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Abstract
Surface guided radiotherapy, a tracking technique that reconstructs the three-dimensional sur-
face of the pa�ent in real �me using op�cal imaging, is nowadays used to improve pa�ent posi-
�oning accuracy, speed up workflows, and poten�ally lower imaging dose by reducing cone beam
imaging checks before treatment delivery. This thesis analyzes its use for le�-sided breast treat-
ment in deep inspira�on breath hold in a retrospec�ve cohort of 35 pa�ents, asking if the system is
reliable and if residual posi�oning errors have a dosimetric impact on treatment quality. The ver-
�cal eleva�on of the primary ga�ng point recorded by the Sen�nel®system at simula�on, defined
as the difference in chest-wall eleva�on between free breathing and deep inspira�on breath hold
respiratory condi�ons, was validated against the eleva�on measured between the computed to-
mography acquired in free breathing and deep inspira�on breath hold. The two measures showed
a high level of agreement, confirming the reliability of the Sen�nel®system for mo�on tracking.
Residual posi�oning errors, verified with cone beam imaging before treatment, were generally
small but variable, with some shi�s and rota�ons large enough to affect target coverage and or-
gan at risk doses. The recalcula�on of the treatment plans using the average shi�s found during
the treatment course with the cone beam imaging, confirmed that most cases maintained ade-
quate dose coverage, while some pa�ents showed underdosage of the breast and an increase in
cardiac and contralateral breast doses. A 3D gamma analysis, a standard tool to compare planned
and recalculated dose distribu�ons, highlighted that while some pa�ents retained near perfect
agreement between the original and the recalculated plan, others experienced relevant degrada-
�on. Overall, surface guided radiotherapy provides accurate, non ionizing posi�oning, but inter-
pa�ent variability persists, sugges�ng a strategy of early imaging verifica�on, robustness checks,
and individualized imaging frequency.



Sommario
La radioterapia guidata dalla superficie, una tecnica di tracciamento che ricostruisce in tempo
reale la superficie tridimensionale del paziente mediante imaging o�co, è oggi u�lizzata per
migliorare l’accuratezza del posizionamento dei pazien�, rendere più rapido il workflow e, poten-
zialmente, ridurre la dose da imaging grazie a un minor numero di controlli con tomografia com-
puterizzata a fascio conico prima della somministrazione del tra�amento. Questa tesi analizza
l’u�lizzo della radioterapia guidata dalla superficie per il tra�amento della mammella sinistra in
apnea inspiratoria profonda, in una coorte retrospe�va di 35 pazien�, con l’obie�vo di valutarne
l’affidabilità e verificare se gli errori residui di posizionamento abbiano un impa�o dosimetrico
sulla qualità del tra�amento. L’elevazione ver�cale del punto di ga�ng primario, registrata dal
sistema Sen�nel®durante la tomografia computerizzata di pianificazione e definita come la dif-
ferenza nell’elevazione del torace tra le condizioni di respiro libero e apnea inspiratoria profonda,
è stata confrontata con l’elevazione misurata sulle corrisponden� tomografie computerizzate ac-
quisite in respiro libero e in apnea inspiratoria profonda. La concordanza tra le due misure è
risultata buona, confermando l’affidabilità del sistema Sen�nel®nel tracciamento del movimento
respiratorio. Gli errori residui di posizionamento, verifica� con tomografia computerizzata a fas-
cio conico prima del tra�amento, sono risulta� generalmente piccoli ma variabili, con alcune
traslazioni e rotazioni sufficientemente grandi da influenzare la copertura del bersaglio e la dose
agli organi a rischio. Il ricalcolo dei piani di tra�amento, basato sulle traslazioni medie riscontrate
durante il corso della terapia con tomografia computerizzata a fascio conico, ha confermato che
nella maggior parte dei casi è stata mantenuta una buona copertura di dose, mentre in alcuni pazi-
en� si è osservato un so�odosaggio della mammella e un aumento della dose al cuore e alla mam-
mella controlaterale. Un’analisi gamma 3D, strumento standard per confrontare la distribuzione
di dose pianificata con quella ricalcolata, ha evidenziato che in alcuni pazien� vi era un accordo
perfe�o tra il piano originale e quello ricalcolato, mentre in altri si osservava una degradazione
rilevante. Complessivamente, la radioterapia guidata dalla superficie rappresenta un metodo ac-
curato e non ionizzante per il posizionamento del paziente, ma persiste una variabilità tra pazien�
che suggerisce l’adozione di una strategia basata su verifica precoce con imaging, controlli di ro-
bustezza del piano di tra�amento e una frequenza di imaging personalizzata.
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IntroducŒon
Breast cancer is one of the most common oncological diseases worldwide and a major

health issue for the female populaŒon. Radiotherapy is a fundamental part of the man-

agement of this disease, both in adjuvant and, in selected cases, in radical se“ngs. The

technological evoluŒon in the •eld of radiaŒon oncology has led to the development of

increasingly precise treatment techniques, aimed at maximizing tumor control while min-

imizing irradiaŒon of surrounding healthy Œssues and organs at risk.

In le‰-sided breast cancer, one of the main challenges is the reducŒon of radiaŒon dose

to the heart, the le‰ anterior descending coronary artery (LAD), and the controlateral

breast. Deep inspiraŒon breath hold technique has been introduced to address this is-

sue, due to the anatomical displacement of the heart and LAD away from the chest wall

during deep inspiraŒon. This approach has been shown to signi•cantly reduce the expo-

sure to organs at risk without compromising target coverage.

In this context, surface guided radiotherapy, which is an opŒcal surface tracking system

that reconstructs the three-dimensional surface of the paŒent in real Œme using opŒ-

cal imaging without the need for external markers such as ta‹oos or the use of ionizing

radiaŒons, has emerged as a method that improves the precision of paŒent posiŒoning

and allows intrafracŒon moŒon monitoring, since it has the ability to interrupt the ra-

diaŒon beam when thresholds of moŒon are exceeded. By integraŒng systems such as

SenŒnel®and Catalyst®, surface guided radiotherapy allows for real-Œme monitoring of

the paŒent's surface and respiratory pa‹ern. The SenŒnel®system, typically installed in

the computed tomography simulaŒon room, uses structured light projecŒon and stereo-

scopic cameras to acquire a high resoluŒon model of the paŒent's external surface and

to record the respiratory signal during simulaŒon. This informaŒon is important to de•ne

the reference surface and the gaŒng parameters that will be used during treatment; while

the Catalyst®system, posiŒoned in the treatment room, is an opŒcal surface scanner that

allow to perform paŒent posiŒoning correcŒons in six degrees of freedom and that con-

Œnuously monitors the respiratory moŒon during beam delivery, automaŒcally enabling

or interrupŒng irradiaŒon according to the prede•ned gaŒng window. Together, these

two systems create a fully integrated surface guided radiotherapy work‚ow. In clinical

pracŒce, visual and audio coaching are used to standardize breath holds, and a paŒent-
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speci•c gaŒng window is de•ned at simulaŒon, and the primary gaŒng point is placed

reproducibly, ideally at the xiphoid, which is the carŒlaginous secŒon at the lower end of

the sternum not a‹ached to any ribs.

Despite the clinical adopŒon of surface guided radiotherapy in many centers, the geo-

metric reliability of surface imaging devices and their dosimetric impact under realisŒc

treatment condiŒons require systemaŒc evaluaŒon. In parŒcular, understanding the cor-

relaŒon between external surface tracking and internal anatomical posiŒoning, as well

as quanŒfying the potenŒal deviaŒons introduced by translaŒonal and rotaŒonal setup

errors, is important to assess whether the posiŒoning achieved through surface guided

radiotherapy can consistently reproduce the intended treatment geometry. Moreover, it

is important to determine whether residual setup uncertainŒes, even if within clinically

acceptable tolerances, could lead to dose distribuŒon changes large enough to compro-

mise target coverage or increase the exposure of organs at risk. Addressing these ques-

Œons is essenŒal to ensure that surface guided radiotherapy can be reliably used as a

posiŒoning method, reducing or even eliminaŒng the need for ta‹oos, lasers, and addi-

Œonal imaging procedures.

The aim of this work is to perform a comprehensive validaŒon of the SenŒnel®system,

assessing its geometric accuracy in reproducing the true anatomical elevaŒon of the pri-

mary gaŒng point, which is the di€erence in elevaŒon between the free breathing and

deep inspiraŒon breath hold respiratory condiŒons. Furthermore, dosimetric assess-

ments are conducted to quanŒfy the impact of measured posiŒoning errors and simu-

lated rotaŒonal deviaŒons on treatment plan quality, using three-dimensional gamma

analysis. This method, widely adopted in radiotherapy, provides a quanŒtaŒve metric

that evaluates dose di€erences and spaŒal deviaŒons between dose distribuŒons. In this

work, it was applied to compare the original treatment plan with recalculated plans that

incorporated the average posiŒoning shi‰s observed during treatment, thereby o€ering

a measure of agreement. The study also invesŒgates the relaŒonship between breast

volume, setup accuracy, and dosimetric robustness, providing addiŒonal insight into po-

tenŒal paŒent-speci•c predictors of surface guided radiotherapy performance.

Methodologically, the study integrates computed tomography based surface projecŒons,

Œme-series analysis of the primary gaŒng point (including heartbeat extracŒon), and plan

recalculaŒon with isocenter o€sets, complemented by three-dimensional gamma evalu-
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aŒon. All the analyses were conducted, under insŒtuŒonal approval, using rouŒne clinical

data of a cohort of 35 paŒents with le‰-sided breast cancer, treated at the IRCCS IsŒtuto

Romagnolo per lo Studio dei Tumori IRST \Dino Amadori" in Meldola (FC), Italy, between

October 2024 and May 2025.

The thesis is organized into •ve chapters, each addressing a speci•c aspect of the re-

search and progressing from the theoreŒcal background to the experimental analyses.

Chapter 1 provides an overview of the theoreŒcal and clinical foundaŒons of radiother-

apy, with a focus on breast cancer, treatment planning principles, and an introducŒon of

the deep inspiraŒon breath hold technique, while chapter 2 describes in detail the clinical

work‚ow of surface guided radiotherapy, explaining how SenŒnel®and Catalyst®systems

are integrated from the computed tomography simulaŒon to treatment delivery.

The experimental core of the thesis is presented in Chapters 3 to 5. Chapter 3 presents

the geometric validaŒon of the SenŒnel®system, including respiratory stability analysis,

evaluaŒon of geometric accuracy, and comparison with data from the literature to con-

textualize the •ndings.

Chapters 4 and 5 provide a comprehensive evaluaŒon of the clinical performance of sur-

face guided radiotherapy under real treatment condiŒons.

In parŒcular, chapter 4 reports the analysis performed a‰er cone beam computer to-

mography based setup veri•caŒon, quanŒfying the residual translaŒonal and rotaŒonal

errors following the iniŒal surface guided alignment. The results are examined in relaŒon

to clinical thresholds, compared with previously published data, and staŒsŒcally analysed

to invesŒgate correlaŒons with paŒent-speci•c anatomical factors.

In the end, chapter 5 presents the dosimetric evaluaŒon through dose-volume histograms

and three-dimensional gamma analysis, assessing the impact of simulated translaŒonal

and rotaŒonal setup errors on the delivered dose distribuŒon. Both local (5% dose thresh-

old / 3 mm distance to agreement) and global (3% of the maximum dose / 2 mm distance

to agreement) gamma criteria are applied, with and without the exclusion of a peripheral

shell of the breast, in order to evaluate the magnitude of the discrepancies.

Through this approach, the thesis aims to provide a clinically oriented assessment of

surface guided radiotherapy in le‰-sided breast cancer, highlighŒng its potenŒal to im-

prove treatment precision, reduce radiaŒon exposure to criŒcal organs, and support its

integraŒon as a reliable standard in modern radiotherapy work‚ows.
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

1 TheoreŒcal and Clinical FoundaŒons of

Radiotherapy
This chapter provides an overview of the fundamental principles behind radiotherapy,

starŒng from the interacŒon mechanisms between photons and ma‹er, which explain

how radiaŒon deposits energy within biological Œssues. These physical processes form

the basis for the clinical applicaŒon of radiotherapy, where accurate treatment planning

and dose calculaŒon are essenŒal to deliver e€ecŒve and safe treatments.

In this context, dosimetric quanŒŒes used to quanŒfy energy deposiŒon and assess bio-

logical impact are also discussed.

The second part of the chapter focuses on the clinical implementaŒon of these princi-

ples, and introduces the main radiotherapy planning techniques used in current pracŒce,

like three-dimensional conformal radiotherapy (3D-CRT) and volumetric modulated arc

therapy (VMAT).

The chapter concludes with a focus on breast cancer: treatment protocols, posiŒoning

strategies, and the dosimetric challenges speci•c to breast irradiaŒon are presented. Fur-

thermore, deep inspiraŒon breath hold (DIBH) is presented as a promising technique used

to reduce cardiac dose during le‰-sided breast treatments by increasing the distance be-

tween the heart and the irradiated volume.

1.1 Photons InteracŒons with Ma‹er

When a photon beam passes through a medium, its intensity is a‹enuated as a funcŒon

of the thicknessx of the crossed material. This a‹enuaŒon follows an exponenŒal law

that depends on the physical properŒes of the medium:

N = N• � e� �x (1.1)

with

� =
NA

A
� � � � (1.2)

whereN• is the number of the incident photons,� is the absorpŒon coeƒcient,NA is the

Avogadro's number,A is the atomic mass number,� is the density of the crossed material

4



1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

and� is the cross secŒon. EquaŒon 1.1 is known as the Beer-Lambert Law.

However, since� depends on the material's density, it can be diƒcult to compare di€er-

ent substances directly. For this reason the mass a‹enuaŒon coeƒcient�
� is o‰en used,

as it expresses the a‹enuaŒon per unit mass and facilitates the comparison of photon

interacŒons across di€erent materials, independently of their physical density.

At the energies typically used in radiotherapy (ranging from a few hundred keV to sev-

eral MeV), electromagneŒc radiaŒon interacts with target atoms through the three main

ionizaŒon processes showed in Figure 1.1:

ˆ photoelectric e€ect;

ˆ Compton sca‹ering;

ˆ pair producŒon.

Figure 1.1: SchemaŒc representaŒon of [A] pair producŒon, [B] Compton sca‹ering and
[C] photoelectric e€ect [1].

The a‹enuaŒon of the electromagneŒc beam, due to the combined e€ect of these inter-

acŒons, is given by:

N = N• � e� � tot x (1.3)

with

� tot = � photoelectric¸ � Compton¸ � pairproducŒon (1.4)

since each of these phenomena is characterized by its own cross secŒon and absorpŒon

coeƒcient [2].
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

1.1.1 Photoelectric E€ect

When a photon (E
 ) interacts with a bound electron, it may transfer enough energy to

overcome the electron's binding energy (Eb), resulŒng in its ejecŒon from the atom with

a kineŒc energy (Ekin) equal to the di€erence between the photon energy and the binding

energy:

Ekin = E
 � Eb (1.5)

This ionizaŒon process creates a vacancy in an inner shell, which is •lled by an electron

from a higher shell, and the atom reorganizes into a more stable con•guraŒon.The excess

energy generated by the electron transiŒon can be released in two ways:

ˆ through the emission of a characterisŒc X-ray photon;

ˆ in atoms with a low atomic number, by transferring this energy to another electron,

which is then ejected as an Auger electron.

The cross secŒon of the photoelectric e€ect increases with the atomic numberZ of the

material and decreases as the photon energyE
 increases:

� /
Z …

E

ˆ
ƒ

(1.6)

1.1.2 Compton Sca‹ering

Compton sca‹ering is an elasŒc collision that occurs when an incident photon interacts

with a weakly bound or quasi-free electron. During the interacŒon, the photon transfers

part of its energy to the electron, which is then ejected with a kineŒc energy, and the

photon is sca‹ered at an angle that determines the resulŒng change in its wavelength.

The di€erenŒal cross secŒond�
d
 of this process is given by the Klein-Nishina formula [3]:

d�
d


=
r ƒ
e

ƒ

�
E0

E

� ƒ �
E0

E
¸

E
E0 � sinƒ �

�
(1.7)

with

E0 =
E

‚ ¸ E
mecƒ ¹‚ � cos� º

(1.8)
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

wherere is the classical electron radius,E is the iniŒal energy of the incident photon,E0

is the energy of the sca‹ered photon and� is the sca‹ering angle of the photon.

The Compton cross secŒon per atom is independent of the mass atomic numberZ and

depends only on the photon energyE; however, when considering photon a‹enuaŒon

in bulk materials:

� /
Z
E

(1.9)

This is because the number of electrons per unit mass scales withZ , while the interacŒon

cross secŒon per electron decreases as the photon energyE increases.

1.1.3 Pair ProducŒon

When a gamma photon has an energyE � ‚ :•ƒ MeV, it can interact with the electro-

magneŒc •eld of a nucleus, resulŒng in the creaŒon of an electron{positron (e� e¸ ) pair.

In this process, the photon's energyE is converted into the rest mass of the two parŒcles

ƒmecƒ, while the excess energy is distributed as kineŒc energy between the two parŒcles

(Kpair = Ke� ¸ Ke¸ ) and the recoil nucleus (Krecoil):

E = ƒmecƒ ¸ Kpair ¸ Krecoil (1.10)

The produced electron loses energy through ionizaŒon, while the positron, a‰er encoun-

tering an electron, undergoes annihilaŒon, typically resulŒng in the emission of two 511

keV photons in opposite direcŒons.

At photon energies up to a few tens of MeV, the cross secŒon for pair producŒon can

be approximated by:

� / Z ƒ ln¹Eº (1.11)

At higher energies, on the order of hundreds of MeV, the dependence becomes approx-

imately linear:

� / Z ƒ (1.12)

1.1.4 Energy Dependence of Photon-Ma‹er InteracŒons

Figure 1.2 illustrates the energy dependence of the three main photon interacŒon mech-

anisms.
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

Figure 1.2: Energy dependence of the three main photon interacŒon processes in ma‹er [4].

ˆ At low photon energies, the photoelectric e€ect dominates, parŒcularly in materi-

als with an high atomic numberZ .

ˆ As energy increases, Compton sca‹ering becomes the prevailing interacŒon, espe-

cially in so‰ Œssues; in fact, it is the most relevant process in the energy range of

clinical radiotherapy.

ˆ At higher energies (above 1.022 MeV), pair producŒon contributes signi•cantly, es-

pecially in dense materials or in high-energy treatment modaliŒes.

1.2 Principles of Radiotherapy

Radiotherapy is one of the most common methods of cancer treatment, and it can be

used alone or in combinaŒon with surgery and chemotherapy, depending on the type

and stage of the disease. The aim of radiotherapy is to destroy cancer cells while pre-

serving healthy Œssues as much as possible.

The radiotherapy process begins with the spaŒal localizaŒon of the tumor within the

paŒent's body; then the planning target volume (PTV), showed in Figure 1.3, is de•ned

during the treatment planning phase. This volume includes the enŒre three-dimensional
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

shape of the tumor (gross tumor volume, GTV), surrounding Œssues potenŒally a€ected

by microscopic disease (clinical target volume, CTV), and an addiŒonal safety margin to

account for posiŒoning and delivery uncertainŒes.

Figure 1.3: De•niŒon of the planning target volume (PTV) from the gross tumor volume (GTV) [5].

Once the PTV is established, a treatment planning system (TPS) is used to determine

the opŒmal irradiaŒon strategy. This includes the selecŒon of the number, type, energy,

intensity, and angles of the radiaŒon beams, in order to ensure the maximum dose is de-

livered to the target while minimizing exposure to healthy Œssues.

The most commonly used planning techniques include:

ˆ Three-dimensional conformal radiotherapy (3D-CRT):

a technique that uses mulŒple •xed beams shaped to match the tumor geometry.

ˆ Volumetric modulated arc therapy (VMAT):

a type of therapy that delivers radiaŒon conŒnuously as the machine rotates around

the paŒent, modulaŒng beam intensity and shape in real Œme.

1.2.1 Fundamentals of RadiaŒon Dosimetry

As explained in subsecŒon 1.1, when ionizing radiaŒon interacts with ma‹er, part of its

kineŒc energy is transferred to the electrons of the medium.
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

These electrons are then set in moŒon, iniŒaŒng a cascade of interacŒons within the irra-

diated Œssue. As they travel, they can lose energy through collisions with other electrons

or by emi“ng secondary radiaŒon such as bremsstrahlung X-rays.

The absorbed doseDR is de•ned as the amount of energy deposited by ionizing radi-

aŒon per unit mass of a material. It is given by the raŒo between the di€erenŒal energy

dE imparted to an in•nitesimal mass elementdm:

DR =
dE
dm

(1.13)

The absorbed doseDR is measured in Gray (Gy) where‚ G y = ‚ J
k g .

The absorbed dose represents the dosimetric quanŒty used to quanŒfy the energy de-

posited at each point along the path of the radiaŒon beam. However, as a purely physical

measure, the absorbed dose is not suƒcient to accurately describe the resulŒng biologi-

cal e€ects.

The equivalent doseDeq is introduced to account for the potenŒal biological impact of

di€erent types of radiaŒon, and is calculated by weighŒng the absorbed doseD with a

radiaŒon weighŒng factor! R, which is typically equal to 1 for photons.

Deq =
Õ

R

wR � DR (1.14)

Since! R � ‚ for photons, the equivalent dose numerically coincides with the absorbed

dose, but it is expressed in Sievert (Sv) instead of Gray (Gy).

A more accurate esŒmate of the biological impact of radiaŒon can be obtained by ac-

counŒng for the di€erent radiosensiŒviŒes of various Œssues.

Table 1.1 shows some of the Œssue weighŒng factors! T , established by internaŒonal

guidelines for clinical radiaŒon safety. These factors are used to calculate the e€ecŒve

doseDe€, which re‚ects not only the absorbed doseDR but also the varying biological

response of each organ or Œssue type.
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Tissue wT

Gonads 0.20

Red bone marrow, colon, lung, stomach0.12

Heart, kidneys, pancreas 0.12

Bladder, esophagus, liver, thyroid 0.04

Bone surface, skin, brain 0.01

Table 1.1: Tissue weighŒng factorswT used for the calculaŒon of the e€ecŒve dose, as
recommended by internaŒonal radiological protecŒon guidelines [6].

Thus, the e€ecŒve doseDe€ is de•ned as:

De€ =
Õ

T

wT � Deq (1.15)

=
Õ

T

wT �
Õ

R

wR � DR (1.16)

This quanŒty, expressed in Sieverts (Sv), provides a more comprehensive esŒmate of the

biological impact of the radiaŒon, and accounts for both the type of radiaŒon and the

radiosensiŒvity of di€erent Œssues.

1.2.2 RadiaŒon-Induced Cellular E€ects: DNA and Intracellular Damage

During the treatment phase, cancer cells are targeted by the incident radiaŒon and led

to death through intracellular damage mechanisms; in fact, their geneŒc code, which

carries the instrucŒons responsible for the disease, can be disrupted either directly by

ionizaŒon or indirectly through the acŒon of free radicals generated by the radiolysis of

water molecules.

The deoxyribonucleic acid (DNA) is a double-helix molecule composed of two anŒpar-

allel chains of nucleoŒdes, each consisŒng of a phosphate group, a deoxyribose sugar,

and one of the four possible nitrogenous base (adenine (A), thymine (T), cytosine (C),

and guanine (G)). These bases are paired through hydrogen bonds (A with T, and C with

G), and they encode the geneŒc informaŒon of the cell [7].

When cells are exposed to ionizing radiaŒon, two main types of DNA damage can occur:

single-strand breaks (SSBs) and double-strand breaks (DSBs), illustrated in Figure 1.4.
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Figure 1.4: RepresentaŒon of single-strand breaks (le‰) and double-strand break (right).

ˆ Single-strand breaks (SSBs):involve damage to only one of the two DNA strands,

and those damages are typically repairable by the cell using the intact complemen-

tary strand as a template.

They are the most common form of radiaŒon-induced damage and occur at a rate

of approximately 1000 SSBs per Gy of radiaŒon, with a frequency that increases

linearly with the absorbed dose.

ˆ Double-strand breaks (DSBs):occur when both strands of DNA are broken at the

same locaŒon. These damages are more cytotoxic and diƒcult to repair, and o‰en

result in irreversible outcomes such as cell death or geneŒc mutaŒons. Approxi-

mately 50{100 DSBs are induced per Gy of radiaŒon.

Depending on the extent and type of damage, the biological e€ects may be:

ˆ lethal, leading to irreversible cell death;

ˆ sublethal, if the damage is repairable by enzymaŒc mechanisms;

ˆ potenŒally lethal, if the damage could be repaired given favorable post-irradiaŒon

condiŒons [8].

Since the human body is primarily composed of water, the indirect e€ects of ionizing

radiaŒon can be modeled by considering the interacŒon between a water molecule (HƒO)

and an incident gamma photon in the energy range of 5{10 MeV.

12
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The incident photon ionizes the water molecule, which ejects an electron (e� ) and forms

a posiŒvely charged water ion (HƒO¸ ):

HƒO¸ 
 ! HƒO¸ ¸ e�

A‰er its emission, the electron (e� ) gradually loses energy as it travels through the medium

and may eventually be captured by another water molecule, resulŒng in the formaŒon

of a transient negaŒve ion (HƒO� ):

HƒO¸ e� ! HƒO�

The produced posiŒve (HƒO¸ ) and negaŒve (HƒO� ) water ions dissociate through the fol-

lowing reacŒons:

HƒO¸ ! H¸ ¸ OH�

HƒO� ! OH� ¸ H�

Thus, the •nal products of water radiolysis are one hydrogen ion (H¸ ), one hydroxide ion

(OH� ), and two neutral free radicals: the hydroxyl radical (OH� ) and the hydrogen radical

(H� ).

In this scenario, mulŒple chemical reacŒons can take place, and some of them may ulŒ-

mately lead to the death of the cell where radiolysis has occurred; for example:

H� ¸ OH� ! HƒO innocuous reacŒon

OH� ¸ OH� ! HƒOƒ harmful reacŒon

However, cells are equipped with a natural defense mechanisms that regulate the pro-

ducŒon and eliminaŒon of reacŒve species; in fact, speci•c enzymes can miŒgate the

cytotoxic e€ects of free radicals.

For example, catalase catalyzes the following reacŒon:

ƒHƒOƒ ! ƒHƒO¸ Oƒ

thereby dissociaŒng and neutralizing hydrogen peroxide.

The impact of free radicals depends on the balance between their producŒon and the

13
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cell's ability to neutralize them, and exposure to external sources like therapeuŒc radia-

Œon can disrupt this balance, causing oxidaŒve stress and potenŒal cellular damage.

To reduce side e€ects on healthy Œssues and improve treatment outcomes, radiotherapy

techniques have become increasingly precise. This evoluŒon has led to the development

of approaches that allow for be‹er control of the dose delivered to the tumor.

1.2.3 Three-Dimensional Conformal Radiotherapy (3D-CRT)

Three-Dimensional Conformal Radiotherapy (3D-CRT), showed in Figure 1.5, was intro-

duced at the beginning of the '90s as a promising technique that allowed the dose distri-

buŒon to conform more accurately to the shape of the tumor, compared to the tradiŒonal

two-dimensional techniques that had been employed unŒl that Œme.

A •eld denotes a staŒonary beam delivered at a •xed gantry angle with a •xed collimator

aperture; the gantry does not move while the beam is on. 3D-CRT delivers dose with a

small number of •xed •elds, and during each •eld the gantry is staŒonary and the mulŒ-

leaf collimator (MLC) is used to conform the aperture to the planning target volume, so

the leaf posiŒons remain staŒc while the beam is on.

Figure 1.5: Example of a breast radiotherapy treatment plan using three-dimensional conformal
radiotherapy (3D-CRT).

The major advantage of 3D-CRT is that radiaŒon beams can be shaped and directed on

the basis of detailed imaging data, typically from computed tomography (CT). This en-

ables improved dose homogeneity within the planning target volume, and the isodose

distribuŒon is conformed to the three-dimensional geometry of the tumor, reducing un-
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1 THEORETICAL AND CLINICAL FOUNDATIONS OF RADIOTHERAPY

necessary irradiaŒon to healthy Œssue.

However, this technique is sensiŒve to organ moŒon and setup uncertainŒes; thus, to

compensate, slightly larger treatment volumes may be irradiated to maintain appropri-

ate target coverage throughout the treatment course.

To ensure accurate and safe dose delivery, clinical protocols typically de•ne standard-

ized beam arrangements, establish appropriate margins from the clinical target volume

to the planning target volume, and set dose constraints for nearby organs at risk (OARs),

including the ipsilateral lung, heart, the le‰ anterior descending artery (LAD), and the

contralateral breast [9].

1.2.4 Volumetric Modulated Arc Therapy (VMAT)

The •rst type of arc therapy, known as intensity modulated arc therapy (IMAT), was •rst

described in 1995 [10]. This technique required the use of mulŒple superimposed arcs to

achieve a clinically acceptable dose distribuŒon.

Volumetric modulated arc therapy (VMAT), introduced in 2007, represented a signi•cant

evoluŒon by allowing the simultaneous modulaŒon of three key parameters during treat-

ment delivery:

ˆ gantry rotaŒon speed;

ˆ dose rate;

ˆ shape of the treatment aperture, controlled by the movement of the mulŒleaf col-

limator (MLC) leaves.

An arc denotes a conŒnuous sweep of the gantry over a speci•ed angular range during

which dose is delivered, and along an arc, both the mulŒleaf collimator (MLC) aperture

and dose rate may vary.

Modern VMAT techniques enable the irradiaŒon of the enŒre target volume using one

or two arcs, although more complex clinical cases may require addiŒonal arcs.

In breast cancer radiotherapy, VMAT is an e€ecŒve alternaŒve to convenŒonal radiother-

apy (CRT), a technique that uses four to •ve non-coplanar •elds. In fact, VMAT achieves
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similar target coverage, a slightly be‹er dose conformity, and signi•cantly reduces the

dose to criŒcal structures such as the ipsilateral lung and adjacent healthy breast Œssue.

Moreover, VMAT requires fewer monitor units and a shorter treatment Œme [11] [12].

Nowadays there are two most common VMAT techniques, showed in Figure 1.6 which

di€er primarily in the extent of arc coverage used during treatment:

ˆ Standard VMAT:the gantry rotates over a wide angular range (typically‚‰•� ), al-

lowing full modulaŒon of dose delivery from mulŒple direcŒons.

ˆ Bu‹er‚y VMAT: employs one or more restricted arcs, avoiding certain beam angles

to reduce radiaŒon exposure to criŒcal organs.

[A]

[B]

Figure 1.6: Comparison between [A] standard VMAT technique and [B] bu‹er‚y VMAT technique .
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1.2.5 Hybrid Approach: CombinaŒon of 3D-CRT and VMAT

In clinical pracŒce, during the last few years, it is common to combine 3D-CRT with VMAT

in order to take advantage of the strengths of both techniques.

This hybrid approach, illustrated in Figure 1.7, allows for an iniŒal conformal dose dis-

tribuŒon using 3D-CRT beams, followed by a VMAT arc that re•nes the coverage and

improves conformity, especially in regions close to organs at risk.

Figure 1.7: Example of a hybrid radiotherapy plan combining 3D conformal radiotherapy
(3D-CRT) and volumetric modulated arc therapy (VMAT).

The 3D component provides a robust dose coverage, while the VMAT arc enables •ner

modulaŒon to opŒmize dose distribuŒon [13].

This technique can be parŒcularly e€ecŒve in complex breast cancer cases, where anatom-

ical variaŒons and proximity to OARs like the heart or LAD require careful dose shaping.

1.3 Breast Cancer and Radiotherapy

Breast cancer is the most common malignancy among female paŒents and it is the leading

cause of cancer-related death in women. For example, according to naŒonal esŒmates

for 2024, in Italy there were approximately 55900 new cases and 12500 deaths due to

breast cancer, accounŒng for about 29.3% of female cancers [14].

In many European countries, the standard of care for breast radiotherapy is 40 Gy de-

livered in 15 fracŒons, with 2.7 Gy per fracŒon. For early-stage breast cancer, the FAST-
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Forward trial validated the use of 26 Gy in 5 consecuŒve fracŒons, with 5.2 Gy per fracŒon

[15]; this hypofracŒonated regimen requires higher precision because each fracŒon de-

livers a larger dose, with smaller safety margins and steeper dose gradients. In order to

deliver the dose correctly and protect nearby organs like the heart and lungs, it is impor-

tant to reduce both interfracŒonal and intrafracŒonal uncertainŒes [16].

1.3.1 The PaŒent Alignment

In clinical pracŒce, the iniŒal paŒent alignment in breast radiotherapy relies on skin tat-

toos to ensure reproducibility with the planning computed tomography (CT) scan. Typ-

ically, one anterior and two lateral ta‹oos are placed on the paŒent's skin and used

as primary reference points for setup posiŒoning, as the quality of the delivered treat-

ment strongly depends on the ability to posiŒon the paŒent accurately and reproducibly

throughout the course of radiotherapy [17].

To ensure that the ta‹oo locaŒons are visible on the planning CT scan, small radiopaque

markers, shown in Figure 1.8, are temporarily placed on the paŒent's skin by the radiaŒon

technologist and ta‹oos are then marked at those exact posiŒons a‰er the acquisiŒon.

Figure 1.8: Axial CT slice displaying radiopaque skin markers, visible as disŒnct hyperdense dots
on the paŒent's surface.

1.3.2 Clinical Challenges in Breast Radiotherapy

Ta‹oo-based setups present several challenges, such as skin mobility and the resulŒng

variability in ta‹oo posiŒons; in fact, radiaŒon technologists o‰en need to manipulate

the skin to achieve proper paŒent alignment [15].
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Moreover, ta‹oos do not provide any postural feedback regarding the posiŒon of the arm

or chin, both of which can a€ect setup reproducibility and thus the accuracy of target po-

siŒoning. Furthermore, in recent years, increased a‹enŒon has also been given to the

potenŒal psychological impact of permanent ta‹oos on paŒents [18].

Moreover, it is important to highlight that setup reproducibility can be parŒcularly chal-

lenging in paŒents with a higher body mass index or large and pendulous breasts. This is

primarily due to the high deformability of breast Œssue, which can result in variable po-

siŒoning across treatment sessions. Such anatomical variaŒons o‰en require addiŒonal

a‹enŒon during paŒent setup to ensure an accurate dose delivery [19].

1.3.3 Dosimetric Advantages of Deep InspiraŒon Breath Hold Treatments

Deep inspiraŒon breath hold (DIBH) is a technique that has been widely used in recent

years to spare the dose to the heart in le‰-sided breast cancer.

DIBH is based on the observaŒon that, during deep inspiraŒon, the diaphragm ‚a‹ens,

the lungs expand, and the heart moves away from the chest wall, as shown in Figure 1.9.

Figure 1.9: Axial CT slices from the same level of the breast in [A] free breathing and [B] DIBH CT
scans [20].

By asking the paŒent to take a deep breath and hold it during both simulaŒon and treat-

ment, it is possible to increase the distance between the heart and the irradiated volume.

This temporary anatomical shi‰ allows for a signi•cant reducŒon in the radiaŒon dose de-

livered to the heart, lungs, controlateral breast and le‰ anterior descending artery (LAD).

For example, Table 1.2 shows the reducŒon in mean dose to the heart and the LAD achieved

with the use of DIBH compared to free breathing (FB) across mulŒple clinical studies.
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Study Mean LAD dose (Gy) Mean heart dose (Gy)

FB DIBH ReducŒonFB DIBH ReducŒon

[21] 11.4 5.5 52% 5.1 1.7 67%

[22] 26.3 16.0 39% 4.5 2.5 44%

[23] 14.9 4.0 73% 2.5 0.9 64%

Table 1.2: Summary of DIBH dosimetric bene•ts compared to FB.

Thus, numerous studies have demonstrated that DIBH leads to signi•cant reducŒons

in both mean heart dose and mean LAD dose, with respecŒve decreases ranging from

25% to 67% and from 20% to 73% when comparing the same paŒents planned with free

breathing and DIBH.

Nowadays there are two commonly used techniques for DIBH:

ˆ Moderate DIBH (mDIBH):is an approach that uses acŒve breathing control (ABC)

devices, integrated with a spirometer, that can monitor the respiratory cycle and

stop the air‚ow at a preset inspiratory threshold. The paŒent is required to hold

its breath at that volume while the radiaŒon beam is delivered, and this method

ensures good reproducibility.

ˆ Voluntary DIBH (vDIBH):is a technique in which the paŒent is coached to volun-

tarily hold their breath during deep inspiraŒon. Respiratory moŒon is tracked us-

ing external systems that records chest displacements. The beam is automaŒcally

gated and interrupted if the breathing trace moves outside a de•ned threshold.

This method, explained in secŒon 2, is less invasive and commonly used in clinical

pracŒce.

Moderate DIBH (mDIBH) and voluntary DIBH (vDIBH) techniques achieve comparable

dosimetric outcomes in terms of mean heart and LAD dose reducŒon, but vDIBH o€ers

advantages in paŒent comfort, reduced setup Œme, and cost-e€ecŒveness [20].

As radiotherapy is conŒnuously evolving toward greater precision and personalizaŒon,

the accurate monitoring of paŒent posiŒoning and moŒon is becoming increasingly im-

portant. In this context, new technologies based on real-Œme surface tracking, such as

surface-guided radiotherapy (SGRT), are becoming an e€ecŒve way to improve treatment

precision and ensure paŒent safety.
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2 Principles of Surface Guided Radiother-

apy in Breast Cancer
Surface guided radiotherapy (SGRT) is an opŒcal surface tracking system that reconstructs

the three-dimensional surface of the paŒent in real Œme using opŒcal imaging without

the need for external markers such as ta‹oos [15].

The main advantage of SGRT is that it is nonionizing, thus it can be used daily for iniŒal

posiŒoning, conŒnuous monitoring of intrafracŒonal moŒon, and to interrupt the radia-

Œon beam when thresholds of moŒon are exceeded [24].

This chapter explains the clinical work‚ow of surface guided radiotherapy, highlighŒng

its integraŒon into the radiotherapy process from simulaŒon to treatment delivery.

The enŒre SGRT process can be divided into key phases, each involving speci•c acŒons

and parameters essenŒal for accurate paŒent setup and moŒon monitoring, as shown in

Figure 2.1.

Figure 2.1: Diagram of a standard SGRT work‚ow and the main steps and parameters to be
considered [25].
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2.1 Planning Phase of Surface Guided Radiotherapy

This secŒon describes the •rst part of the SGRT work‚ow, corresponding to the CT, Plan-

ning, and PreparaŒon phases illustrated in Figure 2.1.

During these stages, the reference surface is acquired, and the surface data is integrated

into the treatment planning system and surface tracking so‰ware. These steps are es-

senŒal to establish a con•guraŒon that ensures accurate paŒent setup and moŒon mon-

itoring through the course of radiotherapy.

2.1.1 Computed Tomography SimulaŒon

The •rst use of computed tomography dates back to 50 years ago, and since then it has

undergone signi•cant improvements.

Modern mulŒdetector CT (MDCT) systems, such as the one shown in Figure 2.2, enable

fast acquisiŒon of 3D images using mulŒple detector rows and a wide X-ray beam. Since

their introducŒon in 1998, MDCT scanners have evolved from 4 to 320 detector rows,

making it possible to scan the region of interest (ROI) at sub-millimeter resoluŒon in a

short Œme.

Figure 2.2: CT scan by Siemens®installed in "IsŒtuto Romagnolo per lo Studio dei Tumori Dino
Amadori".

During a CT scan, X-ray beams are a‹enuated as they pass through the body and are then

detected by an array of detectors. The system acquires mulŒple projecŒons that are re-

constructed through an algorithm in order to generate image slices.
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The resulŒng 3D CT dataset is composed of voxels, which are volumetric units de•ned

in X, Y, and Z dimensions. The X and Y dimensions correspond to pixel size in the image

plane, while the Z dimension represents slice thickness.

A CT number is assigned to each voxel on the basis of the average X-ray a‹enuaŒon of

the Œssues it contains. These values are expressed in Houns•eld units (HU), a metric that

allows the de•niŒon of the grayscale intensity of each pixel in the image, using water as

the reference (0 HU) and air as� 1000 HU [26].

A planning computed tomography (CT) scan is performed, a‰er diagnosis, for all the pa-

Œents that are eligible for radiotherapy. This scan is acquired in order to provide the

anatomical informaŒon required for treatment planning, such as the target volumes and

surrounding OARs.

The planning CT, which is acquired with the paŒent in treatment posiŒon, serve as the

basis for the construcŒon of a personalized treatment plan with one of the techniques

explained in subsecŒon 1.2. The spaŒal informaŒon obtained from the CT is used by the

medical physicist to de•ne the dose distribuŒon and to determine the most appropriate

beam con•guraŒon for each paŒent.

In the case of le‰-side breast cancer, the protocol establish that two CT scans must be

acquired: one in free breath and one in deep inspiraŒon breath hold; this dual-scan pro-

tocol allows for the creaŒon of two separate treatment plans, enabling a dosimetric com-

parison and the selecŒon of the opŒmal plan [27].

2.1.2 SenŒnel®System and Reference Surface AcquisiŒon

The SenŒnel®system is a surface imaging device designed to be used in the radiotherapy

work‚ows, in parŒcular during the phase of the planning CT.

This system, illustrated in Figure 2.3, employs structured light projecŒon and stereoscopic

camera technology; in fact, a known light pa‹ern is projected onto the paŒent's surface,

and a camera capture its deformaŒon to reconstruct a 3D surface model of the paŒent

with high spaŒal resoluŒon.

SenŒnel®is used in the clinical work‚ow in order to enable accurate and reproducible pa-

Œent posiŒoning, and to acquire respiratory moŒon data that can be also used for both
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prospecŒve and retrospecŒve 4DCT image reconstrucŒon:

ˆ In prospecŒve 4DCT the image acquisiŒon is synchronized in real Œme with the

paŒent's respiratory signal.

ˆ In retrospecŒve 4DCT the data is acquired conŒnuously and then sorted into respi-

ratory phases based on the recorded breathing trace.

Figure 2.3: : (A) SenŒnel®unit mounted at the ceiling and (B) paŒent setup and coordinate
reference system [28].

Thus, this system provides informaŒon about the paŒent's external contour and respira-

tory pa‹ern, but it does not directly localize internal anatomical structures.

During the acquisiŒon of the planning CT for a paŒent with le‰-side breast cancer that

will be treated in DIBH, the SenŒnel®system is turned on, and the paŒent's surface is con-

Œnuously monitored in real Œme.

A speci•c tracking point, called primary gaŒng point, and corresponding to a circular sur-

face of 30 mm of diameter, is selected by the radiaŒon technologist on the surface of

the anterior thoracic wall, in parŒcular on the xiphoid process, which is the carŒlaginous

secŒon at the lower end of the sternum not a‹ached to any ribs.

This primary gaŒng point, enhanced in red in Figure 2.4 [A], is placed with the Sen-

Œnel®so‰ware on the paŒent's surface in order to evaluate the verŒcal elevaŒon of the

locaŒon at which it is placed during the breathing cycle.
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[A] [B]

Figure 2.4: Graphical demonstraŒon of the c4D-tool: [A] the red point on the paŒents surface is
the primary gaŒng point for tracking the verŒcal amplitude during breath hold, and [B] is an

amplitude over Œme plot reconstructed by the SenŒnel®system [29].

The SenŒnel®system records the respiratory trace obtained with the tracking of the ver-

Œcal elevaŒon of the primary gaŒng point and displays the breathing curve shown in Fig-

ure 2.4 [B], in order to allow the evaluaŒon of the amplitude, frequency, and stability of

the respiratory pa‹ern.

Before the acquisiŒon of the CT, paŒents are asked to perform comfortable breath holds

without any visual feedback, and this scheme is repeated few Œmes in order to ensure

consistency. On the basis of the verŒcal elevaŒon recorded by the primary gaŒng point

during the training cycles, a paŒent-speci•c gaŒng window that encompasses the ampli-

tude range corresponding to the breath hold level is manually de•ned by the radiaŒon

technologist. This gaŒng window is represented by two green lines in Figure 2.4 [B], and

contains the part of the breathing curve that corresponds to the deep inspiraŒon breath

hold phases.

The accurate de•niŒon of the gaŒng window is fundamental because it corresponds to

the range of respiratory amplitude within which the radiaŒon beam will be automaŒcally

enabled during treatment. In clinical pracŒce, the gaŒng window has a maximum width

of 4 mm [30].

Once the opŒmal breath-hold reproducibility is achieved, the procedure is repeated with

an audio and a visual feedback, as shown in Figure 2.5, and the planning CT scan is then

acquired in DIBH under gated condiŒons.
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[A] [B]

Figure 2.5: The view of [A] the paŒent and [B] the radiaŒon technologist during the planning CT
scan [31].

This iniŒal phase of the SGRT work‚ow is important for all subsequent steps in the treat-

ment process; in fact, the data acquired at simulaŒon will be used by the opŒcal surface

scanner Catalyst®in the treatment room to guide paŒent posiŒoning and enable beam

gaŒng.

2.1.3 Data Export and Contour De•niŒon

Once the surface and the respiratory curve are acquired, reference surface and gaŒng

parameters are saved and exported.

From the SenŒnel®so‰ware, it is possible to export an.xml •le containing all the infor-

maŒon related to the paŒent's respiratory study; in parŒcular:

ˆ The minimum and maximum amplitude, measured in millimeters, of the gaŒng

window (highlighted in red in Figure 2.6).

ˆ The baseline value (highlighted in blue in Figure 2.6), which represents the average

elevaŒon of the paŒent's respiratory signal during free breathing.

Unlike the gaŒng window, which is manually de•ned by the radiaŒon technologist,

the baseline is automaŒcally calculated by the SenŒnel®system from the iniŒal

breathing cycles recorded when the system is turned on.

ˆ The verŒcal elevaŒon of the primary gaŒng point, sampled every 0.02 seconds,

which de•nes the paŒent's breathing curve over Œme with high temporal resolu-

Œon, as shown in Figure 2.6.
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Figure 2.6: Breathing curve generated from the data acquisiŒon of a real paŒent.

At this point the exported respiratory data and reference surface can be integrated into

the treatment work‚ow.

Based on the CT images, the medical physicists and radiaŒon oncologists can now de•ne

the most appropriate irradiaŒon strategy and delineate the regions of interest (ROIs), in-

cluding the target volumes and surrounding organs at risk.

The exported respiratory data and 3D surface are then transferred to the Catalyst®system,

where they will be used for surface-based paŒent posiŒoning and respiratory moŒon

monitoring during the treatment phase.

2.2 Treatment Phase of Surface Guided Radiotherapy

This secŒon focuses on the •nal part of the SGRT work‚ow, corresponding to the Posi-

Œoning and Treatment blocks shown in Figure 2.1.

In this phase, the paŒent is aligned using the reference surface acquired during the plan-

ning CT scan, and real-Œme surface tracking is employed during the whole treatment

session. Advanced SGRT systems such as Catalyst®enable precise paŒent setup veri•ca-

Œon and conŒnuous intra-fracŒon moŒon monitoring, ensuring that radiaŒon is delivered

only when the verŒcal elevaŒon of the primary point of the paŒent remains within the

prede•ned gaŒng window.
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2.2.1 IniŒal PaŒent Alignment Techniques

In SGRT, paŒent alignment is •rstly based on the comparison between the surface ac-

quired in the treatment room and the reference surface exported during the planning

CT. This method o€ers an anatomically accurate alternaŒve to convenŒonal ta‹oo-based

alignment.

In clinical pracŒce, especially in centers with recent SGRT installaŒons, it is common to

perform an iniŒal alignment using ta‹oos and lasers, and once the paŒent is roughly po-

siŒoned, the SGRT system is used for surface matching and postural correcŒons.

Figure 2.7 summarizes the main steps involved in both ta‹oo and laser alignment and

SGRT alignment.

Figure 2.7: Flowcharts illustraŒng the work‚ow of a typical breast radiotherapy setup using
convenŒonal ta‹oos and lasers (Process A) compared to a surface-guided radiotherapy (SGRT)

approach (Process B) [15].

ˆ In tradiŒonal ta‹oo-based setups, the alignment of the paŒent is performed by

posiŒoning the skin ta‹oos at the intersecŒon of the lasers in the treaŒng room,
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and then the paŒent is automaŒcally shi‰ed to the planned isocenter.

A‰er this •rst alignment, a cone beam computed tomography (CBCT) is performed

in order to check the accuracy of the setup before treatment.

ˆ In SGRT the paŒent's surface is matched to the reference surface acquired during

simulaŒon, and it is possible to achieve an accurate posiŒoning in six degrees of

freedom (6DOF, three translaŒonal: lateral, longitudinal, verŒcal, and three rota-

Œonal: pitch, roll, yaw axes), and perform postural correcŒons that are not possible

with ta‹oos alone.

Also in this case, a‰er this •rst alignment, a cone beam computed tomography

(CBCT) is performed in order to check the accuracy of the setup before treatment.

Even if some work‚ows sŒll include ta‹oo and laser alignment as a further check, there

is a clear evidence that the integraŒon of SGRT can simplify the setup process and reduce

the setup Œme. For example, in [32], over 38 breast cancer paŒents, the mean total setup

Œme for iniŒal posiŒoning plus imaging was 314 s (5.2 minutes) with SGRT, versus 331 s

(5.5 minutes) with skin marks and lasers, corresponding to a 5% reducŒon in Œme.

2.2.2 Catalyst®System and PaŒent Setup

The Catalyst®system, shown in Figure 2.8, is an opŒcal surface scanner that enables

high-precision paŒent posiŒoning, intrafracŒon moŒon monitoring, and respiratory gat-

ing during radiotherapy treatments.

[A] [B]

Figure 2.8: [A] The Catalyst®main unit and [B] its integraŒon in the treatment room [33].

As shown in Figure 2.8 [B], for an opŒmal coverage of the paŒent two addiŒonal units

can be installed in an angle le‰ and right from the main unit shown in Figure 2.8 [A].

The three main applicaŒons that can be performed with the Catalyst®system are:
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ˆ cPosiŒon:measures the paŒent live surface, compares this with a reference sur-

face and shows the correct paŒent posiŒon.

ˆ cMoŒon:conŒnuously compares the paŒent's current surface with the reference

one and detects any moŒon during treatment, both at the isocenter and over the

whole surface.

ˆ cRespiraŒon:tracks the breathing moŒon of a speci•c ROI for respiratory gated

treatment.

The Catalyst®system is synchronized with the treatment couch and oncology informaŒon

systems such as MOSAIQ®[34], allowing automaŒc paŒent recogniŒon, live control of the

couch posiŒon, and monitoring of the treatment beam [35].

Once the setup work‚ow is started, the Catalyst®system begins to scan the paŒent in

real Œme and generates a live 3D surface which is compared to the reference surface

acquired during the planning CT scan, and a non-rigid surface registraŒon is performed

to calculate the necessary couch shi‰s in six degrees of freedom (6DOF), as shown in

Figure 2.9.

Figure 2.9: Example of the couch correcŒon panel displayed by the Catalyst®so‰ware.
On the le‰, the actual and target posiŒons of the treatment couch, and on the right the relaŒve

deviaŒons in all six degrees of freedom [33].

In order to proceed with treatment, the deviaŒons from the reference posiŒon must be

within 3 mm for translaŒons and 3° for rotaŒons.
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