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Abstract
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Lung cancer is globally recognized as the most common cause of cancer related death.
The general prognosis is poor but for patients with early stage lung cancer very good local
control can be achieved using stereotactic body radiation therapy (SBRT). These treatments
are characterized by high doses to well defined targets delivered with high precision at a
few treatment occasions. The common way of delivering these treatments is with X-ray
photon beams. However, could these treatments be performed with proton therapy instead the
theoretical dosimetric advantages of charged particle radiation therapy could be exploited to
drastically reduce the dose given to healthy tissues. The very first proton therapies of cancer were
given in Uppsala in the 1950s. Since 2015 modern proton therapy is available at the Skandion
clinic in Uppsala but to this date no SBRT and no lung cancer patients have yet been treated
which is addressed in this thesis.

When treating thoracic tumors the management of respiratory motion is of great importance
and various strategies have been developed.

In this project, treatment planning methods for photon SBRT that take the respiratory motion
into account were first evaluated and compared. Further, methods for treatment planning and
evaluation were developed for proton SBRT. Additional imaging and treatment simulation
strategies were used for the evaluation of the investigated treatment planning methods. Both
treatments in free-breathing and in voluntary breath-hold were explored using the proposed
methods.

The results indicate that robust treatment planning for this patient group can guarantee the
desired target coverage for both proton and photon SBRT delivered in either free-breathing or
breath-hold.

Further, proton therapy demonstrated a large reduction in dose to all surrounding organs
which would further translate into clinical benefits for the patients treated with proton therapy
compared with conventional photon radiation therapy.
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"Any mass ten times its size and density should
have been pulverized by that atomic barrage,

but it wasn’t."

Planet Collision
Experiment Zero (1996)

Man or Astro-Man?
Excerpt from Kronos (1957)
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General concepts.
4DCT Respiratory correlated Computed Tomography
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Dose metrics.
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DV % Lowest dose received by at least V % of the volume
VD Smallest volume receiving at least dose D

Treatment planning methods in papers I and II.
ISD Isodose photon plan
IRN Normalized isodose photon plan
FLU Fluence based photon plan
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1. Introduction

1.1 Lung cancer
Lung cancer is globally the most common cause of cancer-related death (Bray
et al., 2024) and in Sweden there are 4500 new cases per year (Cancercentrum,
2025). Smoking is the largest risk factor and causes 80-90% of all lung
cancers in Sweden (Cancercentrum, 2025) with other risk factors being work-
related exposure, air pollution, and to some extent genetic factors (Holmqvist
& Wagenius, 2024; Bray et al., 2024). Lung cancer is primarily diagnosed
in the elderly and in Sweden the largest age group of new diagnoses is 70-79
years (Holmqvist & Wagenius, 2024).

Disease discovery can be made after an examination due to symptoms such
as persistent cough or as an incidental finding. Diagnosis is subsequently estab-
lished trough cytology or histology of biopsy material while local and metastatic
spread are determined with positron emission tomography (Holmqvist & Wa-
genius, 2024). The treatment options depend on the disease characteristics
where the staging based on tumor size, lymph node involvement, and presence
of metastases as well as the histological distinction between small cell and
non-small cell lung cancer (NSCLC) are the most important factors.

Despite progress with new and improved treatments a majority of the patients
have a poor prognosis and the five-year survival for the disease in general is
only about 24% (Holmqvist & Wagenius, 2024). However, patients with lower
stage NSCLC, such as the one shown in Figure 1, can often be treated with
curative intent using surgical resection or ablative radiation therapy and the
five-year survival can be as high as 65% (Holmqvist & Wagenius, 2024).

Figure 1. Computed tomography (CT) image of a patient with early stage lung cancer.
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1.2 Stereotactic body radiation therapy (SBRT)
Primary NSCLC with lower staging, no suspected metastases, and contraindi-
cations or unwillingness for surgery are indications for radiation therapy with
curative intent (Cancercentrum, 2025). Such tumors are treated with stereotac-
tic body radiation therapy (SBRT) characterized by high doses delivered with
high precision at three to five treatment occasions. SBRT using photon beams
was pioneered in Stockholm, Sweden, in the 1990s (Lax et al., 1994; Blomgren
et al., 1995) and has since demonstrated excellent local control on par with
surgery (von Reibnitz et al., 2018). Further developments in computed tomog-
raphy (CT), treatment planning techniques, dose computation algorithms, and
on-board imaging capabilities have since cemented it as the radiation therapy
standard of care for these patients.

Respiratory motion is a concern when treating thoracic tumors and several
strategies to mitigate both breathing and other geometrical and radiological
uncertainties are employed in the clinical workflow. However, the standard
clinical method of respiratory correlated computed tomography (4DCT) un-
derestimates the motion extent (Wikström et al., 2021) which will lead to
dosimetric consequences that have been insufficiently studied.

Voluntary breath-hold (BH) is an attractive method for reducing the effects of
respiratory motion to ensure the target position, compared with the conventional
way of treating in free breathing (FB). Although BH is a tolerable mitigation
method for many patients a large variation in the BH reproducibility has been
reported and the dosimetric consequences of an inconsistently reproduced BH
position in the SBRT setting are not well known (Aznar et al., 2023).

1.3 Proton therapy
The physical interactions of charged particles with matter give protons a finite
range (Wilson, 1946). This advantage is directly translated into a drastically
reduced dose in healthy tissues for proton therapy compared with conventional
radiation therapy delivered with photons, as seen in Figure 2.

The first ever proton therapy treatment was performed in 1954 in Berkeley,
USA, and concerned the ablation of the pituitary gland (Lawrence, 1957). Soon
after, the first proton therapy treatment of human carcinoma was performed in
1957 in Uppsala, Sweden (Falkmer et al., 1962). Historically, these treatments
were delivered at high energy physics laboratories and while contemporary
proton therapy is based on the same physical principles modern treatment
facilities have dedicated equipment to support the clinical application. Since
2015 patients in Sweden are treated at the Skandion proton therapy clinic in
Uppsala.

Although theoretically advantageous, the finite range of the proton beam
also makes the modality more sensitive to perturbations such as geometrical
shifts compared with photon therapy. This sensitivity combined with the high
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Figure 2. When comparing proton (Bortfeld & Schlegel, 1996) and photon (X.-J. Li
et al., 2022) depth dose profiles an excess dose delivered with photons both to tissues
in the entrance channel before the tumor and to deeper sited tissues behind it is seen.
Notably, the finite range of a proton beam can be used to avoid dose deposition distal
to the tumor location. The Bragg peak for the highest energy is highlighted.

precision requirements for SBRT has led to a very cautious clinical adoption of
proton therapy for this type of treatment. Although proton SBRT and proton
therapy for lung cancer are becoming more common internationally (Liu et al.,
2024; Nakajima et al., 2024), to this date no SBRT and no lung cancer patients
in Sweden have been treated with proton therapy which motivates the studies
performed in this thesis.

1.4 Aim of the thesis
The aim of this thesis is to explore the impact of treatment uncertainties and
respiratory motion on lung cancer SBRT dose distributions and how different
motion management strategies in photon and proton therapy compare in this
regard. The following aims were set:

1. Compare treatment planning methods for photon SBRT (papers I & II).
2. Develop and evaluate a treatment planning strategy for proton SBRT that

accounts for uncertainties (papers III, IV & V).
3. Investigate respiratory motion management methods such as 4DCT based

treatment planning (papers I - IV) and BH (papers III & V).
4. Quantify the dosimetric effects of the uncertainties associated with res-

piratory motion (papers I - IV), BH reproducibility (papers III & V),
and patient positioning (papers II - V) in lung cancer photon and proton
SBRT.

13



2. Radiation therapy of small lung tumors

2.1 Radiation therapy and dose
Shortly after the discovery of X-rays by Wilhelm Röntgen in 1895 radiation
was used to treat superficially located tumors. Today, half of all cancer patients
receive radiation therapy as part of their treatment and 30% of all cured cancer
is attributed to radiation therapy (Cancerfonden, 2023).

In external beam radiation therapy the radiation source is outside the patient.
The radiation passes through the patient body while losing and depositing
energy primarily through interactions with electrons. These interactions induce
ionizations, which when they occur in the cell nucleus cause damage to the
DNA of the irradiated cell. If the damage is severe enough it will stop the
cell from proliferating, effectively killing it, which is the goal with irradiating
tumors.

However, healthy tissues are unavoidably also irradiated which leads to
treatment side effects with more or less severe complications. Radiation therapy
always aims to maximize the cell killing effect in the tumor while keeping the
risk of complications as low as possible. This is achieved by optimizing the
dose distribution in and around the target, e.g. through the use of proton therapy
and by irradiating from several directions as seen in Figure 3. The treatments
are further fractionated such that they are delivered at several occasions. This
allows for normal tissue cells to repair and it also promotes tumor cell killing
through cell cycle phase redistribution and re-oxygenation (Withers, 1975).
All treatments investigated as part of this thesis and presented in papers I - V
were hypo-fractionated SBRT to be delivered in three fractions, every other day
according to current treatment protocols (Guckenberger et al., 2017).

Absorbed radiation dose for prescribing, recording, and reporting is quan-
tified in Gray (Gy), defined as 1 Joule per kg. A radiation therapy treatment
plan is largely characterized by its three-dimensional dose distribution. It can
be further summarized into dose volume histograms representing the frequency
distribution of various dose levels in anatomical structures. In particular, cumu-
lative dose volume histograms (DVH) are used to describe how large a fraction
of the volume receives a certain dose. Several DVH examples are shown in
Figure 3 where the dose distribution of a proton therapy plan is compared with
one of a photon therapy plan, as studied in papers III and IV.

Descriptive quantities derived from the dose distribution and calculated per
anatomical structure are used to set dose prescriptions and tolerance limits. For
example the lowest dose, DV %, given to at least V % of the volume of some
anatomical structure or alternatively by the size or fraction of the volume, VD Gy,
receiving at least the dose D Gy.
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Figure 3. Treatment planning, nominal, dose distributions for a (a) proton plan with
three beam directions and a (b) photon plan with seven beam directions, indicated
by the white arrows. The proton plan spares the entire left side of the body and
the mediastinum including the heart which can be seen in the difference in dose
distributions (c) and when comparing the dose volume histograms (DVHs) (d). Doses
below 5 Gy in (a) and (b) and differences below 5% of the prescription dose of 54 Gy
in (c) are not shown.

2.2 Photon therapy with X-ray beams
Early radiation therapy was administered with keV photon beams from X-
ray tubes or with radioactive isotopes applied directly at superficial tumors.
Later dedicated devices used higher energy gamma sources such as cobalt-60
enclosed in shielding with openings that allowed stereotactic treatments of
deep-seated, intra-cranial, tumors (Larsson et al., 1974).

While cobalt sources are still used to some extent, modern radiation therapy
is mostly delivered with MeV X-ray photon beams produced with linear ac-
celerators. Electrons are accelerated to a specific energy, typically between 6
and 18 MeV, and directed at a target with high atomic number such as tungsten
which produces a beam of high-energy bremsstrahlung X-rays. The beam is
shaped downstream by a pair of jaws and further collimated orthogonally by
two sets of opposing leaves.

In addition, the collimator-equipped treatment head can rotate around the pa-
tient to deliver the beam from any circular angle. The machine can be equipped
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Figure 4. A treatment room for photon therapy at the Uppsala university hospital. The
gantry mounted linear accelerator and treatment head can rotate around the table on
which the patient lies. Perpendicular to the beam direction is an imager capable of
cone-beam CT. In the ceiling there are three surface scanning cameras that aid with the
patient positioning.

with on-board imaging perpendicular to the beam direction which enables
patient positioning based on internal anatomy. The position of the patient in
relation to the rotational iso-center is adjusted by a motorized treatment table,
seen in Figure 4. Modern irradiation techniques make use of these machine
attributes in concert to deliver a very precise dose to the target.

2.3 Particle therapy with proton beams
The majority of radiation therapy treatments are delivered with photons but also
electron beams and beams of light ions such as protons, helium, and carbon are
in clinical use.

Unlike photons, charged particles such as protons have a finite range with
an energy deposition per track length that increases along the track until it
dramatically achieves a maximum, the so-called Bragg peak, see Figure 2. The
finite range and the Bragg peak enable dose delivery to the target while sparing
distal tissues, which is not possible with photon therapy (Wilson, 1946). The
proton beam range is proportional to its initial energy requiring that multiple
energies are used to spread the Bragg peaks over the tumor. A typical maximum
energy for clinical proton facilities is 230 MeV which corresponds to a range
of 32 cm in water and allows treating deep seated targets in most patients.

Proton beams of desired energies are produced by the acceleration of protons
in either a synchrotron or a cyclotron. From the accelerator the protons travel
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through a beam line equipped with magnets that focus and direct them to the
treatment room. Modern facilities are equipped with gantries that can rotate
around the patient to deliver the beam from different angles just as for photon
therapy, see Figure 5. The dose is finally delivered with narrow pencil beams
that are controlled with magnetic scanning techniques to laterally cover the
tumor in a painting-like manner. The in-plane pencil beam scanning covers a
layer of the tumor with dose with its depth controlled by varying the energy
from a maximum to a minimum value, as illustrated in Figure 6. The dynamics
of this treatment delivery method was considered in the BH studies in papers III
and V.

The biological effect of the deposited radiation energy depends largely on
how dense clusters of damage the ionization causes. The variation in biological
effect per dose for various radiation types is empirically quantified by the
relative biological effectiveness (RBE) defined as the dose ratio compared
to a reference photon radiation yielding equal cell killing effects. Different
RBE models have been proposed, however in clinical practice a constant
multiplicative value of 1.1 is used (Paganetti et al., 2002, 2019) and so also
in this thesis throughout papers III - V. All reported proton dose distributions
were thus converted using this constant factor as Gy (RBE) but are for the sake
of briefness reported as Gy in this report.

Proton beam therapy is used for the treatment of most tumor sites, with some
special emphasis on intra-cranial and intra-spinal pediatric tumors (Paganetti,
2019). However, the adoption of proton therapy in lung cancer radiation therapy
has been slow, primarily due to the uncertainties associated with respiratory
motion and large differences in tissue density. As such, no patients with lung
tumors have yet been treated with proton therapy in Sweden which is addressed
by this thesis.

2.4 Patient imaging and 4DCT
In radiation oncology, medical imaging is used for disease detection and staging,
treatment planning, patient positioning, and during follow up examinations. A
multitude of imaging modalities are employed for this purpose, ranging from
CT, positron emission tomography, and magnetic resonance (MR) to surface
scanning.

The radiation therapy workflow begins with the acquisition of one or more
CT images of the patient and this can be considered the most important image
modality in radiation therapy (Goitein et al., 1979). Motion artifacts are
minimized with breath-hold computed tomography (BHCT) where the patients
hold their breath either with a deep inspiration or at an exhale position during
imaging. Such BHCTs were used as reference geometry for the tumor tracking
in paper I and as basis for the BH studies in papers III and V.
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Figure 5. A treatment room for proton therapy at the Skandion clinic in Uppsala. In
contrast to the linear accelerator seen in Figure 4, only the very final part of the proton
beam line is visible in the form of the gantry mounted treatment head that can rotate
around the patient. In the ceiling there are three cameras for surface scanning to help
with the patient positioning, similar to the photon therapy treatment room in Figure 4.

For lung cancer the tumor motion due to breathing is further quantified using
4DCT (Vedam et al., 2003; Ford et al., 2003). Phase images are reconstructed
from over-sampled CT image data acquired simultaneously with a respiratory
signal that is used to sort the data into bins according to their respiratory
phase or amplitude, see Figure 7. A clinical 4DCT typically consists of 10
reconstructed volumetric CTs, each corresponding to a phase position on the
respiratory cycle or to the amplitude of the respiratory signal. The respiratory
signal can be measured by the tidal volume of a spirometer, with surface
scanning, from the position of a fiducial marker on the abdomen, or from a
bellows or belt device that captures the motion of the chest or abdomen. The
4DCT can also be reconstructed using self-sorting based on a surrogate signal
derived from the images themselves. 4DCT is an essential tool for motion
management and treatment planning of thoracic tumors and such 4DCTs were
used for all treatment planning and as basis for the evaluations in the FB studies
in papers I - IV.

There are however several limitations to 4DCT. Since the imaging time
is limited and only part of the patient is covered by the CT detector array
at one time there is a risk of under sampling or completely missing certain
phase positions at some image slice locations. Such a miss will result in an
image artifact that can be seen as a discontinuity or cropping of the anatomy.
Because the risk of under sampling is greater for more extreme positions these
may not be captured at all in the reconstructed 4DCT and the full extent of
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Figure 6. Pencil beam scanning is used to paint the target with protons. The particles
are steered by a set of horizontal and vertical magnets while the depth layer position is
determined through energy selection.

the respiratory tumor motion will be underestimated (Wikström et al., 2021).
Further, the 4DCT only reconstructs one breath without any of the variations in
breathing that occur both within a single treatment fraction and between the
treatment fractions. At best, the 4DCT represents an artificially reconstructed,
arbitrary, single breath at the time of the imaging session. The dosimetric
consequences of these limitations were investigated in this thesis in papers I -
IV using cine-CT and image registration methods that are further described in
Sections 3.1 and 3.2.

2.5 Image registration
Image registration is the process of finding a transform that maps the content
of a moving image such that it matches the content of a fixed image as ref-
erence (Barnea & Silverman, 1972; Sotiras et al., 2013). The transform can
represent either a rigid body motion consisting of translations and rotations or
more complex correspondences that include deformations that allow for objects
in the image to change shape, such as the example in Figure 8. The transform
is found by solving an optimization problem that maximizes a similarity metric
between the fixed and the transformed moving image.

The obtained transform is used for mapping anatomical structures from
one image to another and in the context of lung cancer radiation therapy this
is used to estimate the tumor motion in 4DCT. By inverting the transform it
can further be used to map radiation dose computed on one image back to a
reference geometry to allow for dose accumulation. A transform is described
by a displacement vector field (DVF) quantifying the position shifts of elements
between the images.

Both rigid and deformable image registration was used in this thesis. De-
formable image registration mapped structures in the treatment planning pro-
cess in papers I - V. Rigid image registration was used in the treatment plan
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Figure 7. A phase sorted 4DCT is reconstructed from image data at different time
points but corresponding to the same respiratory phase position. Here assembled into
10 phase image volumes as indicated by the colors. The respiratory motion is periodic
in nature but can still be irregular and have a varying amplitude which can give rise
to artifacts in the reconstructed phase image volumes and an underestimation of the
motion extent (Wikström et al., 2021).

evaluation to find tumor positions in cine-CT images and for dose accumu-
lation in papers I and II, as further described in Section 3.1. Both rigid and
deformable (Rueckert, 1999) image registrations were used for this same pur-
pose in paper IV with a DVF editing method introduced in paper III and further
described in Section 3.2.

2.6 Management of respiratory motion and uncertainties
Radiation therapy of lung cancer is subject to geometrical and radiological
uncertainties (Schwarz et al., 2017), primarily due to respiratory motion of
the tumor that in extreme cases can be as large as a few centimeters. The
motion amplitude varies greatly between patients and also across different
regions in the lungs with the largest amplitudes found in the lower lobes close
to the diaphragm (Seppenwoolde et al., 2002). The management of respiratory
motion mitigates the impact on the treatment through different active or passive
strategies (Keall et al., 2006; H. Li et al., 2022).

Passive strategies consist of methods in which the motion is confined e.g. by
abdominal compression and/or accounted for at the planning stage e.g. with
an additional motion-encompassing margin around the target volume, further
described in Sections 2.7 and 2.10. The respiratory motion is estimated with
4DCT and the assumption in the 4D treatment planning (Wolthaus et al., 2008)
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Figure 8. Image registration finds a transform that maps one image (a) to another
(b). The effect of the transform can be highlighted by superimposing a grid on the
original (c) and on the deformed image (e). Two images can be visually compared
with image fusion where discrepancies in pixel intensity are seen as a pink or green
color, (d) and (f). The resulting transform can be represented by a displacement vector
field (DVF) which can be visualized as a set of arrows that indicate the local position
displacements (d).

is that the patient will exhibit the same breathing pattern throughout the whole
treatment. Treatment planning based on 4DCT was investigated and evaluated
in this thesis in papers I - IV.

Active strategies imply that the breathing of the patient is controlled or addi-
tional technological devices for real-time monitoring and motion compensation
are used. The real-time motion information is then used to either track the
target volume to continuously deliver the dose or to gate the treatment such
that the beam is active only when the target has a position within a predefined
gating window, e.g. in voluntary BH (Willett et al., 1987; Hanley et al., 1999).
Although the use of active BH eliminates the respiratory motion there still
remains an uncertainty in the reproducibility of the tumor position that needs
to be considered (Josipovic et al., 2019; Hoffmann et al., 2023). The use of
BH and the effects of variation in the reproducibility were investigated in this
thesis in papers III and V.

Errors in the setup positioning of the patient on the treatment table is another
source of geometric uncertainty. These errors are minimized by laser-guidance
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or body surface scanning and further fine-tuned using on-board imaging such
as portal imaging, fluoroscopy or, cone-beam computed tomography, for some
of which the equipment is visible for in Figures 4 and 5. With these techniques
the patient setup error can be reduced to just a few millimeters (W. Li et al.,
2011), but the residual difference will still impact the dose distribution for each
treatment fraction. Patient positioning errors were included in the treatment
planning and evaluations performed as part of this thesis in papers II - V.

In addition, proton therapy is also affected by uncertainties in the stopping
power ratio (SPR) estimated from the planning CT since it influences the
predicted range of the protons. This uncertainty can be reduced with the use
of dual-energy CT but remains of great importance in lung cancer treatments
because of the large differences in density between lung and tumor tissues (B.
Li et al., 2017). Uncertainty in SPR was considered in all proton therapy plans
investigated in this thesis, papers III - V.

All these treatment uncertainties are divided into systematic errors that occur
during treatment preparation and random errors that occur during treatment
delivery (Van Herk et al., 2000). This distinction was explicitly taken into
consideration in papers III - V.

2.7 Target volumes
Several target volumes are defined for the use in treatment planning by the
International Commission of Radiation Units and Measurements, ICRU (Gre-
goire et al., 2010; Brandan et al., 2014). For SBRT treatments of lung cancer
at the Uppsala university hospital the clinical target volume (CTV) is directly
delineated on the planning CT image. A motion-encompassing internal target
volume (ITV) is further created from the union of the CTV in all phase images
of the 4DCT or from a delineation of the volume with tumor presence in a
maximum intensity projection image. An additional margin to account for
patient positioning errors and other uncertainties is added around the ITV to
create the planning target volume (PTV) (Van Herk et al., 2000). These three
target volume concepts are illustrated in Figure 9.

The CTV was used in the treatment planning and evaluation in all studies
that are part of this thesis while the ITV was used in paper I and the PTV in
paper II. Although the ITV and PTV concepts can be adapted for proton therapy
treatment planning of lung tumors (Kang et al., 2007; Langen & Zhu, 2018)
they come with several limitations (Unkelbach et al., 2018) and were therefore
not used in any of the proton therapy studies in this thesis.
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Figure 9. The clinical target volume (CTV) was defined as the visible tumor. The
internal target volume (ITV) was further defined from the CTV swept by the respiratory
motion extent by taking the union of the CTV in the ten 4DCT phases. Finally a 5 mm
margin was added to account mainly for patient positioning uncertainty which formed
the planning target volume (PTV). The patient example shows a 4DCT at the 30%
phase with the target volumes visible in the (b) sagittal and (c) coronal planes.

2.8 Dose prescription and reporting
Treatments of small lung tumors are delivered with high doses in few fractions
using SBRT (Lax et al., 1994; Blomgren et al., 1995). Dose prescriptions
are typically set such that the tumor is given at least a minimum dose by
prescribing a near isodose, e.g. D98%, to the PTV. However, since the PTV
periphery for small lung tumors is located in lower density lung medium there
is a loss of charged particle equilibrium which leads to an uncertain lower
dose for the CTV. Since the dose computation algorithms clinically available
when SBRT for small lung tumors was introduced did not account for these
phenomena (Battista, 2019), dose prescriptions to PTV can yield large errors in
CTV dose (Lebredonchel et al., 2017), which was explored in papers I and II.

Prescribing a mean or median dose to the CTV based on algorithms that
account for electron transport (i.e. collapsed cone (Ahnesjö, 1989), Monte
Carlo (D E Raeside, 1976; Andreo, 1991), or grid-based Boltzmann equation
solvers (Bush et al., 2011; Fogliata et al., 2011)) together with appropriate field
margins to ensure PTV irradiation has been shown to give more consistent
treatments and harmonize the delivered dose to the tumor between patients and
institutions (Bibault et al., 2015; Leung et al., 2020; de Jong et al., 2020). As
such, a CTV D50% = 54 Gy delivered in three fractions has been suggested for
lung tumor SBRT (Bibault et al., 2015; Baumann et al., 2018).

This prescription was used in all studies presented in papers I - V that are
part of this thesis. Further, it was also used as the primary dose metric to
report when evaluating and comparing treatment plans. Traditional ITV and
PTV based dose prescriptions were also used for comparison in some of the
treatment planning methods investigated in papers I and II respectively. In these
two studies dose to the ITV respectively to the PTV were reported as well.
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2.9 Dose constraints and radiation toxicity
The irradiation of normal tissues around the target can result in toxicity that
ranges from life-threatening to a temporary lowering of the quality of life of
the patient. Toxicity is commonly divided into acute and late manifesting
effects where the second of these two often is to be considered more severe as
it describes persistent damage that may never properly heal for the rest of the
patients life. Further, radiation exposure is also associated with a higher risk of
developing secondary cancers. Therefore, dose received by the organs at risk
(OAR) needs to be kept at a minimal level. For lung cancer the main OARs are
lung, heart, esophagus, and spinal cord. The treatment planning performed in
this thesis used widely adopted dose constraints for these OARs in the SBRT
setting (Benedict et al., 2010; Timmerman, 2022).

Radiation exposure of the lungs is associated with pneumonitis, a lung
inflammation, which can manifest from the time of treatment up to a few
months after. A later and more severe side effect is lung fibrosis which can
occur a year or more after treatment (Cancercentrum, 2025). The ipsilateral
lung V20 Gy and V5 Gy are used to manage the risk for these side effects (Khalil
et al., 2015) and were reported for all studies in this thesis.

A radiation dose to the heart is mostly associated with late effects such as a
higher probability of heart disease years after the treatment. The available data
are primarily derived from studies of late effects from treatments of patients
with breast cancer or Hodgkin’s lymphoma that have better overall prognosis
and time of survival than lung cancer. For breast cancer patients it has been
suggested that the risk of a cardiac event increases by 7% per Gy in mean heart
dose. (Darby et al., 2013). Hence, the mean dose, Dmean, of the heart was
reported in papers III - V. However, the heart volume was truncated or not
present at all in some patients in the cohort due to limited field-of-view in the
CT images. Thus providing a conservative estimate of the heart Dmean in the
patients with the heart visible in the CT images.

Esophagitis is an inflammation of the esophagus that can cause pain, diffi-
culties with swallowing, and nutrition problems. More severe is perforation of
the esophagus that greatly reduces the quality of life and increases mortality.

The spinal cord is considered to be relatively radioresistant (C. Joiner, 2025)
but due to the extreme impact of neuropathies such as paraplegia on the quality
of life, reducing its exposure should be highly prioritized. Thus any but
especially high doses to the spinal cord should be avoided.

Since both the esophagus and the spinal cord are serial OARs, as opposed to
being a parallel OAR such as the lung, the maximum doses, Dmax, received by
these two were reported for the studies in papers III - V. High doses to the great
vessels should also be avoided as they are associated with aneurysms (Benedict
et al., 2010; Timmerman, 2022). As such, Dmax to the aorta was reported in the
studies in papers III - V.
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Additional adverse effects may include radiation-induced fractures of the ribs
and skin symptoms ranging from irritation and redness to necrosis. Although
the skin dose was considered in the treatment planning in papers II - V it was
not further reported in any part of this thesis. Irradiation of breast tissue should
also be avoided and this was minimized by choice of gantry angles in all studies
performed during this thesis.

2.10 Treatment planning
Various strategies involving the use of 4DCT for treatment planning have
been proposed, including methods using mid-position of the target and the
ITV (Wolthaus et al., 2008). In margin-based 4D treatment planning the patient
positioning uncertainty is managed with the addition of a PTV margin around
the ITV and a prescription dose or other conformity criteria is defined for the
PTV as described in Sections 2.7 and 2.8. The treatment planning system finds
treatment delivery parameters by solving an optimization problem such that
target coverage is ensured while dose constraints to OARs are maintained. In
papers I and II different margin-based planning methods were investigated and
compared for photon SBRT.

Although margin-based planning methods are more common, scenario based
robust planning primarily introduced in the context of particle therapy is avail-
able in many commercial treatment planning systems (Fredriksson et al., 2011).
In 4D robust SBRT planning the dose is prescribed to the CTV and its de-
lineation in multiple phases of the 4DCT is used to accommodate for the
respiratory motion while discrete position perturbations are employed to ac-
count for patient setup uncertainty.

Typically two perturbation steps are taken along each cardinal axis which
together with the zero shift give seven positions. If all ten respiratory phase
images in the 4DCT are used in the robust optimization this give a total of
7×10 = 70 plan scenarios to optimize in the case of photon therapy. For proton
therapy the range uncertainty must also be considered which is typically done
with two additional perturbations of the SPR for a total of 3× 7× 10 = 210
plan scenarios. The robust optimizer then attempts to find a plan that fulfills
the planning criteria for all plan scenarios. In the minimax robust optimization
strategy (Fredriksson et al., 2011) the plan is adjusted by re-optimizing it
according to the worst dose distribution out of the current plan scenarios. The
4D robust planning investigated in paper I used all ten phase images in the
4DCT but without any patient shifts. In order to reduce the number of plan
scenarios and reduce the computational time a smaller subset of the 4DCT
phase images can be used in the optimization process. Such subsets of images
were used in the robust treatment planning in papers II - IV together with
patient positioning shifts and SPR perturbations for the proton therapy plans.
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In papers I and II four different photon therapy treatment planning methods
were evaluated and compared. They were denoted as a SBRT ITV/PTV strategy
with dual criteria of a central higher dose and ITV/PTV isodose (ISD), a
normalization of the former to a dose to the CTV (IRN), a conformal method
based on homogeneous fluence to the ITV/PTV (FLU), and robust 4D planning
to the CTV (RB4).

Perturbation settings for robust planning are calculated from the error distri-
butions of the considered treatment uncertainties (Buti et al., 2019). In paper III
this approach was used to calculate parameters for the FB treatments investi-
gated in paper IV and the method was further expanded upon in the same study
and used for the BH treatments investigated in paper V.

All treatment plans in papers III, IV, and V further made use of robust
evaluation in the planning process where each plan was normalized such that
the worst case evaluation scenario fulfilled the prescription dose. A summary of
all treatment plannings methods investigated in this thesis is found in Table 1.

In paper IV 4D robust treatment planning was used for the investigation of
FB photon and FB proton treatments. In paper V robust treatment planning
was used for the investigation of BH photon and BH proton treatments. For the
BH proton plans to be realistically deliverable, the beams were split into two
sub-beams if they contained more than ten energy layers. In the study three
BH treatment planning methods per modality were investigated and compared
for a total of six plans per patient. However in this thesis summary only the
results for the robust 3D BH proton and photon treatment plans, labeled as
proton3D-BH and photon3D-BH in paper V, are reported. A comparison of a FB
proton and a BH proton dose distribution is shown for a patient with large
respiratory motion in Figure 10.

All treatment planning and all dose computations were performed in a
research version of the RayStation treatment planning system (RaySearch
Laboratories AB, Stockholm, Sweden). All photon dose computations were
performed with the collapsed cone algorithm and all proton dose computations
with Monte Carlo.
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Table 1. Treatment planning strategies and methods investigated throughout the thesis.
∗The treatments plans in paper I did not include patient setup uncertainty. † Paper III
only reports results for a single patient.

Photon only Photon and proton
I∗ II III† IV V
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Figure 10. Comparison of proton treatment plans in free-breathing (FB) and breath-
hold (BH) for a patient with large respiratory motion. To account for the respiratory
motion, see e.g. Figure 9, a large elongated volume of the lung would have been
irradiated (b). By treatment planning for BH gated delivery this volume was reduced
along the craniocaudal direction (d) compared with the FB treatment plan (b). However,
accounting for the population based BH reproducibility uncertainty lead to a larger
irradiated area in the transverse plane, as seen when comparing (a) with (c) in the area
around the clinical target volume (CTV).
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3. Treatment plan evaluation

3.1 Patient image data
Image data from 14 patients with early stage lung cancer previously acquired
as part of a motion analysis study (Wikström et al., 2021) were used throughout
this thesis. These data consisted of planning images from BHCT and a 4DCT
with ten respiratory phase images, and in addition to that a total of 300 cine-CT
images per patient acquired at three occasions. At each occasion, 100 images
were collected during eight minutes resulting in image sets labeled A, B, and
C, see Figure 11. In order to investigate the dosimetric consequences of the
limitations in 4DCT, the cine-CTs were used to estimate the FB tumor positions
for the treatment plan evaluations.

Figure 11. The clinical target volume (CTV) positions in free-breathing were found by
rigid image registration of the tumor volume to the 300 cine-CT images. Depending on
the motion extent and tumor size the tumor could occasionally be almost completely
outside of the imaging field-of-view as seen in (a). The resulting motion extent as
observed in the cine-CT was larger than the motion observed in 4DCT for all 14 patients
included in this thesis, as seen for this particular patient in (d) were all tumor positions
have been projected on the two principal motion directions. The percentages indicate
the explained variance of the motion along that direction. The tumor positions in the
cine-CT images (a), (b), and (c) are indicated in (d).

However, the geometric coverage of the detector arrays in the used CT
scanner, Philips Brilliance® CT Big Bore 16 slice, limited the cine-CT volume
thickness to only 24 mm which impeded the direct usage of these images for
dose evaluation studies, see Figure 11. Additional processing with two methods
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developed in papers I and III was therefore performed to create evaluation
images that were used throughout all FB studies in this thesis, papers I - IV.
An alternative method was further used to create additional BHCT images with
tumor position perturbations that simulated errors in BH reproducibility.

In this patient cohort the CTV size varied between 1.3 cm3 and 21.5 cm3,
the motion amplitude as observed in the 4DCTs varied between 1.4 mm and
16.8 mm, and between 7.4 mm and 41.6 mm as observed in the cine-CTs.
The extents of the respiratory motion of the lung tumors were found to be
underestimated in the 4DCTs for all 14 patients.. Per patient values are re-
ported in paper I and the patient used as example throughout this report e.g. in
Figures 9, 10 and 11 had a CTV size of 3.8 cm3, a motion extent in the 4DCT
of 14.4 mm and a motion extent in the cine-CTs of 24.1 mm. Although some of
the patients in actuality were treated with abdominal compression to suppress
the respiratory motion all images used in this thesis were acquired without any
such devices, thereby showing cases more extreme than typically observed
clinically.

3.2 Evaluation image creation
The dosimetric effects of respiratory motion is commonly evaluated with the
same 4DCT that was used during treatment planning and then the limitations,
as described in Section 2.4, of these images apply. In this thesis improved
methods based on sets of evaluation images derived from cine-CT were used.

Since the cine-CT images themselves were too small to be used for dose
calculations they were instead used for finding the tumor positions which were
then used to shift the tumor around in a larger image volume that permitted
dose computation. In paper I, rigid image registration was used to find the
FB positions of the tumor in all cine-CTs, as is illustrated for one patient in
Figure 11.

Subsequently, evaluation images were created by cropping the image region
around the CTV in the BHCT and superimposing it at the cine-CT position on
the 4DCT phase image that best matched this new position. These evaluation
images were used in the treatment plan evaluations in both papers I and II.
Although this method was accurate for the dose accumulation in the CTV the
discontinuity at the edge of the cropped volume prevented dose to be accurately
accumulated in the lung. And, further, since no image registrations were
available between the 4DCT phase images, dose accumulation in the other
OARs was also not possible.

This limitation was addressed in the improved method developed in paper
III and further used in paper IV. In this method, deformable image registrations
between the 4DCT phase images were first performed which allowed for dose
accumulation in the OARs. Further, the tumor was shifted according to its
position in the cine-CT using a Poisson DVF editing technique (Perez et al.,
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Figure 12. Free-breathing images for the probabilistic evaluation in paper IV were
created using a Poisson displacement vector field (DVF) editing method introduced
in paper III. (a) The clinical target volume (CTV) shifts were determined from the
cine-CT images and the initial DVFs were set from deformable image registration of the
4DCT phase images. (b) The resulting DVF transform was used to create an evaluation
image (c) which could be used for dose computations. (d) The DVF transform was
inverted to allow for dose accumulation (e) on the original reference 4DCT phase
image. This DVF processing procedure was performed for all 300 cine-CT images for
all 14 patients in the cohort used in the studies in this thesis.

2003), as illustrated in Figure 12. This technique was used to locally alter the
deformable image registration DVF transform around the CTV into a resulting
DVF transform with correct tumor position. Finally, this transform was inverted
to allow for dose accumulation in the CTV and all OARs in the treatment plan
evaluations in papers III and IV.

A similar technique for local Laplacian deformations (Sorkine et al., 2004)
was also developed in paper III and further used to create BH images with
simulated reproducibility errors. These BHCT images with shifted tumor
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Figure 13. Breath-hold images for the probabilistic evaluation in paper V were created
using a Laplacian deformation scheme introduced in paper III used to create displace-
ment vector field (DVF) transforms. Shifts of the clinical target volume (CTV) were
set according to the sampling method described in Figure 14 taking both systematic
and per-BH reproducibility errors into account such that two sets of 105 BH images
were created for each of the 14 patients in the cohort used in the studies of this thesis.

position were used both for treatment planning and, primarily, for treatment
plan evaluations in the BH studies in paper V. The tumor shifts simulated the
BH reproducibility error and were sampled at discrete positions according to
their probability distribution as modeled with reported values for patients with
advanced lung cancer (Josipovic et al., 2019; Hoffmann et al., 2023).

3.3 Simulation of treatment uncertainties
In paper I only the effects of respiratory motion were investigated. In papers II
- V other treatment uncertainties were also simulated.
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Since only the systematic patient positioning errors were simulated in paper
II, larger shifts were used and sampled at 15 positions including the zero shift.
The length of all non-zero shifts were 5 mm, set to match the 5 mm PTV margin
and the 5 mm shifts used in the robust optimized treatment plans. Probabilities
for the shifts were computed from an isotropic 3D normal distribution and used
as weights in the probabilistic treatment plan evaluations.

The simulation methods developed in paper III and further used in papers
IV and V were also based on discrete samples of errors but now divided
into systematic and random components. Patient positioning errors were
computed at two possible confidence intervals from the 3D normal distributions
assumed during treatment planning (W. Li et al., 2011). The positioning errors
of the tumor due to BH reproducibility uncertainty (Josipovic et al., 2019;
Hoffmann et al., 2023) were similarly sampled as discrete shifts and used
in the evaluation image creation for the BH investigations. All positioning
errors were associated with a probability computed with a method similar to
the one used in paper II, see Figure 14. However, this improved method was
not limited to isotropic normal distributions such that the standard deviations
could be different along the three principal axes, left-right (LR), anterior-
posterior (AP), and craniocaudal (CC), as is typically the case in the reported
values of these uncertainties, as seen in Table 2. These probabilities were
used when sampling treatment scenario dose distributions in the probabilistic
treatment plan evaluations performed in papers III - V. Finally, errors in SPR (B.
Li et al., 2017) were sampled at three positions, as seen in Figure 15, and added
to the simulations for the proton therapy plans with probabilities calculated
from a 1D normal distribution. A summary of the uncertainties considered is
found in Table 2.

Figure 14. Positioning errors in patient positioning and BH reproducibility were
modeled with zero-centered normal distributions, here visualized in 2D. Discrete errors
used in the probabilistic evaluations in papers III - V were sampled at one or two
confidence levels (a). Probability density (b) was integrated into a probability mass (c)

that determined the likelihood of each discrete error.
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Table 2. Standard deviations or source for the parameters of the perturbations used
in the robust planning and evaluation. Σ refers to systematic errors that persist
during the whole treatment and σ to random errors that are different at each fraction
or breath-hold. The positional standard deviations are given in the left-right (LR),
anterior-posterior (AP), and craniocaudal (CC) directions. Patient setup error in
paper II was backwards modeled from the 5 mm PTV margin employed at the Uppsala
university hospital.

LR AP CC

Patient setup positioning [mm] (W. Li et al., 2011) (papers III - V)

ΣPS 1.1 1.5 1.4
σPS 1.4 1.7 1.7

Breath-hold tumor position [mm] (Josipovic et al., 2019) (papers III and V)

ΣBH-J 1.3 1.2 1.1
σBH-J 0.9 1.0 1.0

Breath-hold tumor position [mm] (Hoffmann et al., 2023) (paper V)

ΣBH-H 1.0 1.2 2.2
σBH-H 1.1 1.6 2.7

Free-breathing tumor positions (Wikström et al., 2021) (papers I - IV)

cine-CT

Stopping power ratio (B. Li et al., 2017) (papers III - V)

ΣSPR 3.8 %

3.4 Robust and probabilistic evaluation
A robustness evaluation of a treatment plan is performed by subjecting the
plan to various perturbations such as shifts in patient position and recomputing
the dose (Goitein, 1985). The dose can further be recomputed on different
image sets to allow for changes in, or motion of the internal anatomy. Since
no computationally demanding plan optimization is taking place during the
evaluation a higher number of different perturbations can be used than is
typically considered during robust optimization. Dose metrics for the perturbed
dose distributions are calculated and reported.

A probabilistic evaluation is done by performing the very same calculations
for similar scenarios, but the perturbations are weighted by or sampled accord-
ing to a probability distribution. This is a more realistic way of simulating
treatments since the errors are assumed and modeled as probabilistic in na-
ture with their standard deviations reported, see Table 2. Further, it permits a
probabilistic interpretation of the results.

In paper I a robust evaluation based on recomputing the treatment plans on
all the cine-CT derived evaluation images were used to compare four treatment
planning methods. As no positioning errors were considered in the study none
were used in the evaluation. Further, no splitting of the cine-CT image data
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according to the three imaging occasions was performed, leading to a single
evaluation dose per patient and treatment plan. This evaluation dose was used
to calculate dose metrics in the CTV while all other dose metrics were reported
for the nominal, unperturbed, dose distribution.

In paper II the dose was recomputed on the same evaluation images as in
paper I but now split according to the three cine-CT imaging occasions, labeled
as A, B, and C as seen in Figure 15. Further, probability weighted patient shifts
that simulated systematic patient positioning errors were applied at discrete
positions, as described in Section 3.3. All possible scenarios according to these
discrete positioning error samples and with the evaluation images split into
three sets were combinatorically explored. This resulted in 16 215 probability
weighted evaluation doses per patient and treatment plan which equaled 227 010
evaluation doses in total per treatment planning method. However, because
of the limitations in the evaluation image method no such scenarios were
simulated for the OARs and thus the nominal dose distributions were used in
the treatment plan comparisons, just as in paper I.

The probabilistic evaluation method developed in paper III added further
methodological improvements by splitting the positioning errors into system-
atic and random components that could be sampled from non-isotropic normal
distributions. Further, the DVF editing method allowed for full dose accumula-
tion outside of the CTV which permitted a probabilistic evaluation of the dose
in all OARs. The method used for the FB proton treatment plan evaluations
is illustrated in Figure 15. The analogous method for the BH treatment plans
was similar but with additional steps for the systematic and per-BH errors in
tumor position reproducibility. These methods were used in the evaluation of
the treatment plans in papers IV and V. In both, 10 000 treatment scenario
dose distributions were sampled per patient and treatment plan which equaled
140 000 evaluation dose distributions in total per treatment planning method.

In practice all of these evaluations were performed by exporting perturbed
dose distributions from the treatment planning system and storing them for ret-
rospective evaluation and analysis. A summary of the treatment plan evaluation
methods used in this thesis is found in Table 3.

Table 3. Treatment plan evaluation methods used throughout the thesis. The effects of
respiratory motion were evaluated in all papers. ∗The treatments plans in paper I did
not include setup uncertainty. † Paper III only reported results for a single patient.

Photon only Photon and proton
I∗ II III† IV V

Robust evaluation
(Respiratory motion only) �

Probabilistic evaluation
(Systematic errors only) �
Probabilistic evaluation

(Systematic and random errors) � � �
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Figure 15. The probabilistic evaluation of the free-breathing (FB) proton plans in
papers III and IV was performed by sampling preset, discrete, errors in stopping power
ratio (SPR), systematic and fraction-wise patient positioning, as well as one of the
three sets of cine-CT based evaluation images. In total 10 000 such treatment scenario
dose distributions were simulated for each patient and FB treatment plan. The BH
treatments simulated in paper V used an analogous method for sampling simulated
treatments which is illustrated in paper III. In paper II a simpler approach that only
simulated a larger systematic positioning error was used.
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4. Results and discussion

4.1 Evaluation summaries and reporting
For all the multiple evaluation scenario dose distributions, dose metrics and
DVHs were computed. The multiple DVHs were summarized into DVH bands
that represented the total range of the DVH values in the evaluation. The
individual dose metrics were all represented by distributions ranging from a
minimal and a maximum value, both corresponding to two distinct evaluation
dose distributions, as illustrated for the CTV D50% in Figure 16. The number of
samples obtained and analyzed varied across the studies reported in papers I - V
as described in Section 3.4 and depended on whether the evaluation concerned
the CTV or the OARs.

In the following subsections, results containing only one single evaluation
dose distribution per patient are shown as box plots while the results from the
probabilistic evaluations containing the results from many simulated evaluation
dose distributions are shown as violin plots. In Figures 17, 18, 19, and 20 the
scatter plotted data points represent the results for the individual patients and
are connected with gray lines between the plots. The results for the patient
used as example throughout this thesis report, patient number 2 shown e.g. in
Figure 16, are shown as slightly larger black crosses connected by a black line.
In the case of a box plot the data points represent the singular value for the
individual patients while in the case of a violin plot the data points represent
percentiles for which 90% of the cases are above, in the case of CTV target
coverage evaluation, or 90% of the cases are below, in the case of OAR dose.

4.2 Target coverage
The CTV dose volume metrics were computed for the scenario doses and in
particular the CTV D50% was reported for all treatment plans investigated in
this thesis. The resulting evaluation CTV D50% distributions summarized for
all 14 patients for all treatment plans investigated in this thesis in papers I - V,
except some variations on the BH treatment plans found in paper V, can be
seen in Figure 17.

4.3 Dose to the ipsilateral lung
Because of the rigid tumor registration in the evaluation image creation the
ipsilateral lung dose for the evaluation process was not properly defined in
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Figure 16. By subjecting the treatment plan to patient shifts, using the evaluation
image sets, and applying a perturbation to the stopping power ratio (SPR) evaluation
dose distributions, dose volume histograms (DVH), and dose metrics were computed.
The evaluation dose distributions with the lowest (a) and highest (b) resulting clinical
target volume (CTV) D50% are shown for a free-breathing (FB) proton plan together
with the nominal plan dose distribution in (c). The resulting evaluation DVHs (d) will
thus create a range of such curves that in papers I and II were summarized as dose
volume coverage and in papers III - V were used to determine curves of iso-probability.
The resulting dose metrics will create ranges of values, seen for CTV D50% in (e),
lung V5 Gy in (f), and lung V20 Gy in (g). The DVH curves and the dose metric values
corresponding to the three dose distributions in (a), (b), and (c) are indicated in (d),
(e), (f), and (g). The values for which 90% of the cases were above, for CTV D50%, or
below, for lung V5 Gy and V20 Gy, are indicated by the black dots in (d), (e), (f), and (g)

and were horizontally offset for the lung metrics for the purpose of visibility.
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Figure 17. Evaluation clinical target volume (CTV) D50% distribution results for the
treatment plans investigated in this thesis. The scatter plotted data points represent
the results for the individual patients and are connected with gray lines between the
plots. The patient used as example throughout this thesis report and also shown e.g.
in Figure 16 is shown as slightly larger black crosses connected by a black line. The
prescription dose of CTV D50% = 54 Gy is shown with a dotted line.
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Figure 18. Evaluation ipsilateral lung V20 Gy distribution results for the treatment
plans investigated in this thesis. The values reported for papers I and II are the non-
perturbed, nominal values. Note that the reason that the resulting V20 Gy values were
much lower for the treatment plans investigated in paper I is that they were planned
without consideration for patient setup errors. Unlike the results for papers II, IV,
and V they do therefore not represent clinically viable plans. The scatter plotted data
points represent the results for the individual patients and are connected with gray lines
between the plots. The patient used as example throughout this thesis report and also
shown e.g. in Figure 16 is shown as slightly larger black crosses connected by a black
line.
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papers I and II. Therefore the ipsilateral lung doses were compared between
the planning methods using the nominal plan dose computed on the 4DCT 30%
phase image. Further, since the entire lung volumes were not visible in the CT
images, volume-at-dose were computed in absolute terms and reported in cm3

for the dose metrics V20 Gy and V5 Gy, seen in Figures 18 and 19. The results for
the studies in papers IV and V were reported for the probabilistic evaluation
and thus contained 10 000 samples per patient and treatment planning method.
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Figure 19. Evaluation ipsilateral lung V5 Gy distribution results for the treatment plans
investigated in this thesis. The values reported for papers I and II are the non-perturbed,
nominal values. Note that the reason that the resulting V5 Gy values were lower for the
treatment plans investigated in paper I is that they were planned without consideration
for patient setup errors. Unlike the results for papers II, IV, and V they do therefore not
represent clinically viable plans. The scatter plotted data points represent the results
for the individual patients and are connected with gray lines between the plots. The
patient used as example throughout this thesis report and also shown e.g. in Figure 16
is shown as slightly larger black crosses connected by a black line.

4.4 Dose to mediastinal organs at risk (OARs)
Doses to the OARs primarily considered throughout this thesis were reported.
The Dmean was reported for the heart and Dmax for the aorta, esophagus, and
the spinal cord shown for the FB photon, FB proton, and BH proton treatment
planning methods in Figure 20. It should be noted that the entire heart was not
visible on the CT images for any of the patients and for some it was not visible
at all, for which a Dmean = 0 was reported.
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Figure 20. Evaluation distribution results of the dose to the included OARs for the FB
photon, FB proton, and the BH proton treatment plans investigated in this thesis in
papers IV and V. The scatter plotted data points represent the results for the individual
patients and are connected with gray lines between the plots. The patient used as
example throughout this thesis report and also shown e.g. in Figure 16 is shown as
slightly larger black crosses connected by a black line.

4.5 Discussion
The results indicated an overall good target coverage for all treatment planning
methods investigated, as seen in Figure 17.

The results for the treatment planning methods studied in papers I and
II indicate that any planning method that use a dose computation algorithm
suitable for heterogeneous media and takes the respiratory motion into account
using 4D treatment planning will be reasonably robust with regards to target
coverage. However, some variation in dose levels and inter-patient results are
to be expected depending on the method chosen, as seen in Figure 17 (a) and
(b). Especially it can be seen that the FLUII method gave the most consistent
inter-patient results while the RB4II gave the overall highest CTV D50% results
for the study in paper II.

The systematically lower CTV D50% value for one patient in papers I and
II was not present in later studies since it was caused by a limitation in the
evaluation image creation method that was improved in paper III.

The robust optimization perturbation settings calculated in paper III together
with the robust evaluation and normalization step in the treatment planning
used for papers IV and V resulted in a CTV D50% that could be guaranteed to
be above the prescribed dose level of 54 Gy with a 90% probability for both the
photon and proton plans in FB and in BH. The greater variation in the results
are to be expected for the studies in papers IV and V when compared with the
ones in papers I and II since more types of and larger errors were simulated
in the evaluations. The interpretation of this is that the robust optimization
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method developed in paper III and used in these later studies was superior to
the margin based and robust optimization treatment planning used in the earlier
studies since the target coverage could be properly guaranteed at the desired
confidence level.

Dose to the ipsilateral lung was reported in papers I and II. Both V20 Gy and
V5 Gy was lower for FLUI when compared with the other treatment planning
methods in paper I, Figures 18 (a) and 19 (a). However, due to the increased
field openings in the FLUII this advantage for the fluence based treatment
planning method did not persist in the study reported in paper II where the
lung doses were very similar between the different treatment planning methods,
Figures 18 (b) and 19 (b). It should be noted that the lung doses reported for
paper I did not represent clinically viable values since no patient positioning
uncertainty was considered in the treatment planning and evaluation of that
particular study.

The vertical order of the patients, as seen by the lines drawn in Figures 18
and 19 are nearly constant. This is explained by the fact that dose to lung
should be directly correlated to the size of the target which of course is the
same regardless of treatment planning technique or treatment modality.

The doses to OARs were reduced with proton therapy compared with photon
therapy, as seen in Figures 18, 19 and 20.

When comparing the FB proton with the FB photon and the BH proton with
the BH photon it can be seen that both V20 Gy and V5 Gy was reduced with proton
therapy, Figures 18 and 19 (c) and (d).

The Dmean for the heart was close to zero for both the FB and the BH proton
planning methods as seen in Figure 20 (a). Although there were an overall
reduction in Dmax for the aorta, esophagus, and the spinal cord with proton
therapy when compared with photon therapy, Figure 20 (b), (c), and (d), some
patients had a higher risk of receiving a proton dose to these OARs. This risk
is likely dependent on tumor location in relation to the OAR at hand. However,
it should be noted that the 90th percentiles were mostly lower for these dose
metrics for the proton therapy plans compared with the FB photon therapy plan
and that all these values are well below the clinical constraints (Benedict et al.,
2010; Timmerman, 2022).

The limited benefit of the BH treatment planning compared with the FB
treatment planning as observed in Figure 17, 18, 19 and 20 is explained by
the limited respiratory motion in many of the patients used in the studies.
Although some of them demonstrated a very substantial FB motion many had
tumor amplitudes below 10 mm as observed in the 4DCT, paper I. As such
the simulated BH reproducibility tumor shifts derived from the population
based uncertainties reported for advanced lung cancer patients resulted in larger
irradiated volumes for the BH treatment plans compared with the FB treatment
plans. However the target coverage and reduction in dose to OARs were still
demonstrated for the BH proton plans when compared with photon therapy.
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Target coverage and a reduction in dose to the OARs could be guaranteed
with robust optimized proton therapy in either FB or BH when compared with
photon therapy. These results demonstrate both the dosimetric advantages and
the feasibility of proton therapy in the SBRT setting for small lung tumors.
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5. Conclusions

Respiratory motion and other geometrical and radiological uncertainties and
their management are a concern for lung cancer radiotherapy. Evaluating their
impact on the clinical dose is important when comparing different treatment
planning methods and modalities. This is of special importance in proton
therapy as the effects of the uncertainties and any motion of the target are
theoretically of greater dosimetric consequence.

Relying on the same 4DCT for both planning and evaluation is a limitation
of many dosimetric studies since the 4DCT may not accurately represent the
patients breathing during treatment. As reported in paper I, 4DCT underesti-
mated the extent of the tumor motion for all patients in the cohort of 14 patients
used in this thesis. In these studies, additional cine-CT imaging was used to
better capture the true extent of the FB tumor motion and further used to create
sets of evaluation images with two different methods developed in papers I and
III. As part of the BH studies, the reproducibility uncertainty was simulated
with tumor shifts and an image deformation method developed in paper III.

In papers I and II four different treatment planning methods for photon
SBRT were investigated. The results indicated that any of the four methods
give good target coverage. The best target coverage in these studies were
achieved with robust optimization, RB4I and RB4II, while the fluence based
treatment planning, FLUI and FLUII, gave the most consistent intra-patient
results and best dose homogeneity in the target. Further, the fluence based
photon therapy treatment planning had the advantage of being the easiest and
fastest method to practically implement out of all treatment planning methods
investigated in this thesis.

Since PTV based treatment planning for proton is severely limited for small
targets in the lungs robust optimization was further investigated in paper III. A
method for calculating the perturbation settings for robust treatment planning of
photon and proton plans in both FB and in BH was developed and a probabilistic
evaluation method that used additional image deformations was proposed. The
results in papers IV and V demonstrated that the proposed robust treatment
planning method guaranteed target coverage at the desired confidence level.

Both 4D treatment planning, papers I - IV, and the use of BH, papers III and
V, was investigated.

Finally, proton therapy demonstrated a substantial reduction in dose to the
OARs. A reduction that could benefit all patients with lung cancer to be treated
with SBRT.
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6. Future perspectives and prospects

The treatment landscape for lung cancer has changed a lot since the introduction
of SBRT in the 1990s and the treatment landscape for cancer in general has
changed even more since the introduction of proton therapy in the 1950s.

The management of cancer no longer consists of just surgery, radiation
therapy, and broad spectrum chemo therapies. The most important families
of new therapies that have been introduced these past decades are targeted
therapies such as immunotherapies, in the case of NSCLC primarily in the form
of immune checkpoint inhibitors. This is a clear win for the patients as they
in more cases than ever before can expect to be successfully treated and even
cured of their disease than ever before. However it makes the life for clinicians
and researchers that want to give their patients the very best treatments possible
very challenging both when it comes to clinical decisions on which treatments
to give and how clinical studies should be designed as all possible combinations
of treatments are not possible to study in randomized clinical trials.

It is important to recognize that we should not expect any benefits in local
control of the tumor for proton therapy compared with photon therapy. Any
benefits observed will be from the reduced dose to healthy tissues and future
clinical studies must therefore be designed with this in mind. It must further be
recognized that not all patient groups will derive an observable benefit from
this reduction in dose. Patients with local or distant recurrence will have a life
expectancy directly related to the progress of recurring disease and will see no
direct effects of the reduced dose to healthy tissues. However there are several
ways that the reduced dose to healthy tissues with proton therapy could benefit
these patients indirectly in subsequent treatments or in combination with other
forms of treatment.

First of all we must recognize for which patients and how the current SBRT
treatments fail. The most severe form of failure is distant metastases, this
occurs in approximately 10% of the treated patients (Chi et al., 2010; Bradley
et al., 2010; Senthi et al., 2012; Robinson et al., 2013; Tonneau et al., 2023;
Sawayanagi et al., 2022). Distant metastases in general is outside the scope and
purpose of SBRT to treat, however the reduced dose burden of proton therapy
compared with photon therapy could bring benefits that are yet to be seen
when combined with new systemic targeted therapies. One such modulator not
explored in this thesis that has shown early promise is through the reduction
of dose to the immune system which would give proton therapy an advantage
when compared with photon therapy when combining SBRT with targeted
immunotherapy (Zhang et al., 2023; Friedes et al., 2024). This has been
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introduced in the common terminology of radiation therapy by treating the
immune system as its own OAR or by using an immune system surrogate
such as the blood. Combining immunotherapy with radiation therapy has been
demonstrated for advanced lung cancer (Spigel et al., 2022). However, the
complexity and hard to assess driving mechanisms that motivates combination
therapies must be recognized, as must the way studies should be designed and
reported (Daly, 2022; Van Aken et al., 2025; Phillips et al., 2025).

The other form of treatment failure is locoregional failure which is defined
as a recurrence in the irradiated volume. These patients have been shown to be
successfully treated by giving a second course of SBRT in the form of salvage
therapy (Sun et al., 2017; Jang et al., 2025; Dähler et al., 2025). However this
will of course lead to higher dose burden to all OARs compared with a single
course of SBRT. Here there is an obvious benefit of proton therapy as much of
the dose to all mediastinal OARs could be greatly reduced or even completely
removed and a larger lung volume could be spared in the lower dose region,
e.g. at the V5 Gy level (McAvoy et al., 2013).

The incidence of lung cancer in the Swedish population has fallen over the
recent decades, likely because of a reduction in tobacco smoking and as people
with an interest in treating lung cancer we remind ourselves that this is a good
thing. However there has been a slight increase in the incidence in young
women. Further, screening programmes for parts of the population at high
risk are currently under investigation (Cancercentrum, 2025). Both of these
would lead to younger people being diagnosed with their lung cancer while in
early stage and could therefore be of interest to treat with SBRT. Younger and
otherwise healthier people are also more likely to benefit from the long term
benefits of a reduced dose to e.g. the heart and other OARs that proton therapy
would provide as compared with photon therapy.

Due to the increasing precision with which radiation therapy can be delivered
there has recently been an increasing interest in treating groups of patients that
have previously not been treated with radiation therapy due to a heightened risk
of adverse side effects.

One such patient group is those with central lung tumors, as opposed to the
patients with peripheral lung tumors studied in this thesis (K. Lindberg et al.,
2021; S. Lindberg et al., 2023; Yan et al., 2023). These patients have proven to
be very difficult to treat both with radiation therapy and otherwise due to the
location of the tumor being in the immediate neighborhood of the mediastinal
OARs or the bronchus. As no effective treatments exist these patients have a
very poor prognosis. Recently there have been clinical studies on the use of
MR integrated radiation therapy, MR-linac, to treat these patients (Hoffmann
et al., 2022). This special form of integrated imaging and treatment delivery
allows for a great reduction in positioning uncertainty as well as improved
respiratory management. However it is still limited to photon therapy and
although integrated MR imaging and proton therapy exists at a research level
it is still not available at the Skandion clinic in Uppsala. If it ever becomes

45



available as a clinically commercial solution it will be very expensive. However
the dosimetric benefits of proton therapy could still be explored and compared
with MR-linac for the central and ultra central lung tumor patient groups and
the potential dosimetric benefits and downsides weighted for each modality.

Another patient group is those with oligometastatic disease that may or may
not be from a primary lung tumor. In this setting SBRT is used as a middle
ground of local and systemic therapy to treat several targets as part of one
treatment course (Guckenberger et al., 2020; Kroeze et al., 2023; Tsai et al.,
2024). Depending on the location of these metastases the dosimetric benefits
of using proton therapy over photon therapy could be further enhanced by use
of beam directions.

Proton therapy can be beneficial for all these newer and expanded patient
groups as well as for the current patients treated with SBRT. The benefit for all
these future patients will only ever be provided if we first dare to take the first
steps in adopting proton therapy for SBRT. This thesis has demonstrated that
we can proceed with confidence when using proton therapy even for SBRT of
small lung tumors that are subjected to respiratory motion and other treatment
related uncertainties as they can indeed be managed.
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7. Sammanfattning på Svenska

Lung cancer är den globalt sett vanligaste orsaken till cancer-relaterad död
och i Sverige så diagnostiseras 4500 nya fall per år. Prognosen för de flesta
patienter är dålig men för de som diagnostiseras i tidigt stadie med en liten,
väl avgränsad, lung cancer utan metastaser kan kurativ behandling med stereo-
taktisk precisionsstrålbehandling ge mycket god lokal kontroll av tumören.
Precisionsstrålbehandling utmärks av de höga stråldoserna som ges vid ett fåtal,
oftast tre till fem, behandlingstilfällen. Idag ges dessa behandlingar med högen-
ergetisk Röntgenstrålning. Skulle dessa behandlingar istället kunna ges med
protonstrålning så skulle de teoretiska dosimetriska fördelarna av bestrålning
med laddade partiklar kunna nyttjas till att drastiskt reducera dosbördan på frisk
vävnad. De första protonstrålbehandlingarna av cancer gjordes på 1950-talet
i Uppsala. Sedan 2015 är modern protonstrålbehandling tillgängligt på Skan-
dionkliniken i Uppsala men hittills har inga behandlingar av patienter med lung
cancer och inga precisionsstrålbehandlingar utförts vilket denna avhandling
adresserar.

När man behandlar lungtumörer är hanteringen av andningsrörelsen my-
cket viktig och flera olika tillvägagångssätt har utvecklats och implementerats
kliniskt. I det här projektet har olika dosplaneringsmetoder för precisionsstrål-
behandling som tar hänsyn till andningsrörelse utvärderats och jämförts. Vidare
har metoder för dosplanering och utvärdering för precisionsstrålbehandling
med protoner utvecklats. Särskilda bildtagningar med datortomografi och simu-
leringsstrategier användes för att undersöka de olika dosplaneringsmetoderna.
Både behandlingar i friandning och under andningsuppehåll undersöktes.

Resultaten visar att robustplanerade behandlingar för den här patientgruppen
ger en garanterad dos i tumören för både foton och protonbestrålning i både
friandning och med andningsuppehåll. Vidare visar resultaten att strålbehan-
dling med protoner skulle ge en stor minskning i bestrålning av frisk vävnad
runt tumörområdet. Detta skulle ge dessa patienter en mer skonsam behan-
dling om de behandlades med protonstrålbehandling så som denna avhandling
förespråkar.
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