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Introduction: Organ motion (OM) and volumetric changes pose challenges in radiotherapy (RT) for locally
advanced cervical cancer (LACC). Magnetic Resonance-guided Radiotherapy (MRgRT) combines improved MRI
contrast with adaptive RT plans for daily anatomical changes. Our goal was to analyze cervico-uterine structure
(CUS) changes during RT to develop strategies for managing OM.

Materials and methods: LACC patients received chemoradiation by MRIdian system with a simultaneous inte-
grated boost (SIB) protocol. Prescription doses of 55-50.6 Gy at PTV1 and 45-39.6 Gy at PTV2 were given in 22
and 25 fractions. Daily MRI scans were co-registered with planning scans and CUS changes were assessed.

Six PTVs were created by adding 0.5, 0.7, 1, 1.3, 1.5, and 2 cm margins to the CUS, based on the simulation MRI.
Adequate margins were determined to include 95 % of the CUSs throughout the entire treatment in 95 % of
patients.

Results: Analysis of 15 LACC patients and 372 MR scans showed a 31 % median CUS volume decrease. Asym-
metric margins of 2 cm cranially, 0.5 cm caudally, 1.5 cm posteriorly, 2 cm anteriorly, and 1.5 cm on both sides
were optimal for PTV, adapting to CUS variations. Post-14th fraction, smaller margins of 0.7 cm cranially, 0.5 cm
caudally, 1.3 cm posteriorly, 1.3 cm anteriorly, and 1.3 cm on both sides sufficed.

Conclusion: CUS mobility varies during RT, suggesting reduced PTV margins after the third week. MRgRT with
adaptive strategies optimizes dose delivery, emphasizing the importance of streamlined IGRT with reduced PTV
margins using a tailored MRgRT workflow with hybrid MRI-guided systems.

1. Introduction

Cervical cancer (CC) is the fourth most common cancer in women
worldwide [1,2].

The recommended treatment for patients with locally advanced
cervical cancer (LACC) is represented by chemoradiotherapy (CRT),
administered with weekly cisplatin, followed by magnetic resonance
imaging (MRI) —guided brachytherapy (BRT) which resulted in
improved disease control rates and overall survival [3-5].

The introduction of intensity-modulated radiotherapy (IMRT) allows
for high-precision conformal dose distributions that provide adequate
dose coverage to the clinical target volume (CTV) while sparing normal
tissue [6].
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However, highly conformal irradiation techniques are susceptible to
intra- and inter-fraction organ motion, requiring accurate image guid-
ance technique (IGRT) and an adequate planning target volume (PTV)
margin depending on the anatomical site [7-9].

As it is well known that movement of cervix and uterus can occur in
all directions in particular in the superior-inferior and anterior-posterior
directions and can be influenced by rectal and bladder filling and
tumour regression or shrinkage during CRT, which can significantly
influence the position of the target and surrounding organs at risk
(OARs) [8,10-13].

Therefore, the intra-fraction motion management during radio-
therapy (RT) still remains a challenge as it may result in both under-
dosing the clinical target volume (CTV) and an unnecessary dose to
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OARs [14].

In this scenario, it is essential to establish adequate margins from
CTV to PTV and adopt effective IGRT strategies is mandatory to ensure
adequate target coverage and to avoid early and late toxicity resulting
from unnecessary OARs irradiation.

Previous consensus guidelines recommend a CTV to PTV expansion
of 1.5-2.0 cm [15] but different margin expansions have been investi-
gated in literature, depending on IGRT adopted and institutional quality
assurance.

The cone beam computed tomography (CBCT) is the most widely
used method of IGRT; the use of daily CBCT has made possible the
reduction of the CTV to PTV margins because it allows online corrections
of the patient’s set-up and offline image-guided adaptive RT (ART)
strategies, such as library plan selection or replanning, to overcome
uncertainty due to changing volumes of irradiated structures [16-20].

For the diagnosis and optimisation of RT for gynaecological cancers
[21], MRI is becoming increasingly important. Due to its superior soft
tissue contrast compared to computed tomography (CT), MRI has
become the imaging modality of choice for the management of cervical
cancer patients [22].

The introduction of magnetic resonance-guided RT (MRgRT) for
LACC represents a real breakthrough in the treatment of gynaecological
malignancies. It allows physicians to deliver online adaptive RT (ART),
based on the anatomy of the day, and to monitor anatomical changes
during treatment. Furthermore, online ART permits CTV to PTV margins
reduction [23] thanks to the possibility to visualize daily the position of
the CTV and OARs [24].

The primary aim of this study was to retrospectively assess the
amount of the cervical uterine structure regression and inter-fraction
motion, and how this might help to define appropriate margins for the
treatment of LACC.

2. Methods and materials
2.1. Clinical and treatment characteristics

Women diagnosed with LACC undergoing MRgRT were retrospec-
tively evaluated. Inclusion criteria were histological confirmation, age
over 18 years, eligibility for MRgRT CRT treatment, and ability to sign a
specific informed consent.

All patients underwent a clinical gynaecological examination, pelvic
MRI and total body contrasted enhanced CT scan as staging imaging.
18F-FDG PET-CT was considered and performed only in selected cases.

Therapeutic indication for each patient was defined by the Institu-
tional multidisciplinary tumour board (MTB), composed of radiation
oncologists, gynaecologist oncologists, surgeons, radiologists, and pa-
thologists. Patients were treated with radical or, in a selected case,
neoadjuvant intent, given the extensive surgical expertise at our insti-
tution[25].

All patients underwent a 0.35 T MRI simulation on the hybrid Linac
MRIdian system (ViewRay Inc, Mountain View, US). Patients were
immobilized in supine position, using the Fluxboard device (Macro-
Medics, the Netherlands)[26]. An MR scan was acquired using true fast
imaging (TRUFI) with steady-state procession sequences, with an
acquisition time of 175 s and an image contrast balanced in T2*/T1.
After approximately 15 min, a simulation CT was acquired in the same
position to provide electron densities for dose calculation. To minimize
organ motion, the patients were instructed to perform an enema two
hours before each treatment and to fill their bladder by drinking 500 mL
of water 30 min before the procedure [27].

Patients were treated with a simultaneous integrated boost (SIB) 2
volumes protocol [25,28]: 22 fractions with a total dose of 50.6 Gy to
PTV1 and 39.6 Gy to PTV2 or in 25 fractions with a total dose of 55 Gy to
PTV1 and 45 Gy to PTV2.

CTV1 was obtained by delineating the GTV based on diagnostic MRI
without adding margins. CTV2 included the CTV1, the entire cervical-
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uterine structure, parametria, the vagina (the upper half, the upper
two/thirds, or entirely, depending on vaginal involvement) [15], the
internal, external, obturator, presacral iliac lymph nodes to the third
sacral vertebra, and common lymph nodes, if indicated based on the
stage of disease.

PTV1 and PTV2 were obtained by adding a 0.5-cm isotropic margin
to CTV1 and CTV2, respectively, to account for set-up uncertainties
[26].

OARs considered were the femoral heads, bladder, bowel bag,
rectum, bone marrow and anal canal.

IMRT plans with step-and-shoot technique were generated using the
MRIdian treatment planning system (TPS). In accordance with ICRU 83
recommendations, at least 95 % of both PTVs receive 95 % of the pre-
scribed dose and with less than 5 % of PTV1 receiving 105 % of the dose,
QUANTEC constraints were used to assess dose limits to OARs [29].

The treatment was performed by aligning the patient on the daily
bone anatomy with a 25-second TRUFI scan. Furthermore, intrafraction
motion was managed using the uterus with a 5 mm isotropic boundary
as a tracking structure on the patient’s daily online cine-MRI (temporal
resolution: 4 frames/s). Online adaptive radiation therapy (oART)
strategies were applied in some cases depending on changes in the po-
sition or volume of the target or OARs during treatment.

2.2. Cervix regression and motion analysis

Daily TRUFI MR images used for alignment were retrospectively
collected and used to perform interfractional motion analysis of the
cervical uterine structure and vagina (CUS). All positioning MRI scans of
all treatment fractions were co-registered with the planning MRI scan
(pMR) rigidly aligning the bone anatomy.

An experienced radiation oncologist retrospectively delineated the
CUS, bladder and rectum structures of all treatment fractions, including
the pMR.

This resulted in the different CUSs, named CUS_sim, CUS_Fx1,
CUS_Fx2...CUS_Fx25, as well as for bladder and rectum, following the
same nomenclature, for each patient.

The CUS delineation as a region of interest for motion analysis in-
cludes the entire uterus, the entire cervix if not already included in the
GTV and the vagina depending on its involvement [15].

The volume of each structure was calculated and reported in cubic
centimetres (cc) and the inter-fraction volume changes compared to the
volume of the pMR were assessed.

The TPS MRIdian was used to place a geometric centroid (GC) in
each CUS volume to analyse the variation of the CUS position as a single
point in each dimension, superior-inferior (SI), anterior-posterior (AP),
and lateral right-left (RL), during the entire course of CRT.

Two different strategies were used to describe the intrapelvic motion
of the CUS.

In the first, the coordinates of each CUS-GC for a given patient were
compared with the coordinates of the CUS-GC from the pMR (AGC-S).
These values allow the measurement of the inter-fraction shifts of the
CUS with respect to the planning phase.

In the second strategy, CUS changes were described by measuring the
displacement of the CUS-GC from the GC position of the previous frac-
tion (AGC-FX). These values make it possible to assess the movement of
the CUS during RT and to define the phase of treatment in which the
greatest changes in position occur.

Pearson’s correlation coefficients were calculated for the relation-
ship between changes in bladder and rectal filling with GC-CUS point
displacement (Supplementary material Fig. S1).

All the statistical analyses were performed using R software (version
3.6.1, R Core Team, Austria) and Microsoft® Excel (Version 2212 Build
16.0.15928.20196).



A. Romano et al.
2.3. Planning target volume analysis

To assess the extent to which CUS motion and regression influence
the PTV margins. For each patient, different PTVs were obtained by
adding isotropic margins of 0.5 cm, 0.7 cm, 1 ¢cm, 1.3 ¢cm, 1.5 ¢cm, and 2
cm to CUS _sim, respectively. These volumes were named progressively
PTV_sim, PTV_0.7, PTV_1..., PTV_ 2.

For all patients, the overlap of the CUS of all fractions and each of the
6 PTV volumes obtained as described above was assessed. The inter-
fractional CUS movement was studied counting the number of fractions
in which the 95 % of the CUS volume was included in the different
margins of the PTVs.

MRgRT treatments were considered adequate when the minimum
margins included 95 % of the CUS structures throughout treatment in at
least 90 % of the patients treated. Given that the study was performed in
15 patients treated with 22 or 25 fractions, the optimal margin was one
that could include 21/22 fractions (95,4%) or 24/25 fractions (96 %) in
14/15 patients (93.3 %).

Additionally, in order to assess the margin required to ensure PTV-
CUS coverage over time, the average value of the CTV-PTV isotropic
margins needed to completely cover the CUS was evaluated per week,
for all patients.

2.4. Correlation analysis

In order to identify possible causes of inter-fractional variability in
CUS, the correlation between CUS and the surrounding OARs (bladder
and rectum) was studied on a patient-by-patient basis, using the same
approach as a previously performed motion analysis. Variations in GC-S
and GC-FX during RT treatment were correlated with changes in CUS
volume using Pearson correlation coefficient (R). Parameters with a R
greater than 0.7 were considered highly correlated. For each couple, to
investigate whether some correlations were common among different
patients, the percentage of patients with high correlations was calcu-
lated.[30].

3. Results
3.1. Patient characteristic

Fifteen patients with LACC treated with MRgRT from July 2019 to
November 2020 were retrospectively included in this analysis. Accord-
ing to the FIGO (International Federation of Gynaecology and Obstret-
ics) stage, patient and tumour characteristics were reported in Table 1.

The median age of the patients was 48 years (33-66).

CRT was administered with concomitant weekly cisplatin chemo-
therapy (40 mg/m2, intravenous infusion).

A total of 372 TRUFI MR scans were used to contour the structures
whose displacement and volume variations were assessed.

3.2. Cervix regression and motion analysis

Visual assessment and analysis of uterine movement and regression
was performed as shown in Fig. 1, where the case of one patient is shown
with CUS segmentations in all fractions and the PTV obtained taking into
account volume and position changes.

Gradual tumour regression and significant changes in CUS position
were observed by visual assessment of CUS contours and measurements
of CUS interfractional variation during treatment. Fig. 2 shows the trend
over the weeks of CUS-GC displacement compared to pMR-CUS (AGC-S)
and the previous fraction (AGC-FX) and the CUS, bladder, and rectal
volume variaton for all patients.

Overall, a median decrease in CUS volume of —31 % (range —0.3 % /
—51.7 %) was observed (Supplementary Table S1). The mean CUS vol-
ume was 115.6 cc (range, 41.1-224.1 cc) and 74.1 cc (range,
27.5-135.2 cc) at the start and the end of the treatment, respectively.
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Table 1
Patients characteristics.
N (%)
Median age at diagnosis years (range) 48
(33-66)
FIGO stage
1A 1(6,7)
1IB 4 (26,6)
IIIC1 10 (66,7)
Tumor size
<2cm 0 (0)
2-4 cm 7 (46,7)
>4 cm 8 (53,3)
RT dose
PTV1 50,6 Gy (2,3 Gy/fraction) + PTV2 39,6 Gy (1,8 6 (40)
Gy/fraction)
PTV1 55 Gy (2,2 Gy/fraction) + PTV2 45 Gy (1,8 Gy/ 4 (26,7)
fraction)
PTV 45 Gy (1,8 Gy/fraction) 5(33,3)
Adaptive
RT
No 8(53,3)
Online 4 (26,7)
Offline 3 (20)

FIGO: International Federation of Gynaecology and Obstretics; RT: Radiation
therapy; PTV: planning target volume.

The detailed data on overall bladder volume observed during the
treatment period are provided in the supplementary materials (see
Supplementary Table S2).

Table 2 describes the values of the average weekly shifts in each
direction of the CUS-GC compared to the pMR-CUS (AGC-S).

The mean maximum shift in the CUS position was 1,08 cm in the
superior-inferior dimension (range, 0,56- 1,65 cm), 1.26 cm in the
anterior-posterior dimension (range, 0.72-2.12 cm), and 0.7 cm in the
right-left lateral dimension (range, 0.43-1.03 cm).

Fig. 3 shows the distribution of CUS-GC shifts (AGC-S) during RT of
all patients evaluated weekly.

Analysing the CUS displacement compared to the previous fraction
(AGC-FX), we observed a decreasing trend: in the first 5 fractions the
mean AGC-FX was 0.96 cm, whereas in the last week was 0.6 cm. The
mean CUS displacement in relation to the previous fraction was 0.74 cm
(range, 0.53-1.15 cm). The data of the weekly average reduction of
AGC-FX are summarised in Supplementary Table S3.

Fig. 4 shows the trend, by week, of the mean value of the CUS CTV-
PTV isotropic margins needed to ensure coverage. This analysis shows a
progressive reduction of median margins required over the weeks, with
a median delta isotropic margins of 0,08 cm from the 3° to 5° week. (1°
week 1,3cm, 2° week 1,17 cm, 3° week 1,1 cm, 4° week 1,05 cm and
finally 5° week 1,02 cm).

In addition, we reported how the CUS displacement in all direction
(anterior/posterior, right and left, and cranio/caudal), during the course
of the entire treatment, influence PTV margins, without considering
0ART or replanning strategies.

Fig. 5 summarizes the optimal PTV margins obtained for the CUS
regions based on the analysis performed on the 15 patients.

Fig. 5a shows optimal PTV margins for the CUS that enclose all
fraction displacement during the entire treatment. In particular, ac-
cording to this result, asymmetric margins (more precisely 2 cm crani-
ally, 0.5 cm caudally, 1.5 cm posteriorly, 2 cm anteriorly and 1.5 cm
both left and right) are required to obtain the optimal PTV taking into
account the interfractional CUS.

Fig. 5b shows margin reduction if we take in consideration only the
displacement of the CUS from the third week of RT. In particular,
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Fig. 1. MRI scans of the cervico-uterine structure (CUS) were taken in the sagittal plane. On the left side, the contours of the CUS are displayed on the baseline image.
On the right side, all the GCs of the CUS are projected onto the same sagittal slice. The PTV, which accounted for interfractional movement by applying asymmetric
margins to the CUS in the planning fraction, is shown with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 2. Trend over the weeks of the CUS-GC shift compared to the previous fraction (AGC-FX) and the pMR-CUS (AGC-S) of the bladder (Bladder_V) CUS (CUS_V) and
rectum (Rectum_V) volume changes for all patients. The X-axis shows the number of the fraction to which the value refers, all shifts are reported in centimetres, all
volumes are normalized to the simulation volume and therefore expressed as a percentage. CUS-GC: cervical uterine structure-geometric centroid; pMR-CUS:

planning MRI scan- cervical uterine structure.

asymmetric margins (more precisely 0.7 cm cranially, 0.5 cm caudally,
1.3 cm posteriorly, 1.3 cm anteriorly and 1.3 cm both left and right) are
required to obtain the optimal PTV taking into account the interfrac-
tional CUS volume reduction after the 14th fraction. Considering all
analysed patients, all analysed fractions and considering a margin of 1.5
cm, it can be said that the CUS structure exceeded the aforementioned
margin in 81 % of the cases anteriorly, posteriorly in 38 % of the cases,
cranially in 44 % of the cases, on the right in 63 % of the cases and on the
left in 44 % of the cases. A displacement exceeding 1.5 cm caudally was
never found.

3.3. Correlation

Interestingly, the analysis of the displacement of the CUS evaluated
using both AGC-S and AGC-FX, does not seem to be significantly
correlated with the change in CUS volume. Six patients showed a non-
significative correlation between AGC-S and CUS volume (|R| < 0.3),
2 patients showed a significative correlation (|R| > 0.7). In six patients a
moderate correlation (JR| > 0.3) between CUS volume reduction and
CUS mobility grade (AGC-FX) was found. The CUS displacement anal-
ysis assessed using the GC-S and GC-FX does not appear to be signifi-
cantly correlated with the change in bladder or rectal volume. Complete
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Table 2

Weekly CUS shifts.
Week Min Ist Median Mean 3rd Max SD
Left-Right direction (X)
1 -0.79 —-0.2 0.01 0 0.2 0.8 0.29
2 —0.85 —0.22 0.1 0.04 0.30 0.99 0.39
3 —0.81 —0.24 0.08 0.05 0.41 0.87 0.40
4 -0.8 —0.30 0.05 0.03 0.31 0.91 0.41
5 -0.87 —0.34 —0.01 0.03 0.42 1.03 0.44
Cranio-Caudal direction (Y)
1 —0.86 -0.17 0.22 0.25 0.58 1.65 0.60
2 -0.77 —-0.23 0.01 0.07 0.31 1.18 0.45
3 -1.27 —-0.16 0.11 0.15 0.49 1.26 0.47
4 -1.63 -0.25 —0.01 0 0.38 1.37 0.55
5 -1.61 —0.41 0.05 —0.05 0.29 1.09 0.63
Antero-Posterior direction (Z)
1 -1.83 -0.19 0.12 0.07 0.48 1.46 0.57
2 —-0.92 —0.08 0.25 0.31 0.69 2.12 0.61
3 -1.27 -0.16 0.24 0.30 0.63 2.1 0.66
4 -1 —-0.29 0.19 0.23 0.64 1.71 0.63
5 -1.37 —-0.37 0.22 0.24 0.78 1.81 0.77

analysis is shown in Supplementary Fig. S2.
4. Discussion

This study analyses retrospectively the inter-fraction motion of the
CUS on MR images acquired with a 0.35 T MR hybrid linear accelerator.
The availability of daily MRI sequences used for positioning made it
possible to perform a displacement-based analysis to monitor its evo-
lution during therapy. It is known that the movement of the uterus and
its volumetric reduction during radiotherapy for cervical cancer can be
considerable and patient-specific.

Several studies using different technique have attempted to quantify
CUS movement during RT: Jadon et al. reported a mean variation in
inter-fraction cervical motion between 2.3 and 16 mm in the anterior-
posterior direction, 2.7 and 8 mm in the superior-inferior direction
and between 0.3 and 10 mm in the lateral direction [7]. Furthermore,
Raj et al. report mean-maximal cervical displacements of 1.4 mm
anteriorly, 5.1 mm posteriorly, 3.9 mm superiorly, and 2.9 mm inferi-
orly by acquiring weekly MR scan, in healthy volunteers [31]. A recent
study described the potential to reduce CTV to PTV margins from 1.5-
2.0 cm to 5 mm in patients undergoing daily ART [32].

The peculiarity of this work is related to the availability of daily MRI
images using MRIgRT, which allows the contours of the CUS to be
visualised on the daily MRI. This has made it possible to define the
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gradual regression of the tumor and significant changes in the position
of the CUS over the course of treatment.

The uterine fundus seems to move more and independently from the
cervix due to the anatomical characteristics of the organ. Greater intra-
factional mobility is related to the rotational movement: the upper
portion of the uterus is free to rotate around a pivot consisting of the
cervix or the isthmus, a more fixed part anchored to vaginal canal
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Fig. 4. Trend in average isotropic PTV expansion for CUS coverage (Weekly).
CUS: cervico-uterine structure; CTV: clinical target volume; PTV: planning
target volume.
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uterine structure (CUS) during the entire treatment (5a) and from the third
week of radiotherapy (5b).
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[31,33].

Chan et al. analyzed mean displacements and trends between pre-RT
MR and weekly MR performed weekly during CRT and reported that an
isotropic internal target margin is required to encompass 90 % of the
interscan motion were 4 cm at the fundus and 1.5 cm at the cervix. [34].

In our analysis, especially in the first 3 weeks, a distribution of
uterine displacement is assessed for each patient, mainly in the fundus,
which rotates around a fixed center of rotation represented by the cervix
and the GTV.

Correlation with OAR, bladder and rectal filling was also evaluated.

Previous reports have shown that changes in bladder filling may
result in CUS movement of up to 10.8 mm superior, 1.5 mm inferior,
3.19 mm anterior, 3.43 mm posterior, 2.74 mm left and 2.48 mm right
[35]. Overall, we report a mean maximum CUS movement of 10.3 mm
superior, 0.77 mm inferior, 9.7 mm anterior, 6.2 mm posterior, 4 mm
left and 5.5 mm right. In our experience, we do not report any particular
correlation between rectal and bladder filling. This is probably related to
our sample size and the specific bladder protocol prior to each individual
fraction. All patients performed bladder preparation by drinking 500 cc
of water before the simulation and before each therapy session. We try to
maintain this standard.

Currently, to compensate for CUS movement, the strategy used is to
add a sufficiently large margin to the clinical target volume [3,9,10]. Itis
currently standard practice to add 1-2 cm of margin to the designated
clinical target volume to account for CUS variation.

More specifically we attempt to study the CUS displacement in a
different direction, as we reported in Fig. 3.

To achieve optimal PTV coverage while considering the CUS motion,
asymmetric margins were found to be necessary. Specifically, our results
indicate that cranially a margin of 1 cm is required, while caudally, a
margin of 0.5 cm is sufficient. Posteriorly, a margin of 1.5 cm is required,
while a margin of 2 cm is required anteriorly. Finally, both left and right
directions necessitate a margin of 1.5 cm. However, this comes at the
cost of increased exposure to critical structures.

The analysis of our data revealed that the interfractional CUS
displacement significantly affects the required PTV margins to cover all
uterine positions during the treatment without oART or replanning
strategies.

The implementation of adaptive techniques could potentially further
optimize treatment accuracy to avoid inadequate tumor coverage or
increased radiation exposure to healthy tissues [36].

A promising approach to increase efficiency and streamline the on-
line adaptive process is the development of a plan library that includes
different uterine positions.

Further research and the development of standardized protocols are
needed to validate and optimize the integration of adaptive strategies
into clinical practice to improve treatment outcomes.

Additionally, in our study we noted that the progressive reduction in
uterine volume affects the movement of the CUS, which appears to be
greater in the SI and AP directions, especially in the first 3 weeks of
treatment, then becomes stable in the last two weeks. The LR direction,
on the other hand, is less affected by the movement and appears rela-
tively stable throughout the overall treatment time.

In particular, we have noticed that in some patients there is a slight
correlation between the reduction in CUS and the movement of the CUS
among the fractions (AGC-FX). Reduced CUS volume is therefore asso-
ciated with reduced CUS mobility.

At this stage, offline replanning to reduce margins would be optimal
given the settled CUS position.

The assessment of the tumor shrinkage, adaptive RT methods, both
online and offline, can be suggested to provide tailored approaches,
especially during the first week and then in the third week when the CUS
volume becomes more stable.

However, this study suffers from some limitations. The sample size of
fifteen patients may not fully represent the diversity of the population,
warranting future studies with larger cohorts to validate our results.
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Aware of the limitations of this retrospective study, we acknowledge
its interesting results regarding the analysis of uterine motion/reduc-
tion, which already allow us to create institutional offline/online
adaptive protocols using MRgRT and 0.5 mm CTV-PTV margin with the
aim of reducing potential urinary and gastrointestinal toxicities.

Such a reduced CTV-PTV should clearly be used in the context of
MRgRT within the above protocols. Considering the confirmation of
studies already published in the literature on the use of asymmetric CTV-
PTV margins and the evidence of the trend towards CUS motion stability
shown from the third week of treatment onwards, further research with
larger numbers of patients may help to further customise also CBCT-
gRT.

Further research is needed to explore the efficacy of oART and re-
planning strategies in mitigating the impact of CUS displacement and
improving RT treatment outcomes.

5. Conclusion

Our MRI study shows that CUS mobility is not regular throughout the
treatment.

The suggested margins to take into account the overall CUS move-
ment are 1.5 cm in the right-left direction, 1.5 cm posteriorly, 0.5 cm
caudally, and 1 cm cranially. The widest displacement occurs in the
anterior direction, whereby 2 cm of margin should be considered.

From the third week of therapy onwards, it would appear to be
reasonable to consider a re-planning with reduced PTV margins.

Implementation of MRgRT for LACC and the use of offline and online
adaptive strategies may allow to tailor individualised margins, offering
potential solutions to optimizing dose delivery, maximizing CTV
coverage while minimising dose to surrounding OARs.

In the perspective of future research, considering the enhanced soft
tissue resolution of MRgRT, one option could be excluding the entire
uterus from the CTV. Instead, a narrower volume based on the GTV
could be considered. This approach has shown no compromise in
locoregional control and is likely to reduce doses to the bowel [37].

However, the additional steps required for oART can significantly
prolong the treatment time, and for that reason new IGRT strategies
should be investigated to reduce the burdensome daily oART workflow
while maintaining the use of reduced PTV margin. LACC patient benefits
can be enhanced through an innovative and fully tailored MRgRT
workflow by taking full advantage of the capabilities of hybrid MRI-
guided systems.
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