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Abstract
Background  In radiotherapy, inadequate management of organ motion in liver cancer may lead to inadequate 
delineation accuracy, resulting in the underdosage of target tissues and overdosage of surrounding normal tissues. 
To investigate the clinical potential of multi-parametric 4D-MRI in the target delineation and dose accuracy for liver 
cancer radiotherapy.

Methods  Twenty patients receiving radiotherapy for liver cancer were enrolled. Each patient underwent contrast-
enhanced planning CT (free-breathing), contrast-enhanced T1-weighted (free-breathing), T2-weighted (gated) 
3D-MRI, and low-quality 4D-MRI using the time resolved imaging with interleaved stochastic trajectories volumetric 
interpolated breath-hold examination (TWIST-VIBE) sequence. A dual-supervised deformation estimation model was 
used to generate a 4D deformable vector field (4D-DVF) from 4D-MRI data, and the prior images were deformed using 
this 4D-DVF to generate multi-parametric 4D-MRI. Assisted by 3D-MRI and multi-parametric 4D-MRI, target contours 
were performed on the planning CT, resulting in the generation of Target_3D and Target_4D. Clinical plans, Plan_3D 
and Plan_4D, were designed based on these contours respectively. To explore the dosimetric variations resulting from 
different contours without re-optimization, Plan_3D was directly applied to Target_4D, and Plan_4D was applied to 
Target_3D to generate Plan_3D’ and Plan_4D’ respectively. Target volume, contours, dose-volume histograms (DVHs), 
conformity index (CI), homogeneity index (HI), maximum and mean dose to organ as risks (OARs) were compared and 
evaluated.

Results  Mean volume differences between Target_3D and Target_4D were 2.76 cm3 (standard deviation [SD] 3.42 
cm3) in the caudate lobe, 181.54 cm3 (SD 68.50 cm3) in the left hepatic lobe, and 26.08 cm3 (SD 20.52 cm3) in the 
right hepatic lobe. Mean and SD of CI and HI is 1.02 ± 0.04 and 0.108 ± 0.02 in Plan_3D, 1.02 ± 0.01 and 0.107 ± 0.01 
in Plan_4D. There were no statistically significant differences in OAR doses between Plan_3D and Plan_3D’, between 
Plan_4D and Plan_4D’. However, a statistically significant difference in target dose was observed between Plan_3D 
and Plan_3D’ (P = 1.47 × 10⁻⁷) and between Plan_4D and Plan_4D’ (P = 0.013). Plan_3D’ meets 100% of the prescription 
dose covering mean 77.89% (SD 10.13%) of the Targeted_4D volume, while Plan_4D’ covered mean 94.17% (SD 
3.12%) of the Targeted_3D volume.
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Background
Currently, liver cancer ranks as the fourth leading cause 
of cancer-related deaths globally [1–3]. The incidence 
and mortality rates of liver cancer have shown a concern-
ing growth, with a 27% increase in incident cases and a 
25% rise in mortality rates between 2010 and 2019 [4]. 
Traditionally, the role of radiotherapy in treating liver 
cancer has been limited primarily to palliative applica-
tions due to the potential risk of radiation-induced liver 
disease [5]. However, the development of image-guided 
radiotherapy (IGRT) has enabled stereotactic body 
radiotherapy (SBRT) to become one of the main treat-
ments for inoperable liver cancer and liver metastases, 
significantly improving the local control rate of cancer in 
patients [6–7]. Despite these advancements, radiotherapy 
for liver cancer remains a significant challenge due to the 
respiratory movement of liver [8–9]. Inadequate man-
agement of organ motion can negatively affect the dis-
tribution of the delivered dose to the irradiated volume, 
resulting in underdosage of target tissues and overdosage 
of surrounding normal tissues [10]. Therefore, there is a 
pressing need for an imaging modality that can visualize 
tumor motion and improve the accuracy of beam deliv-
ery to the target.

In clinical practice, four-dimensional computed tomog-
raphy (4D-CT) serves as the standard imaging technique 
used for motion management [11–13]. It is used to gen-
erate an internal target volume (ITV) [14] either by com-
bining the targets delineated in each respiratory phase 
or by using a maximum intensity projection image [15, 
16]. However, 4D-CT for liver tumor motion manage-
ment faces challenges due to soft tissue contrast limita-
tions and higher radiation exposure [17]. Conversely, 
4D magnetic resonance imaging (4D-MRI), which pro-
vides excellent soft-tissue without ionizing radiation, is a 
promising technique to address these challenges [18].

Existing 4D-MRI techniques, both retrospective and 
prospective, have their respective drawbacks despite 
their ability to generate 4D-MRI images. Retrospective 
approaches [19–22] involve continuous image acquisition 
across the entire region of interest (ROI) and subsequent 
sorting into respiratory phases. However, these sort-
ing algorithms are highly sensitive to patients’ irregular 
breathing patterns, often resulting in image artifacts and 
compromised image quality. On the other hand, prospec-
tive 4D-MRI can be achieved through fast 3D acquisi-
tion or respiratory-gated 2D acquisition [23–24]. While 
this addresses the sorting issue, it typically requires 

longer scan times, and the problem of image quality 
persists. Consequently, in current clinical practice, to 
obtain images with respiratory motion range and high 
resolution within a shorter timeframe, existing meth-
ods typically employ contrast-enhanced planning CT 
scans, contrast-enhanced T1-weighted (free-breathing) 
MRI scans, and T2-weighted MRI scans (gated at 20% of 
end of inhalation and end of exhalation). However, this 
method fails to reflect the respiratory cycle but only cap-
tures instantaneous respiratory states.

To address the limitations of current clinical methods, 
Xiao et al. introduced an ultra-quality (UQ) 4D-MRI 
method that uses a novel dual-supervised deforma-
tion estimation model (DDEM) based on a commer-
cially available low-quality (LQ) 4D-MRI sequence [25]. 
This method successfully generated T1-weighted and 
T2-weighted multi-parametric 4D-MRI images, enhanc-
ing image quality and a tumor motion. This method 
could potentially address the deficiencies of existing 
4D-MRI techniques. However, the clinical applicabil-
ity of this technique is still unknown. To further explore 
the clinical applicability of multi-parametric 4D-MRI in 
liver cancer radiotherapy, we explored the application of 
multi-parametric 4D-MRI images on tumor contouring 
and radiotherapy planning. This study aims to determine 
whether multi-parametric 4D-MRI can provide more 
precise target contours and improve target dose coverage 
compared to existing methods.

Methods
The workflow of this study is illustrated in Fig.  1. This 
study begins with the preparation of patient images. 
Then, with the assistance of 3D-MRI and 4D-MRI, the 
targets are delineated on the planning CT, generating 
Target_3D and Target_4D, respectively. Clinical plans, 
Plan_3D and Plan_4D, are then designed based on these 
contours. To explore the dosimetric variations caused 
by different contours without re-optimization, Plan_3D 
is directly applied to Target_4D, and Plan_4D is applied 
to Target_3D, generating Plan_3D’ and Plan_4D’, respec-
tively. Finally, the target delineation and plan quality are 
evaluated. Specifically, guided by 3D-MRI and 4D-MRI, 
the delineation effect is assessed by analyzing the dif-
ferences in tumor target volumes and contours in dif-
ferent liver lobes. Similarly, a dosimetric evaluation is 
conducted, focusing on target dose and organ-at-risk 
dose. The detailed methods and steps are described in the 
following text.

Conclusions  3D image-guided target delineation may be more likely to underestimate target volume and 
compromise dose coverage, suggesting that using multi-parametric 4D-MRI can provide more precise target contours 
and enhance target dose coverage.

Keywords  Multi-parametric 4D-MRI, Liver cancer, Radiotherapy, Target contouring, Plan, DDEM
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Patient data
The study protocol was approved by the institutional 
review board. The data utilized in this study were 
obtained from 20 patients undergoing radiotherapy for 
liver tumors. Among the 20 patients, 17 were male, and 
3 were female. Eighteen patients were diagnosed with 
primary liver cancer, and two patients were diagnosed 
with liver metastases. Their average age at diagnosis was 
60.4 ± 9.2 years.

The inclusion criteria for patients are as follows: (1) 
patients receiving radiotherapy for liver tumors; (2) pos-
sessing contrast-enhanced planning CT (free-breath-
ing), contrast-enhanced T1-weighted (free-breathing), 
T2-weighted (gated) 3D-MRI, and low-quality 4D-MRI 
images, all of which are required.

Image acquisition
The free breathing contrast-enhanced CT images were 
acquired by a CT scanner (Sensation Open, Siemens, 
Erlangen, Germany) with the acquisition parameters are 
as follows: matrix = 512 × 512, thickness = 3  mm, tube 
current = 146 mA, kVp = 120 kV, while all the MRI scans 
were performed on a 3.0T scanner (Skyra, Siemens, 
Erlangen, Germany). Each patient underwent 4D-MRI 
using the time resolved imaging with interleaved stochas-
tic trajectories (TWIST) volumetric interpolated breath-
hold examination (TWIST-VIBE) MRI sequence, which 
utilized view sharing technique with 20% central region 
and 20% sampling density in the peripheral region. This 
commercially available sequence was initially designed 
for fast volumetric imaging rather than 4D imaging. As 
in Xiao’s study, the acquisition time was reduced to 0.69 s 
and continuously acquired 72 3D frames to achieve a 

Fig. 1  The workflow of this study
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4D-MRI scan. Each patient also underwent regular T1w 
(free-breathing) and T2w (breath-holding) 3D MRI 
scans. Details of MRI imaging parameters are listed 
in Table  1. A dual-supervised deformation estimation 
model was used to generate a 4D deformable vector field 
(4D-DVF) from 4D-MRI data, and the prior images were 
deformed using this 4D-DVF to generate multi-paramet-
ric 4D-MRI [25].

Contouring
All the target delineation was performed by an experi-
enced radiation oncologist with 15 years of experience. 
Target_CT was obtained by contouring the target on 
the planning CT images. Target delineation on the gated 
T2-weighted on both end of inhalation and end of exha-
lation was denoted as Target_3DMRI. Subsequently, the 
clinical target volume Target_3D was generated by per-
forming a Boolean union operation on Target_3DMRI 
and Target_CT. The contours delineated on all the 10 
phases of multi-parametric 4D-MRI are denoted as 
Target_F0 - Target_F9. Similarly, Target_4DMRI was 
generated by Boolean union operation on Target_F0 
- Target_F9. Likewise, Target_4D was created by per-
forming a Boolean union operation on Target_4DMRI 
and Target_CT. The naming conventions for targets 
in different modality images are described in Fig.  1’s 
Step II. Finally target contours and composite volumes 
of 3D&4D techniques were compared. Organs at risk 
(OARs) were contoured on CT scans, and the constraints 
were determined according to the 2022 UK consensus, 
supplemented with guidelines from the American Soci-
ety for Radiation Oncology (ASTRO) [26–28]. All the 

delineations are ultimately presented on the CT images, 
and the planning design is based on the CT images.

Moreover, based on the widely adopted the Couin-
aud classification system of liver anatomy internation-
ally, the target locations of 20 patients were categorized. 
The Couinaud classification system divided the liver into 
eight independent units (termed segments), including the 
caudate lobe (segment I), the left hepatic lobe (segments 
II-IV) and the right hepatic lobe (segments V-VIII). 
Tumors are positioned in the caudate lobe for 2 patients, 
while 3 patients had tumors in the left hepatic lobe, and 
15 patients exhibited tumor growth in the right hepatic 
lobe. The eight segments and tumor distributions of 20 
patients are shown in Fig. 2. The absolute and percentage 
volume differences of Target_3D and Target_4D in vari-
ous hepatic lobes was compared.

Radiotherapy planning
As shown in Fig.  1 in the radiotherapy planning step, 
the orange and red solid lines indicate that based on 
Target_3D and Target_4D, two separate radiotherapy 
plans, Plan_3D and Plan_4D, were created. To evaluate 
the impact of different target contouring on the plan, 
Plan_3D was duplicated onto Target_4D and the dose 
was re-calculated without re-optimization to generate 
Plan_3D’. Similarly, Plan_4D was copied onto Target_3D 
and the dose was re-calculated to generate Plan_4D’. 
These steps are marked by the orange and red dashed 
lines in Fig. 1 Step III.

All patients underwent intensity modulated radio-
therapy (IMRT) or volumetric modulated arc therapy 
(VMAT) planning on the Varian Eclipse version 15.6 
treatment planning system. Among them, seventeen 

Table 1  Imaging parameters of MRI
4D-MRI 3D-MRI
LQ 4D-MRI T1WI T2WI

Contrast-enhanced No Yes No
Acquisition mode Free breathing Free breathing Gated
Sequence TWIST-VIBE Star-VIBE TSE
Fat suppression not applicable (N/A) SPAIR SPAIR
Turbo factor N/A N/A 43
Flip angle (◦) 5 9 72
Echo trains per slice N/A N/A 6
Parallel imaging (factor) CAIPIRINHA (4) N/A GRAPPA
Acceleration factor (PE) 2 N/A 3
Partial Fourier 6/8 7/8 N/A
TR (ms) 3.44 2.83 1090
TE (ms) 1.23/2.45 1.48 84
Bandwidth (Hz/pixel) 1420 820 781
Matrix size 160 × 128 × 64 320 × 320 × 72 256 × 256 × 40
Voxel size (mm) 2.7 × 2.7 × 2.7 1.2 × 1.2 × 3.0 1.5 × 1.5 × 5.0
Acquisition time 0.69 s per 3D frame 173 s 60 s
Number of frames 72 N/A N/A
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patients received conventional radiotherapy with a pre-
scribed dose of 45 to 56 Gy, administered at 1.8 to 3 Gy 
per fraction, once daily, five fractions per week. Three 
patients received SBRT with a dose of 7.5 to 10  Gy per 
session, administered once daily, five times per week, for 
a total of 5 to 8 sessions.

For Plan_3D and Plan_4D, the target dose distribution 
is evaluated using the conformity index (CI) and homo-
geneity index (HI) as defined in the ICRU83 report [29]. 
The calculation formulas are as follows:

	 HI = (D2% − D98%)/D50%� (1)

	 CI = V100%Rx/Vtarget� (2)

where Dx% indicates the dose to x% of the volume, V100%Rx 
and Vtarget indicate the volumes receiving at least 100% of 
the prescribed dose and the target volumes respectively.

Statistical methods
Statistical analysis of the target volumes was performed 
using SPSS (v21.0, IBM Analytics, Armonk, NY). The 
Shapiro-Wilk method was employed to test the normality 
of the target volume distribution. For normally distrib-
uted data, the T-test was used, while the Mann-Whitney 
test was utilized for non-normally distributed data. Both 
tests were conducted as two-tailed tests with a signifi-
cance level of 0.05.

Results
Target volume
The measured target volume on different image modali-
ties is shown in Table 2. The comparison of the average 
target volumes between 3D-MRI and 4D-MRI showed 
no statistically significant difference (P = 0.355). Similarly, 
there was no statistically significant difference in target 
volumes between Target_3D and Target_4D (P = 0.398).

Contour visualization
There are two patients whose tumors are located in the 
caudate lobe, and the target volume in this region is min-
imally affected by respiration (Fig. 3a). The mean volume 
difference between Target_3D and Target_4D is 2.76 cm3 
(SD 3.42 cm3), with the average percentage volume differ-
ence of 22% (SD 17%). Tumors not near rigid structures 
such as the chest wall and spinal cord are more influ-
enced by respiratory, visceral, and dietary movements, 
resulting in a greater difference between Target_3D and 
Target_4D, especially when the tumor is close to the 
diaphragm apex. In the left hepatic lobe (Fig.  3b), the 
mean absolute and percentage volume differences are 
181.54 cm3 (SD 68.50 cm3) and 30% (SD 3%). Due to the 
constraint of the chest wall, the target area in the right 
hepatic lobe is also subject to limited impact from respi-
ration (Fig.  3c). The mean absolute and percentage vol-
ume differences in the right hepatic lobe are 26.08 cm3 
(SD 20.52 cm3) and 21% (SD 14%). Figure 3 displays the 

Fig. 2  The couinaud classification system and the tumor distributions of 20 patients
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target contours of three patients in three different hepatic 
lobes.

Target dose
All Plan_3D and Plan_4D meet 100% of the prescription 
dose covering at least 95% of the target volume (Fig. 4a 
and b). In Plan_3D, the mean Target_3D volume of 
96.02% (SD 0.61%) could meet 100% of the prescription 

dose. In Plan_4D, plans meet 100% of the prescription 
dose covering mean 95.98% (SD 0.53%) of the Target_4D 
volume. There was no statistically significant difference 
between Plan_3D and Plan_4D (P = 0.82).

When Plan_3D was copied to Target_4D, 95% of the 
Target_4D volume could not be reached to the pre-
scription dose, with the exception of one case where the 
tumor located in the caudate lobe and volume were less 

Table 2  Target volumes in different modal images [cm3]
CT MRI MRI registration to CT
Target_CT Target_3DMRI Target_4DMRI Target_3D Target_4D

Mean 108.56 120.94 172.87 144.98 192.05
SE 23.83 28.25 39.68 31.85 45.11
SD 106.58 126.34 177.46 142.44 201.75
95% CI lower 58.68 61.80 89.82 78.32 97.63

upper 158.44 180.07 255.93 211.65 286.47
Median 65.29 80.36 122.21 91.20 123.24
P - 0.355 0.398
Note: SE = standard error, SD = standard deviation, 95% CI = 95% confidence interval

Fig. 3  Three examples of target contouring in transversal (-1), sagittal (-2), and frontal (-3) views. The green line is Target_4D based on multi-parametric 
4D-MRI and paired CT, and the red line is Target_3D drawn based on 3D-MRI and paired CT
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affected by respiratory movement and were not adja-
cent to the lung (Fig. 4c). Another tumor located in the 
caudate lobe reached 100% of the prescription dose by 
93.94% volume. Plan_3D’ meets 100% of the prescrip-
tion dose covering mean 77.89% (SD 10.13%) of the 
Target_4D volume. There was statistically significant dif-
ference between Plan_3D and Plan_3D’ (P = 1.47 × 10− 7). 
When Plan_4D was copied to Target_3D, plans meet 
100% of the prescription dose covering mean 94.17% 
(SD 3.12%) of the Target_3D volume (Fig. 4d). There was 
statistically significant difference between Plan_4D and 
Plan_4D’ (P = 0.013).

In Plan_3D, the mean and SD of CI for the 20 patients 
is 1.02 ± 0.04 (95%CI [1.01 1.05]), and HI is 0.108 ± 0.02 
(95%CI [0.100 1.15]). The mean and SD of CI for the 20 
patients in Plan_4D is 1.02 ± 0.01 (95%CI [1.00 1.04]), and 
HI is 0.107 ± 0.01 (95%CI [0.101 1.13]). The specific values 
of CI and HI for the 20 patients are shown in Fig. 5. The 

comparison of CI and HI between Plan_3D and Plan_4D 
showed no statistically significant difference (PCI = 0.718, 
PHI = 0.878).

OARs dose
The analysis of dose to OARs was performed, including 
the maximum dose in the spinal cord and duodenum, 
as well as the mean dose in several organs, including the 
liver, normal liver tissue, duodenum, left and right kid-
neys, stomach, and esophagus. The results can be found 
in Table  3 and no statistically significant difference in 
OAR doses was found between Plan_3D and Plan_3D’, 
Plan_4D and Plan_4D’.

Discussion
Respiration is the main source of motion for abdominal 
tumors. Respiratory-induced displacements can extend 
to several centimeters in the cranio-caudal (CC) direction 

Fig. 4  The target dose-volume histograms (DVHs) of 20 patients. (a) is Plan_3D. (b) is Plan_4D. (c) and (d) are Plan_3D’ and Plan_4D’, respectively
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[30, 31]. Tumor positions and shapes can vary substan-
tially across time points. Underestimating target volume 
compromises dose coverage, while overestimating it 
leads to unnecessary OAR radiation and elevated toxicity 
risk [32]. Therefore, characterizing respiratory-induced 

motion of the tumor and OARs is vital to minimize radia-
tion toxicity to healthy tissue and maximize the target 
dose during radiotherapy. Although 4D-CT remains the 
standard imaging technique used for motion manage-
ment, its application in abdominal cancer is limited by 

Table 3  OARs dose in Plan_3D, Plan_3D’, Plan_4D and Plan_4D’ [cGy]
Plan_3D Plan_3D’ Plan_4D Plan_4D’

SpinalCord
  Dmax 1360.0 ± 850.8 1360 ± 850.1 1357.7 ± 909.8 1358.4 ± 911.2
  p 1.000 0.998
liver
  Dmean 1671.2 ± 711.6 1671.2 ± 711.6 1854.6 ± 763.7 1854.7 ± 763.7
  p 1.000 1.000
Normal liver
  Dmean 1027.4 ± 449.1 1012.3 ± 454.1 1194.3 ± 513.8 1257.3 ± 513.5
  p 0.917 0.7
Duodenum
  Dmax 1731.3 ± 1803.1 1731.6 ± 1803.0 2399.1 ± 2107.5 2399.6 ± 2107.2
  p 0.986* 0.972*
  Dmean 470.5 ± 712.7 470.5 ± 712.7 689.0 ± 860.60 688.9 ± 860.7
  p 0.986* 0.972*
Kidney_L
  Dmean 88.9 ± 148.2 87.1 ± 149.0 138.7 ± 216.7 138.7 ± 216.7
  p 0.849* 1.000*
Kidney_R
  Dmean 213.6 ± 374.2 209.9 ± 375.2 279.1 ± 439.9 279.1 ± 439.8
  p 0.965* 0.988*
Stomach
  Dmean 921.4 ± 1070.3 921.4 ± 1070.3 1103.3 ± 1359.2 1103.3 ± 1359.3
  p 1.000* 0.988*
Esophagus
  Dmean 1342.6 ± 1197.5 1342.6 ± 1197.5 1456.3 ± 1323.4 1456.4 ± 1323.3
  p 0.985* 0.985*
Note: Dmax and Dmean are the maximum and mean dose of the structure, respectively. * indicates the Mann-Whitney test; Otherwise, t-test is performed

Fig. 5  CI and HI maps of 20 patients. (a) represents the CI map for the 20 patients, while (b) represents the HI map. The gray box represents Plan_3D, and 
the red circle represents Plan_4D
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insufficient soft-tissue contrast and additional ionizing 
radiation. In contrast, 4D-MRI offers versatile soft-tis-
sue contrast without ionizing radiation [18, 33]. There-
fore, 4D-MRI holds great potential in abdominal tumor 
motion management.

Chen et al. [34] evaluated the feasibility of 4D-MRI 
in the target delineation of primary liver cancer. Com-
pared with 4D-CT, T2-weighted and navigator-triggered 
4D-MRI demonstrated fewer artifacts and more accurate 
motion assessment, potentially reducing the uncertainty 
in target delineation. While this study demonstrated 
4D-MRI’s potential for liver cancer targeting, its dose 
advantages in target delineation weren’t evaluated. Addi-
tionally, the 4D-MRI used in this study had a slice thick-
ness of 5  mm. For patients requiring SBRT, the slice 
thickness of 3 mm or thinner is preferred, yet maintain-
ing both scanning efficiency and image quality becomes 
challenging. Zhang et al. [35] also explored clinical util-
ity of 4D-MRI for lung tumor delineation and motion 
assessment. This study showed that 4D-MRI is a prom-
ising and viable technique for clinical lung tumor delin-
eation and motion assessment. Similarly, the study did 
not explore the dosimetric impact of target contouring 
and faced challenges related to scanning time and image 
quality. In contrast, the multi-parametric 4D-MRI tech-
nique used in this study provides improved spatial-tem-
poral resolution within a clinically acceptable scanning 
time compared to the 4D-MRI technique used in afore-
mentioned studies, presenting great potential for precise 
tumor motion management.

Upon acquiring 4D scans, the subsequent challenge 
is the application in treatment planning. In this study, 
we explored the clinical applicability of multi-para-
metric 4D-MRI in liver cancer radiotherapy. We sta-
tistically analyzed target volume and contour changes 
and explored the dosimetric impacts. While no signifi-
cant target volume differences between Target_3D and 
Target_4D were noted, contour variations were evident. 
In the 4D-MRI datasets, there was an increase in tumor 
volume (192.05 cc compared to 144.98 cc), even though 
the 3D-MRI datasets considered both maximum inha-
lation and exhalation phases. The possible reasons for 
this phenomenon are as follows: 3D-MRI scans are per-
formed at a specific time point, reflecting the tumor’s 
morphology at that moment. In contrast, 4D-MRI scans 
are taken at multiple time points, considering the tumor’s 
dynamic behavior at different stages of the respiratory 
cycle. Therefore, with 4D-MRI data, doctors may identify 
more tumor regions, especially when the tumor’s contour 
changes due to breathing. Additionally, 4D-MRI captures 
the tumor’s state at different time points during the respi-
ratory process. Breathing not only leads to changes in the 
tumor’s position but also alters its shape and volume dur-
ing inhalation and exhalation. Since 4D-MRI can capture 

these dynamic changes, it may show the tumor’s maxi-
mum volume throughout the entire respiratory cycle. A 
larger average volume from Target_4D implies superior 
target coverage potential for motion-affected tumors, 
thereby enabling better tumor control. From a dosimetric 
perspective, using 3D-MRI for tumor delineation could 
underdose the target, consistent with previous studies 
[32, 36]. For OARs, a larger tumor volume may increase 
the risk of radiation, especially when the tumor is located 
near the OARs. As shown in the results of Tables 3 and 
4D-MRI results in a higher mean radiation dose to the 
normal liver, stomach, kidneys, and duodenum compared 
to 3D-MRI. We recommend further optimizing dose dis-
tribution in future radiotherapy plans to minimize radia-
tion exposure to normal tissues.

Although no significant target volume differences 
between Target_3D and Target_4D were found, gated 
MRI could be affected by respiratory control and patient-
specific factors, influencing contour outcomes. Yu et al. 
[37] have demonstrated that approximately 5  mm ana-
tomical landmark positional differences in all directions 
were found between gated MRI and 4D-CT fusion plan-
ning for hepatocellular carcinoma patients; the gap was 
larger in patients with ascites or pulmonary disease. The 
magnitude of respiratory motion impact is directly cor-
related with the delineation differences between the 3D 
and 4D images.

In this study, Table  2 shows a 32.47% mean volume 
increase in Target_4D compared to Target_3D, aligning 
with reasonable expectations. For example, Xu et al. [32] 
illustrates that the motion of the GTV varies from − 4.4 
to 177% from 4D-CT to 4D-MRI. The volume changes 
between Target_3D and Target_4D in different liver lobes 
ranked from largest to smallest as follows: left hepatic 
lobe, right hepatic lobe and caudate lobe. The reason is 
that tumors in the left hepatic lobe are not close to rigid 
structures such as spinal cord, which makes them suscep-
tible to the influence of respiratory, visceral, and dietary 
movements, especially at the apex of the diaphragm. The 
right liver lobe is constrained by the chest wall, result-
ing in limited tumor movement. Meanwhile, the caudate 
lobe is located near the spine and major blood vessels, 
which is why tumors in this hepatic lobe are least affected 
by respiration [38].

In Fig.  4(d), seven plans failed to meet the require-
ment of 95% of the target volume with prescribed dose. 
The possible reasons are: 1) Gated technique may intro-
duce some uncertainty in tumor delineation [39, 40]. 
For example, respiration-gated scanning can be per-
formed using external surrogates, but the correlation 
between such surrogates and tumor motion may vary 
[40]. 2) Target_4D and Target_3D does not represent a 
simple relationship of inclusion and being included. 3) 
These cases, mostly diaphragm-proximal tumors, were 
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significantly impacted by respiratory motion, particu-
larly in the CC direction [41]. Additionally, proximity to 
the lungs introduces complexities in dose calculations, 
resulting in dosimetric discrepancies on the DVH [42]. 
Although the dosimetric difference between Plan_3D & 
Plan_3D’ and Plan_4D & Plan_4D’ are statistically signifi-
cant (P = 1.47 × 10− 7, P = 0.013), Plan_3D’ meets 100% of 
the prescription dose covering mean 77.89% (SD 10.13%) 
of the target volume, and Plan_4D’ covered mean 94.17% 
(SD 3.12%) of the target volume. This suggests that the 
3D image-guided target delineation may be more likely 
to underestimate target volume and compromise dose 
coverage.

Notwithstanding the promising results of multi-para-
metric 4D-MRI, the study does have certain limitations. 
One limitation of our study is the temporal resolution 
of multi-parametric 4D-MRI, which may warrant future 
improvements by reducing acquisition times of the 
original commercial 4D-MRI scans. Some studies have 
demonstrated the feasibility of deformable vector field 
estimation using highly under sampled images and this 
could potentially be utilized in optimizing the multi-
parametric 4D-MRI [43]. Another limitation lies in the 
absence of 4D-CT images. Lastly, due to the labor-inten-
sive and time-consuming nature of contouring targets 
across various modality images and phases, only 20 hepa-
tocellular carcinoma cases were included in the clini-
cal testing. Future endeavors will aim to enroll a larger 
cohort of patients.

Conclusion
In conclusion, our research study underscores the poten-
tial value and significance of multi-parametric 4D-MRI 
in the domain of liver cancer radiotherapy. By optimiz-
ing tumor delineation and dosimetric precision, the inte-
gration of multi-parametric 4D-MRI holds promise in 
advancing treatment outcomes and patient care in liver 
cancer radiotherapy. Future studies on a larger cohort 
of patients are warranted to further verify the efficacy of 
multi-parametric 4D-MRI.
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