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RESUM DE LA TESIS EN CATALA

Optimitzaci6 del tractament de radioterapia estereotactica fraccionada extracraneal

en noduls pulmonars malignes que presenten opacitats en vidre esmerilat

INTRODUCCIO

El cancer de pulmo és el més comu i letal a nivell mundial. Els pacients amb cancer de pulmé de
cel'lula no petita en estadis inicials i no operables es tracten amb radioterapia d'alta precisio,
coneguda com radioterapia estereotactica ablativa extracraneal (SABR, per les seves sigles en
angles). Un petit percentatge dels tumors tractats amb SABR presenten opacitats en vidre
esmerilat (GGO, per les seves sigles en angles). Aquest tractament té dos problemes principals.
Primer, els algoritmes de calcul utilitzats clinicament tendeixen a ser inexactes per a SABR de
GGO, fet que pot comportar una irradiacidé excessiva dels teixits sans. Segon, les GGOs es
tracten englobant tot el volum sospitds (que inclou la part solida i la component GGO), tot i que
tendeixen a ser multifocals 1 presenten una evolucié amb millor pronostic que les lesions solides.
A més, s'espera un augment del nombre de pacients amb tumors GGO gracies als programes de

cribratge, per la qual cosa és important optimitzar el tractament de SABR per a aquests noduls.

HIPOTESIS

Amb la metodologia actual, els tractaments de SABR de GGO presenten un excel-lent control
local a expenses d'una irradiacié excessiva als teixits sans. Utilitzant un calcul de dosis correcte i
adaptant I'administracié del tractament als casos amb GGO, podrem reduir la toxicitat del

tractament, mantenint el control local.

OBJECTIUS

En una primera part s’ha avaluat la toxicitat observada amb els objectius de:

e Analitzar i quantificar els canvis en el parenquima pulmonar després del tractament de

radioterapia estereotactica fraccionada extracraneal.

e Correlacionar la toxicitat pulmonar de grau 1 amb la dosi administrada al pacient.

En una segona part, s’ha optimitzat aquest tractament, per a lesions amb component de vidre

esmerilat amb els sub-objectius de:
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e Avaluar l'exactitud dels algoritmes de calcul de dosi clinica en noduls pulmonars en

presencia d'opacitats en vidre esmerilat.

e Definir un enfocament per optimitzar els tractaments pulmonars estereotactics per a
lesions amb component d'opacitats en vidre esmerilat que mantingui el control local

esperat mentre es redueix el risc de toxicitat associada.

METODES

El primer pas ha estat analitzar retrospectivament la toxicitat radiologica observada en els
pacients tractats a 'Hospital Clinic Barcelona entre 2017 1 2021, amb un total de 102 pacients i
118 lesions. Hem correlacionat aquesta toxicitat amb la dosi calculada amb els sistemes de
planificacié utilitzats clinicament 8Eclipse, Varian). Per a fer-ho, hem definit uns criteris per
valorar la toxicitat radiologica a partir de les imatges de tomografia axial computeritzada (CT) de

seguiment dels pacients, correlacionant aquesta toxicitat amb la dosi rebuda.

Paral-lelament, hem avaluat les incerteses del calcul dosimétric en diferents sistemes de
planificacié emprats en la practica clinica per a diferents graus de GGO, tant en casos reals de
pacients com en un maniqui antropomorfic. Hem correlacionat aquestes diferéncies amb la
quantitat de GGO present en la lesié per als diferents casos. Referent als algoritmes de calcul
s’ha utilitzat un algoritme tipus B (AAA, Eclipse) 1 s’ha comparat amb un algoritme tipus C, que

resol la equaci6 de transport lineal de Boltzman (Accuros, Eclipse).

Finalment, hem recalculat el pla de tractament utilitzant els dos models de calcul de dosis
disponibles, tant per a l'aproximacié original, consistent en donar un sol nivell de dosi a tota la
lesi6, com utilitzant dos nivells de dosis diferents segons si la zona tractada correspon a la part
solida de la lesié o a la part amb component GGO. En la seleccié d'aquests dos nivells de dosi,
s'ha escollit com a llindar inferior la dosis biologica efectiva de 100 GyBED,, ja que és el valor
aconsellat a la literatura per aconseguir un control local acceptable per a aquest tipus de lesions.
Aquest nivell de dosis s’ha donat a la component GGO de la lesio mentre que la prescripcio a la
part solida de la lesi6 s'ha mantingut igual que en el tractament original. Hem analitzat les

diferéncies pel que fa a dosi al pulmé 1 robustesa de les dues aproximacions al tractament.
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RESULTATS PRINCIPALS

Hem trobat una correlacié entre el volum de pulmé que rep dosis biologiques efectives superiors
a 300 GyBED, amb l'aparici6 i magnitud de les toxicitats radiologiques observades. També s'ha
observat que els canvis en el parénquima pulmonar tendeixen a mantenir-se o empitjorar en

aquells casos on el volum amb D>300 GyBED, és superior a 20 cm?.

En la segona part de I'estudi, s'ha trobat una correlacié positiva entre la presencia de GGO i els
errors de calcul de la dosi en el cas dels calculs sobre maniqui. Aquestes diferéncies disminueixen
en pacients, especialment en presencia de moviment respiratori. Quan es planteja un tractament
aplicant una desescalada de dosis a la zona de GGO, s'aconsegueixen reduccions significatives en
la dosi mitjana al pulmé, V20 i V300GyBED,. Finalment, també s'ha observat que, optimitzant
utilitzant dosis més baixes a la zona de GGO, s'aconsegueixen patrons de fluéncia més estables,

augmentant la robustesa del tractament.

CONCLUSIONS

Dels resultats d'aquesta tesi, s’obsetva una correlacié clara entre les dosis biologiques efectives
superiors a 300 Gy i els canvis radiologics tant a curt com a llarg termini. Si es confirma en una
cohort independent de pacients, aquestes troballes podrien conduir a les primeres restriccions de
dosi de radioterapia per a la toxicitat pulmonar de grau 1. Aquest estudi posa les bases per a la
desescalada de dosis en el tractament SABR de lesions pulmonars amb GGO, cosa que podria
conduir a un control local equivalent mentre es redueixen les toxicitats associades. Aquestes

troballes estableixen els fonaments per a futurs assaigs clinic.

PARAULES CLAU

Radioterapia estereotactica ablativa , cancer de pulmo, opacitats en vidre esmerilat , toxicitat

pulmonar, desescalada de dosi.
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INTRODUCTION

1. Principles of radiotherapy

Radiotherapy is a treatment modality that uses ionizing radiation to achieve a therapeutic
effect, and it is primarily used in cancer treatment.' In oncology, radiotherapy is one of the three
main treatment modalities along with surgery and systemic treatment.” It can play a role in
different phases of the disease, such as radical treatment with curative intent (either exclusive or
concomitant with other treatments), adjuvant or neoadjuvant to surgery (associated or not with
systemic treatment) or palliative treatment to improve symptom control and quality of life.”” It is
estimated that nowadays, about 50% of cancer patients will benefit from radiotherapy at some

point during their course of treatment."

1.1 Mechanism of action

The fundamental process of radiotherapy is based on the interactions between particles and
molecules. These interactions cause ionization and/or excitation of the molecules, resulting in
damage to the deoxyribonucleic acid (DNA) of cancer cells. This damage can ultimately lead to

the death of targeted cells or their inability to further multiply.®

Radiation is the process by energy is deposited in the medium by electromagnetic waves or
subatomic particles. When this radiation carries enough energy to ionize the medium it passes
through it is classified as ionizing radiation. Ionizing radiation can originate from naturally
radioactive substances, which emit it spontaneously, or from artificial sources such as X-ray
generators and particle accelerators. The effect of these interaction can be broadly divided into

(Figure 1)’

e Direct effect: Ionizing radiation directly interacts with atoms and molecules within cells.
This interaction can involve several processes, including the photoelectric effect,
Compton scattering, and pair production. These events result in immediate structural
damage, such as breaks in the DNA chain or alterations in the nitrogenous bases,
potentially leading to mutations or cell death.

e Indirect Action: A significant portion of the damage caused by ionizing radiation is
mediated through the production of free radicals. These reactive oxygen species can

16



affect DNA integrity, leading to a variety of lesions, including single-strand breaks,
double-strand breaks, damage to nitrogenous bases, and crosslinking between DNA and
proteins. These complex processes, are particularly challenging for cellular repair
mechanisms, increasing the risk of errors during repair or apoptosis, ultimately

contributing to carcinogenesis or cell death.

.
o/

Figurel. Schematic representation of radiation-induced DINA damage. Adapted from Frontiers in Pharmacology.
August 2019.°

The extent of the damage inflicted to the cell varies depending on how well its mechanisms of
repair work. If the repair is successful, the cell resumes its normal functions. However, if the
repair is incomplete or flawed, it may lead to mutations or chromosomal abnormalities, which
could either make the cell sustainable or not. Viable mutations often result in cell survival but
can cause aging, early differentiation, mutations, or cancer development. Conversely, non-viable

mutations lead to cell death through apoptosis or necrosis.’

After radiotherapy, tissue repair involves a complex series of processes aimed at restoring
damaged tissues. There are two main phases after radiation damage takes place. First, acute
repair phase begins almost immediately after exposure to radiation. This phase is characterized
by an inflimmatory response triggered by cellular damage. Inflaimmatory cells, including

neutrophils and macrophages, are activated to remove damaged cells and debris."

This process
involves the release of cytokines and growth factors that further recruit and activate additional

immune cells to the site of damage.'' During this phase, vascular damage can occur, leading to
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impaired blood supply and hypoxia in the affected tissues. This vascular damage is a key factor

that influences the subsequent stages of tissue repztir.12

Secondly, the long-term repair phase starts. The repair process often involves fibrosis, where
excess collagen deposition leads to scarring and can alter the tissue's normal function.” Over
time, the balance between collagen deposition and its degradation determines the quality of the
tissue repair.'” Additionally, angiogenesis, the formation of new blood vessels, is critical for
restoring blood supply to the repaired tissue and supporting ongoing repair and regeneration
processes.” This long-term phase can extend over months or years, depending on the extent of

damage and the tissue's ability to recover."?

1.2 Absorbed dose

The unit to quantify the amount of radiation delivered to a patient is the absorbed dose (D). It

is defined as the energy imparted (¢) by the particles in a volume (V) of mass (m) as:
D=¢/m (1

The unit of absorbed dose is the gray (Gy), which corresponds to one Joule per kilogram.'
As it comes from its definition, this unit does not consider any characteristics related to the
biological effects of the energy deposited, neither biological consideration regarding the
irradiated volume. Although the definition of absorbed dose provides information about the
degree of interaction between the particles and the target, it lacks any information to evaluate the

clinical impact of the dose.

1.3 Biological effects

There are several biological factors that play a role in the biological effect of dose.

1.3.1 Cell ¢ycle

The cell cycle consists of several phases, each phase has different characteristics in terms of

cellular activities and sensitivity to radiation(Figure 2):’

e Gap 1 Phase: Cells grow and prepare for DNA synthesis. Sensitivity to radiation is

relatively low during this phase.
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e  Synthesis Phase: DNA is replicated. Cells in this phase are more resistant to radiation

because the process of DNA replication can help repair radiation-induced damage.

e  Gap 2 Phase: Cells prepare for mitosis. This phase is more sensitive to radiation because
cells are checking and repairing DNA before division.

e  Mitosis Phase: Cells divide into two daughter cells. This phase is highly sensitive to

radiation because the DNA is condensed and vulnerable.

G_Jphasex
(resting)
y G1

i

Figure 2. Schematic representation of the cell cycle. With the five phases of cell replication represented as follows:
GO phase: the normal resting state, G1 phase: RINA and proteins are produced in preparation for cell division, S
phase: DNA is produced in preparation for cell division, G2 phase: cell structurally prepares to divide, M phase:

mitosis occurs as the cell splits in half to form two identical cells. Adapted from National Cancer Institute,
SEER training module. Adapted from Randy et al.”

Tumor cells often proliferate rapidly and have shorter cell cycle durations, increasing the
probability of being in the gap 2 and mitosis phases, where they are most sensitive to radiation.

This makes radiotherapy particularly effective against rapidly dividing tumor cells.'
1.3.2 Repair mechanisms

Healthy cells possess several mechanisms to repair DNA damage caused by radiation. Some
of the mechanisms, such as base excision repair, only repair small lesions while other

mechanisms can repair double-strand break damage via homologous recombination.
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Tumor cells often have defective repair mechanisms due to mutations, making them less
capable of repairing radiation-induced damage compared to healthy cells. This inefficiency in

repair contributes to the higher sensibility of tumor cells to radiotherapy.’
1.3.3 Vascularization and oxigenation

Vascularization refers to the formation of blood vessels within a tumor. Adequate blood
supply is essential for delivering oxygen and nutrients. Well-vascularized tumors have a rich
blood supply, ensuring high oxygen levels. This oxygen presence makes the tumor cells more
susceptible to radiation, as oxygen enhances the damaging effects of radiation on DNA.
Conversely, poortly vascularized tumors suffer from hypoxia (low oxygen levels), which can
reduce the effectiveness of radiotherapy. Hypoxic cells are more resistant to radiation because
oxygen acts as a potent radiosensitizer, stabilizing radiation-induced DNA damage and

preventing effective repair.’
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1.3.4 Therapeutic implications

All this means that, in general, the effects of ionizing radiation are more severe in tumor cells
than in healthy cells, as they have a higher rate of proliferation, low differentiation, are more
likely to be in the mitotic phase and have altered repair mechanisms. This differential effect on
tumor cells enables a therapeutic window (Figure 3) of radiation dose where the elimination of
cancer cells is greater than the loss of healthy cells, and the risk-benefit ratio of the treatment is
favourable. In all cases, the objective is to maximize the probability of tumor control (TCP) and
minimize the risk of complications in healthy tissue (NTCP). This balance can be optimized
through the prescription dose and its fractionation, and with various factors that allow moditying

and widening the difference between TCP and NTCP."

100 > i 108 : ~

Figure 3. Normal tissue complication probability and tumor control probability as a function of dose. In the image
on the left one can see a narrow therapeutic window, with a notable increase in NTCP in the area where TCP is
high. Conversely, on the right, one can see how the decrease in NTCP leads to a wider therapeutic window.
Adapted from El Naga et al.”

1.4 Linear-quadratic model, fractionation and biological effective dose

One of the tools to balance TCP and NTCP is the use of fractionation for the dose delivery.
During the last twenty years, several models have been defined to take fractionation effect into
consideration."”” The most accepted approach, which has become the standard method of
calculation in radiotherapy departments, parts from the linear-quadratic (LQ) model. In this

model it is assumed that the effect (E) of a single radiation dose (d) is given by” :
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E =x d + Bd? 2)

This linear-quadratic equation is considered to derive from a cell-survival relationship of the

form
§ = e(-ad-pa?) 3)

Where S is the surviving fraction. When we deliver a certain amount of total dose (D, where

D=nd) in a determined number of fractions (n)

ofies)

Fowler” suggested the term E/u« to be called the Biological Effective Dose (BED), which is a

measure of the effect, in dose units, for a given biological tissue.

With the BED definition in mind, the rationale underlying the fractionation can be stated as
follows. Normal tissues and tumours respond differently to a change in dose fractionation, and
they can be described in terms of a single parameter: the o/f ratio.”””' Late-responding normal
tissues show greater changes in sensitivity in response to a change in dose per fraction than early
responding tissues, and this is consistent with a higher a/f ratio (Figure 4). The sutvival cutves
for target cells and late-responding normal tissues have systematic differences. Fowler™”
expressed the view that because the uncertainties in o/ ratios are considerable and because the
values for some tissues have not been shown to be different from those of others, for the time

being, it is logical to assume standard values for o/B of 3 and 10 Gy for most early-responding

and late-responding tissues, respectively.

1.5 Overall treatment time

A typical radiotherapy course lasting 57 weeks allows significant cell growth in both the
tumor and healthy tissues. Early reactions occur in rapidly proliferating normal tissues, which can
usually withstand radiation due to their ability to quickly repopulate over several weeks.
However, if the treatment duration is reduced, there's less time for this repopulation, leading to
more intense early reactions.” Late reactions, on the other hand, involve cells that grow slowly, so

changes in the overall treatment time do not impact them as much as early reactions’.
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Figure 4. Effect of dose fractionation on cell survival fraction applying the linear quadratic model. Each
fractionated dose represents a shoulder at the beginning of a single dose. We can see that the survival fraction
increases for the same total dose because of fractionation, reaching a limit slope, at the value ad, where d is the dose

per fraction. Adapted from Principles and Practice of Radiation Oncology.”

Tumor cell repopulation rates can vary greatly. Despite the slow growth of most human
tumors (with carcinoma volume doubling typically every three months), tumors can grow faster
within a 5-7-week period. Damage and shrinkage in a tumor often trigger a rapid increase in
repopulation, with doubling times sometimes less than a week.” Therefore, the overall treatment
duration is crucial for tumor response. Delaying treatment by a week could significantly lower
the chances of controlling the tumor. Conversely, shortening the treatment time, without
reducing the total dose, might enhance local control chances.” The existence of a lag period
before repopulation starts, both in early-responding tissues and tumors, usually around 2-3
weeks must also be considered. This is particularly relevant for very short treatment courses.”
Taking into consideration both lag time and repopulation, longer treatment times require higher
total doses to be effective, with a calculated loss of 0.6 Gy per day due to repopulation (meaning

a 2 Gy per session should be considered to have a biological effect of 1.4 Gy).”
1.6 Fractionation schemes

The most direct reason why fractionation is routinely used in clinical radiotherapy is that it
was empirically established. The early radiation oncologists began using single-dose treatments,
but they soon realised that giving daily doses over a period of weeks also resulted in good
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tumour control with less severe side effects. In retrospect, this must have occurred because the
normal-tissue reactions that limit radiation therapy have a greater recovery or repair capacity than
most tumors.” By the 1980s and 1990s, a consensus emerged that a daily dose of around 2 Gy
was an optimal balance. This dose was found to be effective in controlling tumor growth while
allowing healthy tissue to repair and tolerate the treatment. Over the years, the standard of 2 Gy
per fraction has been defined as the standard in many radiotherapy protocols and it is referred to

as normofractionation.

Some treatments, however, have proven to benefit from the use of a reduced number of
fractions, or a larger dose per fraction. These schemes are referred to as hypofractionated
schemes. A clear example of prioritizing larger fraction sizes against higher number of fractions
is palliative radiotherapy where factors of cost and convenience may predominate over
radiobiological principles.”*” However, the use of large fraction sizes is on the increase,
especially in stereotactive ablative radiotherapy (SABR) regimes. In these cases, a small target is
treated with a high dose per fraction (larger than 6 Gy), delivering doses that are high enough to
overcome the repair mechanisms of cancer cells, leading to increased cell death, thus high local
control (LC) rates. This approach, where the whole treatment is usually delivered in one to eight
fractions, also prevents or limits tumor repopulation from occurring during treatment. This
strategy has been found effective in certain types of cancers, like lung cancer, where the treated
volume is relatively small, and the risk of damage to surrounding tissues can be minimized.
Numerous clinical studies have demonstrated the efficacy of SABR in various cancers, showing
high rates of local control, especially in early-stage cancers.”’ This work will be focused precisely

on this context, where high doses per fraction are given over a short overall treatment time.”

1.7 Adverse effects and CTCAE scale

We define the incidence of side effects as the probability of a certain adverse effect occurring.
Just as the probability of LC increases with absorbed dose, so does the risk of adverse effects
(Figure 3). Two types of effects are considered in terms of when they appear: early and late. For
the latter, the follow-up time is also necessarily very long, while for early effects, a few weeks of

observation, during and after radiotherapy, are enough to fully understand their incidence.”** In
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general, it can be said that the o/ value for the chronic response of healthy tissues is lower than

for tumors and ranges between 1 and 6.

Thus, when we face the decision to administer certain dose levels to healthy tissue we define a
range of accepted probability of harm as our tolerance level, since specific knowledge of a
concrete adverse event for a specific patient is, for now, inaccessible. We say that tolerance refers
to the probability of limit complications above which the treatment is not acceptable for a
patient. For example, it is generally accepted that the tolerance for the maximum dose to the
spinal cord is 50 Gy (given in a normofractionated scheme)™ Which, in reality, means: if we
irradiate the spinal cord of 2 Gy per fraction for 5 days a week up to 50 Gy, it is expected that in
5 out of every 100 of them, severe and irreversible neurological effects will occur in the long
term; and this 5% seems in general, an acceptable risk compromise. To define these tolerance
levels, it is necessary, first, to systematically register adverse effects related to the radiotherapy

treatment.

The Common Terminology Criteria for Adverse Events (CTCAE)” is a descriptive
terminology which can be utilized for Adverse Event (AE) reporting. A grading scale, accounting
for the severity of the effect, is provided for each AE, defined as any unfavourable and

unintended sign, symptom, or disease temporally associated with the use of a procedure.

Grade refers to the severity of the AE. The CTCAE displays grades 1 through 5 with specific

clinical descriptions of severity for each AE based on this general guideline:

e Grade 1 (Mild): asymptomatic or mild symptoms which can be found by clinical or
diagnostic observations only. For this AE intervention is not indicated.

e  Grade 2 (Moderate): minimal, local or non-invasive intervention is indicated. Limiting
age-appropriate instrumental activities of daily living (ADL). Where instrumental ADL
refers to basic day to day activities such as preparing meals, shopping for groceries or
clothes or using the telephone.

e Grade 3 (Severe or medically significant but not immediately life-threatening):
hospitalization or prolongation of hospitalization is indicated. It is disabling and limits
self-care ADL. Where self-care ADL refers to basic self-care activities such as bathing,
dressing and undressing, self-feeding, using the toilet or taking medications.

e  Grade 4 (Life-threatening consequences): Urgent intervention is indicated.

e  Grade 5: for cases of death related to the AE.
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Thus, when designing a radiotherapy treatment, it is not only relevant to seek the best LC
rates, but also to minimize the risk of AE and their grade. In this thesis we will focus on
optimizing SABR radiotherapy treatments with a focus on grade 1 toxicities on the lung while

maintaining BED levels to ensure high LC rates.

2. Radiotherapy process

Radiotherapy treatment is a complex process (Figure 5) that needs to be adapted to the
characteristics of each patient. This requires dividing the process into different phases from the

decision to treat to the administration of the treatment.

After the diagnosis of the disease and its extent (achieved with a wide range of tests including
biopsies, analyses and several and imaging techniques) the case is assessed, and the therapeutic
approach is agreed upon, considering all available options. This is usually done by a
multidisciplinary team including experts in various medical specialities. If treatment with ionizing
radiation is decided, the radiotherapy process (which includes computed tomography (CT)
simulation, target definition, dose prescription, treatment planning, treatment delivery and

follow-up) starts.

Heutthmeer; o
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1. Simulation CT Scan 2. Contouring 3. Treatment Planning

4. Plan verification 5. Patient positioning verification 6. Treatment delivery

Figure 5. Main steps of the radiotherapy process from the Simulation CT scan to the treatment delivery. Original

Figure from the doctoral student.
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2.1 Radiotherapy types

The different types of radiotherapy are categorized by how radiation is delivered to the target

area. We divide radiotherapy in two big groups:

e  [Dxternal radiotherapy. The radiation is produced outside the patient and directed

towards the tumot.

e  Brachytharpy. The radiation is emitted from inside the patient, in contact with or very
close to the tumor. The radiation should be minimally penetrating to treat the area near

the emission and irradiate the surrounding healthy tissues as little as possible.

This thesis focuses on external radiotherapy, which is the most widespread treatment

modality.”

2.2 Simulation process

Once external radiotherapy is decided as the treatment approach, images of the patient are
acquired for treatment planning (Figure 5). The images must provide information about the
shape, location, and movement of the tumor and the organs at risk (OAR) surrounding it. This
image must also allow the characterization of the materials that the radiation will encounter to
calculate the distribution of absorbed dose.” Furthermore, images must be acquired in the
position in which the patient will be treated so that the subsequent planning is as representative
as possible of the treatment situation. To achieve this a series of immobilization devices are used

such as wing boards or arm supports, abdominal compression devices or vacuum bags.

CT images are usually used as they are obtained with ionizing radiation and represent a map
of its attenuation in the patient, which allows establishing more easily the relationship between
the grey level and the composition parameters necessary for dose calculations. This grey level is
determined by the linear coefficient of attenuation of the material contained in that voxel.When
breathing induced organ movement is present the most common imaging technique is the use of
a four-dimensional CT (4DCT). A 4DCT is an advanced imaging technique that captures a series
of CT images over different phases of a patient's breathing cycle. This method integrates the
clement of time (the fourth dimension) with the traditional three spatial dimensions in CT
imaging, allowing for a dynamic representation of the tumor and surrounding anatomy as they

move during breathing.™
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In some cases, supplementary images such as positron emission tomography or magnetic

resonance can be used to accurately define the tumor or the surrounding OAR.

Finally, it is necessary to link the spatial coordinates of the patient with those of the
accelerator so that the treatment is administered where it should be. The most common way is to
use external marks or tattoos indicating the coordinate axes, although there are also other

systems that use infrared marks or the three-dimensional surface of the patient."

2.3 Target delineation

Once the images are acquired, the radiation oncologist delineates the treatment volumes and
OAR. This can be done manually by contouring slice by slice or with the help of automatic

segmentation tools.™

Regarding target volumes, the consensus of the International Commission on Radiation Units
(ICRU) establishes three main types of volume to contour.” The first is the gross tumor volume
(GTV), which corresponds to the macroscopic tumor. The second is the clinical target volume
(CTV), corresponding to the volume where subclinical disease may be present. If there is
macroscopic tumor present, the CTV encompasses the GTV to consider the possible spread of
tumor cells. Therefore, the clinical goal is to irradiate the CTV with the prescribed dose in all
treatment sessions. To guarantee this, all geometrical uncertainties of the process must be
considered: variability of volumes depending on who delineates them, variations in patient
positioning between planning and different treatment sessions, etc. In this context, the third
volume, the planning target volume (PTV), is defined, encompassing these uncertainties in an
additional margin applied to the CTV. In this way, if planning is done on the PTV, it ensures that

the CTV will receive the prescribed treatment (Figure 0).
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Figure 6. Volume definition according to ICRU guidelines. GT'V represents the visible tumor (when present).
From there, several margins are accounted for depending on the characteristics of the tumor and the proximity to
organs at risk. The arrow represents the influence or the OAR on the delineation of the PTV . Adapted from
ICRU Report 83.”

In cases where motion of the target volume is expected to happen during treatment, the use
of an internal target volume (ITV) is recommended. This volume can be defined in several ways.
One example is adquiring the simulation CT scan in two extreme situations (i.e. full bladder and
empty bladder) and considering that the motion expected during the treatment will fall within the

limits established between the two extreme cases.

The generation of the ITV using a 4DCT is a critical process in radiotherapy planning,
especially for tumors that are affected by respiratory motion. With the use of the 4DCT
information the GTV/CTV position can be defined in all phases of the breathing cycle, and they
can be accumulated to generate the corresponding I'TV. This ITV is frequently generated in the
average reconstruction of the 4DCT (Figure 7), which is then used for dose calculation. In this
reconstruction, the multiple phases of the 4DCT scan, are averaged to create a single, composite
image. This averaged image is a more representative depiction of the tumor and surrounding
anatomy over the entire respiratory cycle. The rationale behind using the average reconstruction
for dose calculation lies in its ability to provide a more stable and consistent representation of the

target volume and adjacent normal tissues.
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(2) (b) (c) (d)
Figure 7. Different approaches for the generation of the ITV volume, to account for breathing morion during the
treatment's delivery. (a) ITV encompassing all the phases of a 4DCT scan. (b) Maxcimum intensity projection
approach (c) Gating on the most stable phases of the breathing cycle (d) Average reconstruction of the 4DCT.
Adapted from Shuxn.”

There are several strategies to compensate for breathing tumor motion:

e ITV approach: accounts for tumor motion due to breathing by expanding the target area
to encompass the entire range of tumor movement. Instead of delivering radiation to a
fixed position, ITV considers both the tumor's average position and its potential
displacement during respiration.

e Gating: This method involves synchronizing the radiation beam with the patient's
breathing cycle, delivering radiation only during specific phases of respiration (for
example, the exhalation phase). By monitoring the respiratory signals through external
markers or internal fiducials, the radiation can be precisely timed to target the tumor when
it is in a predefined position.

e Tracking: Tracking involves the real-time monitoring of tumor movement and adjusting
the radiation beam accordingly during treatment. Unlike gating, which delivers radiation at
specific times, tracking continuously follows the tumor motion, allowing for dynamic
adaptation of the beam.

e Active breath control strategies (such as deep inspiration breath hold): is a pool of
techniques where patients are instructed to voluntarily control their breathing, for
example, taking a deep breath and holding it during radiation delivery. This approach
needs the capacity of the patient to actively collaborate and usually focuses in using the

breath hold either to push nearby OAR away or to achieve a very stable respiratory phase.

Although gating or tracking approaches permit smaller target volumes, they come at the cost
of an increased treatment time and complexity. Active breath control strategies are only possible
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for very fit or previously trained patients, capable of holding their breathing for prolonged
periods of time. These factors make the I'TV approach the most widespread breathing motion
compensation technique, specially in the lung and for upper lobe tumors, as the movement for
these cases tends to be smaller. In this work the analyzed patients have been treated using this
approach but, nevertheless, as gating and tracking techniques are becoming more frequent, they

have also been considered in this work.

2.4 Treatment planning

Once the PTV and the OAR are defined and the dose is prescribed, dosimetry technicians
and medical physicists design the treatment plan using a treatment planning system (TPS). The
TPS is a computer program that has access to the simulation CT images and the delineated
volumes. The TPS also contains the necessary data to characterize the accelerator that will
perform the treatment and incorporates dose calculation algorithms where the radiation beams
to be used have been modelled.” The program allows the creation of a radiotherapy plan which
contains the configuration of the beams as needed to deliver an optimal treatment and an

estimate of the absorbed dose distribution in the patient.

Different particles, techniques and optimization strategies can be used to deliver a
radiotherapy treatment. In this thesis we will mainly focus on the delivery of radiotherapy using
high energy photons with volumetric modulated arc therapy (VMAT) technique and inverse

optimization process, all described in the following points.

2.4.1 Particles and energy used

The types of radiation used in radiotherapy are diverse. The most widespread ones are
photons, electrons, and protons. Fach of these particles has specific characteristics regarding
how the dose is distributed in space as they penetrate the patient (Figure 8), and this
characteristic shape allows them to be used in different scenarios.” In general, changing the
energy alters the penetration depth of the beam but does not modify the characteristic shape of

the dose distribution in the other directions.

e [Flectrons concentrate the dose near the entry point, and they have a specific maximum
range, which depends on their energy. They are mainly used in superficial treatments

close to the skin.*”
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Low energy photons (kV) distribute the dose along their entire path, with the maximum

in the entrance point and then decreasing smoothly. Photons of lower energies are
mainly used to treat superficial lesions.*

High energy photons (MV) also distribute the dose along their entire path, but the dose
reaches its maximum a few centimetres after entering the patient and then decreases
smoothly as the beam loses energy. Increasing the energy increases the distance to the
maximum dose and slows the subsequent dose drop. This dose distribution allows

treating tumors at a wide range of depths while sparing the skin.”

e Protons concentrate the dose deposition at a specific depth that depends on their energy

and the material of the medium. Below this depth the dose deposition drops suddenly
and can be considered negligible. The dose is lower and smoothly increases before
reaching this point. By modulating the energy of the beam, the treatment of deep
tumours reducing entrance and exit doses is achieved, but this dose distribution is less
robust against anatomical or density changes." Their use is more limited because the

treatment units and dedicated centres are considerably more costly, although the number

of facilities and indications is expanding.
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Figure 8. Depth dose distribution in water for high (M1”) and low (E1/) energy photons, electrons and protons.

All the depth dose profiles are normalized at their dose maxinum. Original figure from the doctoral student.

Other particles, such as carbon ions, are also being used; however, their use remains limited to

a small number of facilities worldwide and is primarily restricted to clinical trials.
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2.4.2 Delivery technique

Treatment techniques are conditioned by the characteristics of the dose distribution. For MV
photons, the dose is distributed from the entry to the exit of the patient as shown in the previous
section (Figure 8), with higher values near the entry that gradually decrease until the exit.
Consequently, doses can be significant before reaching the tumor, at the tumor itself, and in the
tissues behind it.* The solution to improve the conformation of the dose to the target volume
and reduce it in the rest of the tissues involves adding beams with other incidences that avoid
ovetlaps and/or the most sensitive organs. In this way, all the beams contribute to accumulating
damage to the tumor while distributing the dose to the healthy tissues and reducing the risk of

side effects.

The number of beams and their configuration can be made following different considerations,

giving rise to different treatment techniques (Figure 9).

e  Three-Dimensional Conformal Radiotherapy (3DCRT): beams with static incidences are
used. The intensity of the beam is not modulated using secondary collimator mechanisms

and is usually flat or has a wedge shape.*

e Intensity-Modulated Radiotherapy (IMRT) is refinement of 3DCRT in which different
levels of radiation intensity can be defined in different parts of the beam. This can be
achieved using the terciary collimator system either with discrete steps (step & shoot) or
continuously (sliding window). This modulation of intensity allows for better

conformation of the dose to the target volume.”

e  Volumetric Modulated Arc Therapy in which the number of beams and incidences

increases to have a continuous arc of irradiation around the patient. Several arcs can be
used in the same plans, providing more degrees of freedom. VMAT further conforms to
the target volume while usually achieving a reduction in treatment time compared to
IMRT." A simpler approach to VMAT is called dynamic conformal arc (DCA) where
the radiation is also delivered using arcs, but there is no active modulation from the
terciary collimation system and its only function is to follow the outline of the PTV for

each projection.
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The selection of a radiotherapy delivery technique is dependent upon several of factors
including the prescribed dose, the complexity of the case, equipment availability, and specific

patient needs.

Figure 9. Dose distribution of the same plan using 3DCKT (a), IMRT(b), DCA(c) and 1"MAT(d)
techniques. As can be seen conformity of the 50% isodose line (dark blue) improves with the complexity of the

delivery technique. The Blue contour represents the volume 2cm away from the edge of the PT'V (in red). The

orange volume is the Chest Wall contour. Original figure from the doctoral student.

2.4.3 Treatment plan optimization

The purpose of the optimization process is to obtain the best possible treatment plan. The
focus is on achieving the best dose distribution to treat the PTV while maintaining doses to
OAR as low as possible. It is usually an iterative trial-and-error process where the variables are

adjusted until the optimal solution is found and the objectives and restrictions are met.

The various parameters that need to be fine-tuned include the quantity and incident angles of
the beams, their energies, shapes, varying intensity levels at specific points, relative contributions
of each field (weights), dose rates, and, if relevant, the speeds of rotation. Diverse combinations
of these factors are possible, and these approaches are generally categorized into two main

groups: direct planning and inverse planning.”’

Direct planning is a manual process where the person performing the planning configures the
plan, calculates it, and evaluates the degree of compliance with the objectives and restrictions. If

the result is not acceptable or they believe there is room for improvement, they modify some
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aspects of the plan, calculate it, check if the result improves or worsens, and repeat the process

until the final plan is reached.

As the number of degrees of freedom increases the direct approach is no longer feasible. In
this context, inverse planning is introduced, which automates the entire process and inverts it, as
it starts from the objectives and restrictions for the system to return the optimized plan. To do
so, the program iteratively minimizes its internal cost function to provide a plan as close as

possible to the objectives and restrictions provided.

One of the problems associated with optimization (both direct and inverse) is the
impossibility to know for sure whether there is a better plan than the one obtained. This is an
inherent fact of the process since, mathematically, it is a non-convex problem where the total
number of solutions, and their relationship cannot be determined a priori to discern if the

minimum of the cost function is global or local.®

2.4.4 Fluence

Dose fluence in IMRT and VMAT is a critical concept that refers to the distribution and
intensity of radiation delivered to a target area. It represents the amount of radiation energy
delivered per unit area and is a key factor in achieving high precision in the treatment. The
optimization process tunes the fluence to achieve an optimal dose distribution, once calculated in

the anatomy of the patient.

However, the intricate modulation of dose fluence also introduces certain challenges,
especially in terms of treatment robustness. Robustness in radiotherapy refers to the ability of
the treatment plan to remain effective and safe under different scenarios, such as patient setup
errors, breathing motion or anatomical changes. The highly tailored nature of IMRT and VMAT
can sometimes lead to less robust plans. For instance, small misalignments or changes in patient

anatomy can lead to significant deviations from the intended dose distribution.

A specific example of this challenge is the need to remove the first millimetres of skin from
the PTV when doing inverse optimization. If the skin is not removed the system will increases
fluence to ensure coverage of the PTV near the skin compensating for the loss of electronic
equilibrium. However, this increase in fluence would lead to unacceptable hotspots in case of
slight misalighments. Another example is observed in the treatment of thoracic tumors, where
the lungs' presence introduces heterogeneity.” The lungs, being less dense than surrounding

tissues, can disrupt the lateral equilibrium of the radiation beams, leading to fluence peaks in the
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area between the CTV and PTV. These peaks are areas where the radiation dose is
unintentionally higher due to the beams' altered path through the different densities. This
phenomenon requires careful planning and modulation to ensure the intended dose is delivered

to the tumour while protecting the lung tissue.””'

The use of robust optimization, which considers different patient setup errors in the
optimisation process and fluence generation, can solve these problems, but it is not yet available

in most commercial TPS.”!

2.4.5 Dose calculation

As mentioned in previous chapters, the information contained in the simulation CT scan, and
the model of the treatment machine and beam characteristics are used by the TPS determine the
dose absorbed in the patient. The uncertainties associated with the determination of the dose
administered to the patient must be as low as possible to ensure that patients are treated with the

intended dose.

Based on this, the ICRU” determines that the total uncertainty in the dose, including planning
and administration of the treatment, should not exceed 5%, and that uncertainties associated
with the dose calculation algorithm should be within 2-3% of the prescribed dose. This value is
consistent with the recommendations of other organizations, such as the 2-3% requirement for
TPSs in the International Atomic Energy Agency's IAEA) TRS-430 document,” or the 1-2%
goal for dose calculations in heterogeneities of the Task Group 65 of the American Association

of Physicists in Medicine (AAPM).”

The uncertainty associated with the dose calculation algorithm will depend on the used
algorithm and its limitations to account for the variables present in dose transport and

deposition.
2.4.5.1 Dose calculation algorithms

The calculation algorithms estimate the dose distribution in the patient for a given treatment
plan. To do this, they must characterize the beams used, the tissues and materials that the
radiation will encounter, and combine it all to predict both the radiation transport (attenuation

and scattering) and the energy deposition within the patient.

Photons emitted by the accelerator interact through different mechanisms with the matter

they encounter, whether it is the patient, the accelerator head itself, or other elements like the
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table, immobilizers, etc. The algorithm must consider all these processes and components and, at
the same time, must be efficient at calculating the dose in several minutes, so treatment planning
is possible. Calculation algorithms have constantly evolved over time, becoming increasingly
complex while maintaining clinically acceptable calculation times. They are divided into Type A,

B or C, in increasing order of complexity. ™

e Type A: these are the simplest dose calculation algorithms, often referred to as
correction-based algorithms. They include techniques like the Clarkson method or the
Batho power law correction as well as the Equivalent Tissue-Air Ratio (ETAR) method.
Type A algorithms assume a homogeneous medium and apply correction factors for
heterogeneities. They generally use empirical or semi-empirical methods and are based on
measurements in water phantoms. These type of algorithms don’t take into consideration
electron transport in the medium. The primary limitation of Type A algorithms is their
oversimplification of tissue heterogeneity. They are not accurate in areas where there are
significant changes in tissue density, such as at air-tissue or bone-tissue interfaces. This
can lead to inaccurate dose calculations in thoracic, head and neck, or pelvic regions. It is
no longer recommended to use these algorithms in external beam radiotherapy as they

could lead to uncertainties over 3% in most clinical scenatios.

e Type B: These algorithms, also known as “model-based” algorithms, are more advanced
than Type A. Examples include the Pencil Beam Convolution (PBC) method or the
Collapsed Cone Convolution (CCC) algorithms. Type B algorithms incorporate more
sophisticated models of radiation transport and scatter. They consider heterogeneities to
a greater extent than Type A algorithms but still use some simplifications in the
calculation process. While more accurate than Type A, Type B algorithms can still
struggle with complex geometries and very heterogeneous areas. They might not be
entirely accurate in scenarios like small fields or areas with rapidly changing densities but
fall into the acceptable uncertainty range for most external radiotherapy applications. The
Anisotropic Analytical Algorithm (AAA) is a commercial solution that falls within this
category.

e Type C: These are the most advanced and computationally intensive algorithms that
model the interations of individual particles, such as Monte Carlo simulations or
algorithms that deterministically solve the linear Boltzman transport equation (LBTE) by
modelling photon transport. Type C algorithms use few (if any), simplifications. Monte

Carlo simulations, for instance, simulate the physical interactions of individual photons
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and electrons with matter, providing a very detailed dose calculation. The main limitation
of Type C algorithms is their computational intensity although advances in computing

have partially mitigated this issue, and they have started to be routinely implemented in

the clinical practice.

The use of different calculation algorithms leads to differences in the determination of the
expected dose distribution (Figure 10) and they can lead to different clinical decisions. This fact
is even more relevant when different densities or compositions of the medium (heterogeneities)
are present. These heterogeneities affect the interactions that photons will have and the
generation of charged particles, altering their transport, energy transfer, and ultimately modifying
the dose distribution (Figure 10). In the context of lung lesions, for example, the use of type B
algorithms may lead to an overestimate of dose in the less dense area surrounding the lesion due

to the lack of lateral electronic equilibrium compared to a type A algorithm.

The information about the medium is usually obtained from the planning CT image, relating
the Gray level of different points with the characteristics required by the algorithm in question.
These characteristics can also be manually specified in the TPS for the volume desired and are

recorded in the digital imaging and communications in medicine (DICOM) structure object.
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Figure 10. Dose calenlation differences between algorithms such as AAA and AXB. In the top figure we can see
a simplified example with the depth dose profile in a heterogeneous tissue composed of water, bone and air. Bottom
fagures show the differences observed in a clinical case. Differences are more prominent in the region surrounding the
lesion in the lung which translate in a higher calenlated dose for the PTV in the case calenlated with AAA (line
with triangles). Dose volume bistogram (DV'H) of the plans recalenlated with fixed Monitor Units and dose
values for the PT'V (red), Chest Wall(orange) and Right Lung(brown) are provided for each caleunlation algorithm.

Original figure from the doctoral student.

In this thesis we will focus in two dose calculation algorithms. First AAA is a simpler
convolution/superposition type algorithm that used a point type kernel implemented in the
Eclipse TPS by Varian Medical Systems (Palo Alto, CA, USA) that scales the kernel in depth and
in 16 lateral directions at different depths to consider heterogeneities.”” The distributions
obtained with these algorithms meet accuracy requirements in water-like tissues but may not do
so if there are heterogeneities. Secondly, we will be using Acuros XB (AXB), which is a type C,
LBTE-algorithm.

2.4.5.2 Dose normalization and reporting

Dose normalization in radiotherapy is a critical process that involves rescaling the calculated
dose distribution to ensure the PTV receives a dose according to the prescribed dose. In most of

the cases the aim is to achieve a homogeneous dose distribution within the PTV.

The ICRU” recommends that at least 95% of the PTV should receive a dose equal to or
greater than 95% of the prescribed dose. This ensures adequate coverage of the target while
allowing for some unavoidable variations. The maximum dose within the PTV should generally

not exceed 107% of the prescribed dose. This limit helps to control the extent of hot spots
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within the target area. While some level of dose inhomogeneity can be acceptable, the ICRU
guidelines suggest that these areas should not exceed 110% of the prescribed dose, particularly in

areas adjacent to OARs.

SABR involves delivering high-dose radiation in fewer fractions, targeting very precise
locations, often near critical structures. The relationship between prescription and normalization

in SABR can be more complex.

In SABR, the prescription dose might be defined to a specific isodose™ line that encompasses
the PTV. For example, the prescription could be to deliver a dose such that 95% of the PTV
receives 100% of the prescribed dose. Furthermore, to achieve steep dose gradients higher
maximum doses are allowed within the PTV, reaching values as high as 140% of the prescribed

dose.

2.4.6 Plan evaluation

The evaluation of the quality of the treatment plan usually focuses on its theoretical dose
distribution, but other factors that may cause this distribution to differ from the one finally
delivered to the patient must also be considered. Among these factors are uncertainties in dose
calculation, the machine's capability to irradiate the plan, and the effect of differences in the
patient's positioning and anatomy compared to the planning. All these aspects ate considered in
the evaluation of the dose distribution, robustness, and complexity of the plan to have a broad

view of its quality.

2.4.6.1 DVH

The three-dimensional distribution is visually evaluated slice by slice qualitatively. Quantitative
evaluation is done using dose-volume histograms (DVH) that collect the number of voxels
within a certain volume with a certain dose value. Visual inspection of DVHs can lead to
identification of clinically important characteristics of an absorbed-dose distribution, such as the
presence (but not the location) of regions of high or low absorbed dose, which are often difficult
to assess rapidly and consistently from conventional isodose or color-wash presentations.
Cumulative DVHs are histograms of the volume elements that receive at least a given absorbed

dose, and they are usually expressed as either the absolute volume or the volume relative to the
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total structure volume, receiving at least a given absorbed dose, D. Each point on the line of a

relative cumulative DVH is described by the following:

DVH(D) =1 —%f

0

Dmax dV(D) dD
D

d

®)

Where V is volume of the structure and Dmax the maximum dose in the structure, and the

differential DVH is defined by dV(D)/dD, which is the increment of volume per absorbed dose.
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Figure 11. Differential (left) and cumnlative (right) Dose 1" olume Histogram of the same radiotherapy plan. Two

structures can be seen as an exanmple, in orange the PTV for which the ideal scenario would be a step function in

the cummnlative histogram with the step at 100% of the prescribed dose. For the OAR, in this case the lungs,

represented in blue, the ideal (but impossible) scenario wonld be to have no dose at any point of the structure.

Original fignre from doctoral student.

An absolute cumulative DVH can be obtained from a relative cumulative DVH by

multiplying by the volume of the structure.

2.4.6.2 OAR dose tolerances

As mentioned earlier, for the various effects that may occur and to develop appropriate

treatment plans, it is important to determine tolerance doses.” Generally, the volume of

irradiated tissue is crucial for the possibility of adverse effects to ocure, thus tolerance levels are

specified as points in a DVH.”® These DVH points are defined either with specific values as

mean dose, maximum or minimum dose or by defining:

Maximum doses at a specific volume. The nomenclature to define these points in the

DVH is D,,;<y(Gy) where x is the maximum volume to recieve y dose. Units can be

cither absolute or relative. For example, D,,;<50Gy for the spinal cord would translate

into a maximum of 0.1cm’ of the OAR receiving 50 Gy or more.
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e  Maximum volumes at a specific dose. The nomenclature to define these points in the
DVH is VX(GV)<y(cm3) where x is the maximum dose received by a certain volume, where
units can be either absolute or relative For example, V,,;,<20% for the lung would

translate into a maximum of 20% of the healthy lung to receive doses of 20 Gy or higher.

QUANTEC is an initiative that provides guidelines on the tolerance of normal tissues to
radiation. It compiles and reviews data from published clinical trials, research studies, and
radiobiological models to establish dose-volume constraints for various organs. Its goal is to
prevent or reduce the risk of radiation-induced side effects and complications. It provides
evidence-based, organ-specific dose limits that are used in treatment planning. This ensures that

the guidelines reflect the latest understanding of radiation tolerance.

2.4.6.3 Complexity and robustness

Plans are usually evaluated under a static univariable scenario, but many minor changes can
occur during the delivery of the treatment. It is crucial to evaluate the robustness of the
treatment plan against this expected minor changes, to be sure that the dose to the PTV and

OAR remain acceptable.59

On one hand, we evaluate robustness by evaluating the impact on the dose distribution of
different treatment scenarios compared to the nominal planning scenario. In MV photons,
relevant scenarios are mainly due to geometrical uncertainties and to positioning errors.”
Although these uncertainties are partially considered in the PTV on which planning is based,
there can be situations with unacceptable changes in doses to the GTV/CTV. It is advisable,
therefore, to evaluate the robustness of the plan by simulating the different scenarios that may

occur and studying their effect on the dose distribution.

On the other hand, plan complexity provides information on how the plan produces the dose
distribution. It allows estimating whether the TPS is working under conditions where the
calculation algorithm is reliable (large and regular openings, low level of conformation, etc.) and
the degree of difficulty the accelerator will have in irradiating the plan accurately (speeds and
accelerations of moving elements, demand for synchronizations between parameters, etc.).

Different parameters and indices defined in the literature allow quantifying these aspects.
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All these aspects of the plan quality must be considered in the planning process to obtain a
plan with a good dose distribution, robust in all scenarios, and as simple as possible. In the case
of inverse planning, this involves incorporating them into the cost function to reach the desired
balance. Some TPS implement penalties for complexity. Regarding robustness, there is only one
commercial system that does robust optimization on the GTV/CTV for MV photons (the PTV
is not necessary in this context), unlike treatments with protons where robust optimization is the

norm given their higher sensitivity to uncertainties.

3. Lung lesions

3.1. Lung cancer

Lung cancer is the most common and lethal type of cancer worldwide, accounting for 13% of
cancer incidence and more than 19% of cancer-related deaths.” In Spain, although the incidence
is slightly lower (10%), it still accounts for 20% of all cancer-related deaths—which translates to

more than 22.000 deaths per year.”

This type of cancer is a major global health burden, representing the leading cause of cancer-
related mortality worldwide. According to the World Health Organization (WHO)," lung cancer
accounted for approximately 2.21 million new cases and 1.8 million deaths globally in 2020. The
high mortality rate of lung cancer underscores the need to improve treatment strategies and the

importance of eatly detection through screening.

According to the available evidence, about 75% of these lung cancer patients will receive
radiation therapy (RT) at least once during their illness.” Of these patients, approximately
20%—those with early-stage (T1-2NO) inoperable disease—will receive SABR. This number,
however, will most likely increase in the coming years with the implementation of screening
programs. While surgery is the standard treatment for medically fit early-stage non-small-cell
lung cancer (NSCLC) patients, SABR has become a recommended treatment alternative® for
those patients who, because of co-morbidities and/or poor pulmonary function, are medically

inoperable or refuse surgery as a treatment option.

3.2 Lung metastases

Lung metastases are common in patients with advanced stages of various primary tumors. It

is estimated that up to 30-55% of patients with metastatic cancer will develop lung metastases
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during their disease.” This wide range is attributable to the variability in metastatic potential
across different cancer types. Metastatic stage was considered a systemic process and systemic
therapy remains the treatment of choice. However, for patients with low metastatic burden,
referred to as oligometastatic (OM) disease, SABR and Radiofrequency ablation have proven

promising results in terms of efficacy in several randomized trials.””

The term OM first appeared in 1995 and defines a state between localized and widely
disseminated disease.” Within OM we distinguish, for example: de novo OM disease where both
primary and metastatic lesions are detected simultaneously in a patient without prior oncological
treatment, oligorecurrence where new limited metastases appear after primary tumor has been
locally controlled or oligoprogression where limited metastases occur during the systemic

treatment.’"

3.3 Lung screening and lung lesions follow-up

Screening for lung cancer is primarily targeted at high-risk populations, such as heavy smokers
and those with a significant history of tobacco use. The primary imaging modality used for lung
cancer screening is low dose CT, which has been shown to improve lung cancer treatment by
detecting lesions in an earlier stage.”” Other techniques, such as positron emission tomography
(PET) combined with CT, offer information about the metabolic activity of lesions and aiding in

the selection of candidates for treatments like SABR.”

Implementing lung cancer screening is challenging as it represents a significant increase in
both human resources and equipment. Nevertheless, it is becoming a more common practice
within health system services, and it is expected to increase lung cancer diagnosis at early stages

and, by consequence SABR treatments, in the following years.”*”

3.3.1. Diagnostic through imaging

Imaging studies play a pivotal role in the detection and characterization of lung lesions. The

following imaging modalities are commonly used (Figure 12):

e Chest Radiography is often the initial imaging test, but it has limited sensitivity for

detecting small lesions or distinguishing benign from malignant processes.

e (T scans (usually including the use of contrast agents) provide detailed images of the

lung, allowing for the detection of smaller lesions, assessment of the lesion's
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characteristics (e.g., size, shape, borders), and evaluation of lymph node involvement and

distant metastases.””"”’

e DPET scan is often combined with CT (PET/CT), this modality helps in assessing
metabolic activity of the lesions, aiding in distinguishing between malignant and benign

processes, and detecting metastatic disease.”

Figure 12. Excample of PET-CT and simulation CT scan in a patient with a lung metastasis close to the chest

wall. (a) Anatomically registered PET/ CT. The red and yellow color wash indicates the PET-based captation

(b) FDG-PET-scan. (c) Axial slice of the contrast enhanced planning CT. (d) Axial slice of the planning CT
scan of the same anatomical area. Original figure from the doctoral student.

3.3.2. Malignancy signs in imaging

As stated before, CT scans of the chest provide are essential for the evaluation of pulmonary
nodules.” CT can better characterize the size, shape, margins, and internal composition of lung
lesions, as well as their relationship to surrounding structures. Some characteristics of lung

nodules are suggestive of malignancy, these signs include (Figurel3):
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Size and Growth: Larger nodules (generally >8mm in diameter) and those showing

. . . . 30
growth over time are more suspicious for malignancy.

Borders: Irregular, spiculated, or lobulated margins are more commonly associated with

: 79
malignant tumors.

Density: partially solid nodules are more likely to be malignant than purely solid nodules.
Most persistent Ground Glass Opacities (GGO) are associated with malignancy,
although GGO can also represent early-stage adenocarcinomas or minimally invasive

: 81,82
adenocarcinomas.””

Cavitation: Lesions with thick-walled cavitation are suggestive of squamous cell
. 83

carcinoma.

Calcification: The pattern of calcification gives information about the nodule. Usually it is

considered a sign of beningnity. Nevertheless, eccentric calcification might indicate

malignancy, whereas central, laminar, or "popcorn" calcifications are often seen in benign

: 80
lesions.
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Figure 13. Display of common malignant signs: (A) plenra traction sign (black arrow); (B) spicule sign (white
arrow); (C) lobulation sign; (D) bronchial cutoff sign; (E) air bronchogram sign (black arrow); (F) tumor
vasenlature sign; (G) vacuole Sign (black arrow); () cavity sign (white arrow). Figure by Duan et al .*

3.3.3 Natural evolution and GGO cases

GGO 1in the lung refer to areas that appear hazy on a CT scan, indicating partial filling of air
spaces, interstitial thickening, partial collapse of airways, or increased capillary blood volume in
the lungs.” Unlike solid nodules, GGOs allow for the visualization of underlying bronchial
structures and pulmonary vessels due to their semi-transparent appearance. The natural
evolution of persistent GGO nodules can be variable, ranging from stability over time to

progression into invasive malignancy, depending on their etiology and underlying pathology.

GGO nodules can be classified (Figure 14) as pure GGOs, which lack a solid component, and
part-solid GGOs, which contain both ground-glass and solid components. The management and
implications of these nodules differ significantly, especially in the context of lung

: 86
adenocarcinoma.

e Benign Causes: Many GGO nodules are benign and are transitien, resulting from

conditions such as inflammation, haemorrhage, or focal fibrosis. In these cases, GGOs
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may resolve spontaneously. Infectious causes, like pneumonia or viral infections, often

lead to GGOs that can resolve with medical treatment.”

e  Pre-invasive Lesions: GGO nodules can represent pre-invasive lesions, such as atypical

adenomatous hyperplasia or adenocarcinoma in situ. These lesions have a potential for
malignant transformation but can remain stable for years before progressing. The rate of
growth and progression for pre-invasive lesions is generally slow, allowing for periodic

reassessment.84

e Minimally Invasive Adenocarcinoma (MIA): MIAs often present as part-solid GGOs and

have a very slow growth. They have a high survival rate when resected, but the presence

of a solid component suggests a higher likelihood of invasion compared to pure GGOs.®

e Invasive Adenocarcinoma: Some GGO nodules may represent early-stage invasive

adenocarcinomas. These lesions tend to grow more rapidly than pre-invasive or
minimally invasive lesions. The solid component's size within a part-solid GGO is a
critical factor in determining the lesion's behavior, as it is considered the invasive
component, with larger solid components associated with a higher risk of invasive

; . 7987
disease and poorer prognosis.”*

The management of GGO nodules is guided by their appearance, size, and changes over
time. A conservative approach is mostly recommended to isolated, stable pure GGOs with
periodic follow-up CT scans to monitor for changes. An increase in size or the development
of a solid component within a GGO nodule may indicate a need for further diagnostic

.79
evaluation.
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Figure 14. Lung tumors with different degrees of GGO component. (a) Pure GGO nodule. (b) Around half solid
and half GGO with a Consolidation to Tumor Ratio (CIR) of 0.4 (¢c) Increasingly solid lesion, corresponding to
a CIR of 0.7 (d) Almost purely solid lesion, with a CTR of 0.9 (¢) Solid lesion (f) Cavitary lung lesion.

Original figure from the doctoral student.

3.4 Lung SABR

The technique of SABR, particularly in the treatment of lung lesions, represents a paradigm
shift from conventional radiotherapy approaches.” It delivers highly focused, high-dose radiation
beams to a small target volume, which enables ablative doses to be delivered in a few sessions

with a relatively low incidence of toxicities.”

One of the most critical aspects of SABR is the creation of a steep dose gradient around the
target lesion. Unlike conventional radiotherapy, which often aims for a homogeneous dose
distribution within the target and minimal dose to surrounding tissues, SABR prioritizes
maximizing the dose to the tumor while sharply reducing the dose just outside the target
boundary.” While this steep gradient is essential for sparing adjacent healthy tissues and vital
organs, reducing the risk of radiation-induced toxicity, it leads to higher maximum doses within

the treated volume.
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When talking about Lung SABR there are two main approaches which differ primarily in dose
and fractionation strategies. Both schemes are designed to optimize treatment according to

tumor characteristics and patient profiles.

e American Fractionation Scheme: This approach commonly uses hypofractionation
with higher doses per fraction. Examples include doses of 54 Gy in 3 fractions or 50 Gy
in 4 fractions. The goal is to maximize tumor control while minimizing treatment
duration. Studies like RTOG 13.01 SAFRON 1I explore single and multifaction SABR
options for pulmonary oligometastases.”

e Dutch Fractionation Scheme: The Dutch approach often employs risk-adapted
fractionation based on tumor location and size, delivering more conservative doses over
a greater number of fractions, such as 60 Gy in 8 fractions or 55 Gy in 5 fractions. This

scheme aims to minimize toxicity, especially for central lung tumors.”

Furthermore, fractionation schemes in lung SABR are influenced by tumor location:

e Peripheral Tumors: SABR for peripheral lung tumors often uses high-dose,
hypofractionated schedules (e.g., 54 Gy in 3 fractions or 50 Gy in 4 fractions). This
approach minimizes treatment time while ensuring high local control and low toxicity”.
The TROG CHISEL trial confirmed the superiority of SABR over conventional
radiotherapy in this context.”

e Central Tumors: Central lung tumors require more fractionation to reduce toxicity due
to their proximity to organs at risk. Common schedules include 60 Gy in 8 fractions.
Studies such as the RTOG 0813 trial focus on dose escalation for central tumors while

maintaining safety parameters.””*

e Ultracentral Tumors: Are in close proximity to the central airways or other critical
structures, are treated with highly fractionated and risk-adapted schedules (e.g., 50 Gy in

10 fractions) to mitigate the risk of fatal toxicities.”

3.5 Lung SABR for GGO lesions

The SABR treatment of GGO faces two primary challenges. The first is the standard clinical
practice of treating GGO as solid nodules in terms of the prescribed dose. This approach is

problematic when treating a small solid component within a larger GGO, as the risk of radiation-
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induced lung toxicity correlates with the volume of lung receiving ablative doses. While this
strategy effectively controls the tumor locally,” it increases the risk of damaging healthy lung
tissue. Moreover, the presence of GGO component has been related to better I.C rates.”” This
suggests that a uniform radiation dose for all pulmonary tumors may not be optimal, particularly

for GGO tumors, which are often multifocal and may require multiple subsequent irradiations.

The second challenge involves the potential for large dose calculation errors by some
commercial dose calculation algorithms, due to the increased heterogeneity of GGO lesions
compared to solid nodules.”'" To our knowledge, no studies have yet evaluated the dose
calculation errors in GGO lesions treated with SABR or its possible impact on healthy tissue
toxicity. Furthermore, challenges related to fluence peaks during optimization should be
considered, as they lead to less robust dose distributions. These fluence peaks are relevant when
using type C algorithms, like AXB, and need to be addressed, as these can significantly affect
dose distribution and accuracy in heterogeneous tissues like GGO.""" Several approaches have
been presented for solid lesions to mitigate this effect and achieve a fluence with a robustness
level similar to that obtained when optimizing using type B algorithms, such as AAA.""'” This
work focusses on optimizing the treatment of lung nodules containing GGO component,
considering both possible approaches to reduce OAR toxicities while ensuring an accurate and

robust dose distribution.

3.6 Lung SABR related toxicities

Like all therapeutic interventions, lung SABR is associated with specific toxicities. The frequency
and severity of these side effects can vary based on several factors including the location of the
tumor within the lung, the total radiation dose, the fractionation schedule, and the patient’s
underlying health status."”* The most common toxicities associated with lung SABR, categorized

by their CTCAE” grade are:

Radiation Pneumonitis

Is one of the most common complications, occurring in approximately 10-20% of patients

treated with SABR for lung tumors.”

e Grade 1 (mild): Asymptomatic or mild symptoms.

51



e Grade 2 (moderate): Symptomatic; medical intervention indicated; limiting instrumental
Activities of Daily Life (ADL).
e Grade 3 (severe): Severe symptoms; limiting self-care ADL; oxygen indicated.

e Grade 4 (life-threatening): Life-threatening respiratory compromise; urgent intervention

indicated (e.g., ventilatory support).
Rib Fracture

The risk of rib fracture following SABR is reported to be around 2-10% when the treatment

volume is adjacent to the chest wall .'®

e Grade 1: Asymptomatic; clinical or diagnostic observations only.
e Grade 2: Symptomatic and limiting instrumental ADL.

e Grade 3: Hospitalization or surgical intervention indicated.

Chest Wall Pain

Chest wall pain incidence varies widely, and it is reported up to 30-50% in some series, especially

for tumors close to the chest wall.”

e  Grade 1-2: Pain can often be managed with over-the-counter pain medications.

e Grade 3: Severe pain; limiting self-care ADL; narcotic analgesia or other interventions

may be required.

Skin Toxicity

Although it is relatively uncommon with SABR, some mild skin reactions are obsevred in a small

percentage of patients.'”

e Grade 1: Faint erythema or dry desquamation.
e Grade 2: Moderate to brisk erythema; patchy moist desquamation, mostly confined to

skin folds and creases; moderate edema.

e Grade 3: Moist desquamation in areas other than skin folds and creases; bleeding induced

by minor trauma or abrasion.
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Esophagitis

Occurs in a small percentage of patients, more commonly when treating lesions close to the

: : 106
mediastinum.

e Grade 1: Asymptomatic or mild symptoms.
e Grade 2: Symptomatic; altered eating/swallowing; oral supplements indicated.

e Grade 3: Severely altered eating/swallowing; tube feeding, or hospitalization indicated.

Fatigue

Although it is common it is also usually only observed in a mild form, but usually mild (grade 1

or 2).

Brachial Plexopathy

It is a rare toxicity, occurring in less than 1% of patients, typically with tumors located in the

upper lobes or apices of the lungs.105

e Grade 1-2: Mild to moderate symptoms; intervention may include physical therapy or
pain management.
e Grade 3-4: Severe symptoms; may include sensory loss and motor deficits; often requires

more intensive management strategies.

3.6.1 Lung toxicities

In this work we will focus on radiation pneumonitis. Radiation pneumonitis is an inflammation
of the lung tissue that can occur after exposure to radiation. Its development is influenced by
various factors, including the total radiation dose, the volume of lung irradiated, the dose per

fraction, and individual patient sensitivity (Figure 15).
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Figure 15. Radiation pnewmonitis (RP) in CT images: (a) to (d) different patients with grade 1 lung parenchyma
changes, (¢) grade 2, and (f) grade 4-5. Original fignre from the doctoral student.

3.6.1.1. Grade 2 and higher

Grade 2 radiation pneumonitis involves symptomatic presentations that may include persistent
cough, low-grade fever, and dyspnea on exertion.'”” Unlike grade 1, which is mostly
asymptomatic and detected incidentally on imaging, grade 2 pneumonitis actively affects patients
and requires medical treatment. Its management often involves corticosteroids to reduce

inflammation, along with supportive care measures.’'

The prevalence of grade 2 and higher radiation pneumonitis in patients undergoing lung SABR

% The variation in

varies widely in the literature, ranging from as low as 10% to as high as 30%.
reported incidence rates can be attributed to differences in patient populations, treatment
protocols, and definitions of pneumonitis across studies. However, the incidence of severe

(grade 3 or higher) pneumonitis is generally lower, reported to be around 1-5% in most series.'”
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Several factors have been identified that increase the risk of developing grade 2 or higher

radiation pneumonitis following lung SABR:

e Dose-Volume parameters: V20Gy is a commonly cited dosimetric parameter associated

with the risk of pneumonitis for normofractionated regimes, and it is usually onscidered
for SABR treatments. Higher V20Gy values are linked to an increased risk. Other
parameters, such as the mean lung dose (MLD) and V5Gy, have also been correlated

1% but their relation is less clear.

with pneumonitis risk,
e PTV size: Larger PTVs have been associated with a higher risk of pneumonitis, as larger

volumes of lung tissue are exposed to radiation.'”

e Tumor location: Tumors located centrally or near critical structures such as the main
bronchus are associated with a higher risk of pneumonitis due to the proximity of larger
volumes of lung tissue to high-dose radiation areas.'” In lung SABR the proximity to the
main bronchial tree is the main criteria to choose among different fractionation schemes.
Lower lobes tumors have also been identified as being more prone to radiation

pneumonitis.

e Underlying lung function: Patients with pre-existing lung conditions or compromised

pulmonary function are at increased risk for developing pneumonitis.”’

e Concurrent chemotherapy on immunotherapy: The use of systemic treatments in
conjunction with radiation therapy has been shown to increase the risk of pneumonitis,
although this is less commonly a factor in SABR due to its typical use in a standalone

setting for early-stage or olicometastatic disease.'®
g y-stag g

3.6.1.2. Grade 1 toxicities

The diagnosis of grade 1 radiation pneumonitis is primarily based on imaging findings, given the
lack of or minimal clinical symptoms.'” In the early stages, radiographic findings may be subtle
or even absent, making CT scans a more sensitive tool for detection.""” These changes might
appear only during the acute phase and then resolve or remain as permanent changes in the lung

parenchyma.

Imaging Changes in L.ung Parenchyma

On imaging, especially high-resolution CT scans, several changes can be observed in the lung

parenchyma indicative of radiation pneumonitis (Figure 15):
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e Ground-Glass Opacities are a common early finding and may represent mild interstitial

. . 111
inflammation or edema.

e Consolidation refers to a region of homogenous increase in pulmonary parenchymal
attenuation that obscures the margins of vessels and airway walls. It indicates more
significant inflammation and may be accompanied by air bronchograms.'"?

e Volume loss: There may be evidence of volume loss in the affected lobe, characterized

by crowding of pulmonary vessels and bronchi, and displacement of interlobar fissures.'"’

e Septal thickening and traction bronchiectasis: As the inflaimmation progresses, there can

be interstitial thickening and development of traction bronchiectasis, which suggests the

beginning of lung fibrosis.'"

These imaging findings are typically confined to the radiation field and may show a sharp
demarcation corresponding to the treatment area, which can help differentiate radiation-induced

s 109
changes from other causes of pneumonitis.

Grade 1 radiation pneumonitis management primarily involves observation and monitoring for
. . .. 1‘10 . . . ..

progression to higher-grade pneumonitis. ~ Preventive measures, such as minimizing exposure of

healthy lung tissue to radiation and optimizing radiation delivery techniques, are crucial in

reducing the risk of pneumonitis.112

4. SABR challenges for the treatment of GGO lesions

The SABR treatment of GGO faces two primary challenges. The first is the standard clinical
practice of treating GGO as solid nodules. The second involves the possibility of significative
dose calculation errors in the semisolid area of the lesion. In the following sections we develop

these points, which are the fundamental areas of research of this work.

4.1. Volume definition

The approach of treating GGO lesions as solid lesions in terms of volume is problematic
when treating a small solid component within a larger GGO (Figure 16), as the risk of radiation-
induced lung toxicity correlates with the volume of lung receiving a high radiation dose.'” While

this strategy effectively controls the tumor locally.”, it increases the risk of damaging healthy
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lung tissue. Moreover, the presence of GGO component has been related to better LC rates.”
As stated before. this questions the approach of using a uniform radiation dose for all pulmonary
tumors, specifically for GGO tumors. Thus tailoring SABR treatments for this kind of lesion

seems reasonable.

Considering these facts, this thesis focuses on analysing the dosimetric impact of a dose de-
escalation regime for SABR for lesions with GGO component, with the goal of informing future
clinical application. Specifically, it analyses the feasibility of such technique from a technical point
of view as well as the related expected benefits for patients in terms of associated grade 1

toxicities in the lung.

-
Figure 16. Volume definition for a lung lesion consisting of a GGO nodule with a solid part at the centre of the lesion. (a)
In Red we can see the static CT'V of the whole lesion and in brown the static CT'V of the solid lesion. In (b) we can see

their corresponding IV and PTV. Original fignre by the doctoral student.

4.2. Lung parenchyma changes

The first question that arises when considering a de-escalation SABR treatment for GGO
lesions is whether this approach would lead to reduced changes in the lung parenchyma. In the
last years, concerns around grade 1 toxicities have risen in the context of oligometastatic patients,
where multiple lesions are treated and the accumulation of patches of affected lung parenchyma
may lead to clinical toxicities. This is especially true for patients undergoing SABR, who usually
present previous pathologies restricting their respiratory function."* Furthermore, with the
implementation of screening programs, it is expected to diagnose and treat younger patients,

likely to receive multiple lung treatments.
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In addition, the use of immunotherapy in combination with SABR'" has also become the
standard of care for advanced NSCLC and oligometastatic patients.%’“(’ This combination

increases the treatment related toxicities, thus making it more relevant to reduce the impact of

the SABR treatment.

Radiation-induced lung injury after SABR is a dynamic process that affects the lung
parenchyma surrounding the target lesion. The radiological pattern evolves during follow-up, and

it is typically classified in acute (< 6 months) or late phase changes (>6 months).""”

It is not only a concern about toxicity, as consolidation areas surrounding the lesion also
make it challenging to differentiate between L.C and local recurrence (LR) of the tumor.'* In

119,120

case of LR and due to reirradiations, where clinical toxicities are more prevalent, a fine

delineation of the tumor volume is critical, as the volume of the re-irradiated area in correlated

with the risk of grade = 2 toxicities."*"

To the best of our knowledge, before this work, there was a lack of literature relating the
delivered SABR dose with purely radiological toxicity of the lung parenchyma. Some studies
have analyzed the impact of different SABR regimes in terms of BED and its relation to local
control'” and clinical toxicity.'””"** Over the last years, lower BED regimes have been prioritized
to reduce toxicities. These regimes, below the threshold of 130 GyBED,,, come at the cost of
lower LC rates."” Despite the low incidence of clinical toxicities there is a big prevalence of

grade 1 toxicities.

4.3. Dose calculation accuracy

As stated before, a second challenge in treating GGO lesions involves the potential for large
dose calculation errors by commercial dose calculation algorithms, owing to the increased
heterogeneity of GGO lesions compared to solid nodules.”*” To our knowledge, no studies
have yet evaluated the dose calculation errors in GGO lesions treated with SABR or its possible
impact on healthy tissue toxicity. Furthermore, challenges related to fluence peaks during
optimization should be considered, as they lead to less robust dose distributions. These fluence
peaks are relevant when using type C algorithms, like AXB, and need to be addressed, as these
can significantly affect dose distribution and accuracy in heterogeneous tissues like GGO."”
Several approaches have been presented for solid lesions to mitigate this effect and achieve a

fluence with a robustness level like that obtained when optimizing using type B algorithms, such

12
as AAA®
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In conclusion, this thesis emphasizes in the challenges and optimization strategies for lung
lesions with GGO component treaded with SABR. Through two published studies, we first
evaluate the correlation between the BED and the incidence of subclinical radiological toxicities
in a series of patients that underwent SABR in our institution between 2017 and 2021. In this
first study we found a statistically significant association between high lung BEDs and the
appearance of organizing pneumonia patterns and lung affectation over both short and long-
term follow-ups. This study was published under the title “Biological effective dose is associated
with radiological toxicity after lung stereotactic ablative radiation therapy”. Secondly, in a study
entitled “Feasibility and potential clinical benefit of dose de-escalation in stereotactic ablative
radiotherapy for lung cancer lesions with ground glass opacities” we explored the feasibility and
optimization of dose de-escalation regimes for GGO lesions in SABR, focussing on the balance
between minimizing dose to the lung while maintaining high doses to the solid region of the
tumour. At the same time ensuring accurate dose calculation and robust treatment plans. These
investigations collectively propose a foundation for refining radiotherapy dose constraints to
mitigate grade 1 pulmonary toxicity and lay the groundwork for future clinical protocols aimed at
enhancing local control while minimizing the toxicity profile for lung lesions with GGO

COl’IlpOI’lCIltS.
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HYPOTHESIS

1. There is an association between the dose delivered to the healthy lung tissue and grade 1

toxicities observed after SABR treatment.

2. SABR treatment of lung malignancies containing GGO can be optimized to maintain

local control while reducing grade 1 lung toxicities.
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OBJECTIVES

First part, toxicity evaluation:

1. Analyze and quantify the lung parenchyma changes after stereotactic radiation therapy.

2. Correlate grade 1 lung toxicity with the dose delivered to the patient.
Second part, optimization of stereotactic ablative radiation therapy:

3. Evaluate the accuracy of clinical dose calculation algorithms in lung nodules in the
presence of ground glass opacities.

4. Define an approach to optimize stereotactic lung treatments for lesions containing
ground glass opacities component that maintains the expected local control while

reducing the risk of associated toxicity.
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MATERIAL, METHODS AND RESULTS
PUBLICATION 1

Cases C, Benegas M, Sanchez M, Vollmer I, Casas I, Goma C, Molla M. Biological equivalent
dose is associated with radiological toxicity after lung stereotactic ablative radiation therapy.

Radiother Oncol. 2023 Jun;183:109552.
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ARTICLE INFO ABSTRACT

Artlele Matory: Introduction: Stereotactic ablative radiation thempy (SABR) is the standard of care for inoperable early-
Recelved 20 September 2022 stage non-small-cell lung cancer. Although the probability of grade > Il toxicities is low, many patients
mm“zg‘:ﬁ:rm 18 Jamuary 2023 present mdiclogical subclinical toxicities usually associated with long-term patient management chal-

lenges. We evaluated radiological changes and correlated them with the received Biological BEquivalent
Dose (BED).
Methads: We retrospectively analyzed chest CT scans of 102 patients treated with SABR. An experienced
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mw radiologist evaluated the radiation-related changes 6 months and 2 years after SABR. The presence of
Hlalogical equivalent dose consolidation, ground-glass opacities, organizing pnéumaonia pattern, atelectasis and the extent of
Radiologle taxiclty affected lung were recorded Dose-volume histograms of the lung healthy tissue were transformed to
SARR BED. Clinical parameters such as age, smoking habits, and previous pathologies wem registered and cor-

relations between BED and radiological tosicities were drawn.
Results We observed a positive and statistically significant correlation between lung BED over 200 Gy
and the presence of organizing pneumonia pattern, the degree of lung affectation and the 2-year preva-
lence and/or increase of these radiological changes. Radiological changesin patients receiving BED > 300
Gy to a healthy lung volume > 30 ccincreased or remained in the 2 years fallow-up scan. We found no
carrelation between radiological changes and the analyzed dinical pammeters.
Conclusions: There seems to be a clear comelation between BEDs higher than 300 Gy and radiological
changes both short and long term. If confirmed in an independent patient cobort, these findings could
lead to the first radiothermpy dose constraints far grade | pulmaonary toxicity.

© 2023 Elsevier BV, All rights reserved. Radiotherapy and Oncology 183 (2023) 109552

Lung stereatactic ablative radiotherapy (SABR ) has proven to be
an effective treatment for inoperable lesions with a very good local
control (LC) and a very low incidence of grade = Il toxicities [1-4].
It is well known, though, that over 60% of the patients treated with
SABR present post radiotherapy radiological changes in the lung
parenchyma [5]. Although in most cases these changes have no
direct clinical impact, they present a challenge in the long-term
management of the patient.

Firstly, consolidation areas surrounding the lesion makes it
challenging to differentiate between LC and local recurrence (LR)
of the tumor [6]. In case of LR and need for re-irradiation, where
clinical toxicities are more prevalent (78], a fine delineation of

* Corresponding suthor at: Department of Radiaton On ool ogy, Hospdtal Clindc de
Barcelona, Carrer de Villarmoe] 170, 08036 Barcelona, 5paln
E-mail addres: goma@cliniccat [ C Gomi)

It s b _orgf 10,1016} radonc 2023, 109552
0167-8140/@ 2023 Elsevier BV, All rights reserved.
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the tumaor volume is critical, as the volume of the re-irradiated area
is correlated with the risk of grade = II toxicities [9,10].

Secondly, concerns around grade | toxicities have risen in the
context of oligometastatic patients, where multiple lesions are
treated and the accumulation of patches of affected lung parench-
yma may lead to clinical toxicities, This is especially true for
patients undergoing SABR, who usually present previous patholo-
gies already restricting their respiratory function [11]. Further-
mare, with the implementation of screening programs, it is
expected to diagnose and treat younger patients, likely to receive
multiple lung treatments.

In addition, the use of immunotherapy in combination with
SABR [12] has also become the standard of care for advanced
NSCLC and oligometastatic patients [13,14]. This combination
increases the treatment related toxicities, thus making it more rel-
evant to reduce the impact of the SABR treatment.
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One last concern has risen lately with the global pandemic of
COVID-19, where it has been seen that COVID-19 could be a risk
factor for patients receiving radiotherapy [15].

To the best of our knowledge, there is a lack of literature relat-
ing the delivered SABR dose with purely radiological toxicity of the
lung parenchyma. Some studies have analyzed the impact of differ-
ent SABR regimes in terms of Biologically Equivalent Dose (BED)
and irs relation to Jocal control |16] and clinical toxicity
(417,18 Over the last years, lower BED regimes have been prior-
itized in order to reduce toxicities. These regimes, below the
threshold of 130 GyBED, g (where the subscript refers to the al phaj-
beta ratio), come at the cost of lower LC rates [19]. Despite the low
incidence of clinical toxicities (between 9 and 28%) [1,2.4], there is
a big prevalence of grade | toxicities. If we consider these toxicities
as a precursor of higher toxicities, we can utilize this information
to determine BED levels that associate with the presence of more
extensive and durable radiological toxicity cases. To the authors
knowledge, no study has been published yet that correlates the
received BED with the presence, magnitude and durability of radi-
ological changes in the lungs after SABR

Radiation-induced lung injury after SAER is a dynamic process
that affects the lung parenchyma surrounding the target lesion
The radiological pattern evolves during follow-up and it is typically
classified in acute (<6 months) or late phase changes (6 months)
[20].

In this study we analyzed the acute and long-term radiation-
induced Jung changes in terms of presence or absence of several
radiological findings. We also analyzed if any of the clinical param-
eters previously associated with clinical taxiciries in the literature
[19.21] were predictive of radiological roxiciry.

Materials and methods

We retrospectively analyzed the pre-treatment, simulation and
follow up CT scans of the patients treated with SABR in the lung
between 2017 and 2021 at our institution, and who met the fol-
lowing criteria:

+ A lung pre-treatment CT scan was available
= At least a 6 months follow-up chest CT scan was available
« Mo local recurrence was observed

Patients that presented local recurrence were removed from the
study to assure that the consolidation surrounding the tumaor did
not include tumor growth.

Our patients were treated following the Radiation Therapy
Oncology Group 0236 rial protacol [22]. We prescribed three frac-
tionation schemes, depending on the size, centrality or proximity
to organs at risk of the tumor. The schemes consisted of 3 fractions
of 18 Gy, 5 fractions of 11 Gy and 8 fractions of 7.5 Gy. We immo-
bilized the patients using a vacuum bag and abdominal compres-
sion and acquired a 4DCT. The radiation oncologist defined the
internal target volume (ITV) using the 10 phases of the 4DCT, An
isotropic margin of 3 mm was added to the ITV to define the plan-
ning target volume (PTV) The dose calculation (Eclipse
AAAT3.7/16.0) was performed on the Average CT reconstruction
We assessed the plan conformity and the dose gradient using
R100 and R50 respectively (ratio between the volume receiving
the prescribed dose or the 50% of the prescribed dose and the
PTV). The maximum dose at 2 cm from the PTV was maintained
as established by the protocol [22]. For the healthy lung dose-
volume histogram (DVH) parameter, the total lung volume minus
the ITV was taken into account. We optimized and delivered the
treatment using Volumetric Modulated Arc Therapy; with a dose
normalization to ensure that the 100% isodose level encompassed
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95% of the PTV. Treatments were delivered using either a 6 MV
photon beam in a Varian Clinac2100 or a 6 MV flatte ning-filter free
beam in a Varian TrueBeam linear accelerator. We performed daily
image guidance using Cone Beam CT.

After SABR meatment, follow-up CT scans were performed at
3 months, 6 months and annually. All patients underwent a chest
CT [scanmers: Somatom Definition Flash (128 slices), Somatom
Go Top (64 slices), Somatom Sensation64 (64 slices) and Somatom
Emotion 16 (16 slices) Siemens Healthineers, Erlangen, Germany],
with or without intravenous contrast, in supine position and sus-
pended deep inspiration. The images were reconstructed using
mediastinal and lung kernels with slice thickness from 1 to
3 mm. An experienced thoracic radiologist evaluated the changes
in the lung parenchyma for the 6 months and 2 years follow-up
scans (Fig. 1) The baseline characteristics of the lung lesions in
the pretreatment CT were: density, size and pulmonary lobe. The
presence of emphysema or bronchiectasis was also recorded. In
the follow-up CT at 6 months and 2 years, the presence or resolu-
tion and size of the lesion was recorded. Pneumonitis and atelecta-
sis were recorded following the CTACE score. To allow us to further
assess and subcategorize radiological differences that fall within
grade | toxicities, radiation-induced changes were also analyzed
according to the presence or absence of: consolidation, residual
atelectasis and organizing pneumonia-like changes. Organizing
preumonia-like changes were defined as peribroncho vascular
opacities with perilobular distribution and/or the presence of the
reverse halo sign [23]. The lung extent of the features was scored
visually in 25% steps. Additionally, we recorded the volume of
the PTV and the superior-inferior position of is centre of mass
[19].

To analyze the correlation between clinical and radiclogical tox-
icities with the BED, we exported the dose-volume histograms
(DWH) of the lung and transformed each point of the DVH curve
by applying the linear quadratic model

d
(/)

where n represents the total number of fractions, d stands for the
dose per fraction and the value of alpha beta was considered to
be 3.

Once the BED volume histogram was obtained, we extracted
VxGyBED3 (cc) (with x ranging from 10 to 500 in 10 GyBEDs steps)
| 24]. The analyzed dosimetric and clinical parameters are detailed
in Table 1.

We evaluated the statistical significance with univariate corre-
lations using Pearson (for quantitative variables), Chi-Square test
{qualitative variables) or ANOVA analysis (other cases) and we
considered the results statistically significant for p < 0.05.

BED = nd |1 4+

Results

102 patients (with a total of 118 lesions) who met the abowve-
described inclusion criteria were treated in our institution between
2017 and 2021. For 48 of these patients (51 lesions) a 2-year
follow-up CT scan was also available. Baseline clinical and dosi-
metric characteristics are summarized in Table 1. The median
age was 73 and 32 patients were female. Smoking history was
available for 61% of the patients: 20% of those never smoked, 56%
were ex-smokers and 24% current smokers. The vast majority pre-
sented other pathologies such as hypertension (65%) history of
cardiac pathologies (67%) or Chronic Obstructive Pulmonary Dis-
ease (COPD) (64%) The median tumour size was 20 mm, and the
median PTV volume was 23 cc.

Immunotherapy was prescribed to 9 of the 102 patients with a
6 months follow and to 3 of the patients with a 2 year follow up.
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2years

Fig. 1. Examples of asdal chest CT images | hung window) used for the vahu o on of the rad| stlon-i nduced lung changes. 1.4) Solid pulmonary nodule in the right upper lobe_ 1.
B) Organdzing preumaonds pattermn surra nding the nodular leston at6 months 1.C) Organdzing fibrosis changes at 2 years 2.4) Sub-solid pulmonsry nodude in the lefi lower
lobe. 2 8) Small focal consolidation and ground-glass opacitles at 6 manths. 2.C) Increased oosolidatlon at 2 years. 3.4 Solld pulmonary nodule in the left upper lobe_ 3.8)
Decrease in size at 6 maontha3.C ) Resolution of the lesion at 2 years with the presence of Inear atelectasis.

Although 2 were receiving immunotherapy during the 2 years of
follow up. one of them started immunotherapy between the
6 months and 2 years time point and another stopped between
the 6 months and 2 years follow up scan due to immunothe rapy-
associated grade [l pneumaonitis. This latter patient was treated
for a Merkel cell carcinoma with pembrolizumab, then the patient
presented a primary NSCLC treated with SABR. The patient pre-
sented a grade Il immunotherapy-related pneumonitis related to
the Merkel treatment. We found no statistically significant relation
between immunotherapy and lung parenchyma changes For the
remaining patients we found no statistically significant correlation
between any of the clinical variables and the observed radiological
changes. The majority of the lesions (57%) were treated in 5 frac-
tions, 17% in 3 fractions and the rest were treated with 8 fractions.

Some of the patients were treated during the COVID pandemic
and 2 presented COVID-related Jung parenchyma changes before
irradiation. These patients did not present amy unexpected
response to the treatment.

Table 1 shows a summary of the pre-treatment CT characteris-
tics of the lung parenchyma and the radiation-induced changes
observed at 6 months and 2 years follow-up CT. In the pre-
treatment chest CT scan, emphysema was observed in 53 patients,
but with only 14 cases of severe emphysema Bronchiectasis was
present in 47% of the patients. 22 patients presented both emphy-
sema and bronchiectasis. In the 6 months follow-up CT scam, lung
parenchyma changes were maintained within the irradiated area
for the majority of the cases, with only 22% of the cases extending
to other lung lobes, and were within the treated lung for all of the
patients except for one patient that presented grade Il pneumonitis

65

associated with the concurrent immunpotherapy treatment. Only
20% of the patients did not show any radiclogical change of the
lung parenchyma, while over 50% presented various types of acute
parenchyma changes after irradiation. While only 10 patients had a
percentage of lung affectation of more than 50%, 67 had a percent-
age of affectation between 25% and 50%. In the 2-years follow-up
scan, ofganizing pneumonia-like changes were reduced in 45% of
the patients, the presence of residual atelectasis in 60%, and the
size of the consolidation in 64% The percentage of lung affectation
presented a distribution similar to the 6 months follow-up scan
Only 4 of our patients did not show any radiclogical lung parench-
yma change in the 2-year follow-up scan compared to the baseline
CT.

When comparing the 6 months CT scan with the baseline scam,
we found a statistically significant correlation for the percentage of
affected Jung and dose levels over 280 GyBED,, Dmax, Dlcc and
D5cc (except for the Merkel case who had a percentage of lung
affectation above 75%). The strength of the correlation was very
strong (p < 0001) for dose levels between 300 GyBED; and 400
GyBEDy. The presence of organizing pneumonia-like changes and
the extent of consolidation were also strongly correlated
(p < 0.01) for doses between 300 GyBED; and 400 GyBED.. Con-
versely, the presence of atelectasis was not correlated with any
dose level

Fig. 2 shows the relation between the percentage of lung affec-
tation and organizing pneumonia-like changes at 6 months and the
volume receiving 100, 300 and 400 GyBED; with each correspon-
dent p-value,
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Table 1

Summary of patient charactertstics, dose distrbution and CT fea tures analyzed in the
lung parenchyma for the pre-tre stment CT scan, and in the & months and 2-years T
fallow-up scan.

Average | Min-Max)

A 73 (37-91)
Number of patients
(percentage)
Smoldng habits*
HNever 13 (20%)
Ex-smuker 35 (56%)
Current smaker 15 (24%)
Sex
Male 0 63K
Female 32 (31%)
Other o
Hypse ritenel on 66 (65%)
Cardiac diseases 53 (57K)
COPD 65 [54%)
At & months 9 (%)
At 2 years 3 [5X)
Number of lesions
(percentage)
Tumor Location
Right Lung 66 [S6K)
Lefit Lung 52 (44%)
Lower Lobes &7 [56%)
Upper Lobes 51 (44%)
Emclienation scheme
Ix18Gy 30 23K)
5x 11 GY 67 (STE)
8 x75Gy 20(17%)

Average | Min-Max)

PV size (oc) 23 (2-97)

V5 GyBEDY (o) 482 (119-1375)

V20 GYBED, (cc) 254 ( 44-809)

V50 GyBED, (cc) 139 16-548)

V100 GYBED, (cc) 79 (7-335)

V150 GyBED, (cc) 53 (4-245)

V200 GyBED, (cc) 38 (2-184)

V300 GyBED, (cc) 17 (0-112)

V400 GYBED, (cc) 9 (0-88)

Dmax (GYBEDy) 430(33-700)

D1 oc (GyBED:) 38K [ 193-644)

D5 o (GYBED,) 354 (E3-958)
CT FEATURES
Pre-Treatment scan

Percentage of patients
M)
Emphysema 52% (53)

Severe ZTE (14)

Light to moderate 73% (39)
Bronchiectasis 45% (47)
Emplysena and 2% (22)

Bronchieciasis
6 meon ths scan

Number of patients
Bumber of keshons

102
118

66

Table 1 {mnninued)
PATIENT CHARACTERISTICS
Average (Min-Max)
Pencentage of lesions Percentage of
M) leslons (M)
Lung toxicity
{pme1am oanitis )
Grade 0 19% (23) 83 (4)
Grade 1 7% (91) BEX (45)
Grade > 1 3% (4) o (0)
% Affected Lumng
<25 35% (41) 29% (15)
25%-50% 55X (67) 53% (27)
508 BX (10} 18% (9)
Organizing pneumonia- 50 (59) 31X (16)
like chanpes
Atelectasis 52% (61) 47X (24)
Mo changes 2 (23) 2L (4)

" Avallable for 51% of the patients.

The majority of the cases without organizing pneumonia-like
changes have V300GyBED; below 30 cc, with only two outlier
cases having V300GyBED; above 30 cc who presented an organiz-
ing pneumonia pattern in the 2 year follow up scan. Furthermore,
all of the cases that received a dose over 300 GYBED, to a volume
greater or equal to 30 cc presented permanent changes in the lung
parenchyma The percentage decreased to 90% when the volume of
the lung encompassed by BED; > 300 Gy was over 20 cc.

We also found a positive and statistically significant (p < 0.05)
correlation between the increase or persistence of long-term orga-
nizing pneumonia-like changes and the percentage of lung affecta-
tion with respect to the 6 months CT for dose levels over 300
GyBEDs. Furthermore, almost all patients receiving 300 GyBED;
to a volume above 30 cc, presented a percentage of lung affectation
over 25% and/or organizing pneumaonia patrern.

Focusing on a qualitative analysis, Fig. 3 shows the evolution of
the lung parenchyma changes in two patients. The first patient
received 300 GyBED; to avolume of 31 cc. Even though at 6 months
changes surrounding the lesion consisted of a smallincrease in size
of the lesion as focal consolidation, long-term parenchyma affecta-
tion with organizing pneumaonia pattern appeared at 2 years. Con-
versely, the second patient received V300 GyBED; = 0. In this case,
although a consolidation pattern was present at 6 months, in the
two-year follow-up scan a significant decrease was observed.

Fig. 4 shows the distribution of the long-term evolution of the
lung parenchyma, classified in patients that received 300 GyBED,
to less ar more than 20 cc. It can be noticed that the patterns of
the evolution are clearly different between the two groups. While
in the first group (V300GYBED, < 20 cc) the majority of the patients
decreased or maintained the changes, the second group
(V30DGYBED; = 20 cc) had a clear temdency to increase the
observed changes, with only a minority of the patients decreasing
or maintaining those changes.

In general, organizing pneumonia pattern tended to increase
with time, with over 85% of our patients either increasing or main-
taining the organizational CT changes between the 6 months and
2 years follow-up CT scans. Lastly, most of the patients kept the
percentage of lung involvement stable (Fig. 4).

Discussion

In this study we described and analyzed the changes in the lung
parenchyma observed in a cohort of 102 patients (118 lesions)
treated with SABR. We related these changes with the delivered
BED to the healthy lung tissue. We found that dose levels over
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Fig. 2. Distribwtlon of Lung affect atlon percentage (a, byc) and Ongand zing Preumaonda- ke changes (d, e, f) at 6 months for three different dose levels comesponding to: 100
GYBEDy (2 and d) 300 GyBED: (b and &) 400 GyBED, (¢ and ) The p-value of the cormelaton between BED and lung changes (ANDVA test ) 1s shown Figure a shows that a
shgnd ficant correladon onlby exists for patients with a lung aflectat lon beween 50-70%, but 25 dose Increxses this effect extends to lower percentages of hng affeotation. The
same rend ks shown in figures d-f where organdzing preumonda-like changes are not stadst cally significant for low doses, while they achieve significance for doses abave

300 GYBED,,

300 GyBED; to the lung were associated with long-term radiolog-
ical changes in the lung parenchyma. Furthermore, we observed
that patients receiving doses over 300 GyBED; to wolumes greater
than 20 cc had a significant risk of presenting the aforementioned
changes This relationwas further validated as we found no clinical
toxicity that could explain the different evolution of the lung par-
enchyma changes. This dose level is comparable to the level
described in the literature as the threshold where local control
rates decrease [18]. The fact that the same threshold for LC applies
to the presence and severity of grade I toxicities suggests that vol-
umes encompassed by this dose level should be considered
carefully.

It has been reported that lower lobe tumor location is corre-
lated with grade = [I toxicities (4,21 ], but in this study we found
no such correlation. This finding could have two possible expla-
nations. On the one hand, it could evidence that purely radiolog-
ical changes (which represent 96% of our patients) are
independent of the localization of the irradiated area [21]. On
the other hand, lower lobe lesions tend to have a larger respira-
tory motion due to their proximity to the diaphragm, which
leads to larger treated volumes [25]. The fact that in our study
the PTV volume was taken into account to determine the frac-
tionation scheme [22] might have limited the impact of lower
lobe location as a risk factor.

Similarly to the grade = Il results reported in the literature, we
found no correlation between clinical variables and grade | toxicity.
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Weither did we find any statistically significant relation between
the use of immunotherapy and radiological changes, although
the low number of patients receiving immunotherapy (below
10% in both groups) was not sufficient to draw any conclusions.

There is extensive literature on the evaluation of radiological
images post-SABR to assess local control and other risk factors
[6.20,26]. Similarly, CTCAE score describes toxicities based on clin-
ically observed parameters, but it does mot consider a subdivision
within all the radiological changes that do not have a clinical
impact, as they all fall within grade I toxicities. To the authors
knowledge, there are no unified criteria to assess post-SABR pat-
terns regarding associated radiological toxicities. In the current
study, the most frequent pulmonary radiological findings after
SAER were described.

Although the results of this study seem to be sound, there are
inherent limitations to consider. Firstly, the retrospective nature
of the study made it impossible to evaluate the effect of fractiona-
tion independently from tumor variables such as size or position
Secondly, the unicentric nature of the study makes it advisable to
validate the results in an independent cohort. Lastly, the applica-
tion of the linear-quadratic model to calculate BED does not
explain all biological effects related to dose fractionation at high
doses per fraction. In spite of the above-mentioned limitations,
our study has also several strengths worth mentioning. To the best
of our knowledge, this is the first study analyzing grade | toxicities
in the lung parenchyma and describing the evolution of these
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Fig. 3. A1) pre-treatment, a 2) 6 months and a3) 2 years follow-up aal chest COT scans (lung window ) for a patent who recefved V300 GyBEDy = 31 oc and suffered late
changes in the parenchyma with an organdzing preumonda pattern b.1) Pre-treatment. b2) 6 months and b3) 2 years follow-up awial chest CT scans (lung window ) for a

patient who recefved V300 GyBED: = 0 cc. and whose changes in the lung

2 with Hdatien in the & months follow-up scan improved at 2 years with a

stgndficant decrease of the consolidadon and presence of residual atelect asis.

changes throughout the patient follow up. We were also able to
identify a window of BED for which the changes in the lung par-
enchyma clearly correlate with the dose received in the healthy
lung tissue, independently of previous patient conditions or tumor

68

location. Not anly we found that the acute changes observed in the
6 months scan clearly correlated with doses above 300 GyBED, but
the long-term prevalence of these changes also correlated with a
similar dose range.
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Conclusions

This study shows a clear correlation between the irradiation of
healthy lung volumes greater than 20 oc to doses over 300 GyBED,
and the presence of grade | taxicities. This work lays the founda-
tions for the first radiotherapy dose constraint for lung radiological

toxicity.
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ABSTRAGT

Introduction: Treatment of neoplasic lung nodules with ground glazs opacities (@30) faces two primary challengen. First, the standard practice of treating G000 2z
solid nodules, which effectively controls the tumor locally, but might increase asoociated roxicities. The second io the ial for doce calculation errors related wo
increased heterogeneity. Thiz study addresses the optimization of a dose de-eocalation regime for stereotactic ablative radiotherapy (SABR) for 000 lesiona.
Materials and Methods: We used the CT scans of 35 patients (40 lesions] with some degres of @00 component treated at our institution between 2017 and 2021. We
[first apsemed the dose calculation accuracy az a function of the 300 component of the legion. We then analyzed the advantages of a dooe de-escalation regime in
termo of hung dose reduction (Dmean, V200 and V300GYBEDS) 2and plan robustmess.

Results: We found a poaitive correlation between the presence of 300 and the doae calculation errors in a phantom scenario. These differences are reduced for patiens
data and in the presence of breathing motion. When using a de-escalation regime, significant reductiona were achieved in mean lung dose, V200 and V3000yBED3I.
Thiz study aloo revealed that lower doges in @00 areas lead to more stable flusnce patterns, increaning treatment robustnesa.

Conclusions: The study lays the foundation for an eventual use of dose de-zscalation in SABR for reating lung lesions with G400, potentially leading to equivalent local

control while reducing associated toxicities. These findinga lay the groundwork for future clinical trials.

1. Introduction

Lung stereotactic ablative radiotherapy (SABR) has proven to be an
effective treatment for inoperable lezsions, offering good local control
(LC) and a low incidence of grade > II toxicities [1-4]. Most lung SABR
meatments target solid pulmonary nodules. However, an increazing
percentage are adminiztered to nodulez with zome component of
ground-glazz opacity (GGO). These opacities are pregent in minimally
invasive adenocarcinomas, lepidic-predominant adenocarcinomas, and
invazive mucinous adenocarcinomas and exhibit 2 more indolent clin-
ical courze [5-2]. Furthermore, the GGO component iz considered to
correzpond to a non-invasive histology, while the zolid component iz
conzidered az the invasive part of the lezion [9]. Nonetheless, with the
widespread use of sereening [10], small=ized pulmonary nodules,
especially those containing GG0 component, are increazingly detected
[11].

Orver the years, several SABR regimes have been used to treat lung
lesions. Some studies have analyzed different SABR regimesz in terms of

- Cnucnl;uuﬂing author.
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hetpe//doi.org/10.1016,f phro 20:24.1 00681

biologically effective doze (BEDY) and itz relation to local control [12]
and/or clinical toxiecity [4,13,14]. Over the last years, lower BED re-
gimes have been prioritized to reduce toxicities. Howewer, it has been
reported that lowering the prescribed BED below the threshold of 100
Gysenio (where the subseript 10 refers to the alpha/beta ratio consid-
ered for calculation) comes at the cost of lower LC rates [15,16].

In thiz context, which sets a lower threshold to grant acceptable LG
ratez, and an upper threshold to reduce associated toxicites, some
groups have studied the uze of different dose lewels within the lezion for
specific cazez. Dose de-escalation has been proposed to avoid chest wall
toxicity, while maintaining LC rates [17]. Conversely, others hawve
analyzed the outcomes of uzing a simultanecusly integrated boost for
larger lesions [15] achieving promising LC rates.

The SABR treamment of GGO faces two primary challenges. The first
iz the standard practice of treating GGO as solid nodulesz. Thiz approach
iz problematic when treating a zmall zolid component within a larger
GG0, a3 the rizk of lung toxicity correlates with the wolume of lung
receiving a high dose [19]. While this sirategy effectively controls the
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mumaor locally [20], it inereazes the risk of damaging healthy lung tizsue
to a lezion expected to have better LC rates [21]. Tailoring SABR
mreamments for this kind of lezion zeems advizable, az GGO tumors are
often multifocal and may require multiple subeequent irradiations.

The second challenge invelwes the potential for large dosze calcula-
rion errors by commercial dose ealeulation algorithms, owing to the
increazed heterogeneity of GGO lesions [22-24]. To our knowledge, no
studies have yet evaluated the doze calculation errors in GGO lesions.
Furthermore, challengez related to fluence peaks during optimization
should be considered, as they lead to less robust dose distributions [25].
This effect iz especially zignificant when optimizing with type C algo-
rithms and several approachez have been prezented for zolid lesions
[26,27]. With all the aspects in mind, optimizing SABR treatment for
30 malignancies iz an eszential step to ensure the best treatment op-
mon for there malignancies, which are expected to be increazingly
diagnosed.

In thiz study we focus on analyzing the feasibility of performing a
dosze de-escalation that ensures dose calculation accuracy and robust-
ness. We propoze a method to efficiently implement dose de-escalation
for lung lezions containing varying amounts of GGO component and
report the expected differences in lung dosze, robustness, and dose ac-
curacy compared to the standard approach of a single dose level.

2. Materlals and methods

To aszess the technical feasibility of doze de-ezcalation, we uzed two
datazets. First, we analyzed dose calculations performed on the CT scan
of a thoracic static anthropemorphic phantom (IMRT Thorax phantom,
CIRS, 5UN Nuclear, Norfolk). Second, we evaluated the dose caleculation
accuracy, doze reduction achieved, and the robustness of the plan on the
CT scans of 40 lesions {from 35 patients) treated at our institution be-
oween 2017 and 2021, which exhibited some component of GGO in the
lezion.

To dezeribe the amount of GGO present in the lesion, we uzed the
consolidation to tumor ratio (CTR), defined as the diameter of the solid
part of the lesion divided by the total diameter [28]. In thiz study, we
hawe alzo included the volumetric CTR (CTRy), defined as the volume of
the zolid component divided by the total lesion volume.

Owur patients were originally treated following the Radiation Therapy
Omeology Group (RTOG) 0236 trial protocol and the gindelines ineluded
in the clinical srudy approved by the ethies board at our institution. We
prezcribed two fractionation schemes, depending on the size, centrality,
and proximity of the tumor to organs at rizk. The schemesz consizted of 3
fractions of 18 Gy or 5 fractions of 11 Gy. The radiation ocncelogist
defined the intermal target volume (ITV) using the 10 phases of the
4DCT, az it allowed a better differentiation of the solid and GGO
component. An isotropic margin of 3 mm was added to the [TV to define
the planning target volume (PTV). We optimized the treatment uzing
volumetric modulated are therapy (VMAT), with a doze normalization
ensuring that the 100 % izodoze level encompassed 95 % of the PTV.

The BED of the two conzidered fractionation schemes for the GTV are
115 G¥ gpryg, and 151 Gy gy for the 5, and 3 fractions case, respec-
dvely. Our doze de-ezcalation strategy was to lower the doze to the GGO
component of the PTV to 100 Gygep q, while maintaining the dose to the
solid part az per the original preseription, thus reducing the prescribed
dose to the GG0 component to 10 Gy and 14 Gy for the 5 and 3 fraction
case respectively.

2.1. Evaluastion of dose caleulation aceuracy as a fumction of GGO
COmMpEnEnt

To evaluate the dosimetric impact of the algorithm used, we first
used the CT scan of the thoracic phantom. We contoured a set of
spherical lezions in the lung region with diameters of 10, 15, 20, 30, and
40 mm; and CTR= of 0, 0.25, 0.50, 0.5 and 1 for every diameter. We
manually aszigned a phyzical material value to each region inzide the
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PTV: water (1 g/cm®) for the solid kernel and lung (0.6134 g/em™) for
the GGO shell (Fig. 1). Regarding the clinical cazes, we studied two
seenarioz: (i) the average reconstroction of a 4DCT zcan simulating an
ITV approach, and (ii) the 50 % expiration phaze of the 4DCT scan, to
simulate the results in the caze of a gated treatment, which could further
improve the doze reduction [32]. The solid component and the GGO
component were delimited in each phase of the CT sean, and a zolid ITV
(ITVs) and a GGO ITV (ITVGGO) were defined. Their corresponding
PTVzwere alzo defined by adding a 3 mm margin to their corresponding
ITV.

To evaluate dose inaccuracies in both datasets, we calculated
(Eclipze w16.0) VMAT treatment planz with a dose prescription of 55 Gy
in 5 fractons. We optimized and caleulated the doze distribution using
AAA and then recalculated these planz using AXB, , (m,m indicates
tranzport in medium, doze to medium) with fixed monitor units (MU).
Opdmization was performed with heterogeneity corrections activated
during the optimization process, using coplanar half arcs with couch
structures included. Mormal Tizzue Objective (NTO) parameters were set
manually to ensure a fast dose fall off beyond the PTV. To ensure a
correct doze calcolation it waz crucial to take into consideration the
multileaf collimator (MLG) characterization as well as the accuracy of
the planning system for small fields [29]. The MLC was characterized in
the treatment planning system following the recommendations by Saez
etal [30]. Minimum jaw fleld size was set to 35 mm, while the output of
smaller fields, conformed with MLC, was verified using EBT4 radio-
chromic films [31]. To reduce complexity of the plans the aperture shape
coniroller was set to high strength and total MU were limited according
to the prescribed doze per zeszion in the optimization process. This
enzured an acceptable doze distribution while avoiding unneceszary
MLC modulation.

We analyzed the relationship between CTR and the relative differ-
encez between D98% (Gy) and D2% (Gy) on the PTY. Furthermore,
Dmean was analyzed for the PTV-ITV area, where the differencez are
expected o be more appreciable doe to denzity differences. For ease of
interprecation we divided the sample in two groups, the first one with
CTRs ranging from 0 and 0.33 (low CTR) and the second one with CTRs
above 0.33 (mid-high CTR).

2.2 Evaluation of lung dose reduction after dose de-escalation

To evaluate the treatment plans with the least amount of variability,
we reoptimized and recaleulated with AXBy, i the dose distribution for
the 40 lezions with a limited set of optimization parameters. The same
phyzicist optimized the planz with the original dose prescription and
with a dosze reduction to the GG0 component and following the same
optimization procedure. For the standard approach, doge was normal-
ized to enzure 100 % of the prescribed dose covered 95 % of the PTV. For
the de-ezcalation case, dose was normalized to ensure 100 % of the
prezcribed dose cowvered 95 % of the solid PTV. The doze to the GGO
component of the PTV (Fig. 1) was lowered az much as poszible, but
alwayz granting that at least 100 % of the lower dose covered 95 % of the
GGO PTV. Maximum dozes were limited to 140 % of the prescribed doze.
Other parameters were optimized following the RTOG 0236 mial pro-
tocol The characteristics of the analysed lesions in terms of CTR, CTRv,
lesion zize and prescription are summarized in Table 1.

We analyzed the lung doze reduction in terms of the mean lung dose
(Dmean) and the percentage of volume receiving 20 Gy (V20Gy), as they
are associated with grade Il or higher toxicities. We also analyzed the
absolute wolume of the lung receiving V300G ypeps, as it haz recently
been correlated with radiological toxicity [19]. Furthermore, for those
patients with more than one lezion, we analyzed the same parameters
considering the reatment of both lesions simultaneoushy.

We statistically analyzed the differencez for Dmean, VZ0Gy and
V300Gveens between the standard prescription and the de-ezcalation
protocol uzing a paired ftest wzing RSiondio software  verzion
2022.07.2. We alzo analyzed the correlation berween the lung doge
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Fig. 1. Definition of target volumes. (a) Lung Phantom with a soomed figure to a lesion corresponding to CTR of 0.5. Figure {c} is an example of the GTV volume
delineation of a patient lesion on the 50 % expiration phaze (CT50). The accomulated TV was generated in the Average reconstroction of the 4DCT (d) to create the
ITV. A 3 mm margin was added to generate the PTV. [n Figure (£) we can see the structure set with the PTV area density and material overwritten to water to

evaluate robustnesa.

reduction and the CTR and CTR, uzing the Spearman's Ranks correlation
coefficient.

2.3, Evalugtion of dose distribution robusmess

To evaluate the robustness of the treatment when optimizing with
two dose levels with AXBy, o, we used three datasets: Firstly, we uzed the
plan optimized using AAA dose caleulation algorithm with one dose
level. Secondly, the zrame plan optimized using AXB,, ;, with one dose
level and, finally, a plan optimized using AXBy, n with two dose levels
(dose reduction to the GGO). These plans were optimized using the
average CT scan of the 4DCT.

We then recalculated (AXBy, o) with fixed MU theze three plans to a
new average CT with the FTV volume overridden (material and HU) to
water (Fig. ). When recalculated in water, possible fluence peaks in the
area surrounding the ITV become apparent and comparizon between
algorithms iz performed under the same dose transportation and deposic
conditions. The analyziz of these peaks allowed us to evaluate robustness
of the plan against any motion of the GTV within the PTV region. To
evaluate the magnitude of these fluence peaks, we compared the mean
dose to the ITV with the doze to the ring between the ITV and the PTV
(DmeanP-1/DmeanlITV). Differences between the three scenarios were
evaluated uzing a one-way ANOVA test
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3. Results

3.1. Evaiugtion of doze calculation aecuracy as a fumetion of GGO
COMponeEnt

In the phantom case, we found relevant differencez between the dose
dizriburions caleulated by the two algorithms in correlation with the
CTR value. Az shown in Fig. 2, the low CTR group (high GGO compo-
nent) prezented higher differences than the mid-high CTR group for the
D2% parameter. While for the low CTR group the average difference
between algorithms was 2 %, for the high CTR group this difference was
reduced to 1 %. These differences were statistically significant {(p =
0.04) and were alzo correlated with CTR for D98% (p = 0.04), going
from an average difference of 2.5 ¥ to 2 B4

In the clinical cazes, the lezions led to PTVz with an equivalent sphere
diameter ranging from 9.8 to 24.5 mm and CTR= from 0.00 to 0.90. Both
wariablez were roughly normally distributed. Dose differences berween
both algorithmz were found az previously reported in the literature.
Differences in D2% were on average 1 % ranging from 0.5 % to 5.4 %
Differencez in D'98% between both algorithms were higher, with an
average value of 6 % ranging from 0.5 % to a 20 %. In thiz case, however,
neither the ITV scenario (Awerage CT) nor the gared zeenario revealed
any starizstically significant difference between the rwo CTE groups.

3.2 Evaluation of lung dose reduction after dose de-escalation

The lung dose reduction obtained in terms of V300Gyeeps, Dmean
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Table 1

EBummary of patient treatment characteriotics, lesion wolumes and CTR and lung
doge, for the standard eatment and the dose de-socalation cage.

Average [min;
max]
PIV Volume (em®) 26 [4; 64]
salid PTV Vohume 12 [0; 35)
{em™)
GEO FTV Volame 13 [2; 44)
{emr™)
CTRY 0.52 [0 0.93]
CTR 0.6 [0; 0.97]
N
MNumber of lesions 40
118Gy [
5@ 11 Gy 31
Patients with 1 lesion 30
3@ 18 Gy 7
5@ 11 Gy 23
Patients with two 3
lesions
3@ 18 Gy 1
5@ 11 Gy 4
Lung Dose Evaluati Standard Dose des
escalation
Dmean (Gy) 36[1; 8] ERNEH|
ViGy (%) 4.21;13] 360110
VIOGYBEDS oo’} 156 [2; 57] 71 [0; 28]
M lesion patients
Dmean (Gy) 5.0[3,1; 7,11 4.4 [25 7]
V20Gy (%) 6.1 [5,05 8] 5.4 [35: 7]
VIHOGYBED? (cns™) 21.5 [6,5; 24] 5.1 [07; 18]

and V20Gy can be seen in Fig. 3. An average reduction of 9 % (0.5 Gy) of
Dmean was obtained. A reducton of V20Gy, from 3.6 % to 4.2 % and
V300Gypers going from an average volume of 16 em” to 7 em” were also
obhzerved. Differences in all three variablez were statistically significant

Fyysics and fmaging i Radiation Oneology 32 (20241 J0058T

(p < 0.01). When focusing the subgroup with a GGO volume abowve 20
ms,mgmducﬁmmDmmmﬂVﬂﬂﬁfmedma&E%amﬂ_E%
rm];et:tiwﬂy and we observed an average V300Gypgps redoction of 21
cm®.

For V300Gygens the number of lezions with an abzolute lung wolume
greater than 20 em® went from 11 to 2 cases. The number of lesions with
V300Gyggns > 30 cm® went from 4 to none.

Spearman's correlation between CTH or CTHw (Fig. 4) with the dif-
ferencez observed in lung dozez ranged between 0.3 for V20Gy to 0.53
for V300Gygeng, indicating a low to moderate correlation (p < 0.05L
The correlation was clearer when we analyzed the lung dose reduction
in terms of the absolute volume of the GGO component of the lesion,
ranging from a correlation of 0.56 for V20Gy to 0.78 for V300Gyeems (p
< 0.05). Az it can alzo be in Fig. 4, the patients with GGO abowe 20
em® all achieved a zignificant reduction in lung dose, with an average
V300G ygeng reduction of 21 cma, a reduction of Dmean of 0.5 % and a
reduction in V20Gy of 1.1 Go.

It iz compelling to analyze the 5 patients with 2 lesions (Table 1). For
theze patients a mean lung dose reduction of 14 % (0.5 Gy) was ob-
tained, with V20Gy going from 6 % to 5.4 %. The most significant
reduction was obtained for V300G yeens with 3 out of & patientz going
from volumes above 20 cm® to all of them being below 20 em?, and an
average reduction of 16 cm”.

3.3. Dose distribution robusmess

Az it has been previcusly reported, we obzerved fuence peaks in the
low-density area surrounding the PTV (Fiz. 5). Thiz effert was more
evident when using AXBm m during the optimization process and led o
bigger fluence peaks compared to AAA (p = 0.02). When recalculated to
water, the average dose for the region between the ITV and the PTV had
an average doce of 0.98 for the AAA caze compared to the [TV average
dosze. Thiz value increazed to an average of 1.015 for the AXBn m caze,
showing a higher average dose on the area berween the ITYV and the PTV

The analysiz of the same parameters for the doze de-escalation case
can be zeen in Fig. 5. Az it can be seen the fluence peaks were almost
nonexistent (with an average value of 0.96 compared to the ITV dose
walue), zimilarly te the AAA-optimized scenario (p > 0.05) but clearly
lower than the original AXByg, ; optimization (p < 0.01)

p=0.04

Category

Delta D2% (%)

Low CTR

Med-High CTR
CTR

Fig. 2. Belative difference in the D2% (3v) parameter berween AAA and AXB for the different datazets. Low CTR corresponds to CTR < 0.33, while Med-High to CTR

> 0.33. Differences are statistically significant only for the phantom case.
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VZ0GYy (%)
P-wvalue: p=0.01

v

Dose
De-escalation

Qriginal
Prascription

Original
Prescription
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De-escalation

Dase Qriginal

De-escalation Prescription

Fig. 3. Doae differences in the lung between the standard dose prescription and the dose de-eocalation approach. Lefi- Reduction of V3000y¥BEDS, with an average
difference from 16 cm™ to 7 cm®. Genter: Differencen in lung Dmean, with an average reduction of 0.5 Oy. Right V200y (%) showing a reduction from 4.2 % to 3.6 %.
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Fig. 4. Doae reduction in the lung between the standard dose prescription and the dose de-escalation approach in lung in terma of CTRy (top) or absolute Volume of

the @G0 PTV ent (b ). Do reduction i ly

4. Discuszlon

In thiz sudy, we have analyzed the technical feazibility and potential
benefit of a doze de-escalation strategy for the SABR treatment of lung
lesions with GGO component. Regarding doze caleulation accuracy, we
have obzerved larger dizcrepancies when using type B calculation en-
gines, zuch az AAA, for lower CTR values. Theze differences are less
evident for blurrier borders between the zolid and the GG0 components,
and even lezz significant when breathing motion iz prezent. Although the
observed differences between AAA and AXBy, ., are similar in magnitude
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d in termo of V300OyBEDS (Laft), Dmean (centre) and Y200y (%) (Right).

‘to the ones previously reported [ 23], extra care should be taken in SABR
treatments involving GGO, especially for low CTH or when uzing gating

srategies.
Doze de-ezcalation strategies have been successfully used previowsly
in the context of SABR in the lung to prevent chezt wall toxicities [17]. In

our zudy, we have demonstrated that by de-ezcalating the dose in the
GGO region, there iz a systematic reduction of lung Dmean, V20, and
VI00Gyyens- Although these differences are amall in zome cazez, they
‘become relevant for lezions that contain a higher volume of GGO. Itis for
thiz group of patients that LC rates are expected to be higher [33]. From
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_p=2.30e-04
1.15
110
H
5105
E
=] ®
a 1.00
]
13
E 0.95%
0.30
0.85
.
Original AXBm.m Original AAs Dose de-escalation AXBm,m

Fig. 5. Top: Robustnesa analysio in termas of Mean dose to the PTV -ITV area (MeaoP-1) divided by mean doze to the ITV. Bottom: Doge dizswibution of one of the
patients for the three cases of the top figure, in the same order. Golour wash levels are fixed for the three cacea with the lower threahold at 1108 of the preccribed

dose and the upper threshold to the 150% of the prescribed dose.

the author's point of wiew, patients with CTR below 0.5 or abzolute GGO
valumes above 20 em® would benefit from a dose de-escalation regime.

Finally, the lower dose in the GGO area, which iz generally sur-
rounding the zolid lesion, provides a naturally more robuszt fluence,
reducing the necessity to apply any strategy to mitigare fluence peaks. In
contrast to the plans obtained when the dose distribution is forced to
deliver high dozes to less dense tizzues, a dose de-escalation to the leszer
denze czzue surrounding the solid nodule allows for more robust
fluences.

Thiz study, while providing inzightz into dose de-escalation strate-
giez, has some limitations. The sample size was sufficient to derive some
statiztical concluzions. However, a more extenzive study population,
including more cazes of very low CTR and high GGO volume, would
provide a berter understanding of the impaet of the doze reduction.
Furthermore, thiz srudy only evaluates the technical feasibility of the
technique wsing Ecplize az optimization and caleulation engines. The
resultz obsarved in thiz study should not be directly azzumed for other
planning syztems.

In conclugion, thiz work shows that a doze de-ezcalation strategy to
lung cancer lesions with ground glazs opacities iz feazible in the context
of SABR and dosimetrically advantageous. The use of a de-escalation
scheme, maintaining the dose to the =olid component of the lezion
while reducing the dose to the GGO component, could lead to lower
associated lung toxicities while maintaining local control. We believe
that thiz work sets the basiz for the design of a doze de-ezscalation clinical
mrial for GGO lezions, which should evaluate whether the reduction in
lung doze obzerved here in zilico translates to a reduction of lung toxicity
in patient.
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DISCUSSION

The treatment of GGO lesions with SABR presents several challenges, particularly the
standard approach of treating GGOs as solid nodules. This practice can result in an
overexposure of healthy lung tissue to radiation, increasing the risk of lung injury. Given that

86,87

GGO lesions are often multifocal and associated with improved LC rates, " they may benefit

from tailored SABR approaches rather than a standardized treatment strategy.

A critical first step to investigate the possibility of a tailored treatment is to accurately
identify and categorize the changes in the lung parenchyma observed after radiotherapy. Once
categorized, an analysis can be made evaluating potential correlations with the delivered radiation
dose. While the total delivered dose is a key factor in SABR prescriptions, the BED must be
considered to effectively compare different fractionation schemes.”””'"” Furthermore, when
implementing a dose de-escalation strategy for GGO lesions, it is essential to ensure both precise
dose calculations and robust dose delivery, particularly in the context of a moving target. These
considerations, along with the methodological framework for addressing them, were explored in

the previous sections and will be discussed in what follows.

1. Lung parenchyma changes evaluation strategies

CT scans play an important role in both the pre-treatment planning and post-treatment
follow-up phases.37’40 A CT scan is performed before treatment to delineate the tumor and
surrounding structures accurately, this CT scan is usually performed using the same parameters,
as it not only serves to delineate the target structures but also to calculate the dose deposition in
the patient. However, there are challenges in the consistency of follow-up CT scans, which are
not always performed under identical conditions between them or with the same scanner.
Although efforts are made to standardize follow-up CT scans by using similar acquisition
parameters, such as breathing protocols and acquisition techniques, achieving perfect consistency
is not always the main priority in clinical practice. Variations in scan settings, including slice
thickness, tube current, reconstruction algorithms or breathing status of the patient can occur
due to differences in equipment availability, clinical workflows, and individual patient

circumstances.
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The density of lung tissue (Figure 17) is a critical metric used to assess treatment response
and detect potential complications, such as radiation-induced pneumonitis or fibrosis.'”
Variations in scanning conditions can lead to discrepancies in measured densities and
significantly impacted our ability to conduct quantitative analysis of lung parenchyma densities in
our work. The wvariability in CT scan parameters introduced discrepancies in density
measurements, which could not be reliably corrected or normalized across different scans. As a
result, it was challenging to draw definitive conclusions about changes in lung tissue density over
time, limiting the scope of our analysis to qualitative assessment and visual evaluation by

experienced clinicians.

Figure 17. Example of a quantitative evaluation of the lung parenchyma performed on the pre-treatment C1 scan
of the right lung of a patient with a nodule. Green highlighted areas correspond to: a) solid component (200
Hounsfield Units (HU) to —200 HU), b) GGO component (-201 HU to —600 HU) ¢) standard lung density
(-601 HU to —910 HU) and d) hypodense lung areas (-911 to —1000 HU). Original figure from the doctoral

Student.

Part of our follow-up period coincided also with the Coronavirus Disease 2019 (COVID-19)
pandemic, which introduced additional challenges in obtaining consistent CT scans for patient
follow-up. Additionally, the presence of COVID-19 infections complicated the interpretation of
lung changes, as alterations in the lung parenchyma could be attributed to either treatment

effects or COVID-related lung pathology.

Nevertheless, the evaluation of the grade 1 toxicities by an experienced radiologist allowed us
to gain insights to categorize variations present in the lung parenchyma in terms of post
radiotherapy treatment. There is extensive literature on the evaluation of radiological images

.

post-SABR mainly to assess differences between post radiotherapy changes and local relapse,'!

but to the best of our knowledge, there are still no unified criteria to assess post-SABR patterns
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regarding severity and typology of grade 1 toxicities. Although CTCAE score describes toxicities
based on clinically observed parameters,” it does not consider a subdivision within all the
radiological changes which do not have a direct clinical impact, as they all fall within grade 1
toxicities. Through the evaluation of the changes observed in our patients we developed a
grading system to classify lung parenchyma changes and compare them among different patients

to make it possible to evaluate different subtypes of grade 1 toxicity and its evolution with time.

2. Prescription fractionation and BED

In our cohort of patients, we employed a range of fractionation schemes, specifically
prescriptions including 3 sessions of 18 Gy, 5 sessions of 11 Gy and 8 sessions of 7.5 Gy
according to international guidelines.”’ These different fractionation schemes result in significant
variability in BED, a critical factor in evaluating and comparing treatment outcomes. For
instance, the BED values for these fractionation schemes vary significantly from the 3 sessions
of 18 Gy scheme, which nominally corresponds to a BED of 227 GyBED, or 126 GyBED,,,
while the 8-session scheme corresponds to 126 GyBED; and 100 GyBED,,.

The differences in BED between these fractionation schemes requires an analysis based on
BED rather than physical dose alone. This approach enabled us to assess and interpret treatment
efficacy and toxicity for the different fractionation schemes. Additionally, the variation in BED
provided us with a wider span of doses to analyze, potentially offering insights into dose-

response relationships and the optimization of SABR protocols.

However, the use of BED also has some limitations. Calculating BED using the linear
quadratic model, especially for high-dose-per-fraction regimens like those used in SABR, is not
straightforward. The model assumes a certain biological response to radiation that may not be
accurate for very high doses delivered in a few fractions."™ This complexity requires cautious
interpretation of the obtained BED values. Despite these challenges, using BED as a metric is
crucial to understand the impact of fractionation strategies in lung cancer treatment and
calculating BED following the linear quadratic model remains the most widespread approach

and allows us to compare with different cohorts.

Over the years, several SABR regimes have been used to treat lung lesions. Some studies
have analyzed the impact of different SABR regimes in terms of BED and its relation to local
control and/or clinical toxicity.”” Over the last years, lower BED regimes have been prioritized
to reduce toxicity."” However, it has been reported that lowering the prescribed BED below the
threshold of 100 Gypgp,, comes at the cost of lower LC rates.'” Together with our findings
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pointing to a similar dose level (300 GyBED)) for healthy tissue complications, this justifies an
approach to optimize the areas within the lesion receiving doses above 100GyBED,, while
maintaining the more indolent areas (GGO) as close to that lower threshold as possible (Figure

17).

This last point lead us to plan a possible de-escalation strategy which ensured a minimum
dose to maintain L.C rates acceptable in the GGO region of the lesion, with a minimum BED of
100 GyBED,, while increasing the doses to the solid part of the lesion to the originally
prescribed dose, which depending on the fractionation scheme reached up to a prescription dose

of 126 GyBED,, (and maximum doses up to 140% of the prescribed dose, thus 220 GyBED,).

.10 GyBED,
100 GyBED

256 GyBED, 217 GyBED,

1
@

210 GyBED,

|
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o

BED,,

378 GyBED; 238 GyBED,

Figure 18. Schematic representation of the dose de-escalation approach proposed in this work for the three
[ractionation schemes analyzed. From left to right: Nominal dose and number of sessions for each fractionation
scheme. Equivalent BED prescibed dose to the whole P11V in GYBED,, and its equivalent dose, in GyBED,

Jor the healthy tissue. On the right we can see the original prescription dose level, which is maintained in the solid
region of the PTV, while the rest of the PTV is covered by a dose prescription ensuring at least 100 GyBED,,,
and the equivalent dose to the surrounding healthy tissue for the corresponding number of sessions. Original figure

from the doctoral student.
3. Comparing TPS doses AAA vs AXB

Accurately comparing TPS and dose calculation algorithms is a challenging task. One
primary challenge is that the optimization process within a TPS can introduce variability even
when using the same dose calculation algorithm.”* Factors such as iterative optimization steps,

convergence criteria, and user-specific settings can lead to differences in the resulting dose
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distribution. To address this issue and ensure consistency across our analyses, we replanned all
patients' treatments following a standardized optimization process, specifically analyzed for lung
SABR, that was presented in the European Society for Radiotherapy and Oncology (ESTRO)
2023 congtess. This optimization protocol ensured a steep dose gradient while focusing on

robust fluences.

Moreover, before proceeding with the optimization of the GGO SABR cases, we performed
a study on the influence of various parameters that might affect TPS configuration as well as on
the use of density overrides for optimization purposes. Some relevant parameters such as the
effective spot size or the MLC characterization were evaluated to understand their impact on
dose calculation algorithms. By isolating these variables, we aimed to differentiate between those
differences arising from the physical description of the LINAC and those inherent to the dose
calculation algorithm. Density overrides were not used as the obtained solution without the

overrides was deemed robust enough and the optimization process was straightforward.

Additionally, it is important to note the differences in dose reporting between the AAA
algorithm and AXB algorithm. AAA reports dose in terms of dose to water, whereas AXB
reports dose in terms of dose to medium (AXB) or water (AXB,) but always considering the
medium in the radiation transport calculation process.”' It is important to remark that AAA and
AXB,, are not comparable magnitudes. On the other hand, AXB_, is not the recommended dose

reporting method by international protocols,””

as it considers dose deposition in water, which is
not the tissue where dose is deposited. There is plenty of literature trying to take into
consideration for these issues, to make it possible to accurately compare dose distributions
obtained with both calculation engines, but it is not the aim of this work to perform a direct
comparison between AAA and AXB.” Nevertheless, some considerations have been made when
using these algorithms. First, we ensured that all detailed dose comparisons were made using the
same algorithm—comparing dose to the lung for the de-escalation case to the standard case both

calculated using AXB_, for example. This approach allowed us to focus on subtle differences

within the same algorithm without introducing variability from differing dose reporting methods.

4. Discussion of methodological approaches

The robustness and generalizability of the conclusions drawn by any study is highly
dependent on the number of patients included in the study. To analyze the correlation between
BED and grade 1 toxicities, we analyzed a cohort of over 100 patients, with a follow-up of two

years after radiotherapy. This large sample size increases the likelihood that findings are
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representative of the broader population undergoing SABR for lung cancer, increasing the

study's validity and providing evidence to inform clinical practice.

In the second study, which examined dose de-escalation in SABR for GGO, the inclusion of
over 40 cases offered a wide range of GGO sizes and CTR ratios (Figure 19). The inclusion of a
phantom study allowed us to establish a baseline using a simple model that could simulate a
continuous specttum of CTRs. This approach facilitated precise control over variables and
enabled a detailed analysis of the dose distribution and accuracy. Additionally, patient cases were
analyzed to ensure a wide distribution of CTRs across different lesion sizes. This distribution
makes it more probable that the study's findings are representative of the diverse cases found in

clinical practice.
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Figure 19. Relation between PT'V size and the volumetric CIR for the patient lesions included in the study. The

orange line represents the average CIRv value. Original figure from the doctoral student.

The unicentric nature of the study offers both potential biases and advantages. Conducting
the research within a single center means that the techniques and methodologies used, such as
imaging protocols and treatment planning, may be specific to that institution, potentially limiting
the generalizability of the findings to other settings. Different centers might employ varying
protocols and equipment, which could lead to different outcomes. Furthermore, as with most
retrospective analyses, the study is subject to potential biases and confounding factors inherent

in-patient data not originally collected for this specific research question.
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However, a unicentric approach also provides significant advantages, particularly in ensuring
a systematic follow-up and analysis of patient outcomes. This consistency allows for more
controlled conditions, reducing variability in how data is collected and analyzed. A uniform
follow-up protocol ensures that changes in radiological outcomes and toxicities are monitored

and documented consistently, enhancing their reliability.

The treatment of the patients enrolled in this thesis was delivered using the I'TV approach
for motion management, which is one of the most widely adopted techniques in radiation
therapy. This choice enhances the generalizability of the study's conclusions, making them more
applicable to other centers that use the same approach. Nevertheless, the study also considered
alternative approaches to assess the impact of GGO on dose calculation accuracy, including
breath-hold and gating techniques. By exploring these options, the research acknowledged the
potential benefits of active breathing management in further reducing radiation-related toxicities.
High doses should be carefully managed, and techniques like gating or breath hold can
potentially minimize exposure to surrounding healthy tissues, decreasing the risk of lung

toxicities.

5. Implications for clinical practice

One key application is the incorporation of constraints on the absolute volume of lung tissue
receiving high BED during treatment planning. By establishing such constraints, clinicians can
make more informed decisions when selecting dose fractionations, thereby optimizing the

balance between treatment efficacy and toxicity.

A second implementation on clinical practice may be the adoption of a dose de-escalation in
SABR protocols that have a substantial impact, especially for cases intended to be treated with a
lower number of sessions. This approach is beneficial for patients with significant GGO
components. By tailoring the radiation dose to the specific characteristics of the tumor, such as
the CTR, effective local control could be achieved while reducing the risk of damaging healthy
lung tissue. These could lead to improved patient outcomes by reducing side effects and
enhancing the overall quality of life. In the context of oligometastatic patients, where multiple
lesions are expected to be treated sequentially, minimizing the cumulative radiation dose to

healthy lung tissue is crucial.

These findings are becoming more relevant by the progressive implementation of lung

cancer screening programs. As screening becomes more widespread, more lung lesions are being
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detected at earlier stages.””” Many of these lesions will initially present as pure GGOs (Figure
20), which may evolve into more solid nodules over time. The natural progression of these
lesions from pure GGOs to lesions with a solid component requires a reevaluation of traditional

treatment strategies.

Figure 20. Different stages of the natural evolution of adenocarcinomas with varions degrees of GGO component.
a) Atypical adenomatous hyperplasia b and) Adenocarcinoma in situ with different amonnts of GGO component
d) Minimally invasive Adenocarcinoma e) 1epidic-predominant adenocarcinoma (non-mucinous) ) Invasive

. . . . . 129
mucinous adenocarcinoma and g) Invasive adenocarcinoma. Figure adapted from Godoy et al.

In conclusion, this thesis sets the bases for approaching a clinical trial for lung SABR with
GGO component which could ensure similar rates of LLC while reducing the risk of grade 1

toxicities.
6. Strengths and limitations

This work presents a number of aspects that give strength and consistency to the results. One of
the main advantages is the inclusion of a relatively large number of patients treated in a single
institution with consistent clinical protocols, which allows for homogeneity in the treatment
approach, outcome analisys and imaging follow-up. This uniformity reduces variability and can
lead to a more reliable analysis of the correlation between dose and radiological toxicity. The
incorporation of both real patient cases and phantom-based simulations also allows for an
exploration of the effects of GGO composition and respiratory motion on dose accuracy, which
is not always feasible in purely clinical studies. Another important element is the proposal of a
treatment adaptation strategy based on the internal structure of the lesions, which, despite being

simple to implement from a planning perspective, could lead to a reduction in lung toxicity.

Even so, there are some limitations that must be acknowledged. The study is retrospective, and
this type of design inevitably introduces potential biases. For instance, there is some variability in

the timing and frequency of follow-up imaging, as well as in the interpretation of radiological
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changes, which were not always confirmed histologically or correlated with symptoms.
Furthermore, some follow up data is missing or incompleat and may lead to lack of statistical
correlation with some parameters such as smoking habits. Toxicity was evaluated based on
imaging findings rather quantitative analysis of the images, and although this is aligned with the
study’s goals, it leaves out potentially relevant outcomes. A similar approach was taken with the
segmentation of GGO components, which was done visually. Moreover, while the recalculation
of treatment plans with more advanced algorithms and the dose de-escalation proposal offer
promising results in terms of lung sparing, these findings have not yet been confirmed in
prospective clinical trials. Therefore, although the theoretical benefit appears clear, the
translation to clinical practice should be done with caution. Lastly, as all data comes from a single
institution, the external validity of the results may be limited, and replication in different clinical

settings would be necessary to confirm the generalizability of the conclusions.

7. Future research directions

To strengthen the findings related to radiation toxicity, it is critical to validate the results in
an independent cohort. This step ensures that the observed dose-toxicity relationships are not
unique to the initial study population and can be generalized to a broader patient base. Validation
in a different cohort helps to confirm the reliability and robustness of the results, providing a
stronger foundation for clinical recommendations and potentially influencing treatment

guidelines for SABR in lung cancer.

Further exploration of grade 1 toxicities is essential to fully understand the early indicators of
potential long-term adverse effects. Developing a standardized protocol for evaluating and
characterizing these changes would enhance the consistency of toxicity assessments across
studies. By unifying the criteria and methods used to document these subtle changes, researchers
can ensure more reliable data collection, which is crucial for identifying patterns and correlations

that inform treatment optimization.

The application of artificial intelligence (Al) in analyzing dose-toxicity relationships presents
a significant opportunity to expand the scope of toxicity studies. AI models can process large
datasets efficiently, enabling researchers to examine these relationships across a more extensive
cohort than would be feasible manually. By leveraging Al, the study can achieve a more nuanced
understanding of the factors contributing to radiation toxicity, ultimately supporting the

validation of results and the refinement of treatment protocols.
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Once the toxicity results have been validated, a clinical trial could be conducted to evaluate
the clinical efficacy and toxicity outcomes of a dose de-escalation strategy. This trial would be
designed to confirm the potential benefits identified in the initial research, testing whether dose
adjustments can maintain effective tumor control while reducing adverse effects. The findings
from such a trial could lead to significant advancements in personalized radiation therapy,

offering a pathway to optimize treatment for patients with lung cancer.

8. Key findings and concluding remarks

In the research conducted for this thesis we found a correlation between the lung volume
receiving BED greater than 300 GyBED; and the occurrence and severity of observed
radiological toxicities. It was also observed that changes in the lung parenchyma tend to persist

or worsen in cases where the volume with D>300 GyBED; exceeds 20 cm?.

In the second part of the study, a positive correlation was identified between the presence of
GGOs and dose calculation errors in phantom-based calculations. These discrepancies were
reduced in patients, particularly in the presence of respiratory motion. When a treatment
approach incorporating dose de-escalation in the GGO region was calculated, significant
reductions in mean lung dose, V20, and V300GyBED, were achieved. Finally, it was also
observed that optimizing with lower doses to the GGO area resulted in more stable fluence

patterns, enhancing the robustness of the treatment.

The findings presented in this study underscore the critical role of optimizing SABR
treatment protocols to enhance patient outcomes in lung cancer, particularly in cases involving
GGO. By focusing on reducing grade 1 toxicities, our research offers a pathway to refine SABR
strategies, potentially improving the quality of life for patients undergoing this treatment. The
correlation between high BED levels and increased toxicities emphasizes the need for careful
dose management and treatment planning. Although there are some challenges in clinical
practice to quantify accurately lung parenchyma changes after radiotherapy, we provide a

framework for categorizing and understanding post-SABR outcomes.

Looking ahead, our research lays the foundation for future clinical trials aimed at
implementing dose de-escalation strategies that balance treatment efficacy with toxicity
reduction. Such trials could confirm the potential benefits of tailoring SABR protocols to the
specific characteristics of each patient's tumor, particularly those with larger GGO components,

paving the way for a more patient-centered clinical practice.
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CONCLUSIONS

1. Biological effective doses above 300 GyBED; to the lung are associated with a greater
incidence of grade 1 lung toxicities after lung stereotactic radiation therapy. Furthermore,
volumes greater than 20 cm’ receiving more than 300 GyBED; tend to present
permanent parenchyma changes.

2. 'The presence of ground glass opacities within the planning target volume region induces
dose calculation errors when type B algorithms, such as AAA are used. This errors are
easily observed in phantom-based calculation but the discrepancies between type B and
type A algorithms decrease in patient cases and especially in the presence of respiratory
motion.

3. It is technically feasible to optimize stereotactic radiation therapy treatments for lung
lesions containing ground glass opacities malignancies maintaining the expected local
control to the tumor and improving calculation accuracy and robustness against

breathing motion while reducing high doses to the healthy lung.
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