
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Wang et al. Radiation Oncology          (2024) 19:176 
https://doi.org/10.1186/s13014-024-02569-5

Radiation Oncology

*Correspondence:
Yong Yin
yinyongsd@126.com
Zhenjiang Li
zhenjli1987@163.com

Full list of author information is available at the end of the article

Abstract
Purpose  The purpose of this study was to quantify the intra- and interfraction motion of the target volume and 
organs at risk (OARs) during adaptive radiotherapy (ART) for uterine cervical cancer (UCC) using MR-Linac and to 
identify appropriate UCC target volume margins for adapt-to-shape (ATS) and adapt-to-position (ATP) workflows. 
Then, the dosimetric differences caused by motion were analyzed.

Methods  Thirty-two UCC patients were included. Magnetic resonance (MR) images were obtained before and after 
each treatment. The maximum and average shifts in the centroid of the target volume and OARs along the anterior/
posterior (A/P: Y axes), cranial/caudal (Cr/C: Z axes), and right/left (R/L: X axes) directions were analyzed through image 
contours. The bladder wall deformation in six directions and the differences in the volume of the organs were also 
analyzed. Additionally, the motion of the upper, middle and lower rectum was quantified. The correlation between 
OAR displacement/deformation and target volume displacement was evaluated. The planning CT dose distribution 
was mapped to the MR image to generate a plan based on the new anatomy, and the dosimetric differences caused 
by motion were analyzed.

Results  For intrafraction motion, the clinical tumor volume (CTV) range of motion along the XYZ axes was within 
5 mm; for interfraction motion, the range of motion along the X axis was within 5 mm, and the maximum distances 
of motion along the Y axis and Z axis were 7.45 and 6.59 mm, respectively. Additionally, deformation of the superior 
and anterior walls of the bladder was most noticeable. The largest magnitude of motion was observed in the upper 
segment of the rectum. Posterior bladder wall displacement was correlated with rectal and CTV centroid Y-axis 
displacement (r = 0.63, r = 0.50, P < 0.05). Compared with the interfractional plan, a significant decrease in the planning 
target volume (PTV) D98 (7.5 Gy, 7.54 Gy) was observed. However, there were no significant differences within the 
intrafraction.

Conclusion  During ART for UCC patients using MR-Linac, we recommend an ATS workflow using isotropic PTV 
margins of 5 mm based on intrafraction motion. Based on interfraction motion, the recommended ATP workflow uses 
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Introduction
Uterine cervical cancer (UCC) is a common malignancy 
among women, with a global incidence of 7%, rank-
ing fourth among all malignancies, and a mortality rate 
of 4%, ranking sixth [1, 2]. For locally advanced UCC, 
the standard treatment includes external beam radio-
therapy (EBRT) combined with chemotherapy, followed 
by brachytherapy [3]. Thus, EBRT plays a crucial role in 
the treatment of locally advanced UCC, where intensity-
modulated radiotherapy (IMRT) offers higher dose gra-
dients, a more uniform dose distribution, and a reduced 
radiation dose to critical organs [4, 5]. Additionally, to 
minimize late toxicity to organs at risk (OARs), such as 
the bladder, rectum, and small intestine, highly precise 
treatment plans using IMRT have become the standard 
for providing safe and effective radiation therapy [6].

Patients with UCC can exhibit large changes in anat-
omy, potentially reducing the efficacy of treatment or 
increasing the dose to healthy OARs [7]. In clinical 
practice, cone-beam computed tomography (CBCT) 
is commonly used for guiding IMRT to compensate for 
the resulting dosimetric errors [8–10]. However, CBCT 
has many limitations. First, although the bladder can be 
clearly displayed, the boundary between the target vol-
ume and other tissues is not clear, making it difficult to 
delineate. Second, there is radiation exposure during 
scanning, so the number of scans should be minimized 
to avoid unnecessary radiation doses [11]. Third, com-
pared to planning CT, CBCT has inaccurate Hounsfield 
units (HUs) [12]. When adapting treatment plans online, 
it is often necessary to convert CBCT images to synthetic 
CT (sCT) images to improve the accuracy of the elec-
tron density values to ensure accurate dose calculations 
[13]. Common methods include generating sCT images 
based on deep learning networks [14–16]. This invariably 
adds to the complexity of online adaptive radiotherapy. 
Therefore, it is difficult to make real-time adjustments to 
treatment plans using CBCT images after identifying the 
motion of the target area and OARs.

Compared to CBCT-guided conventional linear accel-
erators, the Unity MR-Linac (Elekta AB, Stockholm, 
Sweden) is superior. First, MR images have superior 
soft-tissue contrast, which is a significant advantage for 
delineating anatomical structures in the abdominopel-
vic region [17, 18]. Second, continuous MRI scans can 
be performed during irradiation and treatment rack 
rotation, and the scans do not produce additional expo-
sure to ionizing radiation [19]. In addition, real-time 
2D cine imaging enables visualization of the contours 

of the region of interest (ROI), with three orthogonal 
planes centered on the tumor displayed simultaneously 
[19]. Moreover, Unity enables gated radiotherapy based 
on tumor location, with the dose delivered only when 
the tumor is located within the gating window [18]. As 
a result, MRI-guided radiotherapy (MRgRT) minimizes 
errors in interfraction setup and potentially allows for 
intrafraction motion correction using continuous MRI 
acquisition, thereby reducing the planning target vol-
ume (PTV) margins used to ensure target dose delivery 
[17, 20]. Unity integrates a 7 MV linear accelerator and a 
1.5 T diagnostic MRI scanner [21, 22] and provides both 
adapt-to-shape (ATS) and adapt-to-position (ATP) work-
flows [23]. For the ATS workflow, the ROI must be rede-
lineated for each treatment to adapt to online anatomical 
changes. Therefore, the determination of the PTV mar-
gins for the ATS plan only needs to consider intrafrac-
tion movement. However, MR images have no electron 
density information and cannot be used for calculat-
ing the planned dose. Unity mainly solves this problem 
by generating sCT images based on the electron density 
information of the planning CT by assigning the mean 
electron density to the ROIs of MR images [24]. The ATP 
workflow is only required to register the reference CT 
and online MR images, correct the isocenter locations, 
and reoptimize the plan. Therefore, the PTV margins of 
the ATP plan also need to consider interfraction motion. 
In summary, the anatomical structure of UCC patients 
changes considerably during treatment [25, 26]. Appro-
priate PTV margins must be selected for the ATS and 
ATP workflows based on intra- and interfraction motion, 
respectively.

Although MRgRT allows for precise organ delinea-
tion, bladder filling and rectal peristalsis during EBRT for 
patients with UCC can result in continuous organ defor-
mation and displacement, affecting the displacement and 
deformation of the target volume and thus compromising 
dose accuracy [27–29]. However, specific dosimetric loss 
caused by intra- and interfraction motion is not known in 
adaptive radiotherapy for cervical cancer using 1.5T MR-
Linac [30].

Based on the above findings, we designed an MR-Linac-
guided radiation therapy protocol for UCC patients. The 
aims of this study were as follows: (1) to quantify the 
intra- and interfractional volume and positional changes 
in the target volume to identify appropriate PTV margins 
for ATP and ATS workflows; (2) to quantify the volume 
and positional changes in the bladder and rectum and 
analyze the correlation between OAR changes and the 

anisotropic PTV margins of 5 mm in the R/L direction, 8 mm in the A/P direction, and 7 mm in the Cr/C direction to 
compensate for dosimetric errors due to motion.

Keywords  MR-Linac, Cervical cancer, Adaptive radiotherapy, Intra- and interfraction motion, Dosimetric difference
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target volume motion; and (3) to analyze the dosimetric 
differences caused by intra- and interfraction motion.

Materials and methods
Patient information
This study included 32 UCC patients who received adap-
tive radiotherapy at Shandong Cancer Hospital between 
2021 and 2022. The treatment involved a combination of 
IMRT and brachytherapy, with brachytherapy performed 
in the last 1–2 weeks of IMRT. The IMRT target area 
received a reference dose of 46–50 Gy (2 Gy × 23/25 frac-
tions), and the overall treatment duration was 4–5 weeks. 
IMRT was conducted with patients in the supine position 
using a 1.5T MR-Linac system (Elekta Unity). Detailed 
information can be found in Table 1.

Image acquisition
The treatment process included 4 image scans: CT sim-
ulation, 3.0T MR simulation, and pre- and posttreat-
ment 1.5T MR scans (see Fig.  1). CT simulation began 
with patients drinking 500  ml of water one hour prior 
to scanning to achieve a consistent bladder volume. 
Prior to each treatment, a 1.5T MR scan with the same 
bladder filling strategy was performed. To shorten the 
online treatment time, images were acquired again two 
minutes before the end of treatment, which we defined 
as posttreatment 1.5T MRI. The time between pre- and 
posttreatment MR images was considered the treat-
ment time. The Unity pelvic MR scan parameters were 
as follows: scan time = 2  min, ACQ matrix = 268 × 267, 
FOV = 400 × 400  mm, TR = 1532 ms, and TE = 278 ms. 
Overall treatment lasted 4–5 weeks with weekly MR 
acquisitions. Each patient had 10 sets of MR images (5 
pre- and 5 posttreatment), totaling 320 sets (160 pre- 
and 160 posttreatment). Unity acquires 1.5T MR images 
primarily for the validation and correction of treatment 

locations and to observe changes in target volume dur-
ing treatment, with no simulation role. The 3.0T MR 
simulation scan parameters were as follows: T1-weighted 
images (TR = 4.5 ms, TE = 2.0 ms, flip angle = 15°), 
T2-weighted images (TR = 7,059 ms, TE = 75 ms, flip 
angle = 110°) and T1-weighted enhanced images.

Image delineation
The clinical tumor volume (CTV) included the gross 
tumor volume (GTV), uterus, cervix, parametrial tissue, 
upper 1/3 of the vagina, and regional lymph nodes (com-
mon iliac, external iliac, obturator, and presacral). The 
PTV was generated by adding a 5 mm isotropic margin 
to the CTV. The rectum was delineated from the anus 
(ischial tuberosity level) to the rectum–sigmoid colon 
junction. The bladder was delineated by outlining the 
filled bladder wall. The above work was performed by 
two experienced radiation oncologists who followed the 
Federation International of Gynecology and Obstetrics 
(RTOG) contouring guidelines for UCC [32] using semi-
automated deformation delineation in conjunction with 
manual modifications.

Plan design
Using Unity MR-Linac TPS Monaco (v5.40.04) and the 
GPU-based Monte Carlo dose calculation platform 
(GPUMCD), reference plans were created for 32 patients 
based on CT images. Nine-field IMRT plans were gen-
erated by adhering to the prescribed dose require-
ments: >95% target volume coverage and a maximum 
dose ≤ 110% of the prescribed dose. The OAR dose limit 
followed the International Commission on Radiation 
Units and Measurements (ICRU) Report No. 83 guide-
lines (see Supplementary Table 1).

Organ motion analysis
The deformation and displacement of the image con-
tours were analyzed using MIM software (MIM Maestro, 
version 7.1.9, Maastricht, Belgium). For interfraction 
motion, MR images (pre- and posttreatment) were com-
pared with CT reference images; for intrafraction 
motion, posttreatment MR images were compared with 
pretreatment MR reference images. For each patient, 
1.5T MR images were rigidly registered to the reference 
images based on bony structures. The contours of the 
target volume and OARs were mapped to the reference 
images (CT and posttreatment MRI). As shown in Fig. 2 
(a), the displacements of the centroids of the target vol-
ume and OARs in the left–right (X axis), anterior–poste-
rior (Y axis), and cranial–caudal (Z axis) directions were 
calculated.

For the bladder, as shown in Fig.  2 (b), the wall shift 
distance (△d) = OA1-OA2. Additionally, by analyzing the 
pre- and posttreatment bladder volumes and treatment 

Table 1  Patient characteristics
Values

Years median: 52 range: 33–74
Staging
  IB 7 (22.0%)
  II 5 (16.0%)
  III 1 (3.0%)
  IIIB 2 (6.0%)
  IIIC 14 (44.0%)
  IVB 1 (3.0%)
  stage unknown 2 (6.0%)
Pathological classification
  squamous cell carcinoma 23 (72.0%)
  adenocarcinoma 7 (22.0%)
  mixed carcinoma 2 (6.0%)
IMRT: Intensity-modulated radiotherapy. UCC staging followed the criteria 
established by the Federation International of Gynecology and Obstetrics 
(FIGO) [31]
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time, the interfractional changes and filling rate can be 
determined. The rectum, which is a long tubular struc-
ture with different ranges of motion in the superior–infe-
rior direction, was divided into three equal parts (upper, 
middle, and lower) for separate motion analysis. The cor-
relations between the centroid displacement of the PTV 
and CTV and the bladder volume change, bladder wall 
deformation, and bladder–rectum centroid displacement 
were analyzed.

The DICE coefficient was used to assess the spatial 
overlap of organ and target volumes between pre- and 
posttreatment. The DICE coefficient is defined as 2 * (A 
∩ B)/(A + B), where A and B represent the volumes of the 
organ and target, respectively.

Dose comparison
In Fig.  1, planCT and 1.5T MR images were fused and 
registered. The planA dose was then mapped onto the 
structural contours of 1.5T MR (pre- and post-MRI) 

Fig. 1  Patient treatment and experimental design flowchart. The entire treatment process is connected by solid black lines, while the process of dose 
mapping is connected by dashed red lines. OARs, organs at risk; ATS, adapt to shape; and Monaco TPS, Monaco Treatment Planning System. 1.5T MR-Linac 
is also known simply as Unity
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to create planA1 and planA2. These plans were com-
pared based on their doses. The dose–volume histogram 
(DVH) parameters include the PTV, D1 cc, D2, D50, and 
D98, where Dx represents the dose received by X% of 
the target volume, maximum dose (Dmax), mean dose 
(Dmean), minimum dose (Dmin), heterogeneity index 
(HI), and conformity index (CI); for the bladder and rec-
tum volume, the parameters include V10–V50 (Vx repre-
sents the volume percentage receiving more than X Gy), 
Dmean, Dmax, and Dmin; and for the spinal cord, the 
parameters include Dmean, Dmax, and Dmin.

Statistical analysis
OriginPro2021 was used for the statistical analysis. Con-
tinuous data are presented as the mean ± standard devia-
tion (SD). To compare the two sets of data, a normality 
test was conducted. If the data were normally distributed, 
a paired t test was used. Otherwise, a Wilcoxon signed-
rank test was employed. For the comparison of Plan A, 
A1, and A2, a normality test was performed. If the data 
followed a normal distribution, one-way ANOVA was 
used. Otherwise, Kruskal‒Wallis ANOVA was employed.

The Pearson correlation coefficient was used to analyze 
the correlation between the changes in bladder volume, 
bladder wall displacement, bladder centroid, rectum cen-
troid, PTV centroid displacement, and CTV centroid dis-
placement. A correlation coefficient |r| < 0.4 indicated a 
weak correlation, 0.4–0.7 indicated a moderate correla-
tion, and > 0.7 indicated a strong correlation. The signifi-
cance level for the tests was α = 0.05.

Results
Deformation and displacement of the bladder wall
Intrafraction
The mean treatment time (△t) was 27.5 (6.6) minutes. 
As shown in Table 2, the average increase in bladder vol-
ume was 85.68 (70.32) ml, with an average filling rate of 
3.13 (2.42) ml/min. The greatest bladder wall displace-
ment was in the superior wall (9.30 ± 8.77 mm), followed 
by the anterior wall (3.28 ± 4.89  mm), and the smallest 
displacement was in the inferior wall (0.73 ± 1.67  mm). 
Interfraction: Table  2 shows that bladder wall displace-
ment was greatest in the anterior wall [9.04 (11.13) mm, 

Table 2  Displacement of the bladder wall and volume change
Intrafraction
Volume △d (MR post-pre) (ml) △d/△t (ml/min)

85.68 ± 70.32 3.13 ± 2.42
Bladder wall △x (MR post-pre) (mm) △x/△t (ml/min)
  Superior 9.30 ± 8.77 0.34 ± 0.32
  Inferior 0.73 ± 1.67 0.06 ± 0.22
  Anterior 3.28 ± 4.89 0.12 ± 0.18
  Posterior 2.66 ± 4.44 0.10 ± 0.16
  Right 1.53 ± 2.38 0.06 ± 0.09
  Left 1.62 ± 2.57 0.06 ± 0.09
Interfraction
Volume △d (CT-MRpre) (ml) △d (CT-MRpost) (ml)

106.23 20.3
Bladder wall △x (CT-MRpre) (mm) △x (CT-MRpost) (mm)
  Superior 5.71 ± 23.86 -3.14 ± 23.60
  Inferior 0.71 ± 3.67 -0.32 ± 3.54
  Anterior 9.04 ± 11.13 5.87 ± 12.33
  Posterior 2.04 ± 8.35 -0.24 ± 8.52
  Right 2.87 ± 5.23 1.91 ± 5.13
  Left 3.05 ± 4.85 1.09 ± 4.79

Fig. 2  Coordinate system of motion. X axis (left–right), Y axis (anterior–posterior), and Z axis (cranial–caudal). O represents the centroid of the bladder 
contour in the reference image; OA1 (reference image) and OA2 (1.5T MR image) represent the distances from the centroid to the bladder apex
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5.71 (23.86) mm], followed by the superior wall [5.87 
(12.33) mm, -3.14 (23.60) mm].

Displacement of the target volume and OARs
Intrafraction
In Fig.  3 (a-c) and Supplementary Tables 2 and 3, the 
range of motion of the CTV along the XYZ axis is within 
5 mm, and the range of motion along the Z axis is larger 
than that along the YZ axis (-4.68 to 4.78 mm). The blad-
der exhibits motion along the Z axis with a range of -2 to 
13.68 mm, predominantly in the superior direction, with 
an average displacement of 4.14 ± 3.87  mm. The rectum 
shows motion along the X axis within the range of -5 to 
5 mm, while the upper rectum demonstrates significant 
motion along the Z axis within the range of -13.51 to 
15.66  mm, with average displacements of 4.74  mm and 
5.94  mm in the cranial and caudal directions, respec-
tively. The middle rectum displays substantial motion 
along the Y axis (-11.47 to 9.67), with average displace-
ments of 4.33 mm and 3.88 mm in the anterior and pos-
terior directions, respectively. The range of motion of the 
CTV along the XYZ axis is within 5 mm, and the range of 
motion along the Z axis is larger than that along the YZ 
axis (-4.68 to 4.78) mm.

Interfraction
In Fig.  3 (e, f ) and Supplementary Tables 2 and 3, the 
CTV has a range of motion of 5  mm along the X axis 
and maximum distances of 7.45  mm along the Y axis 
and 6.59  mm along the Z axis. Compared to CT, the 
pre-MR images showed that the bladder had a larger 
motion range along the YZ axes, with mean displace-
ments of -3.84 mm and 3.54 mm, respectively. The upper 
(8.04 ± 11.62  mm) and lower (6.19 ± 11.16  mm) rec-
tum exhibited the greatest motion along the Z axis. The 
middle rectum had the greatest motion along the Y axis 
(6.60 ± 8.02 mm). In Fig. 3 (h, i), compared to CT images, 
the post-MR images showed minimal differences in blad-
der volume (20.3 ml), indicating less noticeable motion. 
The motion of the upper, middle, and lower rectum was 
mainly concentrated along the YZ axes.

Motion correlation analysis
Intrafraction
As shown in Fig.  4, there was a positive correlation 
between the bladder volume increment (△v) and the 
displacement of the bladder superior wall and the dis-
placement of the bladder centroid Z axis (Cr-C) (r = 0.74, 
r = 0.73, P < 0.05), and there was also a significant corre-
lation between the latter two variables (r = 0.93, P < 0.05). 
△v was moderately positively correlated with the dis-
placement of the bladder anterior wall and left wall 
(r = 0.62, r = 0.65, P < 0.05). The displacement of the 
bladder anterior wall was negatively correlated with the 

displacement of the bladder centroid Y axis (A-P) and 
showed a strong correlation (r=-0.72, P < 0.05). Further-
more, the displacement of the bladder posterior wall 
was moderately correlated with the displacement of the 
whole rectum and the lower segment of the rectum cen-
troid Y axis (A-P) (r = 0.63, r = 0.62, P < 0.05). The correla-
tion between △v and the displacement of the CTV and 
PTV centroids was weak (r < 0.2), while the displacement 
of the bladder posterior wall was correlated with the dis-
placement of the CTV centroid Y axis (A-P) (r = 0.50, 
P < 0.05).

Dosimetric differences
Interfraction
The dose–volume histogram (DVH) parameters of the 
PTV are detailed in Table  3. Statistically significant dif-
ferences were found for D50, D98, Dmean, and Dmin. 
Compared to those in the CT plan, D98 (7.5 Gy, 7.54 Gy) 
and Dmin (15.94, 15.40 Gy) decreased significantly, while 
Dmean decreased slightly. Table 4 shows the detailed val-
ues of the OAR parameters, with statistically significant 
differences in rectal volume, V10, V30, V35, V40, Dmean, 
and Dmax compared to those of the CT plan, and the 
Dmean and Dmin of the spinal cord also showed statis-
tically significant differences. Intrafraction: There were 
only minor differences in DVH parameters for either the 
target volume or the OARs, and they were not statisti-
cally significant.

Discussion
Accurate target localization is crucial for treating cer-
vical cancer [33]. Uncertainties arise from both inter- 
and intrafractional motion, with interfractional motion 
potentially having a greater impact [34]. Interfractional 
motion may result from the movement and deforma-
tion of a tumor and the surrounding organ and changes 
in volume. Therefore, applying margins to the CTV in 
a rational manner is essential to achieve high precision 
[34].

In this study, we found that the CTV intrafractional 
motion range was within 5 mm along the XYZ axis. This 
result is similar to the findings of Visser J et al. [35] who 
also concluded that an online MRI-guided strategy with 
a 5 mm PTV margin for the CTV of cervix–uterus is suf-
ficient to account for intrafraction anatomical changes. 
However, the study did not use Unity for treatment and 
only administered weekly MRIs, not truly MR-guided 
online adaptive radiotherapy. In contrast, our experimen-
tal results are more credible. We believe that the 5 mm 
isotropic PTV margins are well suited for the ATS work-
flow of the 1.5T MR-Linac. This is because the ATS pro-
cess generates a plan based on the new anatomy prior 
to each treatment [17, 23, 36], so it is only necessary to 
consider intrafraction motion. For interfraction motion, 



Page 7 of 11Wang et al. Radiation Oncology          (2024) 19:176 

the CTV has a range of motion of 5 mm along the X axis 
and maximum distances of 7.45 mm along the Y axis and 
6.59 mm along the Z axis. Therefore, isotropic 5 mm PTV 
margins do not provide enough coverage, and anisotropic 
margins are needed. This conclusion was laterally verified 

by the findings of Tachiki et al. [37], who reported that 
the mean displacements of the COM was 3.7 mm (ante-
rior), 6.80 mm (posterior), 3.29 mm (superior), 7.01 mm 
(inferior), 1.66 mm (left), and 2.93 mm (right). Therefore, 
we recommend anisotropic PTV margins of 5 mm in the 

Fig. 3  a-c shows the intrafractional motion along the XYZ axis, d-i show the interfractional motion along the XYZ axis, and j-l show the DICE coefficient. 
Right, cranial, and anterior movements have positive values, while movements in the opposite direction have negative values. U-R, upper rectum; M-R, 
middle rectum; and L-R, lower rectum. In the box plot, the solid line represents the median, and the dashed line represents the mean
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R/L direction, 8 mm in the A/P direction, and 7 mm in 
the Cr/C direction. It is also recommended that an aniso-
tropic PTV margin be used in the ATP workflow. This 
is because the ATP workflow only considers changes in 
position and does not consider the deformation of ana-
tomical structures [23], so a larger PTV margin is needed.

The bladder and the UCC target volume are ana-
tomically closely linked, and changes in bladder filling 
have a profound influence on the shape and position 
of the cervix and uterus [33, 38]. Although many stud-
ies have explored the effect of bladder volume changes 
on the movement of the UCC target volume, few stud-
ies have discussed the relationship between blad-
der wall changes and the motion of the UCC target 
volume [39–41]. Our findings showed that bladder 
wall displacement within the intrafraction was great-
est in the superior wall (9.30 ± 8.77  mm), followed by 

the anterior wall (3.28 ± 4.89  mm) and least in the infe-
rior wall (0.73 ± 1.67  mm). The motion was mainly cen-
tered on the superior and anterior sides. In comparison, 
the posterior wall displacement (2.66 ± 4.44 mm) was not 
significant, but the displacement of the bladder posterior 
wall was correlated with the displacement of the CTV 
centroid Y axis (A–P) (r = 0.50, P < 0.05). The findings of 
Kerkhof EM et al. [39] and Nagao A et al. [40] laterally 
confirmed that there was a correlation between blad-
der filling and CTV movement in patients with UCC 
(r = 0.46, P < 0.01; r = 0.61, P < 0.01), but these two studies 
did not explore the correlation between the bladder wall 
and CTV movement. In the future, we will design experi-
ments to explore the effect of different bladder filling 
methods (emptying or filling) on CTV displacement to 
refine our study and choose the appropriate filling meth-
ods. In addition, bladder filling also affects rectal motion. 

Table 3  Dose–volume parameters of the PTV
Parameters PlanA PlanA1 PlanA2 ANOVA P value P value

PlanA vs.
PlanA1

PlanA vs.
PlanA2

PlanA1 vs.
PlanA2

Volume (ml) 849.27 ± 235.99 903.58 ± 244.91 912.34 ± 255.86 0.339 0.473 0.491 1.000
D1 cc (Gy) 59.99 ± 1.54 59.66 ± 1.55 58.06 ± 1.57 0.425 0.637 0.637 1.000
D2 (Gy) 58.06 ± 1.19 57.77 ± 1.15 57.77 ± 1.18 0.368 0.562 0.507 1.000
D50 (Gy) 53.56 ± 0.38 53.21 ± 0.42 53.17 ± 0.51 0.000* 0.000* 0.000* 1.000
D98 (Gy) 48.54 ± 6.47 41.04 ± 10.74 41.00 ± 11.01 0.000* 0.000* 0.000* 1.000
Dmean (Gy) 53.62 ± 0.50 52.63 ± 1.01 52.65 ± 1.19 0.000* 0.000* 0.000* 1.000
Dmax (Gy) 61.65 ± 1.75 60.93 ± 1.72 60.92 ± 1.76 0.098 0.134 0.108 1.000
Dmin (Gy) 34.98 ± 13.39 19.04 ± 13.55 19.58 ± 13.90 0.000* 0.000* 0.000* 1.000
HI 1.22 ± 0.07 1.20 ± 0.06 1.20 ± 0.07 0.073 0.094 0.081 1.000
CI 1.12 ± 0.30 1.05 ± 0.35 1.03 ± 0.31 0.919 1.000 1.000 1.000
PlanA, CT plan; PlanA1, Mapping the planA dose distribution to the pre-MR image. PlanA2, Mapping the planA dose distribution to the post-MR image. Dx represents 
the dose received by X% of the target volume; Dmax, maximum dose; Dmean, mean dose; Dmin, minimum dose; HI, heterogeneity index; and CI, conformity index. 
* represents a statistically significant difference

Fig. 4  Correlation analysis plot. Red indicates a positive correlation, while blue indicates a negative correlation. The range of correlation coefficient (R) 
values is -1 to 1, where a larger |R| indicates a stronger correlation. S-I, superior-inferior; A-P, anterior-posterior; and R-L, right-left. B, bladder; △v, bladder 
volume increment. Sup-R, super rectum; Mid-R, middle rectum; and Low-R, lower rectum
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A correlation was found between posterior bladder wall 
displacement and motion along the Y axis (A‒P) for the 
whole rectum centroid (r = 0.63, P < 0.05), with the stron-
gest correlation in the lower rectum (r = 0.62, P < 0.05), 
followed by the middle (r = 0.52, P < 0.05) and the upper 
(r = 0.41, P < 0.05) rectum. We did not find a correlation 
between changes in rectal volume and UCC CTV move-
ments; however, Tyagi N et al. [41] found that a 10-cc 
increase in rectal volume corresponds to a superior shift 
in the CTV centroid position of 0.25  mm and a poste-
rior shift of 0.52 mm. This may be related to the differ-
ent approaches used for rectal emptying management. 
Nevertheless, we found a weak correlation between the 
rectum and the shift along the CTV centroid Y axis (A-P) 
shift (r = 0.47, P < 0.05).

UCC is a disease for which ART is typically appro-
priate and necessary. It has been noted in the practice 
of radiation therapy for patients with UCC that intra- 
and interfraction displacement and deformation of the 
pericervical OARs negatively affect the delivery of the 
planned dose, which has the potential to decrease the rate 
of local tumor control or increase normal tissue toxicity 
[42]. In our study, the original PlanA dose distribution 

was directly mapped to MR images with contours to form 
PlanA1 and PlanA2, and then, the actual doses received 
by the PTV and OARs were analyzed, which revealed 
undercoverage of the target volume for the prescribed 
dose and a significant decrease in D98 (7.5 Gy, 7.54 Gy). 
In a study using fan beam CT-guided external ART for 
patients with UCC, Peng et al. [43] used a study method 
similar to ours to directly map the dose distribution of 
the original Plan0 to the adaptive target volume to form 
VPlan. The target volume coverage of the prescribed 
dose was insufficient, and the rectal Dmax and V40 were 
greater than the prescribed dose. In addition, dose opti-
mization calculations based on the new anatomy were 
performed to obtain Aplan, whose dosimetric param-
eters almost all met the criteria. The results of their study 
demonstrated that online ART in external RT for UCC 
significantly improved the dose distribution and could 
become an ideal technology for achieving individualized 
precise RT. The uRT-Linac (United Imaging Healthcare 
Co., Ltd., Shanghai, China) method used in their study 
has a function similar to that of Unity, but the latter has 
the advantages of acquiring guided images without radia-
tion as well as superior soft tissue resolution. In addition, 

Table 4  Dose–volume parameters of the OARs
Parameters PlanA PlanA1 PlanA2 ANOVA P value P value

PlanA vs.
PlanA1

PlanA vs.
PlanA2

PlanA1 vs.
PlanA2

Bladder
  Volume (ml) 426.50 ± 189.06 320.18 ± 144.12 406.20 ± 174.14 0.000* 0.010* 1.000 0.000*
    V20 96.21 ± 2.80 96.99 ± 2.22 96.85 ± 2.23 0.365 0.484 0.921 1.000
    V30 65.68 ± 6.76 67.69 ± 8.21 67.60 ± 7.69 0.348 0.440 0.748 1.000
    V40 36.01 ± 8.15 38.98 ± 10.43 39.06 ± 10.06 0.180 0.207 0.274 1.000
    V50 9.71 ± 5.40 11.91 ± 7.92 12.84 ± 8.35 0.146 0.589 0.172 0.918
  Dmean (Gy) 35.64 ± 1.90 36.41 ± 2.42 36.48 ± 2.41 0.203 0.268 0.262 1.000
  Dmax (Gy) 56.21 ± 1.68 55.88 ± 2.15 56.29 ± 2.09 0.129 0.399 1.000 0.246
  Dmin (Gy) 14.47 ± 3.5 15.64 ± 3.29 15.36 ± 3.37 0.105 0.104 0.322 1.000
Rectum
  Volume (ml) 58.20 ± 23.51 43.31 ± 16.42 43.44 ± 17.40 0.001* 0.002* 0.000* 1.000
    V10 95.98 ± 6.93 96.68 ± 4.72 97.01 ± 4.57 0.000* 0.000* 0.000* 1.000
    V20 92.11 ± 9.19 91.56 ± 7.66 92.21 ± 7.16 0.046 0.040 0.103 1.000
    V30 83.50 ± 14.51 80.55 ± 15.455 81.35 ± 14.69 0.000* 0.000* 0.000* 1.000
    V35 74.77 ± 17.83 71.74 ± 20.48 72.455 ± 19.68 0.000* 0.000* 0.000* 1.000
    V40 59.74 ± 21.21 57.34 ± 24.93 58.02 ± 24.40 0.000* 0.000* 0.000* 1.000
    V50 14.36 ± 11.14 14.28 ± 13.44 14.65 ± 13.69 0.617 1.000 0.983 1.000
  Dmean (Gy) 39.58 ± 55.05 39.04 ± 0.555 39.30 ± 5.31 0.000* 0.000* 0.000* 1.000
  Dmax (Gy) 54.97 ± 2.055 53.99 ± 2.76 54.03 ± 2.47 0.005* 0.103 0.005* 0.257
  Dmin (Gy) 13.71 ± 9.62 11.46 ± 7.80 11.89 ± 7.93 0.224 0.266 0.656 1.000
Spinal-cord
  Dmean (Gy) 5.44 ± 2.82 12.28 ± 6.83 13.02 ± 7.64 0.000* 0.000* 0.000* 1.000
  Dmax (Gy) 34.39 ± 11.11 34.17 ± 11.24 34.47 ± 10.94 0.998 1.000 1.000 1.000
  Dmin (Gy) 0.25 ± 0.22 1.32 ± 0.87 1.57 ± 1.80 0.000* 0.000* 0.000* 1.000
PlanA, CT plan; PlanA1, Mapping the planA dose distribution to the pre-MR image. PlanA2, Mapping the planA dose distribution to the post-MR image. Dx represents 
the dose received by X% of the target volume; Dmax, maximum dose; Dmean, mean dose; Dmin, minimum dose; HI, heterogeneity index; and CI, conformity index. 
* represents a statistically significant difference
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the dosimetric accuracy and advantages of using MR-
Linac for the ART of other tumors in the abdominopel-
vic region, e.g., prostate cancer [44, 45], rectal cancer [46, 
47], and pancreatic cancer [48], have been demonstrated 
while decreasing gastrointestinal and genitourinary tox-
icity [49, 50].

There are several limitations in our study. First, there 
are some errors in the image fusion alignment of the two 
modalities, CT and MR, which can affect the accuracy 
of motion assessment. Second, we considered a small 
sample size of 32 patients. Finally, the use of centroid 
displacement to assess the motion of the target volume 
and OARs may not be the best approach, and the place-
ment of metallic markers may be more effective but can 
be invasive for the patient. Although our study revealed 
the use of MR-Linac-guided ART for UCC, significant 
motion of OARs, such as the bladder and rectum, was 
also observed and will be further explored in the future 
for other tumors in the abdominopelvic region, such as 
bladder cancer and rectal cancer.

Conclusion
During ART for patients with UCC using MR-Linac, 
significant motion of the CTV can be observed. There-
fore, we recommend the use of an ATS workflow with 
an isotropic PTV margin of 5  mm based on intrafrac-
tion motion. Based on interfraction motion, the recom-
mended ATP workflow uses anisotropic PTV margins of 
5  mm in the R/L direction, 8  mm in the A/P direction, 
and 7 mm in the Cr/C direction. Interfractional motion 
resulted in a significant decrease in the target volume 
dose below the prescribed level. Therefore, there is a 
great need to use MR-Linac and generate new adaptive 
treatment plans for patients based on the new anatomy 
and appropriate PTV margins to compensate for dosi-
metric errors due to motion.
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