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Abstract
Purpose: To evaluate the feasibility of 4-dimensional magnetic resonance imaging (4DMRI) in establishing the target of primary

liver cancer in comparison with 4-dimensional computed tomography (4DCT). Methods and Materials: A total of 23 patients

with primary liver cancer who received radiotherapy were selected, and 4DCT and T2w-4DMRI simulations were conducted to

obtain 4DCT and T2w-4DMRI simulation images. The 4DCT and T2w-4DMRI data were sorted into 10 and 8 respiratory phase

bins, respectively. The liver and gross tumor volumes (GTVs) were delineated in all images using programmed clinical workflows

under tumor delineation guidelines. The internal organs at risk volumes (IRVs) and internal target volumes (ITVs) were the unions

of all the phase livers and GTVs, respectively. Then, the artifacts, liver volume, GTV, and motion range in 4DCTand T2w-4DMRI

were compared. Results: The mean GTV volume based on 4DMRI was 136.42± 231.27 cm3, which was 25.04 cm3 (15.5%) less

than that of 4DCT (161.46± 280.29 cm3). The average volume of ITV determined by 4DMRI was 166.12± 270.43 cm3, which

was 22.44 cm3 (11.9%) less than that determined by 4DCT (188.56± 307.57 cm3). Liver volume and IRV in 4DMRI increased

by 4.0% and 6.6%, respectively, compared with 4DCT. The difference in tumor motion by T2w-4DMRI based on the centroid

was greater than that of 4DCT in the L/R, A/P, and S/I directions, and the average displacement differences were 2.6, 2.8, and

6.9 mm, respectively. The severe artifacts in 4DCT were 47.8% (11/23) greater than in 4DMRI 17.4% (4/23). Conclusions:
Compared with 4DCT, T2-weighted and navigator-triggered 4DMRI produces fewer artifacts and larger motion differences in

hepatic intrafraction tumors, which is a feasible technique for primary liver cancer treatment planning.
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Introduction
Primary liver cancer is one of the most common cancers and the
4th most frequent cause of cancer-related death globally.1

Radiotherapy is an effective method to improve the local
control rate and survival of primary liver cancer, and the
safety and efficacy of radiotherapy depend on precise delinea-
tion of the target.2-5 The motion of organs and tumors caused
by human breathing affects the accuracy of delineation of the
target, which is the well-documented main factor causing radio-
therapy errors.6-8 Four-dimensional computed tomography
(4DCT) is the current clinical standard in tumor motion assess-
ment because it can assess patient-specific breathing motion for
determining individual safety margins in radiation therapy.9,10

However, the timing of 4DCT enhancement is difficult to
determine with the low soft-tissue contrast of the image, which
cannot clearly display the boundary between organs and
tumors, which will affect the accurate delineation of the tumor
target. Some studies have shown that 4DCT significantly under-
predicts target motion ranges.11-13 Furthermore, Yamamoto
et al14 stated that 90.0% of thoracic and abdominal 4DCT
images are artifact-affected. Research by Sentker et al15 showed
that image artifacts in 4DCT treatment planning data negatively
influence clinical outcomes in SBRT of lung and liver metastases.

MRI has higher soft-tissue resolution and higher sensitivity
and specificity, enabling better clinical detection and staging
of liver cancer than CT.16 Therefore, 4-dimensional magnetic
resonance imaging (4DMRI) is an ideal way to delineate
targets in primary liver cancer, which can capture organ and
tumor movement throughout the respiratory cycle.17,18

Several MRI-guidance systems have been used in clinical
treatment in recent years, and several research groups have
made substantial progress towards the integration of 4DMRI
in the clinical workflow.19-21 van de Lindt et al22 validated
the implementation for 4DMRI guided liver stereotactic body

radiation therapy workflow in MRI-linac. And Hoffmann
et al23 believe that prototype MR-integrated proton therapy
systems will be developed within the next 5 to 10 years.
There are many multinational research efforts to incorporate
MR imaging into a radiation therapy treatment system.24

Therefore, it is important to delineate the target of tumor with
4DMRI in future radiotherapy.

With the development of technology and equipment,
4DMRI technology has been increasingly applied. One study
by Zhang et al25 has described the difference in delineation of
lung tumor between 4DCT and 4DMRI, they found the
average gross tumor volumes (GTVs) are similar between
4DCT and T2w-4DMRI, but smaller in T1w MRI. Another
4DMRI study on the normal tissues shown that the internal
organ-at-risk volume (IRV) is 20 to 50% larger than organ at
risk (OAR) volumes.26 However, the appearance of the lesion
depends on the difference in signal intensity between the
lesion and surrounding normal organs. Therefore, the appear-
ance in 4DMRI of liver tumor may have some differences
from lung cancer.27 To provide a better reference for accurate
delineation of liver cancer targets, we compared and discussed
the clinical implications of liver tumor delineation using 4DCT
and 4DMRI in 23 cases of liver cancer.

Materials and Methods

Patients
Twenty-three patients with hepatic tumors who received radia-
tion therapy between June 2019 and August 2020 were included
in this study. The group consisted of 9 patients with tumors in
the right posterior segment, 7 in the right anterior segment, 4 in
the medial segment of the left lobe of the liver, and 3 in the left
lateral lobe of the liver. The patients ranged in age from 33 to 67

Figure 1. Workflow for the comparison of 4DCT and 4DMRI in this study.
Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging.
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years old, with a median age of 59 years. This study was
approved by the Ethics Review Committee of Shandong
Cancer Hospital and Institute (approval No. 201906008). This
study is retrospective and the data are anonymous, the require-
ment for informed consent was therefore waived.

Image Acquisition of 4DCT
All patients underwent 4DCT scan in a free-breathing,
uncoached state helical CT scanner (Brilliance Big Bore,
Philips Healthcare). The patient was asked to place both arms
above the head, and a patient body immobilization mold was
prepared in the CT room. The scan range was from 3 to 4 cm
above the diaphragm to the lower pole of the right kidney.
The voxel size was 0.97 mm× 0.97 mm× 3 mm. A Varian
RPM system module fluorescent labeling point device was
placed approximately 5 to 10 cm inferior to the xiphoid
process of the sternum as the respiratory surrogate for

retrospective amplitude-binned 4DCT reconstruction. The
4DCT data were sorted into 10 respiratory phase bins and
named Phase0, Phase10 … Phase90, wherein Phase0 is the end
expiratory phase, Phase50 is the end inspiratory phase, and the
rest are intermediate phases (Figure 1A).

Image Acquisition of 4DMRI
All patients underwent 4DMRI in the treatment position on the
same day, approximately 5 to 6 h after the 4DCT scan. 4DMRI
images were obtained on an INGENIA 3.0T scanner (Philips
Healthcare) using the navigator-triggered T2w-TSE-4Dbelt
sequence with an ACQ voxel size of 1.41 mm× 1.61 mm×
5 mm, REC voxel size of 0.94 mm× 0.94 mm× 5 mm, TR=
772 ms, TE= 100 ms, slice thickness of 5 mm. The navigator
was set on the right diaphragm dome, all 4DMRI scans took
a similar time of approximately 5 min. Upon the start of the
4DMR measurement the breathing cycle is measured to

Figure 2. (A) A sample graph of respiratory curve for patients (0%-90% means that the breath curve is divided into 10 parts, the blue area is the
inspiratory phase, and the green area is the expiratory phase). (B) The respiratory phase of T2w-4DMRI and 4DCT (The purple box is the acquired
phase bins in 4DCT and 4DMRI and yellow box is the phase bins used for comparison).
Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging.
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determine the inhale-exhale distance, from this the different
bins are defined that are filled during continuous scanning,
which were sorted into 8 respiratory phase bins and named
MRI0, MRI10…MRI70, wherein MRI0 is the end phase of expi-
ratory therapy, MRI40 is the end phase of inspiratory therapy,
and the rest are intermediate phases (Figure 1B).

GTV Contouring and ITV Definition
One radiologist and one radiation oncologist jointly delineated
the liver tumor based on the patient’s previous imaging data and
iodide deposition and tumor changes. The IRV and internal
target volume (ITV) were automatically generated by

MIMv6.5.6 software integrating the livers and GTVs of all
phases, respectively. The same sketcher completed all GTVs
and livers to avoid differences in organ delineations between
different sketchers.

Comparison of Multiple Datasets in 4DCT and 4DMRI
All tumors were classified into 3 classes: small tumor (Tumor
1-7) was less than 10 cm3, medium tumor (Tumor 8-16) was
10 to 100 cm3, and large tumor (Tumor 17-23) was more
than100 cm3. Then, we compared the following aspects
(Figure 1C):

Figure 3. Schematic illustration of respiratory image artifacts in 4DCT and 4DMRI. (Double structure artifact was marked with a orange arrow,
and interpolation artifact was marked with a blue arrow).
Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging.

Table 1. Summary of the Results in Average Volume, GTV Motion, and Artifact Scoring in 4DCT and 4DMRI.

4DCT 4DMRI

Average volume (�x ± s, cm3)
Liver 1483.84± 473.88 1543.19± 495.77
IRV 1674.22± 494.25 1785.22± 513.38
GTV 161.46± 280.29 136.42± 231.27
ITV 188.56± 307.57 166.12± 270.43

GTV centroid motion (median/mean/range, mm)
L/R 1.8/1.9/（0.1-4.9） 2.5/2.6/（0.7-6.9）
A/P 1.5/1.9/（0.1-5.2） 2.6/2.8/（0.6-8.5）
S/I 4.4/5.0/（0.1-11.4） 6.0/6.9/（1.4-19.1）

Artifact scoring
C1 52.2%（12/23） 82.6%（19/23）
C2 47.8%（11/23） 17.4%（4/23）

Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging; IRV, internal organs at risk volume; GTV, gross
tumor volume; ITV, internal target volume.
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(1) Comparison of liver volume, IRV, GTV, and ITV in
4DCT and 4DMRI.

To better compare the 10 respiratory phase bins of 4DCT, we
divided the 8 breath phases of MRI into 10 respiratory phase
bins by interpolation that performed between the volumes of
adjacent respiratory phases, as shown in Figure 2.

(2) Comparison of motion range in 4DCT and 4DMRI.

The GTV centroid motion between end-inspiration and
end-expiration is compared in 4DCT and 4DMRI. In addition,
the motions of the GTV in 6 directions (left, right, anterior, pos-
terior, superior, and inferior) determined by 4DCT and 4DMRI
based on tumor edge differences were compared.

(3) Artifact scoring

We divide artifacts into no or moderate artifacts (C1) and severe
artifacts (C2) based on the research methods of others.15 C1 are
maximum 4 double structure artifacts and no interpolation arti-
facts, otherwise are C2.

Double structure artifacts are caused by respiratory motion
irregularity during image acquisition, as shown in Figure 3.
Interpolation artifacts indicate a lack of sufficient projection data
to reconstruct transversal images at the corresponding couch

position and breathing phase. Therefore, interpolation artifacts in
the central image area directly leads to an artifact score of C2.15,28

Statistical Evaluation
Statistical analysis was performed using SPSS 24.0 software
(IBM CORP.) using descriptive statistics and bar chart to
display all motion data. The Wilcoxon signed-rank test was
used to investigate the relationship between 4DCT and
4DMRI. The factors tested were liver volume, GTV, ITV, and
tumor motion. P< .05 was considered statistically significant.

Results

The Difference of Liver Volume, IRV, GTV, and ITV
between 4DCT and 4DMRI
Table 1 is the summary of the results, whereas Table 2 shows
the difference percentage of GTV from all 23 tumors. The
liver volume and IRV determined by 4DMRI were larger than
4DCT, the average value of differences was 59.35 cm3 (4.0%)
and 111.00 cm3 (6.6%), respectively. Conversely, the GTV and
ITV in 4DMRI were less than 4DCT, the average value of differ-
ences was, respectively, 25.04 cm3 (15.5%) and 22.44 cm3

(11.9%), with statistical significance (P= .002, P= .006, two--
sided Wilcoxon rank-sum test). In 78.3% of cases show
smaller mean GTV in 4DMRI than 4DCT, as shown in Figure 4.

Table 2. The Difference of GTV Between 4DCT and 4DMRI (cm3).

Tumor

4DCT 4DMRI Difference

Mean St dev Mean St dev 4DMRI-4DCT Percentage (%)

1 0.45 0.15 1.52 0.66 1.07 235.5
2 1.07 0.26 1.86 0.55 0.79 73.3
3 2.64 0.71 1.62 0.64 −1.03 −38.8
4 3.26 0.64 2.70 0.85 −0.56 −17.2
5 5.99 0.57 3.84 0.39 −2.15 −35.9
6 7.08 1.48 4.17 0.40 −2.92 −41.2
7 7.75 1.10 6.32 0.79 −1.44 −18.5
8 10.81 0.05 14.51 1.20 3.70 34.3
9 12.02 1.09 13.28 1.36 1.26 10.5
10 13.33 0.46 6.92 1.21 −6.41 −48.1
11 20.92 1.20 10.07 1.28 −10.85 −51.9
12 21.07 0.08 11.62 1.04 −9.45 −44.8
13 27.89 2.76 9.66 2.32 −18.22 −65.3
14 32.47 2.30 20.02 1.44 −12.45 −38.3
15 41.61 4.24 12.77 1.04 −28.84 −69.3
16 48.10 4.29 26.01 5.11 −22.09 −45.9
17 205.89 15.57 186.41 7.68 −19.48 −9.5
18 298.89 4.73 241.53 8.53 −57.35 −19.2
19 323.89 8.23 338.92 9.10 15.03 4.6
20 369.50 9.62 313.79 5.87 −55.71 −15.1
21 431.18 20.70 422.22 10.08 −8.96 −2.1
22 700.52 6.71 669.38 5.71 −31.15 −4.5
23 1127.31 6.76 818.48 11.85 −308.83 −27.4
Average 161.46 4.07 136.42 3.44 −25.04 −15.5

Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging; GTV, gross tumor volume.
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The variation in GTV within the breathing cycle of 4DMRI
(1.5%) is smaller than 4DCT (3.8%), as shown in Table 3,
which indicates the better delineation reproducibility in the

4DMRI with respect to the 4DCT. The average GTV ratios
(GTV4DMRI/GTV4DCT) of Phase0 and Phase50 were 0.86 and
0.83, respectively.

Figure 4. A plot of all delineated the average GTV and ITV in 4DCT and 4DMRI (The left coordinate axis was used for 1 through 16 tumors, and
the right coordinate axis was used for 17 through 23 tumors).
Abbreviations: GTV, gross tumor volume; ITV, internal target volume; 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging.
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Variation in GTV Motion between 4DCT and 4DMRI
The mean value, median value, and motion range of GTV cen-
troid estimation in the L/R, A/P, and S/I directions of 4DCT and
4DMRI are shown in Table 1, and the corresponding mean
value of GTV motion is shown in Figure 5. In 69.6% of
cases, GTV centroid motion was similar to or greater in
4DMRI than in 4DCT. In the L/R, A/P, and S/I directions,
the mean differences in GTV centroid motion between 4DCT
and T2w-4DMRI were 0.7, 0.9, and 1.9 mm, respectively.
The difference between 4DCT S/I motion estimates and the
motion estimates derived from 4DMRI motion data was statisti-
cally significant (P= .048, two-sided Wilcoxon rank-sum test).

The motion of GTV edges as the maximum among all slices
was also evaluated in 6 directions (left, right, anterior, posterior,
superior, and inferior), and the corresponding data statistics are
shown in Table 4. 4DMRI motion was larger than 4DCT
motion for the left, right, anterior, posterior, superior, and infe-
rior direction in 60.9%, 69.6%, 52.2%, 60.9%, 52.2%, and
60.9% of patients, respectively.

Differences in Artifact Classes in 4DCT and 4DMRI
The artifact class frequencies assigned to the 23 lesions in the
4DCT data were 52.2% (12/23) for moderate artifacts and
47.8% (11/23) for severe artifacts, whereas the frequencies in
the 4DMRI data were 82.6% (19/23) and 17.4% (4/23) for mod-
erate artifacts and severe artifacts, respectively.

Discussion
4DMRI is a useful technique for tumor delineation and assess-
ment of motion due to its excellent soft-tissue contrast with zero
radiation hazard. We demonstrated the feasibility of using
4DMRI to delineate GTV and ITV for liver cancer radiotherapy
by comparing 4DMRI with 4DCT. We quantified the differ-
ences between 4DCT and 4DMRI in the target morphology
and motion of liver cancer. Our data showed that, compared
with 4DCT, 4DMRI might help reduce the uncertainty of

delineating liver tumors by providing images with excellent
soft-tissue contrast and fewer artifacts. In addition, 4DMRI
can detect differences in hepatic intrafraction tumor motion
better than 4DCT, which may have clinical significance.

In this study, there were significant differences in liver
volume and GTV between 4DCT and 4DMRI. The average
GTV and ITV decreased by 15.5% and 11.9% when changing
from 4DCT to 4DMRI, respectively. The tumor variation
between 4DCT and 4DMRI in this study is comparable to the
difference in CT and specimen reported by Lampen-Sachar
et al, which showed that the GTV from CT is 18.3% greater
than that from pathological specimens.29 This indicates that
4DMRI can significantly improve the delineation accuracy of
liver cancer targets. It is worth mentioning that Tumor 1, 2,
11, 13, and 15 (5 of 23 cases: 21.7%) show significant differ-
ence in volume between 4DCT and 4DMRI, all of which

Table 3. Variation of GTV Within the Breathing Cycle of 4DCT and
4DMRI (�x ± s, cm3).

Phase 4DCT 4DMRI P-value

Phase0 158.63± 281.75 135.72± 232.36 .013
Phase10 158.61± 281.11 136.06± 232.27 .020
Phase20 159.28± 278.85 136.58± 231.42 .006
Phase30 160.45± 279.83 137.16± 231.84 .010
Phase40 163.69± 281.42 137.90± 233.19 .001
Phase50 164.32± 280.36 136.94± 232.46 .001
Phase60 163.14± 280.87 136.67± 231.14 .002
Phase70 160.88± 280.05 135.65± 229.21 .003
Phase80 161.32± 280.36 135.09± 229.49 .002
Phase90 158.05± 279.52 135.36± 231.29 .012

Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI,
4-dimensional magnetic resonance imaging; GTV, gross tumor volume.

Figure 5. The mean of absolute values of GTV displacement among
all phases in the left-right (above), anterior-posterior (mid), and
superior-inferior (below) direction of 4DCT and T2w-4DMRI.
Abbreviations: GTV, gross tumor volume; 4DCT, 4-dimensional computed
tomography; 4DMRI, 4-dimensional magnetic resonance imaging.
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belong to small or medium tumor. The tumor variation between
imaging modalities in this study is consistent with previous
finding by Zhang et al,25 despite differences in tumor type.
Zhang et al25 based on 16 lung cancer patients, illustrated that
the average GTV in 4DMRI was smaller than that in 4DCT,
and the small tumor that are less than 100 cm3 also showed sig-
nificant discrepancies. Furthermore, the prescription dose has to
cover the planning tumor volume (PTV) in radiation therapy.
PTV consists of ITV plus a margin that may include nearby
OARs, which is crucial to determine the dose-limiting toxic-
ity.30 The greater certainty of target and normal tissue localiza-
tions promises to decrease the normal tissue complication
probability (NTCP) by sparing additional normal tissue adja-
cent to the moving target.18 We found that the liver volume
and IRV increased by 4.0% and 6.6%, respectively, from
4DCT to 4DMRI, which may have significance for tumor
control probability (TCP) and for reducing the probability of
NTCP.

In this study, the range of GTV centroid motion was 6.9, 8.5,
and 19.1 mm in the S/I, A/P, and L/R directions, comparable to
liver tumor motion reported using cine-MRI by Kirilova et al31

We found that the mean differences between the 4DCT and
4DMRI measures of the GTV centroid were 0.7, 0.9, and
1.9 mm in the S/I, A/P, and L/R directions, respectively.
Interestingly, in other studies, 4DCT was compared with fluo-
roscopy, film MRI, and 4DCBCT, and all found that 4DCT
underpredicted tumor motion.12,32,33 In addition, this also
explains why the variation in ITV in 4DMRI and 4DCT was
smaller than that with the GTV. The ITV expands the boundary
of the target for organ movement and integrates the GTV
throughout the respiratory cycle. Although the GTV in
4DMRI is smaller than that in 4DCT, the motion range is
larger, elongating the ITV and results in a smaller ITV differ-
ence between 4DCT and 4DMRI.

Artifacts were reported to affect delineation of the GTV.34 In
the present study, the number of severe artifacts decreased from
47.8% to 17.4% in 4DMRI compared with 4DCT, correspond-
ing to a significantly improved image quality and guaranteed
accurate delineation of the target of primary liver cancer.
Double structure artifacts are caused by respiratory motion

irregularity during image acquisition, while interpolation arti-
facts are due to lack of sufficient projection data for reconstruc-
tion of images at the corresponding couch position and
breathing phase.15,28 Recent data show that most 4DCT
images are still affected by artifacts.35 Li et al compared the
4DMRI image quality between external and internal surrogat-
ing signal for reconstruction of 4DMRI images in 2017, they
stated that navigator-triggered 4DMRI image quality is far
superior.36 Moreover, the navigator-triggered 4DMRI is less
prone to motion artifacts caused by irregular breathing, as it
is using an internal surrogate.37 Therefore, there are less arti-
facts in 4DMRI due to the different reconstruction methods
compared with 4DCT. Significantly, 4DMRI carries a unique
artifact similar to binning artifacts but only in the heart and
major arteries/veins. Therefore, the artifact does not affect the
delineation of the liver target.25,38 To our knowledge, this is
the first study that combines artifact scoring and assessment
of target motion to compare the evaluation of 4DCT and
4DMRI to determine the target of primary liver cancer.
However, the artifact scoring in this study is relatively
simple, and follow-up studies can develop more detailed
scoring standards for image rank, which may have reference
significance for future clinical image quality assessment and
target delineation.

Mahmoud et al39 showed that T2-weighted images were
superior to other weighted images in detecting liver cancer.
Therefore, T2w-4DMRI is a promising technique for clinical
liver tumor delineation and was used in our study. Although
the larger slice thickness in 4DMRI (5 mm) for 4DCT
(3 mm), 4DMRI detects larger liver volume and GTV motion
compared with 4DCT, which proved that the difference of
slice thickness no significant affect our results. Several algo-
rithms exist for 4DMRI reconstruction, but the results of this
study are only valid for T2-weighted and navigator-triggered
4DMRI and cannot be extended to all algorithms.

This study quantified the comparison between 4DCT and
4DMRI in delineating targets in primary liver cancer,
whereas the dose advantage of 4DMRI in delineating targets
has not been evaluated. The synthetic CT generation method-
ologies used in MRI-only radiotherapy was systematically

Table 4. Pairwise Differences of GTV Edges Motion Between 4DCT and 4DMRI in the Left, Right, Anterior, Posterior, Superior, and Inferior
Directions.

Parameter Left Right Anterior Posterior Superior Inferior

Patients with larger 4DMRI motion compared with
4DCT

14 (60.9%) 16 (69.6%) 12 (52.2%) 14 (60.9%) 12 (52.2%) 14 (60.9%)

Differences between 4DCT and 4DMRI (mm) 3.6 (0.6-8.8) 2.7 (0.2-6.6) 1.7 (0.2-6.4) 2.9 (0.1-9.2) 3.9 (0.3-11) 4.5 (0.5-14.2)
Patients with larger 4DMRI motion compared with
4DCT that is clinically significant (>3 mm)

8 (34.8%) 5 (21.7%) 1 (4.3%) 5 (21.7%) 6 (26.1%) 7 (30.4%)

Patients with smaller 4DMRI motion compared with
4DCT

9 (39.1%) 7 (30.4%) 11 (47.8%) 8 (34.8%) 11 (47.8%) 9 (39.1%)

Differences between 4DCT and 4DMRI (mm) 2.4 (0.1-8.5) 1.8 (0.3-4.7) 4.7 (0.3-8.8) 3.3 (0.1-8.3) 3.3 (0.4-7.2) 4.3 (1.4-9.5)
Patients with smaller 4DMRI motion compared with
4DCT that is clinically significant (>3 mm)

3 (13.0%) 2 (8.7%) 5 (21.7%) 3 (13.0%) 6 (26.1%) 6 (26.1%)

Values are number (percentage) or median (range).
Abbreviations: 4DCT, 4-dimensional computed tomography; 4DMRI, 4-dimensional magnetic resonance imaging; GTV, gross tumor volume.
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evaluated by Johnstone et al40 and shown high accuracy. In
addition, van de Lindt et al41 evaluated the deformable
CT-MRI registration steps based on the 4DMRI technique.
However, miss-registration will produce segmentation errors
between CT and MR.24 Therefore, based on the current
study, dose calculations by reflecting the 4DMRI contours
on the 4DCT will be added in future studies, which will
provide more important clinical guidance for target delinea-
tion in radiotherapy.

Conclusions
This study demonstrated the feasibility of using 4DMRI to delin-
eate the target of primary liver cancer in radiotherapy. Compared
with 4DCT, T2-weighted and navigator-triggered 4DMRI has
fewer artifacts and more accurate motion assessment, which will
help reduce the uncertainty in delineating the target of liver cancer.
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