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Summary

Medical procedures using ionising radiation constitute by far the largest contribution
to people by man-made radiation sources. Although the benefit for the patients ex-
posed will normally outweigh the risk associated with the radiation, tissue reactions
have been reported for patients undergoing fluoroscopically guided procedures (Bal-
ter et al, 2010). In this context, WG12 of the European Radiation Dosimetry Group
EURADOS (a network of 80 European institutions and more than 600 members) car-
ries out research projects and coordinated activities within the field of area dosime-
try. A specific task group (https://eurados.sckcen.be/en/working-groups/wgl2-
dosimetry-medical-imaging/wgl2-task- groupsanchor-wgl2-sg2-patient-dosimetry)
was set up to estimate organ doses in interventional radiology. The main purpose
is to characterize the variability of measurements and calculations depending on
the different parameters that can affect the dose reconstruction (DICOM RDSR
data, manufacturers, dosimetry tools, ...). Results of different Monte Carlo codes
(MCNP6, MCNPX, GATE/Geant4, PHITS, PyMCGPU-IR) will be compared in
several test cases. Among the 20 participants, UPC’s research group is already
participating with the dose calculation by using PyMCGPU-IR. This master thesis
will allow to also participate with PENELOPE/penEasy.



Chapter 1

Radiological protection

1.1 Biological effects of ionising radiations

The radiological protection is the discipline which aim consist in studying and
preventing harms deriving from ionising radiations. These radiations are able to
modify the structure of atoms and molecules inside our tissues, leading to have
very severe consequences. The ionising radiation may have two different action on
the DNA molecule:

e Direct action
o Indirect action

The first one consist in a direct interaction between the ionising radiation and the
DNA, instead the second one consists in the interaction, always of the ionising
radiation, with others components in the cell, mainly with water molecules. The
problem of the indirect actions is that they lead to produce free radicals. In fact the
ionising radiation, interacting with the molecules of water can create the Hydroxyl
radical which is very reactive and is one of the main responsible of the damages to
the mammalian cells. These interactions, as already mentioned, can damage the
DNA, in particular we can highlight two cases among the possible injuries to DNA:

1. The radiations break one strand of the DNA
2. The radiations break both of the strands of the DNA

In the first scenario we have two possible situations, the first one consists in the
reparation of the DNA using some enzymes which repair the broken strand using
the healthy part of the strand. This lead to have a new strand completely identical
to the previous one, but sometimes this reparation lead to have some mutations
in the DNA. In the second case instead, the DNA can be no more able to repair

1



Radiological protection

itself so the interaction of the ionising radiation with the DNA can lead to cell
killing. Once a huge number of cells die, the tissues can lose their capability to
perform their function, in this situation we talk about deterministic effects or tissue
reactions. These effects usually occur right after, or shortly after, the irradiation.
The deterministic effects are dose sensitive as shown in the picture.

N
3 s
= — Severe damage
2
17, ]
()
= D
% J
< —-1 Moderate damage
o L,
«{Slight alteration
Dose
Threshold dose:
the probability of observing the effect is
zero below the threshold dose I

Figure 1.1: Graph of severity of deterministic effects as function of the dose
received

As illustrated by the figure, below a certain value of the dose we do not have
deterministic effects consequences, but beyond this threshold value the severity of
the effects increase , almost in an exponential way, with the dose. On the other
hand we have the stochastic effects. These effects come from the mutations of the
DNA of the cells. The severity of them is not dose dependent but the likelihood
with which they occur it is.

In Table 1.1 some results are presented that highlight the deterministic skin
damage following exposure to radiation. The results emphasize the severity of the
skin reaction, as evaluated by the NCI (National Cancer Institute) Skin Reaction
Grade, and its progression over time.
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Single-Site Acute

Band Skin-Dose Range (Gy)* NCI Skin Reaction Grade Prompt Early Midterm Longterm
Al 0-2 NA No observable effecs expected No observable effects expected No observable effects expected No observable effects expected
A2 25 1 Transient erythema Epilation Recovery from hair loss No observable effect expected
Recovery; at higher doses Recovery: at higher doses
B 5-10 12 Transient erythema Erythema,epilation prolonged erythema, very; at uigher coses,
o, - dermal atrophy or induration
permenet partial epilation
o i o i Prolonged erytherma Telangiectasia; dermal
C 10-15 23 Transient erythema po: > ¢ry § gec erytnema, atrophy or induration; skin
desquamation; recovery permanent epilation !
. likely to be weak
from desquamation N
Dermal atrophy; secondary
ulceration due to failure of Telangiectasia;dermal
Transient erythema; moist desquamation to atrophy or induration;
after very high doses, Erythema, epilation: moist heal; surgical intervention possible late skin breakdown;
D >15 34 edema and acute ulceration; long- » €P) ; likely to be required; wound might be persistent

term surgical intervention
likely to be required

desquamation

at higher doses, dermal
necrosis surgical
intervention likely to be
required

and progress into a deeper lesion;
surgical intervention likely
to be required

Table 1.1:

Tissue Reactions from Single-Delivery Radiation Dose to Skin of the

Neck, Torso, Pelvis, Buttocks, or Arms ( Prompt < 2 weeks; early, 2-8 weeks;
midterm, 6-52 weeks; long term > 40 weeks) [1]

As can be observed from the figures 1.2 and 1.3, the possible effects of radiation
can cause very serious damage, in this case to the skin, which, if not treated with
care and appropriate caution, can lead to permanent consequences for the patient
that may hinder their daily life. Therefore, the study and analysis of the dose
delivered to patients as a result of therapies involving the use of radiation is of
significant interest.

Figure 1.2: NCI skin toxicity grade 2.Radiation injury due to overlapping radiation
fields in 80-year-old woman [1]
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Figure 1.3: Early erythema and developing moist desquamation in a diabetic
woman caused by a localization radiographic exposure|[1]

1.2 Quantities used radiological protection

During the years, in order to develop models and study more in details the effects
of ionising particles in the matter, have been developed some quantities. Among
them we are going to explain:

o Fluence

o Energy fluence

« KERMA

o Absorbed dose

e Mean absorbed dose
« Equivalent dose

» Effective dose

e KAP: Kerma Area Product

1.2.1 Fluence

The fluence is a radiometric quantity which defines the number of particles, indicated
as N, which cross an infinitesimal sphere centered at point 7 and with cross sectional
area dA. So the fluence in this point is defined as [2]:

oM = (1.1)

The unit of measure of the fluence are [m=].

4
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Figure 1.4: Geometrical representation of the fluence

1.2.2 Energy fluence

The energy fluence represents the energy carried by the particles through the
centered sphere in 77 with cross sectional area dA. Indeed if we call with R the
radiant energy, that is the energy carried by the particles, the energy fluence is
defined as [2]:

Y(r) = ;Uj (1.2)

The unit of measure of the energy fluence are [J/m™].

Figure 1.5: Geometrical representation of the energy fluence
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1.2.3 KERMA

The KERMA, which acronym means "Kinetic Energy Released per unit Mass', is a
dosimetric quantity only defined for interactions due to uncharged particles, like
photons or neutrons, and represents the energy transferred by these particles to
charged particles as results of their interaction. The mathematical formulation for
KERMA is [2]:

detr = (Rin)u - (Rout)ﬁonr + Z Q (13)

Where:

dey, represents the energy transferred to the small volume dV

(Rin)y is the energy of uncharged particles entering the volume dV

o (Rout)2™ is the energy of uncharged particles who leaves the volume dV, this

term does not count the radiative losses

e > Q takes into account the energy derived from the rest mass, in particular
if we have phenomena who transform mass in to energy it assumes positive
values and negative values if the contrary

The unit of measure of KERMA are gray [Gy], in particular 1 Gy is equal to 1
J kgt

out

Figure 1.6: Geometrical representation of the KERMA

1.2.4 Absorbed dose

The asorbed dose is another dosimetric quantitity, it defines the energy imparted
by the particles, charged and uncharged, per unit mass. Indeed, the absorbed
dose is defined for all kind of ionising radiations. The formula to evaluate it is the
following one [2]:
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€= (Rin)u + (Rin>c - (Rout)u - (Rout)c + Z Q (14)

Figure 1.7: Geometrical representation of the absorbed dose

In this formula the only two new terms are:
e (Riy). is the radiant energy of charged particles entering dV
e (Rout)c is the radiant energy of charged particles leaving dV

Also for the absorbed dose the unit of measure is gray

1.2.5 Mean absorbed dose in a tissue or organ

The mean absorbed dose represents the absorbed dose received by a particular
organ or tissue. Its unit of measure is still gray, and the mathematical formulation
is [2]:
o = I Py e,y z) dV
Jp(z,y,2)dV

The integral is performed over the whole volume of the tissue and it considers
also the local density to take into account the heterogeneity of the organ or tissue
of interest.

1.2.6 Organ equivalent dose

The equivalent dose, also called biological dose [3] represents the absorbed dose in
a specific tissue or organs weighted by the so called weighting factor [3], indeed it
is expressed as the product between the absorbed dose and the radiation wg [2]:

Hr =) wrDrg (1.6)
R

7
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fﬂ#i%;,ﬂii
¥y

IR 22

Figure 1.8: Geometrical representation of the absorbed dose

The units of the equivalent dose are sievert [Sv| [3]. The already mentioned radiation
weighting factor is a parameter who allows us to distinguish the influence of the

different particles, this derive by the fact that not all the particles produce the
same biological effects, see table 1.2.

Type and energy range Radiation weighting factors wg

Photons, all energies 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20
Neutrons

Continuos function of neutron energy

Table 1.2: Radiation weighting factors for different types and energy ranges [2]

1.2.7 Effective dose

The effective dose is a quantity used to take into account that not every organs
or tissue have the same response to the radiations, some will be more sensitive
than others and so the probability for diseases or damages related to the radiations
will be higher. The units are still the sievert and the effective dose is calculated
summing all the equivalent dose multiplied by the corresponding tissue weighting
factor [2]:

E:ZwTZwRDT,R:ZwTHT (17)
T R T

Y wr=1 (1.8)
T

8
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Organ/Tissue Number of tissues wrp  Total contributions
Lung, stomach, colon, ‘ 6 012 0.72

bone morrow, breast, remainder

Gonads 1 0.08 0.08

Thyroid, oesophagus,

bladder, liver 4 0.04 0.16

Bone surface, skin, 4 0.0l 0.04

brain, salivary glands

Table 1.3: Tissue weighting factors in the 2007 Reccomendations [2]

1.2.8 KAP: Kerma Area Product

KAP is a measure of the energy imparted to air by ionizing radiation over entire
physical area of the X-ray field. It is the appropriate measurement for total
radiation incident on the patient’s skin and is an indication for the total amount of
radiation imparted during the examination [4]. The kerma area product is obtained
by evaluating the air kerma and multypling it by the xray beam cross-sectional
area, the final unit of measurement is Gy -cm?|5]

-
o2
oo
z8
E3
@

Figure 1.9: Schematic representation of KAP evaluation [5]



Chapter 2

Fluoroscopically guided
interventional procedures

The use of X-rays has become an integral part of our daily lives, especially in the
field of medicine. In Europe, hundreds of millions of X-ray exams are performed
every year. These radiological exams are not only used to diagnose fractures or
skeletal injuries, but they also encompass a wide range of procedures, such as dental
X-rays, computed tomography (CT), and fluorography. On average, each European
citizen undergoes about 1.1 X-ray exams annually, demonstrating how widespread
and accessible these tools are [6]. As show in 2.1, the majority of procedures that
use x-rays belong to the plain radiography, which consists into producing images
by passing x-rays through the internal structure and recording the shadow cost
by these structures, in the plain radiography they are also included the dental
procedures, which represent a big fraction of the total radriographies. By Top 20 it
means the 20 types of examination or procedure that were consistently found to be
amongst the highest contributors to the collective effective dose [7].

10



Fluoroscopically guided interventional procedures

Country |Plain Fluoroscopy Computed Interventional |Overall total
radiography tomography radiology frequency
per 1000
population
AT 1160,3 46,7 98,0 7.8 1313
BE 1098,9 32,4 185,3 371 1354
BG 434,2 40,5 36,4 2,3 513
CH 1533,0 19,9 101,0 13,2 1667
cY 729,5 22,1 107,8 6,2 866
CcZ 901,9 29,7 78,8 5,4 1016
DE 1247.9 45,7 131,9 11,1 1437
DK 465,2 17,0 94,7 3,1 580
EE 809,2 22,7 161,5 4.4 998
EL 608,5 281 93,8 3,8 734
ES 1435,7 24,7 100,2 4,2 1565
Fl 1119,8 10,2 61,1 5,6 1197
FR 1002,6 20,2 118,7 6,9 1148
HR 701,2 46,8 48,7 7,1 204
HU 1691,8 55,8 110,0 6,2 1864
IE 1218,5 20,3 66,8 13,0 1319
15 1956,8 201 147,2 51 2129
IT 1034,3 31,5 131,1 8,0 1205
LT 941,6 70,9 56,4 12,5 1081
LU 915,1 21,0 188,6 2,9 1128
Lv 1104,3 30,7 116.4 3,7 1255
MD 610,5 34,6 9,4 0,3 655
ME 723,3 17,4 106,5 2,7 250
MK 572,8 27,3 20,3 5,0 625
MT 638,9 52,4 58,4 6,4 756
ML 603,9 18,1 73,5 53 701
NO 728,2 21,9 150,5 8,2 909
PL 1091,9 18,0 49,3 5,9 1165
PT 1398,9 15,4 158,0 3,8 1576
RO 227.9 411 27,5 0,2 297
RS 666,7 53,3 66,7 2,0 789
SE 647,0 24,3 94,2 5.3 771
Sl 903,0 14,9 52,7 6,1 977
SK 1232,6 18,0 69,3 3,8 1324
UA 1181,2 28,1 8,0 0,4 1218
UK 668,2 17,5 55,4 51 746

Figure 2.1: The overall total frequencies of x-ray procedures per 1000 population

for all countries and for the main groups (Plain radiography, fluoroscopy, computed
. . . 1 . . .

tomography and interventional radiology).Plain radiography includes dental proce-

dures. Real numbers (not estimated from Top 20) are in bold. [6]



Fluoroscopically guided interventional procedures

Exam type %o of total % of

or category frequency* | total S*
Plain film radiography

1. Chest/thorax 12-29 0.7-5.2
2. Cervical spine 2.0-5.4 0.05 - 2.3
3. Thoracic spine 1.0 - 3.1 0.5-3.7
4. Lumbar spine (inc. LSJ) 2.8 -9.6 2.0-17

5. Mammography 0.3 -15 0.6 -4.7
6. Abdomen 1.1 -4.3 1.1 -4.7
7. Pelvis & hip 6.3 - 10 2.8-94
Radiography/Fluoroscopy

8. Ba meal 0.3-0.9 0.8 -5.9
9. Ba enema 0.1 -2.0 0.5-13
10. Ba follow 0.05-0.3 0.2-1.6
11. IVU 0.3-2.0 1.2 -8.7
12. Cardiac angiography 0.2-1.3 1.0 -9.9
All angiography 1.1-2.4 6.4 - 16
CcT

13. CT head 1.8 - 5.4 3.0-7.9
14. CT neck 0.06 - 0.9 0.1-1.1
15. CT chest 0.5-1.5 6.1-12
16. CT spine 0.3-2.8 1.5-13
17. CT abdomen 0.01 - 3.0 1.9 - 26
18. CT pelvis 0.03-1.5 0.3 -9.7
19. CT trunk 0.1 -5.6 1.1-27
All CT 4.5 - 15 28 - 59
Interventional

20. PTCA 0.1-0.3 0.5-36
All interventional 0.2-1.3 3.5-14
TOTAL 1-20 50-70 70-90

Figure 2.2: List of the Top 20 procedures [7]
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Figure 2.3: Overall total frequencies per 1000 of population for different countries.
The relative contributions of the four main groups (plain radiography including
dental, fluoroscopy, computed tomography and interventional radiology) are also
shown. Plain radiography includes dental procedures. [6]

2.1 What fluoroscopically guided interventional
procedures are

Fluoroscopically guided interventional procedure use X-rays to guide small in-
struments such as catheters through blood vessels or other pathways in the body
[8]. These procedures can be diagnostic and therapeutic and result in a reduced
risk to the patient than conventional surgery. As already mentioned, this method
uses X-rays to produce images with a rate of 25-30 images per second, although
the radiation dose for each individual image is very low, the cumulative dose can
sometimes result in high organ dose, particularly high skin doses[9]. Regarding the
fluoroscopy, there are two main aspects to take into account, since it uses radiations
we have to manage the risks of:

1. The most exposed skin of the patient’s body, this area will be the critical
target for our X-rays beam and will receive the highest value of absorbed dose
[9]. This is relevant for the deterministic effects that could be occur to the
patient.

2. The organ doses imparted to the patient [9], this is related to the stochastic
effects.

In line with this aspects or radiological protection of the patients undergoing
fluoroscopically guided procedures, the FEuropean Directive 2013/59/Euratom
establishe the fundamental safety regulations for protecting against risks associated
with ionising radiation. In particular, it shall be ensured that:
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 the use of fluoroscopy equipment without a device to automatically control the
dose rate, or without an image intensifier or equivalent device, is prohibited.

« any equipment used for interventional radilogy has a device or a feature
informing the practitioner and those carrying out practical aspects of the
medical procedures of quantity of radiation produced by the equipment during
the procedure.

« any equipment used for interventional radiology and computed tomographyand
any new equipemnt used for planning, guiding and verification purposes has a
device or a feature informing the practitioner, at the end of the procedure, of
relevant parameters for assessing the patient dose.

Figure 2.4: Interventional room for fluoroscopically guided procedure [10]

The voltage, generally used for the beams, range from 50 to 125 kVp , and the
normal dose rates received by the skin goes from 1 mGy/min, in this case we
are talking about the very-low-dose-rate fluoroscopy, to some Gy/min [1]. Inter-
ventional radiology systems have incorporated automatic control exposure (ACE)
systems. These kind of systems help to provide a consistent optical densitysignal-
to-noise ratio between images, regardless of patient influence factors such as size
and density. Therefore, medical staff do not need to manually select the best
combination of kV or filtration for each image.
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Hepatic

Neuro

Biliary/ERCP

Cardiac

Philips X-Radfluoro
(2001)

Siemens
Polystar(1995)

Siemens Polystar
(1995)

Philips X-Radfluoro
(2001)

GE Advantx LCA

GE Innova 2000
(2003)

Philips Integris
3000

Toshiba Angiorex-
US031A/J1 (2000)

Toshiba Angiorex-
US031A/J1 (2000)

Siemens HICOR

GE Advantx LCA
(1995)

GE Advantx LCA
(1995)

GE Advantx LCA
(1995)

Philips Integris BH
3000 (1995)

Siemens Angiostar

Plus (2000)

Siemens Polystar
(1996)

Siemens Neurostar
Biplane (2000)

GE Advantx AFM
(1992)

Siemens Polystar
(1996)

Siemens Coroscop
HS (1994 to 2003)
Siemens Axiom
Sensis Biplane
(2004)

GE Advantx LC DC
(1994)

Siemens Multistar
Plus/TOP (1998)

Siemens Neurostar
Biplane

2*GE Advantx
LC+DLX (2000)
Siemens Bicor
Plus/TOP (1998)
Philips Integris
H3000 (1997)

Table 2.1: Some commercially available interventional radiology machines[11]

Another important parameter to take into account is the distance between the
patient and the X-rays source. This distance is called source-to-skin distance,
also denoted with the acronym (SSD) or focus-to-skin distance (FSD) [12]. This
distance should be kept as large as possible, in order to minimize the dose received
by the patient. Indeed, since the intensity of the photon beam decreases with the
square of the distance, for higher distances the dose imparted by the X-rays will
be lower. Different story for what regard the distance between the source and the
panel detector which produces the image. This distance is called source to image
receptor distance (SID) [12]. This distance must be as low as possible to reduce
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the time necessary to obtain the images.

Image
Receptor
(Image
or
Flat Panel)
==
Effective Dose
Petiant i of Organ Doses
Peak Skin Dose/
Madmal Skin Dose
Isocenter = (PSD/MSD)
15 em =Madmum ESD
IRP
(Interventional
Reference Point)
= FSD
(Focus to Skin
lonization Distance)
Chamber Effective Dose
(Estimated by
multiplying DAP/KAP
Focal Spot by conversion factor)

Figure 2.5: Schematic layout of the fluoroscopically guided procedure room|13]

Figure 2.2 shows the schematic layout of a typical isocentric machine used for
interventional radiology. As indicated in this figure, the KAP is usually measured
by means of a transmission ionisation chamber (nearly radiotransparent) placed
between the X-ray tube and the patient. Subsequently, the air kerma at the
interventional reference point (15 cm below the isocenter) is calculated. Organ
and effective doses can be calculated through KAP. Other important aspects, that
technicians must take into account during the fluoroscopically procedure, are [12]:

Try to keep unnecessary body parts away from the beam
Try to use a pulsed fluoroscopy at low pulsed rate.

Try to collimate as much as possible the X-rays beam, in this way the beam
will interact only with the area of interest and not with other regions.

Try to minimize the time of the procedure.

Monitoring the patient dose.
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2.2 Interaction of photons with matter

The photons were discovered when Albert Einstein studied the photoelectric effect,
a phenomenon in which a light of a single frequency hits a metallic surface. It
was observed that some electrons were emitted by this metallic surface for certain
values of the frequency. Einstein, in order to explain the results, demonstrated
that light must be quantized, and the energy carried by the light itself was due to
elementary particles, named photons which carry a well defined value of energy.
The photons energy is equal to [14]:

E=hf (2.1)
Where:
e h is the Planck’s constant, the value of it is h = 6.626 x 1073 J s

o fis the frequency of the light, its unit of measure is s=*

Ammeter
O Incident
light

(s

—/
Battery = - T
Resistor e

—/

Voltmeter () k C

Figure 2.6: Experimental setup for the photoelectric effect [14]

After, during the years, the physics started studying these particles and their
interactions with the matter. The interactions of photons with matter is well
defined by the so called cross section o , which is a geometrical representation of
the interaction of photons with the matter. Indeed it can be interpreted as the
area of interaction between a photon and an atom of the matter. The cross section
o is defined as:

17



Fluoroscopically guided interventional procedures

o=7ry (2.2)
The unit of measure are em? |, and ry represent the impact parameter, if the
photons will travel at a distance greater than ry from the atom it will not undergo
any kind of reactions. Another important parameter used to study the interaction
of photons with matter is the attenuation coefficient p, this parameter can be
viewed as the probability per unit length to undergo reactions with atoms in the
matter, is obtained starting by the cross section definition. Indeed the attenuation
coefficient is defined as:

W= onr (2.3)

The term ny represents the atomic density of the material, its unit of measure
are cm ™3 so the final unit of measure of the attenuation coefficient is em=!. Of
course these parameters, o and pu, are not constant but depend by:

e Energy of the photons
o Type of reaction
o Material of the target

Thanks to this parameter we can derive a very easy equation to see how the
photons behave in the matter. For the sake of the simplicity we are going to make
the following assumptions:

1. Monocromatic and monoenergetic photon beam
2. Target’s thickness of length L

3. Initial photon beam intensity equal to I,

4. No secondary collisions or reactions

5. 1-D geometry along x

Under these assumptions we want to evaluate how the photons intensity change
with the length travelled by the photons themselves, in few words we are going to
write the difference among the photon intensity between x and = + dx . So using
the definition of u we can write:

I(x +dx) — I(x) = —1(x)udz (2.4)
Rearranging the terms we obtain:

I(x 4+ dx) — I(x)

. = —I(z)p (2.5)
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The right term assumes a negative value because when photons travel in the
matter the can interact with others atoms so more they travel in the matter more
with more probability they will interact. Looking at the first term, it is nothing
less than the derivative of the photon beam intensity with respect the length, in
this case along x. So we can rewrite the equation in the following way:

8 — () (2.6)

This is a simple ordinary differential equation that can be solved using the
method of separable variables, and using the Cauchy’s theorem [15], we are able
to obtain the unique solution thanks to the initial condition of the photon beam
intensity Io:

I(z) = Ipe™#* (2.7)

This equation says that the intensity of the photon beam decreases exponentially
with the increasing of the path length travelled by the photons. The photons can
undergo different types of reactions, in particular they can produce the following
interactions [16]:

e Photoelectric effect

Coherent (Rayleigh) scattering
e Incoherent (Compton) scattering
o Electron-positron pair production

The photoelectric effect consists in an atom who absorbs an incident photon,
this lead the atom to get in an excited state. This energy is used by an electron
to escape by its quantum orbital state, and if the energy of the photon is high
enough the electron can also leave the atom itself, leading to have some emission
of fluorescence. The Rayleigh scattering consists in an interaction during which
the photons is scattered by the external electrons of the atom without excitation
of it [16], in the Compton scattering a photon interact with an orbital electron
which absorbs it and emits a second photon with different energy [16]. The last
interaction is the electron-positron pair production, this interaction occurs when
the photon is absorbed close to a nucleus or an electron, this reaction leads to have
a production of an electron and a positron and it has a threshold energy to happen
which is of 2m.c? [16].

Each interaction has its own cross section ¢ , and has a different trend in the
energy spectrum. Usually the reactions are studied using the mass attenuation
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Fluorescencx

Photoelectric absorption Rayleigh scattering

Compton scattering Pair production

Figure 2.7: Photons reactions in the matter [16]

coefficient, which is defined as the ration of the attenuation coefficient over the
density of the material:
N

L (2.8)

p Ay
The unit of measure of this quantity are cm?/g, in the formula N, is the Avogadro’s
number and Aj; is the molecular weight of the matter. This value will be different
from interaction to interaction, since the cross sections are not all the same. If we
want to define the total mass attenuation coefficient we need to consider all the o
of the different reactions, so [16]:

N
<’Z> — ﬁ(aRa +oc, +0p, + O'pp) (2.9)
tot
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Figure 2.8: Mass attenuation coefficient of different element for different energy
values [16]

2.3 X-ray tubes

The discovery of X-rays was made by the German scientist Wilhelm Roentgen
in 1895. This discovery revolutionized not only physics but also medicine, as an
application of X-rays in the medical field was quickly found. In fact, by 1896, the
first cancer treatment using X-rays was recorded [17]. X-rays are produced through
X-ray tubes. These instruments remain largely unchanged from the original design
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developed by the same German scientist.

Heated filament

) Electrons are accelerated
emits electrons by

by high voltage
thermionic emission yhig 9 anode
-:-:':
"
thod
cathod® /@X x-rays produced when
x-ray tube high speed electrons

hit the metal target

Figure 2.9: Schematic configuration for a X-ray tube [18]

As shown in the figure, an X-ray tube consists of a tube in which a vacuum
is created. Inside this tube, there is an anode and a cathode with a potential
difference applied between them. Inside the tube there can be one or two filaments,
depending if different focal-spot sizes are needed, and it is from these filaments
that electrons are released through the thermionic effect. The thermionic effect
consists of the emission of electrons due to high thermal energy [19]. The elevated
temperatures of the heated filaments provide the outer orbital electrons with
enough energy to escape from their orbitals. The emitted electrons are then
accelerated by the applied potential and directed toward the anode. This anode
is generally made of materials with a high atomic number Z. In this way, the
electrons are rapidly decelerated, emitting X-rays due to the Bremsstrahlung effect.
The Bremmstrahlung’s effect consists into emission of electromagnetic radiation as
consequences of the deceleration of electrons or charged particles due to an electric
field, this electric field could be the one generated by other charged particles or
nuclei [20]. In X-ray tubes, the energy spectrum reaches its maximum energy level,
equal to the maximum value of the applied potential. The applied potential plays
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a crucial role in determining the energy of the emitted rays; for example, rays
generated at 20-150 kVp are typically used in the diagnostic field primarily for
imaging purposes, while rays with higher energy levels are generally employed for
superficial treatments[17].
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Chapter 3

PENELOPE /penEasy

3.1 PENELOPE/penEasy code

Penelope is a set of Monte Carlo codes, written using Fortran language, which
solve the transport of elementary particles like photons, electrons and positrons.
This code is released by different agencies, in particular by the OECD Nuclear
Energy Agency Data Bank and by the Radiation Safety Information Computational
Center of the Oak Ridge National Laboratory[21]. The OECD is an organisation,
created on 1 February 1958. The goal of OECD was to create a community in
which to expose new discoveries and solutions in the nuclear field, thus giving all
member countries the opportunity to have safe nuclear energy and above all to use
the latter for peaceful purposes. The member countries are: Australia, Austria,
Belgium, Canada, Chile, the Czech Republic, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Latvia,
Lithuania, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Poland,
Portugal, the Slovak Republic, Slovenia, Spain, Sweden, Switzerland, Turkey, the
United Kingdom and the United States [16]. The code is able to run Monte Carlo
simulation in basically every kind of materials and the energy range goes from few
hundred eV to 1 GeV [16]. The code uses the random number generator called
RANECU, and in particular the prograsms uses the function RAND, which provides
32-bit floating-point numbers that are uniformly distributed in the interval between
0 and 1. PenEasy instead, is a program which provides users the possibility to set
different source models, tallies and other parameters. All the input informations
must be provided through several input text files, these files contain information
about:

e Number of histories, run time...

e Source models

24



PENELOPE/penEasy

o Geometry of the problem

« Tallies, which are basically the quantities the user wants to evaluate

3.1.1 PENGEOM package

Inside PENELOPE code there is PENGEOM, which is a Fortran package which
manage the interface crossing of particles. Basically the strategy adopted is the
following one: when a particle reaches the interface between two bodies, its tracking
it is stopped and reinitialized using the new material’s properties. With PENGEOM
it is possible to define almost every material as a body delimited by quadric surfaces
or by using voxels, both the concepts of quadric surface and voxels will be explained
in the next subsections. The geometry of the problem must be defined in a specific
input file with the extension .geo. This package allows to create a hierarchic
structure between bodies. In fact, we think of a bodies as an objects, these object
can be grouped together module, this reduce significantly the computational cost of
the simulation. Since the visualization of geometries defined byy quadric surfaces
is not easy, in the code there are two visualization programs which display the
geometry defined in the input file, in particular these two programs are:

o« GVIEW2D: this program displays the two-dimensional geometry

o GVIEW3D: this program makes the same but displaying the three-dimensional
geometry

3.1.2 Quadric surfaces

As already mentioned before, with PENELOPE code it is possible to describe
objects as bodies delimited by quadric surfaces. Let consider the generic surfaces
described by the function F(7) , this function is assumed to be continuos and
differentiable [16] in the three dimensional space. This surface cut the domain in
two parts characterized by the sign of F(7) , the sign is called surface side pointer,
this parameter is crucial in the geometry definition, depending by its value that
can be +1 or -1 the inner or outer region is selected. Then a point 7 is considered
to be inside the surface if F'(rg) < 0, otherwise is considered outside. The surfaces
used are called quadric because they are expressed by analytical implicit equation
of the second order. The general equation of a quadric surface is:

F(r) = Ame—l—AxyxijAmxz—i—Ayny—|—Ayzyz+AzzzZ+wa+Ayy+Azz+A0 =0
(3.1)
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Usually the previous equation is expressed using the matrix notation, so the
equation can be written as:

F(@) =r"Br+Afr + Ay =0 (3.2)
Where:

T
o I — y

z

‘A
o« A= Ay

_AZ

_1A:B£E %Amy %Arpz
- B= ?Awy Ayy iAyz

_§sz %Ayz Azz

For the sake of the simplicity, in PENELOPE code is it possible to define surfaces
using reduced quadric surfaces. Starting from the general surfaces just described,
some translations and rotations are applied. This lead us to decrease the number
of parameters that describe the surface. The result is a reduced quadric surface
defined by the following expression:

F(7) = ha® + Ly + [ + Lz + I; = 0 (3.3)

The different indices assume the value -1 and +1, and depending by the com-
bination of the indices it is possible to define different surfaces, each one with a
simmetry with respect the z-axis.
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Figure 3.1: Reduced quadric surfaces with their indices[16]

As already explained before, these surfaces have a simmetry with respect the
z-axis, what usually happens it that these surfaces must be rotated to represent
the correct layout of the problem. In order to perform the rotations of the quadric
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surfaces PENELOPE uses a set of Euler angles [16], that are w, 6 and ¢. These
angles can assume respectively the values the following values:

e we (0,2m)
e« 0e(0,m)
e ¢ € (0,2m)

z A A

w=m/2 s o=m/4
| of
| —
i v | i f=m/5 i
. : L/%\A‘\:

/
IlngIE 3'2' ule : g oS E

As can be seen by the figure above, both w and ¢ angle perform a rotation along
the z-axis instead 6 performs a rotation along the y-axis. All the rotations are
described by proper rotation matrices that are:

[cos¢p —sing 0

R(¢2) = |sin¢p cos¢p O (3.4)
0 0 1
[cosw —sinw 0

R(wy) = |sinw cosw 0 (3.5)
0 0 1

cosf) 0 sinf
R(62) = 0 1 0 (3.6)
—sinf 0 cos@

The final rotation matrix it nothing else that the product of the three matrices
described above:

R(w,0,6) = R(¢Z)R(07)R(w?) (3.7)

Everything explained so far is specified and read through the input file. In this
file is possible to define:

o Quadric surfaces: using both the implicit or reduced form
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» Bodies: which are delimited by the surfaces and moreover they can be delimeted
by other bodies or modules

o Modules: basically they are like bodies, they can contain other bodies and
modules.

0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( A4) reduced form
INDICES=(12,12,12,12,12)

X-SCALE=( E22.15 , 14) (DEFAULT=1.0)
Y-SCALE=( E22.15 , I4) (DEFAULT=1.0)
Z-SCALE=( E22.15 , I14) (DEFAULT=1.0)
OMEGA=( E22.15 , I4) DEG (DEFAULT=0.0)
THETA=( E22.15 , I4) DEG (DEFAULT=0.0)
PHI=( E22.15 , I4) RAD (DEFAULT=0.0)
X-SHIFT=( E22.15 , I14) (DEFAULT=0.0)
Y-SHIFT=( E22.15 , 14) (DEFAULT=0.0)
Z-SHIFT=( E22.15 14) (DEFAULT=0.0)

0000000000000000000000000000000000000000000000000000000000000000
SURFACE ( A4)  implicit form
INDICES=( 0, 0, 0, 0, 0)

AXX=( E22.15 , I4) (DEFAULT=0.0)
AXY=( E22.15 , 14) (DEFAULT=0.0)
AXZ=( E22.15 , I4) (DEFAULT=0.0)
AYY=( E22.15 , I14) (DEFAULT=0.0)
AYZ=( E22.15 , 14) (DEFAULT=0.0)
A77=( E22.15 , I14) (DEFAULT=0.0)
AX=( E22.15 , 14) (DEFAULT=0.0)

AY=( E22.15 , 14) (DEFAULT=0.0)

AZ=( E22.15 , 14) (DEFAULT=0.0)

A0=( E22.15 , I4) (DEFAULT=0.0)
11111111111111211311133313311321111121331311133313131111313111131111111
OMEGA=( E22.15 , I4) DEG (DEFAULT=0.0)
THETA=( E22.15 , I4) DEG (DEFAULT=0.0)
PHI=( E22.15 , I4) RAD (DEFAULT=0.0)
X-SHIFT=( E22.15 , 14) (DEFAULT=0.0)
Y-SHIFT=( E22.15 , I4) (DEFAULT=0.0)
Z-SHIFT=( E22.15 14) (DEFAULT=0.0)

0000000000000000000000000000000000000000000000000000000000000000
BODY ( A4) Text describing the body ...

MATERTAL( A4)

SURFACE ( A4), SIDE POINTER=( 1)

BODY ( A4)

MODULE ( A4)
0000000000000000000000000000000000000000000000000000000000000000
MODULE ( A4) Text describing the module ...

MATERTAL( A4)

SURFACE ( A4), SIDE POINTER=( 1)

BODY ( Ad)

MODULE ( A4)
1111111111111133111113211111313111121111111313113131113111311111131111111

OMEGA=( E22.15 , I4) DEG (DEFAULT=0.0)
THETA=( E22.15 , I4) DEG (DEFAULT=0.0)
PHI=( E22.15 , I4) RAD (DEFAULT=0.0)
X-SHIFT=( E22.15 , I4) (DEFAULT=0.0)
Y-SHIFT=( E22.15 , 14) (DEFAULT=0.0)
Z-SHIFT=( E22.15 14) (DEFAULT=0.0)

0000000000000000000000000000000000000000000000000000000000000000

Figure 3.3: General geometry input file[16]
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3.1.3 Voxelised geometry

The PENELOPE /penEasy program allows to build geometries by using voxels.
These voxels are rectangular or cuboid three-dimensional elements. They all have
the same dimensions and they are made with homogeneous material and mass
density, defined in the input geometry file. This definition for the geometry allows to
build complex geometry where there are a lot of different materials involved. When
creating geometry using voxels, they determine the origin of the reference system,
as the origin is identified by the vertex of the first voxel defined in the geometry
file. It is also possible to create geometries using both voxels and quadric surfaces,
taking care to correctly select which material should be transparent relative to the
voxels. This prevents overlapping of multiple materials in the same region.

Figure 3.4: Example of geometry defined by using both quadric surfaces and
voxels [21]
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3.1.4 Material database

In order to run a simulation, the material’s parameters must be specified. Inside
PENELOPE program there is a material data file with 280 different materials, for
each one there are information about physical properties, nuclear parameters like
the different cross-sections, information about the energies of the atomic electron
shells and so on. Moreover PENELOPE gives the possibility to define new materials
inserting some parameters about the material we want to define like the mass
density, stoichiometric indices or weight fraction of element inside the mixture or
compound.

31



Chapter 4
Analysis of the problem

The problem in question consists in studying, from a radiological point of view,
the fluoroscopically guided interventional procedure. Simulation wants to replicate,
as much as possible the real setup that is present in the hospital’s room where this
procedure is performed. Obviously some simplifications regarding the geometry of
the problem were necessary. Going into more detail, the objective of the study is
to calculate and analyze some radiological quantities that come out of the result
of the interaction of the photons, deriving from the therapy, with the patient’s
tissue for different geometry setup. Two different simulations will be performed,
one using only quadric geometries to describe and define the whole geometry setup
instead the second one will use a mixture between quadric geometries and voxilized
geometry to define the patient.

4.1 Problem definition, quadric Surfaces

The geometry setup consists into a room of 8 m x 5 m x 3 m filled with air. The
walls are 0.5m thick and made of concrete. The patient is assumed to be a cylinder
made of PMMA (length 170 cm, diameter 30 cm). The cylinder lays on a table
made of aluminum (319 ¢cm x 50 ¢cm) and thickness of 1.1 mm. Above the cylinder
there is rectangular detector (30 cm x 40 cm x 5 cm) made of silicon.
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Figure 4.1: Schematic view of the geometry for quadric surfaces [22]

The x-ray source is assumed to do not have a tube structure, so it is treated
as a simple x-ray beam. The spectrum of this source has been evaluated using
SpeakCalc software, using as maximum voltage 80 kVp and an aluminium thickness
of 3.5 mm with a theta angle of 30 degree. The source must be modeled such a
way that below 15 cm by the isocenter the cone beam has a radius of 5 cm.

leb X-ray Emission Spectrum (80 kV)

3.0

25

20

counts’keV

0.5

0.0

10 20 30 40 30 60 70 80
Energy (keV)

Figure 4.2: X-ray spectrum used for the simulation
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The materials compositions, expressed by weight fraction, of the domain are:
« PMMA : d=1.195 g/cm?,n = 3

1. Hydrogen; £=0.0.080541
2. Carbon; f=0.599846
3. Oxygen; {=0.319613

o Air: d=1.29 mg/cm? n =4

1. Nitrogen; f=755269
2. Oxygen; f=0.231781
3. Argon; f=0.012827

4. Carbon; f=0.000124

« Concrete : d=2.3 g/cm? n = 10

Hydrogen; f=0.010000
Carbon; f=0.001000
Sodium; f=0.016000
Oxygen; f=0.529107
Magnesium;f=0.002000
Aluminium;f=0.033872
Silicon; f=0.337021
Potassium;f=0.013000
Calcium; f=0.044000
Iron; f=0.014000

© 0 N o e W

—_
e

e Aluminum(100%) : d=2.75 g/cm?®

o Silicon(100%) : d=2.33 g/cm?
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Figure 4.3: PMMA cross sections, taken by PENELOPE software
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Figure 4.4: Air cross sections, taken by PENELOPE software
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Figure 4.5: Concrete cross sections, taken by PENELOPE software
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Figure 4.6: Aluminum cross-sections, taken by PENELOPE software
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Photon interaction cross sections
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Figure 4.7: Silicon cross-sections, taken by PENELOPE software

Other important parameters for the simulations are the different distances (SSD,
SID and SDD), already mentioned before, from the source. In the following problem
the distances used to run the simulation are:

SSD (Source-skin distance) 66 cm
SID (Source-isocenter distance) | 81 cm
SDD (Source-detector distance) | 100 cm

Table 4.1: Distances from the x-ray source

All the distances refer to the center of each body. In particular, the isocenter is
the center of the reference system, so the one with coordinates equal to O = (0,0,0).
For this case, where the whole geometry setup is defined through quadric geometries,
the quantities that must be evaluated are:

1. Air kerma computed in a 1x1x1 em?® volume located 10 cm after the focal
point of the source (on the beam axis)

2. X-ray energy spectrum with / without the table (computed in a 1x1x1 cm?
volume located at isocenter on the beam axis)
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3. Dose and fluence with / without the table (computed in a 1x1x1 ¢m?® volume
located at isocenter on the beam axis)

4. Depth dose distributions (beam axis) in the phantom for X-ray beam on the
bottom (0°) and on the top (180°) of the table.

4.1.1 Geometry definition, Quadric Surfaces

To reproduce the geometry required for the problem under examination, a total
of 37 quadric surfaces were necessary. These quadric surfaces were used to define
the various elements within our geometry, such as the aluminum table, the box
centered at the isocenter, the cylinder, the silicon detector, the air, and the concrete
walls. An additional element was defined to accurately impose the geometry of
the source at the operational point. The geometry was created using a total of 4
bodies and 3 modules.

Surface Value (cm) Surface Value (cm)

z :5055 Surface ~ Value (cm) z _1;11

y +0.5 z +85 y +159.5

y -0.5 z -85 y -159.5

X +0.5 Cylinder R=15 X +25

X -0.5 X -25

Table 4.3: Cylinder

Table 4.2: Box in the Table 4.4: Aluminum ta-
isocenter ble

Surface Value (cm)

Surface Value (cm) Surface Value (cm)

2 15 2 +19 g j;égo
z -15.11 z +24 z )
y +400
y +5 y +15
y -400
Y o Y 15 x +250
X +5 X +20 < 950
X -5 X -20
Table 4.5: Source pointer Table 4.6: Detector rrI(‘)Tr)rie 4.7 Air i the
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Surface Value (cm)

+200
-200
+450
-450
+300
-300

MoK < < NN

Table 4.8: Concrete walls

The final geometry, created through quadric surfaces is showed in the next
pictures.

Figure 4.8: Frontal view (ZY) of the geometry with GVIEW 2D
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plane X= 0.00E+00 cm

—— 8.66E+00 cm

Figure 4.9: Frontal view (ZY) of the geometry with GVIEW 2D, focus on the
cylinder with the table and silicon detector

Figure 4.10: Lateral view (ZX) of the geometry with GVIEW 2D
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plane Y= 0.00E+00 cm

F——— 3.16E+00 cm

Figure 4.11: Lateral view (ZX) of the geometry with GVIEW 2D with focus on
the table,silicon detector, box in the isocenter and cylinder

4.2 Problem definition, Voxelized geometry +
quadric geometries

Regarding the case with the geometry composed of a mix of the two geometries,
the base geometry is almost unchanged; the only difference is that the cylinder is
replaced by a voxel geometry representing the body of an adult female, 163 cm
tall and weighing 60 kg. This geometry accounts for the various organs and their
positions within the human body. The voxels used in this geometry to represent
the phantom are all sized 0.1775 cm x 0.1775 cm x 0.484 cm. The total number
of voxels in the x, y, and z directions are 299, 137, and 348, respectively. All the
various tissues and organs within the geometry were created using the guidelines
provided in Publication 110 of the ICRP Annals [23]. The goals of this simulation
are:

1. Total and mean dose deposited in the heart volume ( all ICRP voxels with
index 33 and 55), simulating X-ray beam on the bottom (0°) with / without
the table isocenter on the beam axis)

2. Depth dose distributions (beam axis) in the phantom for X-ray beam on the
bottom (0°) and on the top (180°) of the table. Dose registered on the central
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beam axis with voxel size of ICRP phantom (0.1775 cm, 0.1775 cm, 0.484
cm)).

e &
=]
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oot X—t

Figure 4.12: Schematic view of the geometry with both voxels and quadric
surfaces [24]

4.2.1 Geometry definition, Voxels 4+ Quadric Surfaces

Regarding the geometry involving the use of quadric surfaces and voxels, a similar
geometry was created. The only difference is that by using a voxel-based geometry,
this establishes the origin of our reference system, as explained previously. Therefore,
the same elements as in the previous geometry were created, except for the cylinder,
which is replaced by the phantom defined through voxels.

Surface Value (cm) Surface Value (cm) Surface Value (cm)
v/ -365.78 z -75.28 zZ +124.228
v/ +534.22 Z +243.72 Z +134.228
v -187.84 v 0.1 y 0.1

y +212.16 y +0 y +0

X -273.46 X +1.53 X +18.608

X +326.54 X +51.53 X +28.608

Table 4.9: Concrete Table 4.10: Aluminum Table 4.11: Source
walls table pointer
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Surface Value (cm)

Surface Value (cm)

zZ -315.78
Z +109.1

Z +484.22
7 +149.1

y -137.84
y +28.79

y +162.16
y -33.79

X -223.46
x +8.608 « 976,54
X -38.608

Table 4.13: Air in the
oom

Table 4.12: Detector

As can be seen from the definition of the quadric surfaces, the origin of our
reference system has changed in this case. Specifically, as defined for the adult
female phantom, the axis origin coincides with the tip of the left heel of the body.
However, as mentioned previously, the geometry of this problem is nearly identical,
with the only change being the replacement of the cylinder by the new phantom.
This phantom was created using 53 different materials to represent the various
regions of the body, including organs and tissues. The following table lists the
materials and their composition by weight percentage of the various elements they
contain.

Figure 4.13: Coronal and sagittal images of the female phantom [23]
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Figure 4.14: List of materials and their compositions used to define the female
adult phantom [23]



Chapter 5
Results and conclusions

In this chapter it will be exposed and showed all the results obtained by running
the several simulations for the different scenarios. All the simulations have been
run by using 10° histories, in order to have low values on the uncertainty of our
variable of interest.

5.1 Results, Quadric Surfaces

5.1.1 Air Kerma

As explained in the previous chapter, the first quantity to be calculated is the air
kerma in a 1 cm?® box located 10 cm away from the X-ray source on the beam axis.
This parameter has been evaluated by means of the tally energy deposition, a
particular tally defined in the PENELOPE /penEasy program. This tally allows
for the computation of the energy deposited by the photons, in our case, inside
the region of interest. The unit of measurement of this output is eV /history, so
further calculations must be done to get the proper unit of measure. The value
computed inside the small box was:

eV

1story

Eair = 1.74 +£0.014 (5.1)

In order to get the air kerma, we need to divide it by the mass of air inside the box

and convert the energy in joules to get the proper unit of measure. Remembering
that 1 €V is equal to 1.6 - 107 J, we can write:

wir - 1.6-107¥  1.74-1.6-1071° G
Cair = = - —278.10716 7Y (5.2)
Mair 10-3 history
The value obtained using PENELOPE /penEasy matches the one obtained by
Professor H. Brkic, who used the MCNP program to perform the Monte Carlo
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Table 5.1: Kerma calculations (air volume = 1 cm?, 10 cm after focus point) of
others codes

Method Value (Gy/history)
Geantd/GATE 2.87 x 10713
MCNP 7.59 x 1071
MCNP 4.00 x 10716
MCNP 2.39 x 1071
MCNP 2.94 x 10713
PHITS 1.41 x 1071
MCGPU-IR 2.17 x 10713

simulations. Discrepancies between the results could be result of different source
definitions and therefore, for any comparison dose results should be normalised by
using these value.

5.1.2 X-ray energy spectrum

The X-ray spectrum has been computed by means of the tally fluence track
length. The only problem is that PENELOPE is not able to compute the volume
of a body defined through quadric surfaces [21]. Indeed, instead of having as
output the fluence spectrum, which is supposed to have as unit of measure ;VO_“%;ISQ,
it returns the fluence spectrum multiplied by the volume of the body where it is
computed, that is, in our case, the volume of the box located at the isocenter of the
phantom. Moreover, in order to obtain the correct result, it is needed to multiply
this quantity to the energy of each bin the energy range has been split in, in our

case the energy of every bin is of 1427 eV.

Spectrum without table

0.00025

0.00020

0.00015

counts/history

0.00010

0.00005

0.00000

0 2 40 60 80 100
Energy (keV)

Figure 5.1: X-ray spectrum without the Aluminum table
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Figure 5.2: X-ray spectrum with the Aluminum table

Comparison of the spectra

With table
—  Without table

1] 20 40 a0 80 100

Energy (keV)

Figure 5.3: Comparison of the X-ray spectra

The trends of the energy spectrum for both cases, with and without the aluminum
table, are very similar, and both follow the trend of the emission spectrum used as
input for the simulations. As can be seen from the comparison between the two
spectra, the presence of the aluminum table leads to greater attenuation of the
photons, resulting in a reduction in the number of photons that reach the isocenter
within the cylinder, having a lower number of counts. Since the numerical data of
the results obtained by the other participants in this project are not available, it is
only possible to assess the correctness of the results by looking at the trends of the
energy spectra obtained by the other participants.
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Figure 5.4: X-ray spectra with the table computed from some of the other
participants|25]
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Figure 5.5: X-ray spectra without the table computed from some of the other
participants [25]

The energy spectra of the other participants have all been normalized with
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respect to air kerma, reason for which there are differences on the magnitude of the
results. What is noticeable, however, is that the behavior of the spectra is almost
identical, disregarding the numerical value. All the results show peaks in the same
energy ranges, and they all demonstrate the attenuation effect introduced by the
presence of the aluminum table.

5.1.3 Dose and fluence

In order to compute the dose, the same tally energy deposition has been used.
The dose delivered in the box was calculated for both configurations, to evaluate
the effect that the aluminum table has on this variable. Both the simulations have
been run by using air as material for the phantom.

Energy (eV /history) o (%)

With table 1.95- 1072 7.96
Without table 2.52-1072 6.95

Table 5.2: Energy deposition in the box with corresponding uncertainty

To obtain the dose, expressed in Gy, we apply the same procedure used to
calculate the air kerma.

Dose (Gy /history)

With table 3.12-107% 4+ 0.25.10716
Without table 4.03-10"1+0.32.10"16

Table 5.3: Dose in the box

Of particular interest is the uncertainty regarding the deposited energy. This
value is significant despite the high number of simulated histories. In Monte Carlo
methods, uncertainty decreases as the number of simulated particles N increases,
as follows [26]:

1
0 X Vi (5.3)
In this case, because the box is relatively far from the source, the number
of photons interacting with it is further reduced by scattering or absorption.
Thus, achieving very low uncertainty would require increasing the number of
simulated particles, leading to higher computational cost and time for the simulation.
Regarding the fluence, it has been computed by using the output of the tally used
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to compute the spectrum. In particular as discussed before, this tally gives the
fluence spectrum multiplied by the volume of the region where we are computing
it, so:

outpu d¢
tally fluence track length output, Vd—E (5.4)

The unit of measure of this output are ——>~—. So to obtain the total value of
eV -history

the fluence for the box in the isocenter we need to divide by the volume of the box
and integrate over the energy spectrum as it follows:

1 Pas d®
o / v

= —]dE 5.5
%ow Emin dE} ( )

The fluence values are:

Fluence ( é)

cm?-history

With table 5.49-1073
Without table 6.55-1073

Table 5.4: Fluence in the box

Regarding these values, the calculated figures from other participants have not
yet been provided, so a comparison cannot be made.

5.1.4 Depth dose distribution

The objective of this simulation is to analyze the dose distribution within the
PMMA cylinder, specifically examining how this distribution varies in the presence
of the table. The tally used to compute it was spatial dose distribution, this
tally allows to calculate the spatial dose distribution along the several spatial
coordinates. In this case we compute the distribution along the z-coordinate, along
the whole height of the cylinder, so 30 cm. This length has been split into 300 bins
having bins of 0.1 cm.

50



Results and conclusions

Comparison of the spatial dose distribution

—  With table
— Without table

Dose (eV/history)
b

-15 -10 = 0 5 10 15
z-coordinate (cm)

Figure 5.6: Comparison between the spatial dose distribution

As can be seen from the graphs, the dose distribution within the cylinder shows
a peak in the initial region. This is due to the fact that, in defining the tally for the
spatial dose distribution, the first bin includes part of the domain with air and part
of the domain with PMMA. After the entrance region, the trend continues following
an exponential pattern, in line with the explanations in the section on photon
interactions with matter. Obviously, as previously highlighted, the reduced dose
values in the presence of the aluminum table are due to the additional attenuation
caused by the table itself. For the spatial dose distribution, in the case with the
aluminum table, it was possible to compare it with the distribution obtained using
the MCGPU program, as the numerical data of the obtained results were provided.

Spatial dose distribution computed with different programs, both with aluminum table

z — penEasy
—— MCGPU
= 2
e
2
=15
S
Z
2 10
8
5
0
-5 —10 =5 0 3 10 15

z-coordinate (cm)

Figure 5.7: Spatial dose distributions with aluminum table computed with
different sofwtare
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Both the simulation done using penEasy and the one done with MCGPU
produced the same result. Therefore, it can be confirmed that the simulations were
set up correctly.

5.2 Results, voxelized + quadric Surfaces

5.2.1 Total and mean dose deposited in the heart volume

The heart in voxel-based geometry is identified by all voxels with ID numbers 33
and 55, corresponding to the heart and blood, respectively. To calculate the total
dose, it is necessary to determine the mass of both within the phantom. For this,
the number of voxels with the relevant ID numbers was calculated, and, once this
count was obtained, it was possible to calculate the volume and, consequently, the
total mass. Within the geometry, there are 15,614 voxels with ID number 33 and
22,891 with ID number 55. This allows us to calculate the mass as follows:

V;)oxels = Lx : Ly : Lz (56)

Where L,, L,, and L, represent the lengths of the sides of the voxel, they are

0.1775 cm, 0.1775 c¢m, and 0.484 cm respectively. Thus, the volume of a single
voxel is:

Vioxel = Lg + Ly - L, = 0.1775cm - 0.1775 cm - 0.484 cm

Calculating this gives:
Vioxel = 0.01524 cm®

The total volume of the heart (ID number of 33) and of the blood (ID number
of 55) are :

Vieart = Vooxel - Nag = 0.01524 - 15614 = 238.10 cm?

Vitood = Veoxel - N5 = 0.01524 - 22981 = 350.23 c¢cm®

The mass density of the two materials are pheat = 1.05g/ cm® and Phblood =
1.06 g/ cmg, so the total mass of the two materials is computed as:

Mhpeart = Vileart * Pheart — 238.10 - 1.05 = 250 g

Mplood = Vblood * Pblood — 350.23 - 1.06 = 371.24 g

The energy deposited within the two materials was calculated using the same
tally as before, and the resulting values are shown in the table.
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Energy (eV /history)
Heart 919.18 £0.35
Blood 1518.92 £0.47

Table 5.5: Energy deposited in both heart and blood with aluminum table

Energy (eV /history)
Heart 1041.17 £0.37
Blood 1715.65 +0.49

Table 5.6: Energy deposited in both heart and blood without aluminum table

To calculate the total dose, we add the doses in the respective materials, convert-
ing them to the appropriate units as done previously. However, special attention is
required now since we have two results with two different uncertainties, which are
independent of each other. To calculate the uncertainty of the final result, obtained
by summing the two doses, the following formula is used [27]:

85 = \/(6A)2 + (6B)? (5.7)

This formula tells us that the uncertainty in the final result is given by the
square root of the sum of the squared uncertainties

Dose (Gy/history)
Heart 5.88 x 1071 £2.24 x 1071
Blood 6.55 x 10716 4+2.03 x 1071

Table 5.7: Dose in both heart and blood with aluminum table

Dose(Gy/history)
Heart 6.66 x 1071 £2.36 x 1071
Blood 7.39 x 1071 £2.11 x 1071

Table 5.8: Dose in both heart and blood without aluminum table

At this point, it is possible to calculate the total dose in the volume of the heart
for both configurations, with and without the aluminum table.
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Condition Dose (Gy /history)
With table 1.24 x 107" £3.02 x 107"
Without table 1.20 x 1071 £ 3.17 x 1071

Table 5.9: Total dose in the heart volume

As for the mean absorbed dose in the volume of the heart, to calculate it we
start from the general definition of this quantity defined in the first chapter:

I I D(x,y,2) p(x,y,z) dV (5.8)

[ p(x,y,z)dV
This formula needs to be adapted to our situation. Since the phantom is made
up of small squares, the use of the integral is impossible, as a continuous function
of the dose along the materials of interest is not available. Therefore, this formula,
while correct, is adapted to our situation as follows:

= =Lt
i pi AV,
It is evident that, given the constant density of the materials and the same
volume of the voxels, the equation above becomes:

(5.9)

o Dheart * Mheart + Dblood * Mplood
Dr = (5.10)
Mhpeart + Mplood

After performing the calculations, using as input the values calculated previously,
the mean absorbed dose in the volume of the heart is:

Dr (Gy/history)
With table 6.28 x 1071¢ £ 3.02 x 10~
Without table 7.10 x 1071 £3.17 x 10~

Table 5.10: Mean absorbed dose in the heart volume

It was possible to make a comparison with the values obtained, always for the
same quantity, using other codes for the case with the aluminum table. As can
be observed from the following table, the value of the mean absorbed dose in the
heart is very close to that obtained using the GATE and MCNP software.
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Dr (Gy/history)
PENELOPE /penEasy 6.28 x 1071°
GATE 6.71 x 10716
MCNP 4.09 x 10716

Table 5.11: Mean absorbed dose in the heart volume results from other codes.

5.2.2 Depth dose distributions

Like in the previous case with the quadric surfaces, we also want to see what the
dose profile looks like within the patient for the voxels. To calculate this variable,
the tally VoxelDoseDistribution was used. This tally operates in the same way
as the one used in the case of quadric surfaces; the only difference is that the
coordinates of the voxels along which the dose distribution is to be reproduced
must be specified.
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Figure 5.8: Spatial dose distribution for both the configuration along the central
beam axis

Unlike the previous situation, where we had a cylinder made of a single material,
in this case, having different materials in the various areas of the phantom, the
distribution no longer follows an exponential trend. Furthermore, we observe
peaks; this is due to the fact that the materials have different densities, which
consequently results in different absorbed doses. In our case, the peaks are due to
the presence of the ribs, primarily composed of spongiosa bone material. In the
next graph, a comparison is shown between the results obtained using the PenEasy
and MCGPU software concerning the dose distribution in the case without the
table. Both simulations exhibit nearly identical values and trends, except in the
initial region. A possible reason for this discrepancy could be slight differences in
the geometry and position of the photon source. Both simulations display peaks in
the same regions where the previously mentioned materials are located, and the
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dose decreases to values close to zero.
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Figure 5.9: Comparison between dose distribution without aluminum table with
MCGPU and PenEasy software

Significant differences between the two results were observed in the peak regions.
Specifically, in the two peaks, the error of the simulation performed using penEasy
compared to that with MCGPU was 39.20% and 36.27%, respectively.
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5.2.3 Conclusions

Monte Carlo simulations have produced in-depth data on dose distribution in
interventional radiology, particularly illustrating the effect of photon transport
configurations and setup on dose and fluence parameters. Key findings indicate
that different configurations and materials contribute significantly to dose variation,
highlighting the potential for optimizing interventional procedures to improve
patient safety. Furthermore, some values obtained from these simulations will be
compared with analytical values provided by other participants, allowing further
validation and benchmarking of the results. This comparison will strengthen the
reliability of the simulations by confirming their alignment with the analytical
models. The approach, which focused exclusively on photon transport and excluded
contributions from electrons and positrons, simplified the model while maintaining
accuracy.In order to simulate only photon transport, a high absorption energy
threshold was set for electrons and positrons. This way, once they are generated by
possible photon interactions with matter, they are instantly absorbed. This method-
ology supports the goal of accurately estimating radiation dose in a controlled but
representative setting, ensuring that the results are applicable to real-world clinical
scenarios. Overall, the simulation results highlight the utility of Monte Carlo
methods in radiology to evaluate dose impacts and improve procedural parameters.
This information, combined with further comparison to analytical benchmarks, can
guide safer and more effective radiology practices.
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