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Abstract

Cervical cancer, with serious rates of mortality and morbidity, poses difficulties in therapeutic
strategies on account of the inherent pelvic organ dynamics. As an integral part of treatment
approaches, radiotherapy presents impressive precision capabilities with the aid of MR-guided
adaptive systems, being improved by potential predictable motions. An example that highlights the

significance of this aspect is the uterine movement.

Thus, this paper aimed to evaluate interfraction motion of uterus during radiotherapy delivered with
Elekta Unity ® MR-Linac, in relation with uterine flexion characteristics. The cohort comprising of
nine patients was assessed by using daily MRI scans corresponding to 25 fractions and by firstly
registering the DICOM coordinates for four essential anatomical points — superior and inferior pubic
symphysis, coccyx and tip of the external uterus fundus position on the axis of endometrium — that
spatially form a pyramid. The analysis included reconstructing the geometrical structures on the first
fraction anatomy. Moreover, the superior-inferior deviation was described by an angle in the sagittal
plane, chosen relative to a vertical axis. Data processing and interpretation consisted of directional
vectors to describe the general displacement, ellipsoid modelling to define motion features and

statistical significance analysis.

The results revealed a relevant statistical general response to the bladder filling of the normal and
anteverted uteri, with a tendency towards the anterior-posterior and superior-inferior directions, in
contrast to the retroverted uteri that exhibited reduced or absent correlations. The predominant
directional movement was highlighted by the vertical-oriented angle deviation that positively

responded to the bladder volume changes in the case of normal and anteverted configurations.

This study firmly supports the importance of bladder filling management protocols and personalized
uterine margins in order to reach the potential of MR-guided adaptive techniques, further contributing

to important advancements in radiotherapy strategies.
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Elena NEDELCU Inter-fraction motion of uterus during radiotherapy in patients

treated for cervix cancer at Unity MR-Linac

Introduction

Cervical cancer is globally categorized among the most prevalent and deadly, calling for strategies in
order to mitigate the incidence and to eventually eliminate the risks [1, 2]. Beside the need of
vaccination for human papillomavirus (HPV) as a prevention measure and screening programs that
contribute to early detection, the treatment approaches require constant advancements [3, 4]. To this
end, radiotherapy, an integral part of cervical cancer management, involves various aspects that need
to be considered in order to achieve complete effectiveness, notably including organ motion and

accurate target repositioning [5, 6].

This study was conducted to assess the interfractional uterine movement and flexibility in connection
with bladder in cervical cancer cases treated with Elekta Unity® MR-Linac. Consequently, including
ten patients, the analysis was conducted on 250 MRIs and involved distances and angle measurements

carried out by the means of a specialized software.

The thesis is comprised of three major chapters that intend to focus on reaching a conclusion in relation
to the aforementioned topic. The first chapter aims to create an overview of cervical cancer, the
anatomical aspects of the cervix and uterus, their implications and treatment methods, with an
emphasis on adaptive radiotherapy and its usefulness in understanding the pelvic organs evolution
throughout the therapeutical period. The second chapter consists of details regarding the methodology
that could be summed up to the patient’s characteristics, treatment planning aspects, the organ
delineation, the steps concerning the distance and angle measurements performed to determine the
uterine motion and analysis. The resulted data are compressed in the third chapter that intend to reach
a general conclusion regarding the interfraction movement based on the uterus configuration, during
radiotherapy in patients treated for cervix cancer at Unity® MR-Linac. Moreover, this chapter’s
relevance lies in the inclusion of the interpretation of the results, the statistical study and the
comprehensive analysis. The concluding section encapsulates the principal inferences drawn from the
present research, while concurrently describing its inherent methodological and theoretical
limitations. Furthermore, it describes the potential for continued advancement within this field of

research.
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1. Fundamental notions of cervical cancer

With around 660 000 new cases and 350 000 deaths globally in 2022, cervical cancer is ranked fourth
in both incidence and mortality rates among women, according to Global Cancer Observatory [1, 2].
The Cervical Cancer Elimination Initiative was adopted in 2020 by the World Health Organization as
a global strategy that envisions an incidence reduction to fewer than 4 cases per 100,000 women in
every country [3, 4]. At its core, the plan revolves around three fundamental components: prevention
with widespread vaccination efforts, early detection determined by robust screening programs, and

comprehensive cancer management and treatment.

1.1. Cervix and uterus anatomy

Situated between the bladder and rectum, the uterus, a central component of the female reproductive
system, is a muscular organ that is anatomically divided in: the fundus, the superior portion linked to
the fallopian tubes, the corpus uteri that is the principal section, the isthmus and cervix [7]. The cervix
is the fibrous and muscular pelvic organ that is connected to the corpus via the isthmus [8]. It typically
measures about 4 cm long and 3 cm wide, serving as the connection between the uterus and the vagina
[9]. The cervix is superiorly limited by the internal os, while the inferior part that opens to the vagina
is the external os. The portion of the cervix lying exterior to the external os is called the ectocervix,
lined with squamous epithelium, and meets the endocervix that forms the endocervical canal, with
glandular epithelium, at the squamocolumnar junction, aspects that are represented in Figure 1.1 [9 -

10]. The cervix, as part of the uterus, plays key roles in pregnancy, menstruation and childbirth [7].
1.2. Cervical cancer

There are mainly two types of cervical cancer that are individualised based on the anatomical
emergence site: squamous cell carcinoma (SCC), specific for ectocervix and the most prevalent, and
adenocarcinoma, developed in the endocervix [10]. While many women remain symptom-free,
possible symptoms include postcoital bleeding, intermenstrual bleeding, excessive vaginal discharge,
and pain in the pelvic region or lower back area [11]. The three key tests used for cervical cancer
screening include cytology (PAP Smear), HPV testing, and visual inspection with acetic acid (VIA).

Ongoing untreated HPV infection accounts for 99.7% of cervical cancer cases

10
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Figure 1.1: Cervix anatomy [10]
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[12]. The diagnostic process is generally initiated following an abnormal screening result that requires
further investigations such as colposcopy or biopsy [13]. In case of confirmed presence of cancer, to
ensure a suitable clinical course of action, the next step is to thoroughly assess disease severity and
extent using imaging techniques, lab examinations or visual tests [14]. This necessity led to a
compilation and classification made by the International Federation of Gynaecology and Obstetrics
(FIGO) that considered the tumour size, its location and spread degree to create a staging system

under continuous revision and improvement [15 - 17].

1.3. Treatment strategies for cervical cancer

In terms of treatment, depending primarily on the stage, cervical cancer commonly requires
comprehensive approaches that range from surgical procedures to external beam radiotherapy (EBRT)
concurrently delivered with chemotherapy, typically cisplatin at 40 mg/m? weekly, and completed by

subsequent brachytherapy for locally advanced cervical cancer [18 - 21].

Surgery is widely employed in order to remove the affected tissue in case of early-stage cervical cancer
and includes interventions such as conization, total and radical hysterectomy, trachelectomy,

cryosurgery or loop electrosurgical excision procedure (LEEP) [12, 22].

11
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1.4. Radiotherapy

The EBRT, as an integral part of the standard treatment strategy, consists of administering 45 to 50
Gy in 25 fractions to the target volumes defined during the first steps of treatment planning [5].
However, there are various sources of uncertainty that render it infeasible to replicate the planning
configuration with complete accuracy during the treatment period, among which the inner organs’

displacements are the most relevant.

Due to the inherent tendency of pelvic organs to shift in position and volume, the correlation between
planning and treatment processes is influenced/affected by inconsistencies in anatomical structures
[6, 23, 24]. As bladder and rectum fill, owing to characteristic high mobility, movement of tumour and
adjacent organs, such as uterus, occurs, thereby leading to increased predisposition to underdosage of
the cervix target volume or/and to excessive exposure of the organs-at-risk (OAR) or healthy tissues
in case of radiotherapy [21, 24 - 30]. Additionally, as the tumour shrinks in response to treatment, it
greatly impacts the position of surrounding anatomical structures, highlighting the requirement for
significant margin adjustments [25, 30]. The extent of motion is inherently patient-specific, and its
anticipation enables the tailoring of treatment approaches to individual anatomical and physiological

characteristics, hence minimizing unnecessary dose exposure to adjacent OARs.

Recently, the implementation of modern EBRT techniques such as intensity modulated radiation
therapy (IMRT) and volumetric modulated arc therapy (VMAT), have enhanced the conformity of the
dose distribution to the target [31, 32]. Consequently, reductions in the overall irradiated volumes
have led to improved sparing of OARs; however, this has concurrently increased the risk of target
under-dosage in patients experiencing considerable anatomical motion [32]. To this end, accurate
anticipation/prediction of inter-fractional target position variability becomes essential for each

individual patient.

1.4.1. Imaging of the cervix
These aspects pose great difficulty in achieving the radiotherapeutic goals in the absence of the image-
guided (IGRT) technologies, such as cone-beam CT (CBCT), to account for the complexity of pelvic

anatomy and for the set-up and patient positioning errors [33].

12
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Furthermore, with respect to the significant impact of diagnostic and treatment advancements, the
latest update of FIGO also emphasises the enhanced role of magnetic-resonance imaging (MRI) in
precise tumour evaluation and disease extent, by virtue of its superior soft-tissue discrimination
capabilities in absence of radiation exposure in opposition to computed tomography (CT) [15 - 18,
25, 34 - 38]. Additionally, MRI provides outstanding reliability in early detection of residual tumour

following radiation therapy and in identifying disease recurrence during follow-up evaluations [39].

1.4.2. MR-guided radiotherapy — Adaptative radiotherapy

Moreover, the significant organ intra- and inter-fraction flexibility and the immense variability
between patients, to which the MRI advantages are added, introduced the online MR-guided
radiotherapy (MRgRT) as a valuable adaptive radiotherapy (ART) solution [25]. ART is characterized
by real-time adjustments to the treatment plan in response to anatomical changes such as weight
variations, tumor shrinkage, or internal organ movement throughout the course of therapy [40 - 43].
Studies revealed the superiority of MRgRT in image quality and in minimizing observer-related
variability during contour delineation, in contrast to its undeniable technical challenges and difficulties
in being implemented [25, 42]. In cervical cancer treatment, ART offers the means to improve the
precision by accounting for inter-fraction motion of the bladder, rectum and uterus, that significantly
decreases the toxicity, through smaller margins, enhanced treatment accuracy and target localization
[25, 44, 45]. These advancements also stem from the creation of the MRI-Linac which merges MRI

technology with a linear accelerator to support adaptive workflows.

Ry

OElekt

y
v

Figure 1.2: Elekta Unity® [46]
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1.4.3. MRI-Linac - Elekta Unity®

Elekta Unity®, one of the commercially available MR-guided radiotherapy systems, was introduced
in 2018 and is produced by Elekta AB (Stockholm, Sweden) [47 - 49]. It features advanced technology
that integrates a Philips-manufactured 1.5T MR and a 7MV linear accelerator designed by Elekta,
presented in Figure 1.2. The system operates in conjunction with Elekta MOSAIQ® and Elekta
Monaco®, a treatment planning system employing Monte Carlo simulations designed to enable
precise dose distribution optimization and calculation within a magnetic field environment [50].
Depending on the daily clinical evaluation, there are two workflows that can be chosen: adapt-to-
position (ATP) or adapt-to-shape (ATS) [51]. While the ATP workflow addresses minor positional
changes by only shifting a virtual isocenter on the online MRI relative to the simulation CT, the ATS
workflow poses more challenges as it focuses on tumours and OARs with daily deformations that
require recontouring and replanning, ideas schematized in Figure 1.3 [51 - 54]. Thus, the system

effectively addresses the comprehensive requirements of real-time delivery control and inter-

fractional motion management, yielding a substantial enhancement on the treatment outcome [55].

Adapt to position

Rigid registration Translation

Adapt to shape

- Adapt contours

‘ - Optimize on daily image

Deformable registration Deformed structures

Figure 1.3: Overview of the adapt-to-position and adapt-to-shape workflows in the case of lymph

node oligometastases [53].
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1.5. Literature review — Inter-fraction motions in cervical cancer overview

Previous analyses have been conducted to provide insights into the intra- and inter- fraction pelvic
organ motions and tumour evolution, using MRI systems in case of cervical cancer [6, 29, 56]. Ina
previous study, by employing weekly 30-minutes cinematic-MRI (GE Signa Excite 1.5T), Chan ef al.
measured interscan and intrascan motions of specific anatomical points of cervix-uterus structure and
evaluated the correlation with bladder and rectal filling [56]. The mean interscan displacements in
craniocaudal (CC) and anteroposterior (AP) directions, ranged from 5.7 to 24.4 mm and from 4.8 to
14.5 mm, with a 40 mm motion of uterine fundus and with intrascan movements being considerably
less evident. Furthermore, Taylor ef al. focused on investigating the movement of the uterus and cervix
between fractions to identify suitable internal margins in the context of gynaecological cancer,
including cervical cancer [29]. Using MRI scans on two successive days, the displacement analysis
of three relevant points provided mean values in the ranges of 2.6 - 7.0, 2.7 - 7.1 and 0.3 - 0.8 mm in
the AP, CC and lateral (LR) directions. While bladder filling was linked to the change of uterine
position in the CC direction, cervical and vaginal AP motions were predominantly impacted by the
rectal filling. In addition, a comprehensive summary of studies examining pelvic organ intrafraction
movement is provided in the Jadon et al. systematic review, with results for the uterus and cervix in

the mean range of 0.1 - 3.0 mm and no significant directional trend observed [6].

1.5.1. Studies using an MRI-Linac

Recent studies focused on the significant capabilities of the MRgRT technology to build upon these
findings, employing refined statistical and scientific methods to yield an enhanced outlook on/ provide
an enhanced understanding of the pelvic organ variations in the context of cervical cancer. Nagao et
al. primarily addressed the intrafractional cervix-uterus motion and its impact on the adjacent organs,
namely the bladder and rectum volumes [57]. The displacement was evaluated using the dice
similarity coefficient (DSC), which quantifies the coincidence between two contours. Thus, in the
cases where bladder or rectum volume changes correlated with uterus or cervix DSC, increased
volume variations led to reduced DSCs, indicating a pronounced shift in uterine or cervical position.
Another significant conclusion was that bladder filling generally causes an uterine displacement in
the superior and posterior directions [57]. Li et al. used various measurement techniques with the aim

of evaluating the intra- and inter-fraction changes in position of uterus as well as in bladder volume

15
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[58]. A notable correlation between the bladder volume variation and the cervix-uterus movement was
identified as daily MRI scans, before and after each fraction, were used to measure the organ motions.
The cervical-uterine intra- and inter-fractional displacement averaged to 11.5 and 10.3 mm in CC
direction and to 6.11 and 5.9 mm in AP direction [58]. Kishigami et al. used a shape model and daily
MR images acquired with a MRgRT system to independently evaluate the interfractional uterine and
cervical motion in three-dimensional space [59]. They concluded that the diminished cervical volume
at the 16th fraction supports the need for replanning as the treatment progress inferred tumour
softening as well as increased cervix and uterus motion. While cervical population-based margins in
(R,L,A, P, S, I) were (7, 7, 11, 6, 11, 8) mm, for the uterus, the results were (14, 13, 27, 19, 15, 21)
mm, values established as the 90th percentile values of the patient-specific margins. Moreover, the
analysis indicated that the relationship between cervical volume variations and the displacement of

both the cervix and uterus yielded weak correlation coefficients [59].

16
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2. Materials and Methods

2.1. Patients

As part of this retrospective study conducted at the Department of Oncology and Radiotherapy of
Lyon Sud Hospital, 18 patients with cervical cancer that underwent radiotherapy on Elekta Unity®
MR-Linac 1.5T (Elekta AB, Stockholm, Sweden), between July 2021 and December 2023, were
included. Chemotherapy with 40 mg/m?2 of cisplatin per weekly cure was delivered concomitantly for

eight patients.

2.2. Treatment planning

The prescribed dose was 45 Gy in 25 fractions, delivered with intensity modulated radiotherapy
(IMRT), that was supplemented with a boost of 55 Gy, with the simultaneous integrated boost (SIB)
technique in the case of lymph nodes involvement. The preparatory protocol for each fraction involves
urinating one hour prior to the treatment and drinking 500 ml of water, with the aim of a comfortable

and repeatable bladder filling. Emptying the rectum was recommended before each fraction as well.

2.3. Organ and tumour delineations
For each patient and at each fraction, using Elekta Monaco®, the bladder, rectum and uterine volumes
were precisely delineated by two radiation oncologists on an T2-weighted MRI scan, using Elekta

Monaco® treatment planning system. In total, 250 MRI scans were acquired, contoured and validated.

2.4. Measurements

In order to verify the existence of patterns in the uterus shift over the 25 treatment fractions in relation
with uterine flexion features (anteverted, normal and retroverted), an analysis based on geometrical
aspects was done. For each MRI scan, the distances from the pubic symphysis (Dssu, Dsiu) and coccyx
(Dcu) to the external uterine fundus were calculated by registering the DICOM coordinates (X, y, z) of

each point and using the Euclidean distance formula (1):

Dy = J(xj = x)% + (yj — y)* + (7 — 2)? (1)

The references for the pubic symphysis were determined as the most posterior-inferior (si) and

anterior-superior points (ss) in the sagittal slice that included its midpoint in the axial plane. The

17
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reference point for the coccyx (c¢) was determined by identifying the first axial plane slice in which
the bone was clearly visible. Within this slice, the point was selected at the midpoint of the coccygeal
bone to ensure consistent anatomical referencing. The measurement point for the external uterine
fundus (u) was selected on the sagittal slice where the endometrium was most distinctly visible and
was specifically positioned along the axis of the endometrium. A 2D representation of the organ

delineation, the reference points and the distances is shown in Figure 2.1.

Figure 2.1: Sagittal image of a T2-weighted MRI that shows the delineated volumes (rectum - green,
uterus - pink, bladder - orange, tumour - red), the reference points (coccyx - ¢, pubic symphysis — ss,
si, external uterine fundus - u) and the calculated distances (D - distance from the coccyx to the
uterine fundus, Dyg, - distance from the superior symphysis to the uterine fundus, Dy, - distance from

the superior symphysis to the uterine fundus)

In addition, it was considered that the four points created a pyramidal structure, wherein the apex
corresponded to the tip of the uterine fundus, and the base was defined by the triangular plane formed
by the pubic symphysis and coccygeal reference points, as presented in Figure 2.2. All the 9 angles,

for each of the fractions, were calculated using a Python code that employs the dot product formula

(2):
@ -b = |d||b|cos(a) 2)

18
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As the reference bony structures have fixed position, the uterus motion over the treatment period was
assessed relatively to the first fraction for every patient. Thus, the distances and angles obtained for
each fraction were used to systematically build the 24 pyramidal structures with the first fraction
reference points as the triangular base. In this way, it was possible to achieve a spatial distribution of
uterine movement that was described by an ellipsoid. The centroid was determined by the mean value
of the constructed pyramids’ coordinates and the axes resulted from the standard deviations along each
principal direction. To accurately compute and visualize these geometrical structures and values, a
straightforward Python code was employed. The inputs were the DICOM x, y, z coordinates of the4
anatomical points — ss, si, ¢, u—and 3 angles (B, s1 and c¢| — see Figure 2.2) corresponding to the initial

fraction.

Figure 2.2 — The visual representation of the pyramidal structure formed by the four reference points

(ss — superior pubic symphysis, si — inferior pubic symphysis, ¢ — coccyx, u — uterus fundus)

Furthermore, to evaluate the influence of bladder volume on uterine angulation, three specific
anatomical reference points were selected for each treatment fraction in order to define a relevant
angle. In addition to the previously described point located at the uterine fundus tip, two
supplementary points were selected within the same sagittal plane. Thus, the first of these was
positioned along a vertical axis parallel to the treatment couch and passing through the zone of the

S1-L5 vertebrae, at the most inferior region, known as sacral promontory. The second point was
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defined as the intersection between the axis of the endometrium that includes the uterine fundus point
and the aforementioned vertical axis. This geometric configuration allowed for the consistent
measurement of uterine angulation (o) across treatment sessions (S), as illustrated in Figure 2.3.

Additionally, in particular cases - when the intersection point coincides with the uterine tip or the S1-
L5 anatomical landmark, when no intersection occurs or when the uterine movement is oriented in the
opposite direction - it was necessary to employ alternative strategies. These included selecting
different points along the respective axes, utilizing parallel axes or applying geometric formulas to

accurately determine the required angle while maintaining its anatomical and functional relevance.

For each of these points, the DICOM coordinates were registered and used in the mentioned Python
code that employs the dot product formula (2) in order to calculate the angle (a) formed by the

respective lines.

uterine
fundus

uterine

fundus
bladder

bladder j

4

Figure 2.3: Uterine angulation representation for two sagittal MRIs from Patient 2, corresponding

to the a) seventh (S7) and b) sixteenth (S16) treatment sessions

2.5. Analysis
The raw data were imported into Microsoft Excel (Microsoft Corporation, Redmond, Washington) for

processing. With the aim of revealing meaningful patterns, removing the substantial inter-patient
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variability and improving the visualization, the relative change values with respect to the first
treatment fraction were calculated.

The Python scripts were run using Visual Code Studio (Microsoft Corporation, Redmond,
Washington) editor that, by employing plotting-specialized modules (matplotlib library), also
produced the three-dimensional graphs.

To examine the reproducibility of uterine motion across the treatment period, Pearson’s correlation
coefficient and the significance relevance between its displacement (Ad), based on the obtained
coordinates relative to the first fraction (Ax, Ay, Az), and the corresponding change in bladder volume
(AVpR) have been evaluated. The same method was used to observe the correlation between the relative
change in uterus angle with respect to the vertical axis and relative change in bladder volume. The
statistical significance has been evaluated based on p-values, with a threshold of p < 0.05 being

considered as statistically relevant.
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3. Results
3.1. Patients

Eight patients out of 18 were excluded because of incomplete treatment due to psychological reasons,
prior treatments involved or only the boost was delivered with this machine. Moreover, after the first
step involving the contouring, one more patient (P03) was excluded because of software technical
difficulties. The general details concerning the pathology, treatment and characteristics of the other
patients (PO1 — P10) are included in Table 3.1. The three groups established according to the uterus
flexion were evaluated for the following patients: anteverted (A) — P04, PO8 P10, retroverted (R) —
P01, P06, P09 and normal (N) — P02, P05, P07, as represented in Figure 3.1.

Figure 3.1: Uterine flexion representation for a) P04 that present an anteverted (A) uterus and

for b) P06 with a retroverted (R) uterus (outlined in pink colour for more facile distinction)
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Table 3.1: Clinicopathologic characteristics of patients

Characteristic

Age (years)

Median (range) 52 (26 -94)

No. of patients (%)

Histological features

Squamous cell carcinoma 7(77.8)

Adenocarcinoma 2(22.2)
HPYV status

HPV + 8 (88.9)

HPV - 1(11.1)
FIGO stage

IB 1(11.1)

1A 1(11.1)

1B 4 (44.4)

Iic 3(33.3)

Uterus flexion

Anteversion 3 (33.3)

Normal 3 (33.3)

Retroversion 3 (33.3)
Treatment

IMRT (45Gy / 25 fr.) 6 (66.7)

SIB (55Gy / 25 ft.) 3(33.3)

Concomitant Chemotherapy 7 (77.8)
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3.2. Uterus displacement analysis

The three-dimensional plots in Figure 3.2 — 3.4, resulted after building the geometric structures for
each patient based on the anatomy of the first fraction, also produced data about the displacement (Au)
of uterus point (u) and the ellipsoid, found in Table 3.2.

The retroverted uteri display the lowest mean displacement values (0.4 — 1.2 cm), with significant
motion in posterior-inferior direction (Ay <0, Az > 0), ideas that are accentuated by y- and z- axis SD.
Then, it is observed that normal uteri present important movement characteristics, with mean values
ranging from 1.9 to 4.6 cm and reaching 7.0 cm. The ellipsoidal attributes suggest a predominant
tendency of AP and SI displacement. On the other hand, the anteverted uteri regularly shifted in the
AP direction (y-axis), with an evident variability in mean displacement values, that amount up to 3.3

cm.

Table 3.2: Displacement data resulted from the three-dimensional plots based on the first fraction

anatomical geometry, according to uterus configuration

Displacement [cm] Ellipsoid — SDs [cm]
Uterus ID
Mean +SD Max Ax Ay Az  Dir. X y z
PO1 1.2+0.5 23 -0.1 -0.8 0.6 AP 0.1 0.8 0.7
R P06 09+1.0 48 -0.1 -05 0.9 SI 0.2 1.1 1.9
P09 0.4+0.3 09 00 -0.6 0.8 SI 0.0 0.4 0.6
P02 3.6£1.5 53 00 -1.0 0.0 AP 0.0 2.9 0.1
N P05 46+1.0 70 -0.1 -0.6 0.8 SI 0.1 1.2 1.7
PO7 1.9+13 43 0.0 0.9 -04 AP 0.1 3.2 1.6
P04 0.5+04 .1 -02 -0.8 0.5 AP 0.3 1.0 0.7
A P08 29+1.5 5802 -09 0.4 AP 0.6 3.6 1.7
P10 33+1.8 52 00 -1.0 0.1 AP 0.2 3.7 0.5

Note: R — retroverted, N — normal flexion, A — anteverted uterus; Dir. — predominant direction of
displacement based on the mean displacement vector coordinates; AP — antero-posterior direction, SI

— superior-inferior direction; SD — standard deviation
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Figure 3.2: Three-dimensional plots depicting the anatomical geometry for the first fraction
represented by the pyramidal structure (blue triangle, black lines), the points (orange)
corresponding to the apexes derived from each fraction and the ellipsoid resulting from the

displacement SDs in each spatial direction — retroverted uterus: (a) P01, (b) P06, (c) P09

25



Inter-fraction motion of uterus during radiotherapy in patients

Elena NEDELCU
treated for cervix cancer at Unity MR-Linac
a N: P02 b N: P05
—— 1
-
4.0
2.0 g
(‘,/ 0.0 .:g

¥
o
Z (Superior-Inferior)

0.0
0.2
* 04 0
=
o 0.
?\ . -8.0
% »
>, 20 40 e ’
o 12 6o 40 20 00 ft\q"ght) 10 80 e’
Y (Anterior~P05teri°r) . TN
¥ N: P07

-
9
—
g
=
2
-
2
[
Q
3
2
N
0.0
&
S
?‘4) . 20 4.0
(% 0 50 00 %
5% . ' ;
1.0 80 80 ster\O”
| (Anterio°

Figure 3.3: Uterus displacement visual representation in case of normal uterus. (a) P02, (b) P05,

(c) P07
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Figure 3.4: Uterus displacement visual representation in case of anteverted uterus: (a) P04, (b) P0S,
(c) P10
The results that evaluate the influence of bladder volume variation on the uterus spatial and directional
motion are reported in Table 3.3. Weak correlations (|r] < 3) and non-significant p-values appear to
describe the bladder volume influence on retroverted uteri, as described in Figure 3.5. These values
confirm the unrelated anatomical relationship between this inherent posterior uterus position and the

bladder dynamics in the anterior direction. Normal uteri display an overall strong response to changes
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in bladder volume that seem to cause anterior-superior movement, (Ay: r = 0.8, p <0.01, Az: r =-0.8,

p <0.01), observation evidenced in Figure 3.6.

Table 3.3: Statistical analysis between the change in bladder volume AVB and the directional (Ax, Ay,

Az) and total uterus displacement (Ad) from the first fraction anatomical geometry, grouped by uterus

flexion characteristics

Uterus

ID

Po1
P06
P09
P02
Pos
PO7
P04
P08
P10

Ax Ay Az Ad Mean £ SD
r P r P r p r p AVp
02 0275 02 0275 -02 0275 -02 0275 0.5+1.0
03 0.146 03 0.146 -03 0.146 -03  0.238 -0.5+0.3
-03 0.136 03 0.136 -03 0.136 -03  0.136 -0.7+0.1
-0.8 <001 08 <0.01 -0.8 <0.01 -0.8 <0.01 -0.5+0.3
08 <0.01 08 <0.01 -08 <0.01 -0.8 <0.01 -04+04
08 <001 08 <0.01 -08 <001 07 <0.01 0.1+0.6
0.6 0.002 06 0.002 -0.6 0.002 0.1 0.625 -0.1+0.9
-0.7 <0.01 07 <0.01 -07 <0.01 -0.5 0.007 -0.6+0.3
08 <0.01 08 <0.01 -0.8 <0.01 -09 p<0.01 -0.6+0.3

Total displacemnt [cm]

R - P01: Bladder volume variation influence on uterus motion

2.5
[ ]
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Figure 3.5 - Impact of bladder volume fluctuations on a retroverted uterus displacement (P01)
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Figure 3.6 - Impact of bladder volume fluctuations on a normal uterus displacement (P02)

Likewise, anteverted uteri is greatly liable to display important displacement generated by bladder

volume variations (r = = 0.5 — 0.8, p < 0.01), an idea visually supported by Figure 3.7. Total

displacement does not significantly correlate with bladder changes in the case of P04, unlike the

directional data, a situation that emphasize the importance of evaluating this parameter on each axis

as constrained and balanced motion might be overlooked.
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Figure 3.7 - Impact of bladder volume fluctuations on an anteverted uterus displacement (P10)
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3.3. Uterus angle variation in superior-inferior direction

The statistical data evaluating the uterine motion by individually investigating the influence of bladder
volume variation (AV) and the uterine angle modification (Aa) with respect to the sacral promontory
to confirm the superior-inferior direction displacements — see Figure 2.3 — is noted in Table 3.4. It was
observed a meaningful variability between subjects, regarding both the direction and strength of

correlation, as observed in Table 3.4.

Table 3.4: Correlation coefficients (r) and p-values analysis of uterus angle deviation (Ao, in response

to bladder volume variation

Mean = SD
Uterus ID r )/ o
Po1 0.2 0.303 09+0.5
R P06 0.6 <0.01 -02+£25
P09 0.2 0.335 02+0.2
P02 -0.8 <0.01 0.1+0.2
N PO5 -0.4 0.090 0.1+0.3
P07 -0.8 <0.01 0.1+0.2
P04 -0.2 0.378 -0.1£0.1
A P08 -0.6 <0.01 02+0.3
P10 -0.5 0.011 -0.1£0.1

The motion in the superior-inferior direction described by the retroverted uteri present inconsistent
correlations with the changes in bladder volume, with significant values for P06 (r = 0.6, p < 0.01).
This patient also stands out with a broader range of uterine angle modifications, suggesting high
anatomical instability with a likely need of adaptative planning. Negative and moderate/strong
correlations (r = -0.4 to -0.8) are specific for normal cases, suggesting a superiorly shifted uterus as a
response to bladder filling, as depicted in Figure 3.8 validating the prior approaches that found
important superior-inferior displacement (Az: r = -0.8, p < 0.01). The moderate negative correlations
and statistical relevance are also identified in the anteverted uteri, reiterating the previous statements

of a concomitant antero-posterior and superior-inferior motions (r = -0.6 to -0.8, p < 0.01).
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Figure 3.8: Representation of the strong negative correlation between the bladder volume variation

and normal uterine angle modification during the treatment for P02
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4. Discussions

4.1. Uterus displacement analysis

The retroverted uteri display an apparent stability that might allow for more controlled margins.
Moreover, the normal uteri could benefit from ART capabilities as these cases exhibit significant
inconstancy in terms of direction and extent of movement. All types of uteri demonstrated minimal
values to describe left-right displacement that support the idea of reduced margins and increased
predictability for treatment planning. These findings indicate that rigorously controlled bladder
fillings protocols and individualized margins might improve the treatment precision for the patients
that present normal and anteverted uteri. Thus, the previous 3D motion analysis is reiterated by the
tendency of substantial anterior-posterior and superior-inferior movement of these uterus
configurations, in contrast to the reduced movement described by the retroverted uteri. Ellipsoid
modelling was crucial to visually represent motion envelopes in a spatial framework, presenting the
magnitude, directionality and consistency among uterus types. Moreover, the noticeable variability in
bladder volume could reflect inconsistent adherence to bladder protocols in opposition to better
compliance or physiological consistency in bladder filling for the other patients, prompting it to be a

slightly unpredictable parameter.

4.2. Uterus angle variation in superior-inferior direction

Despite the minimal displacement and correspondences illustrated by the previous method, the
positive values, that would unexpectedly explain an angle growth as a result of bladder volume
increase, suggest that the movement in the retroverted uteri cases is unpredictable and might be
influenced by other anatomical and physiological aspects of every patient. It is further confirmed that
the uterus flexion characteristics are a valuable factor in analysing its motion, notably in the superior-
inferior direction, with possible additional considerations needed in margin definition of normal and
anteverted cases. Moreover, as there is no clear evidence of a response pattern, it is suggested the need
for patient-specific considerations, underscoring the importance of individualized and adapted
protocols. Furthermore, this analysis also underscores the necessity of personalized and individualized
monitoring strategies, especially of the bladder filling protocols as it is seemingly greatly influenced

by patient particularities.
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In comparison with the other referenced articles using this type of treatment machine, there are
differences regarding the temporal aspect of the data acquisitions and the method of correlating the
bladder filling and the uterine movement, without focusing on quantifying it. Moreover, this study
individualizes by the analysis according to the uterus anatomical orientation. The 3D study of
Kishigami et al. reached the conclusions that the daily interfractional variations were unpredictable
and that the uterine displacement progressively increased over the course of treatment, with expended
margins in all direction relative to conventional and other studies’ values [59]. They also deduced that
the 16™ fraction is a suitable choice of treatment replanning, as the cervical volume decreased with
50%. The pre- and post-treatment MR images, in the DSC-based intrafractional assessment made by
Nagao ef al., revealed that the bladder filling has the most impact on the superior-posterior direction,
with patient-specific response for uterine displacement extent, being a confirmation of the current
study [57]. In their analysis, by employing 5 imaging types at various time points, Li et al. reported
an important intra- and inter-fractional cervix-uterus motion, predominantly in anterio-posterior and
cranio-caudal directions, that correlates with fluctuations in bladder volume, further validating the
conclusions of this thesis.

Among the leading drawbacks of this study are the limited number of included patients that restricts
the possibility of reaching a generalized conclusion, the resolution and slice distances that
occasionally hindered the perfect localisation of a certain point and the susceptibility of the
observations and measurements to inter-observer variations. Moreover, the assumption that the bony
reference points have the exact position over the course of treatment might induce some errors.

This research project could be completed and improved by concomitantly assessing the cervix motion,
adding the rectum filling correlations and by employing 3D modelling programmes such as 3D Slicer
or MeshLab in order to compute the interfractional displacement, a sample being presented in Figure

3.10 [60 - 63].
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Figure 3.9: A sample of interfractional displacement vectors visual representation for two uterus
contours obtained using ModelToModelDistance and ShapePopulationViewer modules from

3DSlicer software
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Conclusions

Taking everything into consideration, the findings of this research study added a comprehensive
spatial and directional analysis of the daily uterine motion in correlation with the bladder volume
variation for cervix cancer patients treated with Unity® MR-Linac system, further enhanced by adding
the classification of these results according to the uterus configuration — retroverted, normal or
anteverted.

By integrating DICOM coordinates with geometrical and statistical evaluation, in the case of 9
patients, the change in uterus position was characterized throughout 25 fraction of radiotherapy
treatment in relation to bladder volume, based on the first fraction anatomical characteristics. In terms
of directional preference, the results demonstrated that, while the anteverted and normal uteri
displayed statistically significant correlations and important movement chiefly occurred in anterior-
posterior and superior-inferior planes, the retroverted uteri had an insignificant and unpredictable
response to bladder filling.

Fundamentally, these aspects have particular clinical value when presented in the context of ART as
precise and real-time quantification of inter-fraction variations of anatomical structures are essential,
alongside motion margin customization. This work emphasizes the need for bladder filling protocols
and facilitates the identification of cases that may require selective adaptation workflows because of
unforeseen displacements, such as those with normal or anteverted uteri and important bladder

variability.
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