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Abstract

This thesis investigates the efficacy of adaptive proton therapy for head and neck cancer
patients, emphasizing the critical aspects of target coverage and organ-at-risk (OAR) spar-
ing. The research evaluates the applicability of existing structure quality assurance (QA)
protocol in the context of deformable registration, considering whether current methods are
suitable for handling anatomical changes during treatment. Additionally, the study compares
the dose distributions of different adaptive treatment configurations, implemented through
two treatment planning systems (TPS) and the two available Gantries (G2 and G3) at the
Paul Scherrer Institute (PSI). By analyzing a series of five patient cases, this study provides
in-depth insights into the advantages and limitations of adaptive proton therapy. The re-
sults reveal that adaptive proton therapy consistently outperforms conventional treatment
approaches by offering significant improvements in daily simulated delivered dose, better
tumor coverage, and enhanced sparing of critical structures. These findings were statisti-
cally validated through the Wilcoxon test, confirming the adaptive strategy’s superiority
over traditional methods in all tested configurations (adaptive vs. conventional treatments).
Notably, while adaptation in G2 demonstrated superior dose distributions in most cases,
adaptation in G3 also showed promising results, with satisfactory simulated treatment dose
distributions and performing better than conventional approaches. This research underscores
the potential of adaptive proton therapy to optimize treatment for head and neck cancer pa-
tients, particularly in the face of anatomical changes or uncertainties in patient positioning
during the course of treatment.

Keywords: adaptive proton therapy, head and neck cancer, treatment planning systems,
deformable registration, proton therapy
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Part |
Introduction

1 Motivation

Proton therapy represents one of the most advanced forms of radiation treatment available
today. Its precision stems from the unique physical properties of protons, which deliver the
majority of their energy at a specic depth (known as the Bragg peak). This allows proton
therapy to target tumors more accurately while sparing surrounding healthy tissues compared
to conventional photon therapy. However, the e ectiveness of proton therapy is highly sensitive
to anatomical changes during treatment, more than for conventional photon therapy, as possible
to see in gure 1. Factors such as tumor shrinkage, organ movement, or patient weight loss can
alter the geometry of the target area and surrounding structures, compromising the precision of
the delivered dose.

Figure 1: Dierence of the depth dose curve with and without a 2 cm material of di erent
density for photons (left) and protons (right).

To address these challenges, the concept of adaptive radiotherapy (ART) was introduced.
ART involves modifying the treatment plan during the course of therapy to account for anatom-
ical changes. This can be achieved in two primary ways: o ine and online adaptation.

O ine ART adjusts treatment plans based on periodic imaging data collected during the
treatment course. The periodicity can occur at established intervals or when signi cant anatomi-
cal di erences are detected during treatment, a process that has been well-known in radiotherapy
for a long time. However, studies have shown that not all patients bene t equally from this ap-
proach, highlighting the importance of patient selection for optimizing resources and clinical
outcomes [3].

Online ART, on the other hand, enables real-time modi cations based on daily imaging.
This approach o ers signi cant advantages by allowing the treatment plan to be updated imme-
diately before each session, ensuring precise targeting despite day-to-day anatomical variations.
However, the implementation of online adaptive treatment presents signi cant challenges. It
requires acquiring an image suitable for dose calculation, rede ning target/organ structures,
replanning, and performing quality assurance (QA) checks within a matter of minutes, all while
the patient is lying on the treatment couch, as illustrated in gure 2. During this process, the
patient must remain still, which can be di cult due to discomfort or natural biological move-
ments. Moreover, this work ow demands a lot of professionals in the control room, working
together to ensure optimal and safe daily treatment delivery.
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The concept of adaptive proton therapy (APT) extends these principles to proton therapy.
APT is currently not commercially available, but it can be clinically developed utilizing daily
imaging and advanced computational techniques to online daily adapt treatment plans, as il-
lustrated in the diagram in gure 2. This approach, as said, can be particularly bene cial for
proton therapy due to its higher sensitivity to density changes compared to photon therapy (as
ilustrated in gure 1). Despite its potential bene ts, implementing online APT is as complex
as, if not more so than, adaptive photon therapy. The additional complexity arises from the
precise dose deposition characteristics of protons, which make them highly susceptible to even
minor variations in anatomy.

Figure 2: Work ow diagram of a generic daily adaptive proton therapy treatment [1].

At Paul Scherrer Institute (PSI) in Switzerland, a clinical work ow for daily adaptive proton
therapy (DAPT) has been implemented using an in-house developed adaptive module, ADAPT
(‘gure 3). It is worth mentioning that ADAPT treatment series consists of two plans: template
and fallback. Template plan serves as a basis for daily plan reoptimization, while fallback plan is
used as a backup solution in case of any issues encountered during the daily fractions. These two
plans can be either identical or di erent in terms of beam arrangement, optimization constraints
or used margins. Once the DAPT treatment series is assigned, the ADAPT tool is used to
facilitate the preparation, reoptimization, and management of the online adaptation process,
ensuring that a daily adapted treatment can be delivered while the patient remains on the
treatment couch. This tool simpli es the adaptation work ow, allowing for online adjustments,
enhancing treatment precision and e ectiveness [1]. The work ow was initially implemented for
the cranial region, within rigid anatomical areas [4]. All the process was time optimized to be
done in order of minutes [5].

Head and neck cancers (HN) highlight the critical need for adaptive approaches in proton
therapy. The head and neck region is anatomically complex, containing numerous critical struc-
tures such as the spinal cord, brainstem, optic nerves, salivary glands, and swallowing muscles.
These structures are highly sensitive to radiation, and even small deviations in dose can lead
to severe side e ects, including xerostomia (dry mouth), dysphagia (di culty swallowing), or
neurological damage. Furthermore, HN patients frequently experience signi cant anatomical
changes during treatment, such as tumor shrinkage and weight loss, which can alter dose distri-
butions and compromise treatment outcomes [6].

However, adapting the current DAPT work ow for HN requires modi cations, as the head
and neck region is no longer a rigid anatomical area. The initial implementation of DAPT
was optimized for tumors located within head, where rigid registration (RIR) is su cient to
handle position and anatomical variations. RIR is well-suited for anatomical sites that do not
undergo signi cant structural changes, such as the cranial region, as it allows for translations
and rotations but does not account for tissue deformations. However, in regions where organs

2
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Figure 3: Work ow scheme of DAPT at PSI. The gray phases are performed in ADAPT [1].

shift, deform, or shrink, such as in abdominal or head and neck cases, RIR alone is insu cient
to accurately represent anatomical changes during treatment.

To address this limitation, deformable image registration (DIR) would be more suitable for
adaptive radiotherapy of HN. Unlike rigid registration, DIR accounts for complex anatomical
deformations, such as tumor shrinkage or displacement of critical structures. This capability is
essential for accurately propagating organ contours and reoptimizing daily plan, ensuring that
treatment remains precise despite of the signi cant anatomical variations in the head and neck
region.

The motivation for this work lies in addressing the current challenges of proton therapy
for head and neck cancers (HN) and explore the potential of daily adaptive proton therapy
(DAPT) work ow developed at PSI. Traditional proton therapy depends on static imaging ob-
tained weeks before treatment, which limits its ability to adapt anatomical changes during the
treatment course. DAPT aims to overcome these limitations by incorporating daily imaging,
deformable registration, and online plan adaptation, thereby improving tumor targeting, mini-
mizing radiation exposure to healthy tissues, and enhancing overall treatment dose distribution.
This project investigates the application of DAPT for HN using clinical data from patients
treated at PSI Gantry 3 with daily cone-beam computed tomography (CBCT) scans acquired
for daily positioning. These images were further used to generate synthetic CTs (synCTs) for
study purposes. These were subsequently aligned with planning images via deformable regis-
tration, enabling daily structures propagation and daily plan reoptimization, simulating DAPT

3
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implementation for HN cases.

In conclusion, this work aims to demonstrate the bene ts of DAPT in addressing the chal-
lenges posed by anatomical changes in HN. Through the integration of advanced imaging and
computational tools, we seek to establish DAPT as a viable approach for improving treatment
precision and e cacy in proton therapy, ultimately advancing the standard of care for patients
with head and neck cancer.

Part Il
Materials and Methods

Five head and neck cancer cases were previously treated at PSlI, utilizing the planning system
Eclipse™ (Varian Medical Systems, Palo Alto, California, USA) at Gantry 3 (G3), a commer-
cial proton therapy gantry equipped with integrated Cone Beam CT (CBCT) for imaging.

In this master thesis, adaptive treatments were simulated for all ve cases, necessitating re-
planning using two treatment planning systems: an in-house Flexible lon-planning Application
(FlonA) and RayStation ® 2023B (RaySearch Laboratories, Stockholm, Sweden). The treat-
ment plans were created for two distinct gantry systems: Gantry 2 (G2), an in-house developed
proton therapy system with both FlonA and RayStation ® available for planning, and Gantry
3 (G3), a commercially available gantry from Varian Medical Systems (Palo Alto, California,
USA), which supports planning exclusively with RayStation® . This dual-system setup allowed
for a comprehensive exploration of alternative planning strategies and enabled a performance
comparison of adaptive treatment techniques across di erent planning systems and gantry con-
gurations.

The treatment plans in FlonA were generated for G2, following methodology of daily adaptive
proton therapy (DAPT) work ow developed at PSI. Although the ADAPT system itself was
not utilized, the adaptive treatment process was manually simulated in FlonA using deformable
image registration algorithm from Velocity (Varian Medical Systems, Palo Alto, California,
USA) to perform images registration and daily structures propagation.. Details are provided in
section 4.

For the plans created in RayStation® 2023B, both G2 and G3 were employed, in order to
explore di erent con gurations and analyses. The daily adaptive work ow in RayStation ® was
performed using a script, mimicking in-house developed DAPT work ow behavior. Details can
be found in section 5.

Using two dierent TPS's, FlonA and RayStation ® |, provided a way to study how daily
adaptive plans can be delivery in di erent approaches. Taking advantage of the unique features
of both systems, it was possible to better understand how planning methods can a ect treatment
dose distribution.

Every case was planned to meet QUANTEC [7] and DAHANCA [8] dose criteria for the
organs at risk, using prescriptions provided by a medical doctor (MD). These prescriptions
adhered to international recommendations while incorporating patient-speci ¢ considerations to
address individual anatomical and clinical needs. For some cases, speci ¢ metrics were adjusted
to ensure the plan achieved reasonable dose values, particularly for organs located within or
near high-dose regions. All cases were planned using Multiple Field Optimization (MFO) with
a Simultaneous Integrated Boost (SIB) technique over 33 treatment fractions. The prescribed
dose levels for the CTVs were 54.12, 59.40, and 69.96 Gy RBE for the low, middle, and high-dose
targets, respectively (except for Case 2, as explained in section 3.2). For each patient and each
target, ve metrics were analyzed across the three CTV dose levels, as presented in table 1, as
well as dose-volume histograms (DVH) (appendix D).
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The values for the OAR metrics are presented in appendix A, where case-speci ¢ adjustments
to these metrics are also highlighted.

Table 1: Target Dose Metrics. The doses are presented as percentages of the target prescription
dose. *Since the high-dose target is within the middle- and low-dose targets, the value is the
same (76.96 Gy RBE), independent of the target level.

Metric | Value | Description

Dmin 90% | At Least 90% Dose At 100.0% Volume
D98% 98% | At Least 98% Dose At 98.0% Volume
Dmean | 100% | At Least 100% Average Dose

V95% 95% | At Least 95.0% of Volume At 95% Volume
Dmax | 110%* | At Most 110% Dose At 0.0%

2 Gantry 2 x Gantry 3

In this study, both G2 and G3 were utilized for planning head-and-neck (HN) cases. The
standard-of-care treatment is typically performed on G3, primarily due to its capability for
volumetric imaging and the use of a couch that is capable of applying position correction in 6
degrees of freedom, allowing for precise patient positioning. On the other hand, the adaptive
work ow is currently being implemented on G2.

Having the access to two treatment planning systems, two treatment machines (G2 and G3)
as well as an adaptive platform established at G2, a comprehensive overview of adaptive and
conventional treatment con gurations was possible, as described in section 5..

It is important to note some key di erences between the two Gantries that may in uence
the simulated delivered dose distribution. These di erences, primarily related to geometry and
beam delivery characteristics, can result in varying treatment results between the two Gantries
and should be considered during analysis.

21 Gantry 2

PSI was the rst institute, and the only one for several years, worldwide to use Intensity Mod-
ulated Proton Therapy (IMPT). The development of G2 was a strategic choice, designed for an
iso-centric compact layout with a diameter limited to 7.5 meters. This compact design enabled
more precise treatments in a smaller space, contributing to the advancements in proton therapy
technology at PSI [9].

The G2 system features a compact design with a range of motion that allows beam delivery
from angles between 30 and 180. While this diers from the full 360 rotation typically
available in conventional photon gantries and some proton gantries, the couch rotation variying
from 180 to 180, complements the system's capabilities. By combining gantry and couch
rotations, it is possible to achieve the desired beam entry direction for nearly all treatment
indications, demonstrating the system's adaptability and e ciency despite its compact design.

In G2, the sweeper magnets are mounted before the last bending magnets (upstream scan-
ning), generating a parallel beam. This keeps the spot size small across all energies (100-230
MeV, with a width of less than 3-4 mm). The nozzle can also be extended to shorten the air gap
between the beam's exit window and the patient. The range shifter in this gantry is fully auto-
mated, allowing it to move in or out for each spot as needed. This feature improves the quality
of treatment plans and provides greater exibility in adapting to di erent clinical scenarios.
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An in-room CT on-rails is used for daily positioning, planning and control CT scans. It even
supports 4D imaging for capturing time-resolved scans. Additionally, there's an x-ray system
mounted directly on the gantry, which allows for 2D Beam's Eye View (BEVS) acquisition in
treatment position..

Figure 4. In-house developed Gantry 2.

2.2 Gantry 3

Gantry 3, a commercial gantry from Varian (Palo Alto, California, USA), has been in a clinical
operation since July 2018. G3 o ers treatment capabilities comparable to G2 but introduces
some key di erences. Unlike G2, G3 features full 360gantry rotation and employs downstream
scanning, with sweepers positioned after the last bending magnet. This con guration results
in a divergent beam, a maximum eld size of 30 x 40 cr and a larger spot width compared
to G2, although it still maintains precise proton steering using nine primary magnets around
a vacuum pipe. With active scanning technology, G3 also can e ectively target tumors of any
three-dimensional shape [10].

Figure 5. Commercial Gantry 3.



Cases Thallis Alves Santos

The gantry is equipped with an integrated 360 co-rotating onboard CBCT imaging system
that ensures accurate patient positioning directly in the treatment position without movement
of the couch. Its capability to deliver large irradiation elds, rapid energy changes, and relatively
high dose rates minimizes the treatment time per patient.

Beyond the gantry itself, the integrated couch can move in six degrees of freedom, enabling
corrections in rotation as well as translations, unlike the G2 couch which only supports transla-
tional movements.

3 Cases

Each head and neck case was initially planned using a eld arrangement matching the original
treatment setup, with minor angle adjustments made as necessary.

According to the International Commission on Radiation Units and Measurements (ICRU)
recommendations [11], margins are typically added to the Clinical Target Volume (CTV) to
create the Planning Treatment Volume (PTV), these margins account for uncertainties in patient
setup, organ motion, and other variabilities during treatment.

A split-target technique was used to reach certain sub-regions of the target. These sub-
regions are typically named based on their anatomical location. For exampleCT Wp refers to
the CTV within cranial region in the head, while CTVpown oOften corresponds to lymph node
regions. The CTVpown region can be further subdivided into CTVpown, and CTVpown g,
representing the left and right sides of the patient, respectively. Additionally, a hybrid re-
gion, such like CTWyygrip , Can be de ned, representing the union of parts ofCTVyp and
CTVbown , -

Such segmentation allows for precise adaptation of the treatment elds to the specic
anatomy and clinical goals. An exemplary illustration of such target sub-division is shown
in gure 6.

Figure 6: The split-target technique, here presented for Planning Target Volume (PTV) but the
same logic can be applied to CTV [2].

Each patient had acquired daily cone-beam CT (CBCT) images for positioning purposes.
However, while CBCT images are valuable for visualizing patient anatomy, they su er from other
limitations which make them unsuitable for proton dose calculations. To overcome these limi-
tations, synthetic computed tomography (synCT) images is generated based on daily CBCTs,
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providing a more accurate representation of the patient's current anatomy. These synCTs were
generated for each patient by deforming respective planning CTs to match daily CBCTs, and
preserving the Houns eld Units (HU) of the CT. The system used for generating synCTs was
Velocity (Varian Medical Systems, Palo Alto, California).

It is important to note that the synCTs used in this study were not generated as part of this
work, they were rather created prior to the current analysis.

3.1 Casel

The rst case was a squamous cell nasopharyngeal carcinoma, for which a split-target technique
was employed. Six elds were used to target di erent regions of the tumor and depending on
the target location, various gantry and couch angles were applied to optimize the simulated
delivered dose. The eld con guration, along with the axial, sagittal, and coronal images, is
shown in table 2 and gure 2.

Table 2: Number of elds with speci ed targets as well as gantry and couch angles for Case 1
(Gantry 2 in red, Gantry 3 in blue).

Field Gantry [ °] Couch [ °] Target

1 180/ 180 0/0 CT Vsa12
2 130/ 130 25/ 335 CTWp
3 50 /50 0/0 CT Vsa12
4 0/0 0/0 CTVbown
5 50/ 310 180/0 CT Vsa12
6 130/ 230 155/ 25 CTWp

Figure 7: Fields con guration and planned dose distribution for Case 1 (Image taken from
FlonA). CTV 5412 in blue, CTV_5940 in yellow and CTV_6996 in orange.
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Prescription details and clinical goals are summarized in appendix A. For this particular
case, fullling the dose constraint for the right cochlea presented a signi cant challenge. The
organ had to receive a mean dose of less than 45.0 Gy RBE, yet it was located near the middle-
level CTV, which required a prescribed dose of 59.4 Gy RBE. Consequently, the MD established
a softer constraint for the right cochlea, setting a maximum dose of 54.0 Gy RBE to balance
protection and target coverage.

A total of 27 daily CBCT images were acquired during the course of the treatment, and no
replanning was required during this period.

3.2 Case 2

The second case was a re-irradiation of squamous cell carcinoma of the ethmoid in the nasopha-
ryngeal region, and had only two target dose levels of 54.12 and 69.96 Gy RBE. Due to the
smaller treatment area, only four elds (two anterior-obligue and two posterior-oblique) were
used, all targeting the same region, as shown in table 3.

Table 3: Number of elds with speci ed targets as well as gantry and couch angles for Case 2
(Gantry 2 in red, Gantry 3 in blue).

Field Gantry [ °] Couch [°] Target

1 110/ 110 160 /340 CT Vsa12
2 40/ 40 120 /300 CT Vsa12
3 40/ 320 60/60  CTVsa12
4 110/ 250 20/20 CTVsa12

Prescription details and clinical goals are summarized in appendix A. For this case, achieving
the dose constraint of a mean dose below 45.0 Gy RBE for the superior pharyngeal constrictor
muscle represented a challenge as possible to see in the sagittal and coronal slices in gure
8. To try to achieve this constraint, the inferior part of the low dose target, corresponding to
approximately three slices, had reduced coverage.

The dose constraints for the lenses also could not be fully achieved. However, considering
the minimal clinical impact of overdosing these organs, e orts were made to reduce the dose as
much as possible while prioritizing target coverage.

During the course of treatment, 33 CBCTs were acquired and no replanning was necessary.
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Figure 8: Fields con guration and planned dose distribution for Case 2 (Image taken from
FlonA). CTV 5412 in blue, and CTV_6996 in orange.

3.3 Case 3

The third case was an adenoid cystic carcinoma of the palate, a rare tumor in the head and neck
region. A split-target technique with six elds was used, each targeting di erent tumor region.

Table 4. Number of elds with speci ed targets as well as gantry and couch angles for Case 3
(Gantry 2 in red, Gantry 3 in blue).

Field Gantry [ °] Couch [°] Target

1 110/ 110 15/15 CTWep

2 55 /55 15/15 CTVuyeriD |
3 30/30 0/0 CTVbown

4 -30 /330 0/0 CTVbown g

5 55/ 315 165/165 CTVuyBRID &
6 110/ 250 165/ 165 CTWp

Prescription details and clinical goals are summarized in appendix A. Due to the high com-
plexity of this case, several constraints for OARs were challenging to be achieved during the
planning process, particularly for the right eye and both parotids. Only the left parotid was
able to receive a dose below the prescribed constraint, as the right parotid was located close to
the high-dose target (69.96 Gy RBE). This is clearly shown in the axial and coronal slices of
gure 9, where the right parotid is delineated with a green contour and the high-dose target is
outlined with a white line.
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Figure 9: Fields con guration and planned dose distribution for Case 3 (Image taken from
FlonA). CTV 5412 in blue, CTV_5940 in yellow and CTV_6996 in orange.

Figure 10: Rigid (left) and deformable (right) registration of daily synCT and planning CT for
fraction fraction 10 of Case 3 (between daily synCT and planning CT). The change in head and
chin position is evident in the case of rigid image registration (RIR).

The patient required two replannings during treatment. For daily adaptive treatment simu-
lation, no replanning was performed; however, for the conventional treatment simulation, replan-
ning was performed in the same way and considering the same timeline as during the treatment.
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The rst replanning CT was acquired on the day of fraction 5. Due to the time needed
for planning, quality assurance and approvals, the replanned treatment was only implemented
starting from fraction 9. Similarly, the second replanning CT was performed on the day of
fraction 14, but the updated treatment plan was not delivered until fraction 21. This resulted
in 13 fractions being treated using the second replanned plan.

It is important to highlight that for this case, di erence in position became evident and
challeging in the middle of the treatment, particularly between fractions 9 and 20, as illustrated
in gure 10.

A total of 33 CBCTs were acquired, one for each fraction of the treatment. The synthetic
CTs were generated using the initial planning CT as the reference, rather than the corresponding
replanned CTs.

34 Case 4

The fourth case was a squamous cell hypopharyngeal carcinoma. Four elds (two anterior-
oblique and two posterior-oblique) were used to treat this case, with the same target across all
elds, as showed in table 5.

Table 5: Number of elds with speci ed targets as well as gantry and couch angles for Case 4
(Gantry 2 in red, Gantry 3 in blue).

Field Gantry [ °] Couch[°] Target
1 110/ 110 30/330 CTVsa12

2 70/ 70 0/0 CT V5412
3 70 /290 180/0  CTVsa12
4 110/ 250 150 /30 CTVsa12

Figure 11: Fields con guration and planned dose distribution for Case 4 (Image taken from
FlonA). CTV 5412 in blue, CTV_5940 in yellow and CTV_6996 in orange. The arrows are
pointing to Carotids.
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