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Chapter 9

General discussion
and future perspectives




Chapter 9

This thesis focused on predicting and evaluating side effects of radiotherapy in cervical
cancer, with particular attention to the potential benefits of proton therapy and bone
marrow sparing. These techniques have the potential to decrease dose to healthy tissue
and therefore reduce treatment-related side effects. In this thesis, predictors for treatment-
related side effects in locally advanced cervical cancer were identified in literature and
mature data from a large trial was used to develop normal tissue complication probability
(NTCP) models to estimate the risk of gastrointestinal morbidities in women treated
with postoperative (chemo)radiotherapy for cervical cancer. Additionally, the phase-II
PROTECT study was initiated, which aimed to compare bone marrow sparing intensity
modulated proton therapy (IMPT) with bone marrow sparing volumetric-modulated
arc therapy (VMAT) in women with locally advanced cervical cancer. In participants
undergoing bone marrow sparing VMAT, changes in bone marrow fat fraction and

immune cell composition and function were evaluated.

During the course of this thesis, outcomes of large trials investigating the current standard
treatment (EMBRACE-II), adjuvant chemotherapy, and adjuvant immunotherapy have
been reported. In this chapter, the main findings and implications of the studies presented
in this thesis, as well as the future perspectives, are discussed and considered in light of

the latest developments in the field.

9.1 PREDICTING SIDE EFFECTS IN CERVICAL
CANCER

Knowledge of the factors contributing to treatment-related toxicities could aid in
identifying women at high risk of side effects and in developing NTCP models. However,
a comprehensive overview of predictors for treatment-related toxicities in women with
locally advanced cervical cancer treated with definitive chemoradiotherapy was lacking.
Systematic reviews identifying predictors for hematologic toxicity, gastrointestinal,
genitourinary, and vaginal toxicity, and insufficiency fractures were conducted and
provided in chapter 2 and 3. As there was a scarcity in prediction models, multivariable
NTCP models for gastrointestinal toxicities in postoperative cervical cancer were

developed and presented in chapter 4.
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9.1.1 Predictors for hematologic toxicity

The systematic review in chapter 2 found that the volume of the whole pelvic bones
y) >95-75%, 20 Gy (V y) >80-65%, and 40 Gy (V y) >37-28% were

associated with moderate or worse (grade >2) hematologic toxicity.

receiving 10 Gy (V
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These findings were used as a starting point for implementing bone marrow sparing
VMAT in the PROTECT study. Whole pelvic bone constraints of V. <90%, V. <65%,
and V. <15-20% were adopted as soft planning constraints, meaning that these dose
limits are preferred but not mandatory. A planning study as part of the PROTECT project
showed that a reduction of 2 Gy in bone marrow mean dose (D, ) was achievable with a
maximum increase of 1 Gyinthe D__ of other organs-at-risk (OAR), such as the bladder
and rectum, when using VMAT [1]. Additionally, a clinical study demonstrated that the
implementation of bone marrow sparing during treatment planning for cervical cancer
did not increase grade >2 or 3 gastrointestinal toxicity and led to only a small increase in
the already low incidence of grade >3 genitourinary toxicity, whereas overall incidence of

hematologic toxicity was reduced [2].

Notably, in planning studies using IMPT, the whole pelvic bone constraints from the
PROTECT study were already met without the use of bone marrow sparing strategies

during treatment planning. An additional 1 Gy reduction in bone marrow D___was again

achievable with a maximum increase of 1 Gy in the D__ of other OAR [3]. However,
associations between bone marrow dose and hematologic toxicity might be different with
proton therapy, as its dose distributions differ from photon therapy. Future studies should
explore the trade-off between reducing bone marrow dose and increasing dose to other
OAR for both photon and proton therapy, to better understand the clinical consequences
of bone marrow sparing on other OAR and to assess the potential for further bone

marrow dose reductions [4].

9.1.2 Predictors for gastrointestinal, genitourinary, and vaginal
toxicity and insufficiency fractures

The systematic review in chapter 3 identified multiple predictors of gastrointestinal,
genitourinary, and vaginal toxicity, as well as insufficiency fractures. Most studies only
investigated brachytherapy-related parameters, whereas the few studies evaluating EBRT
parameters have found these to be associated with toxicities. Data on insufficiency

fractures was limited.
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The relationship between EBRT dose and toxicity of an OAR is becoming more relevant
with the introduction of advanced EBRT techniques, such as proton therapy and online
adaptive EBRT. Although both techniques have the potential to lower OAR dose, robust
dose-toxicity relationships, alongside clinical studies, are needed to clarify their added

value in improving patient outcomes.

The systematic review included only one study on insufficiency fractures. Systematic
reviews of insufficiency fractures in gynecological cancers have identified patient-related
factors, particularly those affecting pretreatment bone quality, as contributors, but
findings regarding the impact of radiation dose were inconsistent [5, 6]. Although bone
marrow sparing and advanced EBRT techniques have generally not been developed or
introduced with the primary aim of preventing insufficiency fractures, they have a large
potential that could be explored further. Furthermore, consensus on strategies to prevent
or manage insufficiency fractures is needed so that such strategies can be started when

patients at high risk are identified [5, 6].

9.1.3 Current status of NTCP models

The majority of the included studies in chapter 2 and 3 were rated as low quality based on
the Transparent Reporting of a multivariable prediction model for Individual Prognosis
Or Diagnosis (TRIPOD) consensus statement or Quality In Prognosis Studies (QUIPS)
tool [7, 8]. Tools such as TRIPOD and QUIPS could and should be used as guidelines
during the model development process to obtain high-quality models and to give insight

into the methodologies applied and their limitations.

Multiple studies only reported statistically optimized dosimetric thresholds for
toxicity prediction. Cut-off values are easy to comprehend and to use in the clinic,
but lose more detailed information [9]. Full NTCP models that include continuous
dosimetric parameters could better inform during treatment planning. For instance, for
brachytherapy planning, artificial intelligence (AI) based decision-support systems such
as EViGUIDE and BRIGHT can visualize the impact of various brachytherapy treatment
plans on dose to OAR [10, 11]. NTCP models could be integrated in these tools or tools
developed for EBRT planning to translate treatment decisions into clinical outcomes.
Additionally, NTCP models combining patient and baseline characteristics could be
used to select patients for advanced EBRT techniques, such as proton therapy, which has

already been implemented for head-and-neck cancer [12, 13].
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9.1.4 NTCP model development

As the availability of NTCP models in literature was limited, NTCP models for
gastrointestinal toxicity following postoperative (chemo)radiotherapy for cervical
cancer were developed with the use of least absolute shrinkage and selection operator
,and 'V

were selected for models for acute diarrhea and late persistent gastrointestinal toxicity.

(LASSO) regression in chapter 4. Higher bowel dose-volume parameters, V,

0G: 40Gy’

Additional risk factors for late toxicity which were identified included the use of three-
dimensional conformal radiotherapy (3DCRT), as compared to the more advanced
planning technique intensity-modulated radiation therapy (IMRT), more extensive
surgery before (chemo)radiotherapy, and the occurrence of acute moderate or worse

diarrhea.

Figure 1 visualizes the process of NTCP model development and implementation. NTCP
modeling still faces several challenges. High-quality patient data from multiple centers
is needed for model development and validation. Collected risk factors, endpoints, and
dosimetric parameters and delineation methods differ among prospective studies, which
limits the ability to develop generalizable NTCP models. Retrospectively collected data
can also be used for NTCP modeling, but is less reliable and collecting data is a labor-
intensive process. Ideally, informed consent and data should be collected prospectively
from every patient attending the hospital. Initiatives aiming for a standardized registration
of patient data, like PROton Therapy ReseArch ReglsTry (ProTRAIT) for patients eligible
for proton therapy in the Netherlands, should become part of the clinical workflow [14].
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Figure 1: Simplified flow chart of normal tissue complication probability (NTCP) model development
and use in clinical practice

There is currently no gold standard for NTCP model development. Variable selection
can be performed using various statistical methods and selecting the method that best

fits the data is critical. In chapter 4 we used LASSO, which provides a simple model
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with a limited number of variables. However, more complex models consisting of more
variables might have a better prediction accuracy and would be useful when, for instance,
the full dose-volume histogram is available. A standardized framework for NTCP model
development that could be adapted to different situations would give support during

model development.

The interest in Al in NTCP development is rising, as Al can use multidimensional input
and detect relationships that could not be detected with conventional statistics. However,
Al-based models require a lot of data, may be perceived as “black boxes” by clinicians, and
raise ethical questions about accountability, data privacy, and sustainability. Therefore, AI-
based modeling and models should be carefully introduced to prevent the development

and use of unreliable, non-transparent or inapplicable models.

When high-quality NTCP models are available, the next challenge lies in integrating
NTCP models into clinical practice. NTCP models estimate the risk of treatment-related
toxicities, but interpreting the implications for individual patients and translating this
to clinical decisions should be performed by physicians and eventually be incorporated
into guidelines. Similar to the development of treatment planning guidelines and proton
therapy indication models, the field should debate and reach consensus regarding the
available evidence, acceptability of certain risks, and the use of NTCP models in clinical

practice.

Lastly, when implemented in routine care, NTCP models should be continuously
monitored for performance and recalibrated or updated when the clinical practice
changes. As required by the medical device and AI regulations, quality assurance

workflows should be established before NTCP models are implemented clinically.

9.2 EVALUATING SIDE EFFECTS IN CERVICAL
CANCER

As proton therapy and additional bone marrow sparing constraints might reduce toxicities
in women with locally advanced cervical cancer undergoing primary chemoradiotherapy,
the phase-II PROTECT study was designed. As discussed in chapter 5, women were to
be treated with bone marrow sparing chemoradiotherapy with VMAT or IMPT, followed
by magnetic resonance imaging (MRI) based adaptive brachytherapy, to compare the
two techniques in terms of dosimetric parameters, safety, oncological and quality-of-life

outcomes, and immune response. Due to logistical and financial challenges, only the
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recruitment, treatment, and follow-up phases of the women treated with VMAT have
been completed. Nevertheless, the findings in the first phase of the PROTECT study have
provided valuable insights into changes in bone marrow (chapter 7) and immune system

function (chapter 8).

9.2.1 Bone marrow fat fraction changes

(Chemo)radiotherapy damages bone marrow, resulting in an increased fat content and
a reduction in active bone marrow cells. As a result, patients might develop hematologic
toxicity. In the PROTECT study, water-fat MRI scans were used to evaluate changes in the
vertebral and pelvic bone marrow fat fraction due to chemoradiotherapy. Water-fat MRI can
generate proton density fat fraction (PDFF) maps, which visualize the distribution of PDFF
(the MRI-derived measure of fat fraction) throughout the body. The water-fat MRI scans used
in the first phase of the PROTECT study were validated in chapter 6. Phantom measurements
showed excellent accuracy, repeatability, and reproducibility, and volunteer measurements

demonstrated acceptable repeatability and reproducibility of the PDFF measurements.

The validation study provided enough confidence to detect longitudinal changes in
vertebral bone marrow PDFF greater than 10 PDFF% in the PROTECT study. Studies
and clinics use various sequences, scan parameters, and reconstruction software for
PDFF measurements, which are typically optimized in-house. Standardizing these
protocols would make results more generalizable, encourage implementation into clinical
practice, and improve the transferability of measurements between institutions [15]. In
the PROTECT study, a balance had to be found between clinical feasibility and the image
quality achievable with water-fat MRI protocols. The water-fat MRI protocols used were
appropriate for longitudinal PDFF evaluation, but require further optimization in terms

of scanning and reconstruction time for clinical use.

There are other modalities that could be used for bone marrow fat fraction imaging,
including MR spectroscopy and dual-energy CT, which highly correlate with water-fat
MRI measurements [16-18]. MR spectroscopy is considered the gold standard for in-vivo
assessment of bone marrow fat fraction and measures the exact resonance frequencies of
protons [19]. Dual-energy CT uses two x-ray photon energy spectra to characterize tissue
composition [19]. However, MR spectroscopy is limited by the small voxel sampling
in the heterogeneous bone marrow and the complex scanning, post-processing, and

interpretation, while dual-energy CT uses ionizing radiation. In contrast, the water-fat
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MRI sequence used in the PROTECT study can be added to routine MRI exams and
allows for direct analysis of the PDFF map [15].

In chapter 7, changes in bone marrow fat fraction and immune cell counts were evaluated
in the VMAT phase of the PROTECT study. A mean vertebral dose greater than 1 Gy
resulted in an increase in bone marrow PDFE without post-treatment recovery when
the dose exceeded 5 Gy. Chemoradiotherapy led to immunosuppression, which was
associated with mean vertebral PDFF and endured up to twelve months post-treatment.
The threshold of 5 Gy could be considered while evaluating or optimizing dose-reducing

techniques and should be validated in future studies.

Studies should explore whether PDFF could serve as a biomarker for monitoring bone
marrow changes and predicting hematologic toxicity. It is important to note that PDFF
is not the same as the mass fat fraction, as biological tissue also contains MR invisible
material, but the two are closely correlated [20]. Studies identified associations between
PDFF and multiple bone marrow characteristics, including bone mineral density, as
measured with dual-energy X-ray absorptiometry (DXA), osteoporosis, and vertebral
fractures [21]. Since PDFF is correlated with multiple bone marrow characteristics,
the precise relationship between PDFF and hematopoietic function requires further

investigation to enable clinical interpretation and application of PDFE.

The exact dosimetric threshold that distinguishes between reversible and irreversible
increases in bone marrow fat fraction could not be determined due to the steep dose
fall-off and the limited spatial resolution of the scans. However, the steep dose fall-oft
and the low dosimetric threshold of 5 Gy would advocate for the use of volume-based
bone marrow sparing strategies to reduce the volume of bone marrow receiving a high
dose. Multiple studies identified the bone marrow as a parallel organ, for which mainly
the D__ and low doses are important [22, 23], but as high doses are also associated with
hematologic toxicity, (parts of) the bone marrow might have serial characteristics. More
research is needed to clarify which doses have the greatest impact on hematologic toxicity

and how bone marrow sparing can be optimized.

9.2.2 Immune cell composition and function

In chapter 8, immune composition and function changes in women treated with bone
marrow sparing (BMS) VMAT in the PROTECT study were evaluated. BMS VMAT did

not prevent reduced circulating immune cell numbers and T-cell responses to antigens,
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but improved proliferative capacity of T cells and antigen-presenting capacity recovery.
Chemoradiotherapy resulted in a shift from the lymphoid to the myeloid cell lineages
with activation of both T cells and myeloid cells, indicating complex changes in immune

regulation.

Research in cancer immunology is challenging. Studies report contradictory observations
in immune cell subset changes due to (chemo)radiotherapy. These inconsistencies could
be caused by the immune cells varying in distribution, radiosensitivity, and interaction
with tumor sites, as well as differences in primary tumor histology, treated site, EBRT
technique, dose schedule, and timing of blood sampling [24]. Investigating each of these
factors is difficult as animal studies cannot be directly translated to humans and clinical

trials are often not achievable or impractical for this purpose.

Reliable biomarkers can help predict treatment outcomes or select patients for adjuvant
therapies [25]. Both baseline and radiation-induced lymphopenia were suggested to be
associated with reduced survival in cervical cancer [26]. However, circulating lymphocyte
numbers might be cofounded by comorbidities and are not specific to antitumor immunity
[24]. Circulating immune cells subpopulations and programmed death ligand (PD-L) 1
might be more specific, but they are influenced by multiple factors and various pathways may
contribute to the immune response [27]. A deeper understanding of immune responses in
cervical cancer is needed to identify reliable biomarkers that can be used to predict treatment

response, reduce treatment-related immunosuppression, and optimize adjuvant therapies.

9.3 FUTURE PERSPECTIVES

9.3.1 Incidence of cervical cancer

In 1996, the cervical cancer population screening program was introduced in the
Netherlands. Dutch women between the ages of 30 and 60 are invited to undergo a smear
test every five years [28]. The current tests detect high-risk human papillomavirus (hrHPV),
which may cause cervical intraepithelial neoplasia that could progress to invasive cervical
cancer. In 2010, the HPV vaccine was introduced into the Dutch immunization program.
Currently, all girls and boys are vaccinated at the age of 10 years. The vaccine provides
approximately 95% protection against hrHPV types 16 and 18 and offers up to 87%
protection against cervical cancer. The first Dutch HPV-vaccinated cohorts are gradually
entering the screening program and demonstrate a high effectiveness of the vaccine [29].

Nevertheless, participation in the screening program remains important [30].
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The World Health Organization (WHO) has published a global strategy to eliminate
cervical cancer, defined as fewer than 4.0 cervical cancer cases per 100,000 per year
(Figure 2) [31]. A Dutch modelling study from the beginning of 2022 estimated that
with the current vaccination rate and screening participation rate, cervical cancer in the
Netherlands could be virtually eliminated by 2042 [32]. However, participation rates
remain under pressure, with approximately 50% of invited women participating in the
Netherlands, and are lower in women with a lower socio-economic status, whereas this
group also has the most risk factors [33, 34]. Because cervical cancer is a preventable

disease, vaccination and screening programs (should) have high priority.

Onlyalimited number oflow to middle income countries have introduced the HPV vaccine
and cervical cancer screening into their healthcare programs, despite having a much
higher disease burden [31, 35]. Actions are needed to scale up and maintain prevention
programs in these countries. Without a higher coverage with preventive interventions,
the cervical cancer incidence will (continue to) increase over the next decades in these
countries as the global population is growing and ageing [35]. Nevertheless, cervical
cancer will remain a significant portion of the global cancer burden for women in the

upcoming century.

0
90%

of women with
cervical disease
receive treatment

s
90%

of girls vaccinated
with HPV vaccine by
age 15 years

Q
70%

of women are
screened by age 35
and 45 years

Figure 2: 90-70-90 targets that must be met by 2030 for countries to be on the path towards cervical
cancer elimination as determined by the World Health Organization (WHO) [31]. HPV = human
papillomavirus

9.3.2 Advanced radiotherapy techniques to reduce toxicities
9.3.2.1 Proton therapy

9.3.2.1.1 Recently published phase-II studies evaluating proton therapy for gynecological cancers

During the course of this thesis, two other prospective, single-arm phase-II studies
evaluating the role of proton therapy in gynecological cancers have published their results
[36, 37]. The APROVE study from Heidelberg, Germany (NCT03184350) included 25
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patients with postoperative radiotherapy for cervical or endometrial cancer between
2017 and 2020. All patients completed IMPT according to protocol. With a median
follow-up of 25.1 months, 7 patients (28%) experienced progressive disease, all located
outside the radiation field except for one local recurrence, and no acute or late grade 3
gastrointestinal or genitourinary toxicities. The authors compared bone marrow-related
outcomes with a retrospective cohort of 25 patients treated with IMRT between 2017
and 2023 and detected a significantly lower incidence of grade >2 hematologic toxicity
(anemia, leukopenia, and thrombopenia) with IMPT (8%, v.s. 36% for IMRT) [38]. The
second study was conducted in Boston, USA (NCT01600040) and included 21 patients
undergoing postoperative radiotherapy for gynecological cancers [37]. With a median
follow-up of 60.6 months, 2-year and 5-year progression-free survivals were 81% and
76% and no recurrences were in-field. Acute (<4 weeks), subacute (4 weeks — 3 months)
and late (>3 months after treatment) grade 3 gastrointestinal toxicities were 14%, 0%
and 4.7%, whereas there were no grade 3 genitourinary toxicities. Acute, subacute,
and late grade 3 hematologic toxicities were 24% (lymphopenia or neutropenia), 9.5%

(lymphopenia) and 4.7% (lymphopenia).

In both studies, proton therapy was considered as safe and well-tolerated. Toxicity
numbers were lower or similar to the acute and late incidence of grade >3 gastrointestinal
toxicity (11.9% and 3.3%) and genitourinary toxicity (0% and 1.3%) in women with
postoperative cervical cancer treated with IMRT in the PARCER trial [39] and the late
incidence of grade >3 gastrointestinal toxicity (3.7%) and genitourinary toxicity (2.8%)

in the EMBRACE-II study [40].

The PROTECT study will evaluate intact locally advanced cervical cancer and will
overcome some of the limitations from the two abovementioned studies. The PROTECT
study includes a homogeneous patient group, all receiving the same standardized
treatment, as well as a control group, enabling a direct comparison between photon and
proton therapy. Both arms will consist of a prespecified number of patients receiving
extended-field irradiation, as proton therapy is expected to be most beneficial for these
patients [4]. Additionally, the PROTECT study will combine a library-of-plans, from
which for each fraction a plan is selected that best fits the anatomy, with margins and
robust optimization and evaluation to better account for the sensitivity of protons to

range uncertainties [41-43].
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9.3.2.1.2 Currently recruiting phase-II studies evaluating proton therapy for gynecological cancers

Besides the PROTECT study, two prospective, single-arm phase-II studies are currently
recruiting patients with gynecological cancers for definitive treatment with proton
therapy. A study in Aarhus, Denmark (NCT06462378) aims to recruit 55 women with
locally advanced cervical cancer for treatment with proton therapy, concurrent cisplatin,
followed by brachytherapy to assess acute grade >2 hematologic toxicity. A study in
Pennsylvania, USA (PROPS GYN, NCT05758688) is currently recruiting 25 women with
gynecological cancers for postoperative proton therapy to evaluate acute (<6 months

after end of treatment) grade >2 gastrointestinal toxicity.

These studies together will offer valuable insights into the feasibility of proton therapy for
this patient group and may identify potential benefits that warrant further investigation
in larger trials. As the PROTECT study also collects various data types to monitor the
immune response, differences between photon and proton therapy that may not (yet) be

detectable at a patient level could be explored.

9.3.2.1.3 Proton therapy in the Netherlands

It was estimated in 2016 that 5,800 patients per year (11.6% of all radiotherapy patients)
in the Netherlands would be eligible for proton therapy. The three proton therapy centers
in the Netherlands have the license to treat in total 2,200 patients per year, but these

estimates have not yet been reached due to several barriers [44].

Proton therapy is generally more expensive than photon therapy. A Dutch cost-analysis
reported a mean cost ratio of 2.00 (societal perspective) and 4.41 (healthcare perspective)
for 20 fractions of proton versus photon therapy for lung cancer [45]. For most cancers,
a model-based approach is used to select patients who benefit most from proton therapy
compared to other techniques, such as VMAT, which have been developed in recent
years and also have improved OAR sparing. Selection is based on a national indication
protocol for proton therapy (NIPP), which is developed per cancer type using high-
quality prediction models. As shown in this thesis, such models are lacking for locally
advanced cervical cancer and the studies presented in this thesis are the first steps in this
process. Generating high-quality evidence requires substantial time, effort, and financial
resources. However, since indirect costs are the largest cost component of proton therapy,
treatment costs could be drastically reduced when using the maximum treatment

capacity [45-47]. A balance should therefore be found between identifying patients who
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have the greatest advantage and increasing the number of patients treated to optimize

cost-effectiveness of proton therapy.

The complex logistics of proton therapy may also limit its adoption [44]. Logistical
hurdles include the increased lead time due to proton and photon treatment plans
comparison and difficulties in information exchange and communication between
centers [44]. For the PROTECT study, careful coordination and planning was required
as proton therapy would be delivered at Holland Proton Therapy Center (HollandPTC),
whereas chemotherapy and brachytherapy would be administered at the referring centers.

Effective collaboration between centers is essential to overcome these challenges.

9.3.2.1.4 Global availability of proton therapy

Proton therapy facilities are resource-intensive to set up and maintain and have a lower
throughput compared with photon therapy facilities. In May 2025, proton therapy
facilities were only available in 24, mainly high-income, countries (Figure 3) [48, 49]. The
incidence of locally advanced cervical cancer is, however, three times higher in countries
with a low human development index (HDI) and mortality rates are six times higher than

in very high-HDI countries [35].

=1 High-income countries
[ Middle-income countries
[ Low-income countries
@ Proton therapy centre

Figure 3: Global distribution of proton therapy centers in operation (June 2023). Since the publication of
this figure, Norway has also opened two centers, resulting in 24 countries with proton therapy facilities.
Countries are categorized on the basis of the World Bank’s world development indicators. Reprinted
from The Lancet, 24, Yan et al., Global democratization of proton radiotherapy, 10, Copyright (2023),
with permission from Elsevier [49]

Even the current standard treatment is not always accessible in low-and middle-income
countries [50]. For instance, these countries have a mismatch in the number of patients

and brachytherapy availability [51]. Brachytherapy requires a good infrastructure and
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trained healthcare professionals. Further efforts should be made to make the standard
treatment more accessible to the global population. Alternatively, guidelines with
recommendations for resource-limited settings, which are already available, should be
extended when the advanced radiotherapy techniques considered in this thesis would be

implemented and/or considered the standard in clinical practice [52].

9.3.2.2 Bone marrow sparing techniques

Besides bone marrow, other irradiated structures (Figure 4), the patient’s baseline levels
of blood cells, and the radiation sensitivity of blood cell populations might have influence
on the hematopoietic functioning [53]. Additionally, radiation therapy can have both
immune-stimulatory and immune-suppressive effects [54]. The exact interaction between
chemoradiotherapy and immune system function remains unknown, but a better
understanding could provide insight into factors critical for sparing the bone marrow

and, more broadly, the immune system.

Bone marrow
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Figure 4: Schematic representation of the lymphatic compartment system, representing the flow of
lymphocytes between lymphatic organs and tissues. Green and red arrows represent lymphatic flow in
the lymph vessels and blood vessels, respectively. Adapted with permission from an image by Marianne
van Tuyll van Serooskerken with icons from BioRender.com
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A study systematically comparing bone marrow sparing techniques is lacking. Functional
imaging, such as positron emission tomography (PET) and single-photon emission
computed tomography (SPECT), can identify active bone marrow and can also be used
for bone marrow sparing [55]. However, functional imaging often requires an additional
(costly) scan with radiation exposure and is not always available. Further prospective and
long-term studies are necessary to determine which (combination of) imaging modalities

are the most useful to implement bone marrow sparing strategies.

9.3.2.3 Other potential radiotherapy techniques to reduce toxicities

Other radiotherapy techniques with the potential to reduce toxicities in locally advanced
cervical cancer are online daily adaptive radiotherapy with MR or cone beam CT (CBCT)
imaging. The current library-of-plans approach, in which the plan that best fits the
anatomy of that day is selected, could be replaced by daily treatment plan optimization,
potentially resulting in reduced margins and improved OAR sparing. The first studies
evaluating CBCT- or MR-guided EBRT for gynecological cancers have been performed
and concluded that these techniques were feasible in simulated doses [56, 57] and could
be used safely in clinical practice [56, 58, 59]. Challenges the overcome include the limited
longitudinal field size of MR-guided linear accelerators [60], which means that patients

requiring extended-field irradiation cannot yet be treated with this technique, and the

prolonged on-couch time. Future studies should further investigate the potential added

value and cost-effectiveness of online adaptive radiotherapy in this patient population.

Another approach to reducing hematologic toxicity is to shorten the treatment course
through hypofractionation. Two clinical studies in a breast cancer and a palliative cohort
respectively, found a reduction in hematologic toxicity with hypofractionation [61,
62]. Other advantages are fewer visits for the patients and the reduction in resources
needed. First phase-II studies in cervical cancer are ongoing to assess the feasibility of

hypofractionation in this patient group [63-65].

9.3.3 Adjuvant treatments for locally advanced cervical cancer

9.3.3.1 Results from the EMBRACE-II study

The large international EMBRACE-II study aimed to establish, systematically implement,
and evaluate the internationally standard treatment for locally advanced cervical cancer

and recently reported an improved 5-year disease-free survival compared to the LUMC

,
&
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cohortand EMBRACE-I study (Table 1) [40, 66, 67]. EMBRACE-II included radiotherapy
to the para-aortic region in women at high risk due to pelvic lymph node metastases,
reducing the risk of para-aortic nodal relapse and further optimizing locoregional
control. Additionally, EMBRACE-II showed a better 5-year overall survival and a reduced
incidence of late grade >3 toxicities. Other outcomes, such as grade >2 toxicities and

quality-of-life, have not yet been reported.

In the past years, studies have evaluated adding chemotherapy or immunotherapy,
mainly immune checkpoint inhibitors, to the standard chemoradiotherapy to possibly
reduce the risk of disseminated disease and improve overall survival. The potential of
immunotherapy is one of the reasons to focus on reducing hematologic toxicity in this
thesis. However, in the light of the results from EMBRACE-II, the field should debate if

and for which patients adjuvant therapies might be beneficial.

9.3.3.2 Adjuvant chemotherapy

A meta-analysisevaluating the addition ofadjuvant systemic therapyto chemoradiotherapy
and brachytherapy for locally advanced cervical cancer found that adjuvant systemic
therapy did not significantly improve overall survival, whereas acute toxicity significantly
increased [68, 69]. In the largest study, the randomized, phase-III OUTBACK trial
(NCT01414608), 22% of the patients in the adjuvant chemotherapy group did not receive

any chemotherapy, most commonly due to patient preference.

The phase-III INTERLACE trial (NCT01566240) showed contrasting results (Table
1) [70]. In this trial, neo-adjuvant chemotherapy followed by chemoradiotherapy was
feasible and significantly improved oncological outcomes. Despite the higher incidence of
grade >3 toxicities in the neo-adjuvant chemotherapy group, mainly due to hematologic

toxicity, quality of life was comparable among the two arms [71].

Several points in the INTERLACE trial, however, raise concerns about the applicability of
the results. Brachytherapy and EBRT were according to older techniques and compliance
to brachytherapy and EBRT differed between the two arms [72]. Since INTERLACE
included a more favorable patient group, outcomes from its standard arm are inferior
when compared with a matched EMBRACE-I cohort and even more so when compared
with EMBRACE-II. A small subgroup of patients might benefit from neoadjuvant
chemotherapy, but more understanding is needed to draw conclusions regarding this

benefit and to identify these patients [72].
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9.3.3.3 Adjuvant immune checkpoint inhibition

Adding checkpoint inhibitor therapy to the treatment of locally advanced cervical cancer
is also a field of interest. The hypothesis is that immunotherapy will improve the systemic
T-cell response to tumor antigens that can detect and kill micrometastatic tumors and
are presented to more tumor-specific circulating T cells. Since programmed death ligand
(PD-L) 1 is expressed in the majority of cervical cancer tumors, it is suggested that

immune checkpoint inhibitors targeting PD-1 or PD-L1 could be effective (Figure 5) [73].

A Downregulation of T-cell B Upregulation of T-cell
activity activity

Figure 5: Schematic representation of checkpoint proteins, such as programmed death (PD)-1 on T
cells and programmed death ligand (PD-L)1 on tumor cells, and the binding between an antigen
presented by major histocompatibility complex (MHC) and the T-cell receptor (ICR). A) Binding of
PD-L1 to PD-1 inhibits T cell killing of the tumor cell. B) By blocking the binding with an immune
checkpoint inhibitor T cells can kill the tumor cell. Adapted from Cancers, 7, Alard et al., Advances
in Anti-Cancer Immunotherapy: Car-T Cell, Checkpoint Inhibitors, Dendritic Cell Vaccines, and
Oncolytic Viruses, and Emerging Cellular and Molecular Targets, 1826, Copyright (2020), licensed
under CC BY 4.0 [74] with icons from BioRender.com

Two randomized phase-III trials and one randomized phase-II trial evaluating adjuvant
immunotherapy have published their results during the course of this thesis (Table 2)
[75-77]. The CALLA trial did not demonstrate a beneficial effect of durvalumab [78].
In contrast, the ENGOT-cx11/GOG-3047/KEYNOTE-A18 trial showed an improved
outcomes with pembrolizumab [79, 80]. Even though grade >3 adverse events and
immune-related adverse events were higher in the pembrolizumab-chemoradiotherapy
group, quality-of-life analyses showed no differences between the groups [81]. Lastly, the
phase-II ATEZOLACC study evaluated adjuvant atezolizumab in locally advanced cervical

cancer but did not detect an improvement in overall or progression-free survival [77].
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Based on the positive KEYNOTE-A18, the Food and Drug Administration (FDA)
approved pembrolizumab with chemoradiotherapy for patients with FIGO 2014 stage III-
IVA cervical cancer in January 2024. However, similar to adjuvant chemotherapy, there is
quite some discussion in the field about the added value of adjuvant immunotherapy. The
oncological outcomes in both arms of the KEYNOTE-A18 trial were inferior or similar
to the 3-year outcomes of a selected, high-risk cohort in EMBRACE-II. Additionally,
adding pembrolizumab as prescribed in the KEYNOTE-A18 results in a cost of $183,400
per quality-adjusted life-year (QALY), which is above the generally accepted threshold
of $100,000 per QALY [82]. Lastly, treatment duration is significantly prolonged with

adjuvant immunotherapy, which may cause additional burden for patients.

EMBRACE-II will be followed by EMBRACE high-risk, which is a phase-II study to
evaluate the effect of adjuvant pembrolizumab and lenvatinib (anti vascular endothelial
growth factor (anti-VEGF)) in high-risk patients. These and other trials will further
explore the role of immune checkpoint inhibitors for (locally advanced) cervical cancer.
Next steps would be to optimize the timing of immunotherapy regarding chemotherapy
and radiotherapy, as the optimal scheduling and dosing may vary between cancer types
and the immunotherapy used [83], to identify patients that potentially benefit, and to
evaluate cost-effectiveness of adjuvant treatment. The added value compared to the

standard chemoradiotherapy will be an ongoing debate.

9.4 CONCLUSION
The adoption of chemoradiotherapy with image-guided adaptive brachytherapy as

the standard treatment for locally advanced cervical cancer has improved oncological
outcomes over the last decades. However, treatment-related toxicities continue to affect
patients’ quality of life and limit opportunities for treatment intensification. These toxicities
are associated with multiple patient, treatment, and dose-related factors. In this thesis,
multivariable normal tissue complication probability (NTCP) models were developed to
estimate the risk of gastrointestinal toxicities due to postoperative (chemo)radiotherapy
for cervical cancer. Such prediction models might become valuable tools for treatment
planning and for identifying patients at high risk of toxicity. The studies presented here also
demonstrated that bone marrow is highly sensitive to radiation, as bone marrow fat fraction
increased at low doses. The current chemoradiotherapy reduced the number and function
of circulating immune cells up to twelve months post-treatment, despite the use of bone
marrow sparing strategies. The findings of this thesis could be used to evaluate, improve,
and implement bone marrow sparing strategies and proton therapy to gain more insight

into the added value of these techniques in the treatment of locally advanced cervical cancer.
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