructed 4D-MRI 
into treatment planning systems to evaluate its 
dosimetric benefits, such as margin reduction and 
sparing of healthy tissues. Comparative analysis 
between conventional planning workflows and those 
using motion-informed contours derived from our 
method will be conducted to assess improvements in 
targeting accuracy and treatment adaptation.

Conclusions

We evaluated the feasibility of a commercially available 
TWIST-VIBE 4D-MRI sequence for motion management 
in liver cancer radiotherapy. Preliminary assessments 
of image quality and motion measurement accuracy 
demonstrated satisfactory performance, supporting its 
potential for clinical application.
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