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The greatest enemy of knowledge is not ignorance; 

 it is the illusion of knowledge. 
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1 Abstract 

Cancer is very common nowadays and it occurs in many different forms to 

people of all ages. Neuroendocrine tumors were treated only with somatostatin 

analogs such as Octreotide LAR since they could not be noticed until a large 

tumor burden appears, something that makes them difficult to be operated. 
177Lu-DOTA-TATE is a radiolabeled somatostatin analog that after the 

NETTER-1 Trial, gained EMA and FDA approval in order to be used at a type 

of radionuclide therapy called Peptide Receptor Radionuclide Therapy (PRRT). 

This radiopharmaceutical delivers toxic radiation to the tumor cells after it is 

bound to somatostatin receptors that are overexpressed on tumor cells’ surface 

and causes lethal damage to their DNA. 

 

Insufficiency of the kidneys could be a serious side effect of the 177Lu-DOTA-

TATE PRRT, as their dose tolerance is up to 23 Gy or 27 Gy in some situations. 

The estimation of the absorbed dose is critical to ensure that radiation-related 

side effects are kept to a minimum. 

 

The aim of this thesis was to perform two Monte Carlo simulations. The first 

one was based on the PET/CT image of a patient after the pre-therapeutic 68Ga-

DOTA-TOC administration, and the other was based on the SPECT/CT image 

after the PRRT with 177Lu-DOTA-TATE. The first image is used to predict the 

theoretical biodistribution of 177Lu-DOTA-TATE as the two 

radiopharmaceuticals share the same target cells. The expected absorbed dose 

from the PRRT was calculated from the simulation by replacing 68Ga with 177Lu 

as the irradiating radionuclide. As a result, a comparison was made between 

the expected, theoretical absorbed dose and the real absorbed dose, calculated 

in the second simulation based on the image after the PRRT. Furthermore, 

tumor-to-kidneys, liver-to-kidneys, and liver-to-bone marrow dose ratios were 

calculated to compare the absorbed dose for the two radiopharmaceuticals. 

 

Monte Carlo simulations were performed using GATE application, and a 

patient’s CT image was utilized as the model of human anatomy. Manual 

segmentation was done resulting in the organs that are the radiation sources. 

The SPECT image after the administration of 177Lu-DOTA-TATE and the PET 

image of 68Ga-DOTA-TOC reveal the size of the tumor. The evaluation of the 

absorbed dose to the organs of interest was done with personalized organ sizes. 
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10,100,000,000 primaries were used in the simulations and the statistical 

uncertainty of the results is up to 3.5%.  

 

The results of Monte Carlo simulations indicate that there are differences in the 

absorbed dose of the two radiopharmaceuticals from 4.49% to 36.68%. The dose 

ratios for both radiopharmaceuticals, although they are not coinciding as it was 

expected, they agree with the already published results. 

 

Even though the option of Peptide Receptor Radionuclide Therapy with 177Lu-

DOTA-TATE is available for some years, there is a standard treatment protocol 

that distinguishes only different categories of patients. In order to achieve the 

optimal outcome of the therapy without the risk of severe side effects that affect 

the quality of life of the patients, patient-specific dosimetry is essential. 
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2 Introduction 

 

2.1 Nuclear Medicine 

Nuclear medicine (NM) is a subfield of medicine that uses radioisotopes for 

diagnosis, treatment or theragnosis, a term that combines the words “therapy” 

and “diagnosis” [1].  

With NM emission images are received (versus the transmission images of 

diagnostic radiology), as there is energy emitted from the radioisotopes that 

exist in the human body. Nuclear medical imaging (NMI) is functional imaging 

as it is used to assess the physiology, for example, to estimate the risk of an 

emerging disease [2, 3]. 

The manner to accomplish this purpose is with the use of substances called 

radiopharmaceuticals, radiotracers or tracers. The radiopharmaceutical is a 

drug (a pharmaceutical) that is attached to (labeled) a little quantity of 

radioactive material (radionuclide or radioisotope) [4, 5]. 

Radiopharmaceuticals are infused into the patient intravenously, via oral 

administration or by inhalation. They are utilized to see functional images of 

the human body, measuring their body distribution. Then the radioactive part 

is localized in a specific target organ or tissue [3, 5, 6]. The emitted radiation is 

afterward detected by the modalities commonly used in NM, i.e. planar 

scintigraphy, SPECT (Single Photon Emission Tomography) and PET (Positron 

Emission Tomography). From the processing of image data, the result is images 

of two or three dimensions showing the biodistribution of the 

radiopharmaceuticals in the human body [3]. The main steps followed in NM 

are presented in the following figure (figure 1). 
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Figure 1: Main steps in a Nuclear Medicine study 

 

2.2 Radionuclide selection 

The selection of a radionuclide to achieve the optimum therapeutic effect 

depends on three basic factors. At first, the tumor or the treatment site should 

be of a size that suits to the range of the emitted particles of the radionuclide in 

tissue. For example, β- emitting radionuclides can be toxic in a cell volume of 

few millimeters, whereas radionuclides that emit α particles can cause damage 

to a bigger region. Another thing that should be taken into consideration is the 

half-life of the radionuclide. If the half-life of the radionuclide is very short, then 

the radioactive compound will not have enough time to reach its target, which 

leads to an insufficient therapeutic result. If the half-life is increased, the 

therapeutic effect will increase too, but with the cost of the rise of the dose to 

the patient and risks of radiation exposure to staff and family. It is optimal that 

the half-life of the radionuclide corresponds to the biological uptake and 

retention time of the targeted tumor. Antibodies and large protein carriers 

require radionuclides that have a half-life of a few days in order to have the best 

possible therapeutic effect. For peptides and smaller targeting agents, it is better 

to use radionuclides with short half-lives to have the least amount of 

radioactive waste. In addition, Furthermore, ease, cost, stability, and 

radiochemistry of the radiolabeled compound should be taken into account [3, 

7, 8]. 
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2.3 SPECT and PET imaging 

The main difference between SPECT and PET imaging modalities is the type of 

radionuclide that is utilized in the preparation of the radiopharmaceutical. In 

SPECT imaging a radionuclide that emits one gamma photon at each 

disintegration. One the other hand, in PET imaging the used radionuclide is 

needed to be a positron emitter. 

During beta decay, a positron (𝑒+) is ejected from the nucleus of a positron 

emitter and when a collision happens between the positron and an electron (𝑒−) 

of the medium there is annihilation of both particles. The result of this 

annihilation is two gamma photons with an energy of 511 keV each that moving 

in two opposite directions. Equation (2-1) describes the process of annihilation. 
 

𝑒+  +  𝑒−  → 𝛾 + 𝛾  (2-1) 

 

 

The different number of emitted photons is that which differentiates the type 

of detector that should be used [2, 7, 9]. In figures 2 and 3 emission and 

detection of SPECT and PET are illustrated [10]. 

 

  

 
Figure 2: Detection of a single emitted photon. Adapted from Chan C.T., Gambhir S.S. [10] 
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Figure 3: Annihilation and detection of two photons of 511 keV. Adapted from Chan C.T., 
Gambhir S.S. [10] 

 

2.4 Basic Nuclear Physics 

 

2.4.1 Types of radioactive decay 

The three main decay categories of importance to medical use of radionuclides 

are alpha decay (α-decay), beta decay (β-decay) which includes three related 

decay processes: beta minus, beta plus, and electron capture and gamma decay 

(γ-decay). The emitted particles in each reaction are α-particles, β-particles 

(electron or positrons), and γ-radiation. 

 

2.4.1.1 α-decay 

During α-decay an unstable nucleus X decays to a more stable nucleus Y with a 

simultaneous emission of an α-particle. This particle is a nucleus of 𝐻𝑒2
4  and as 

a result, the emitted Y nucleus has an atomic number Z decreased by two and a 

mass number A decreased by four. This decay is shown in equation (2-2) [7, 11].  

 

𝑋𝑁𝑍
𝐴 → 𝑌𝑁−2𝑍−2

𝐴−4 + 𝐻𝑒2
4  (2-2) 
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2.4.1.2 β-decay 

During β-decay in a nucleus, both protons and neutrons are changed in number 

by one so that the atomic mass number 𝐴 = 𝑍 + 𝑁 remains unaltered. This 

means that if the atomic number Z is increased by one, the number of neutrons 

N will be decreased by one and vice versa. There are three categories of β-decay: 

beta minus in which a neutron is converted to a proton, beta plus in which a 

proton is converted to a neutron and electron capture in which a neutron is 

created from the interaction between a proton and an electron. The three 

categories of β-decay (beta minus, beta plus, and electron capture) are depicted 

in equations (2-3), (2-4) and (2-5) respectively [7, 11]. 

 

                                  𝑋𝑁𝑍
𝐴 → 𝑌𝑁−1𝑍+1

𝐴 + 𝑒− + 𝜈𝑒
− (2-3) 

 
 

                                  𝑋𝑁𝑍
𝐴 → 𝑌𝑁+1𝑍−1

𝐴 + 𝑒+ + 𝜈𝑒 (2-4) 

 
 

                                  𝑋𝑁𝑍
𝐴 + 𝑒−  → 𝑌𝑁+1𝑍−1

𝐴 + 𝜈𝑒  (2-5) 

 
 

 

Radionuclides that participate in β-decay are called beta emitters (𝛽−or 𝛽+) and 

are used in Nuclear Medicine for therapy or diagnostic imaging. 

 

2.4.1.3 γ-decay 

Gamma decay is an excess of energy. A nucleus at an excited state relaxes to a 

stable state emitting a γ-photon. Gamma decay of an excited nucleus X (the 

excited state is denoted by *) is as shown in equation (2-6) [4, 7]. 

 

                          𝑋𝑁
∗

𝑍
𝐴  → 𝑌𝑁𝑍

𝐴 + 𝛾   (2-6) 

 

2.4.2 Nuclear decays’ exponential law 

The time that a radioactive nucleus will break apart cannot be exactly predicted, 

but for a large number of nuclei, the law of radioactive decay is applied. The 

number of nuclei disintegrated at time dt is proportional to the number of the 

existing radioactive nuclei N and time dt. 
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                               −𝑑𝑁 = 𝜆𝑁𝑑𝑡                   (2-7) 

 

The minus sign shows that N is decreasing with time. 

 

If (2-7) is integrated, then: 

 

                                                    𝑁(𝑡) =  𝑁0𝑒−𝜆𝑡    (2-8) 

 

 

where 𝑁0 is the number of radioactive nuclei at a time t=0. The factor 𝑒−𝜆𝑡 is 

called decay factor and is a fraction of the radionuclides that remain after a time 

t. 

The constant λ gives the probability of disintegration and is called the decay 

constant. λ unit is [time]-1, thus 0.1s-1 signifies that 10% of the atoms experience 

radioactive decay each second. It is unique for each radioactive nucleus. 

 

                                                  𝜆 = −
𝑑𝑁

𝑑𝑡⁄

𝑁
    (2-9) 

 

 

In equation (2-9) the numerator represents the number of disintegrations 

according to the time t, and the denominator the number of nuclei [4]. 

An exponential decay of the nuclei of a radionuclide with 𝜆 = 0.5 𝑠𝑒𝑐−1  is 

shown in the next figure (figure 4).  
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Figure 4: Exponential decay of the nuclei of a radionuclide 

 

2.4.3 The half-life 

The half-life of a radionuclide (𝑇1/2) is the time that is required for the 

disintegration of the fifty percent of the initial number of nuclei. It is given by 

the following formula:  

 

                                            𝑇1/2  =
𝑙𝑛2

𝜆
 (2-10) 

 

From the equation (2-10), it is clearly shown that the half-life is a nucleic 

characteristic [4]. 

 

2.4.4 The excretion time 

The excretion time or effective half-life (𝑇1/2,𝑒𝑓𝑓) of a radiopharmaceutical is the 

time of elimination of the radiopharmaceutical from the human body. It 

depends on the half-life of the radionuclide (𝑇1/2) and the time needed for the 

elimination of the pharmacological substance from the body, which is called 

biological half-life 𝑇1/2,𝑏𝑖𝑜. The formula that is used for the calculation of the 

excretion time is presented in equation (2-11) [7]. 

 

                       
1

𝑇1/2,𝑒𝑓𝑓
=

1

𝑇1/2
+

1

𝑇1/2,𝑏𝑖𝑜
   (2-11) 
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2.4.5 Radioactivity 

The number of disintegrations per unit time 
𝑑𝑁

𝑑𝑡
  is called the activity (𝐴) of the 

sample and is defined as: 

 

                                              𝐴(𝑡) = −
𝑑𝑁

𝑑𝑡
= 𝜆𝑁(𝑡) (2-12) 

 

 

Taking into consideration the equation (2-8), then (2-12) is converted as follows: 

 

                                                     𝐴(𝑡) = 𝐴0𝑒−𝜆𝑡 (2-13) 

 

 

The unit for the activity is the becquerel (𝐵𝑞) in S.I.. 1 𝐵𝑞 is 1 decay per second. 

More frequently used multiples of Bq are kBq, MBq and GBq.  

The curie (Ci) is the traditional activity unit and was defined as the activity of 1 

g of 226Ra. The relation between the two activity units is: 1𝐶𝑖 = 37 ∗ 1010 𝐵𝑞 [4, 

7]. 

 

2.5 Radiation-Matter Interaction 

The photons and electrons interactions, as they traverse matter, are stochastic 

and follow the laws of chance. Photons have none, one or a small number of 

interactions and are exponentially attenuated. Cross-section is the term stated 

for individual photon interactions and attenuation coefficients for material 

penetration. Electrons, on the other hand, have many interactions and lose their 

energy gradually until they stop. These interactions are expressed with the 

terms electron range and material stopping power [12].  

Interactions of high energy photons do not ionize the matter, but a percentage 

of these interactions initiate orbital electrons’ ejection from the atom or the 

production of electron-positron pairs [4].  

There are four fundamental types of interactions between photons and matter: 

Photoelectric effect, coherent (Rayleigh) scattering, incoherent scattering 

(Compton effect) and pair production [12]. An outline of these photon-matter 

interactions is presented in table 1. 
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Table 1: Interactions between photons and matter 

Type of interaction Result 

Photoelectric effect 
Photon is absorbed and a photoelectron from an 

inner shell is ejected. 

Coherent scattering 
Photon energy remains unaltered, and the photon 

is scattered at an angle θ. 

Incoherent scattering 

Photon energy is partially transferred to an 

electron and the scattered photon has lower 

energy. 

Pair production 
A photon with energy higher than 1.022 MeV is 

transformed into an electron-positron pair. 

 

 

2.6 Dosimetry  

Although the amount of absorbed energy of ionizing radiation in the human 

body can be at a low point, the biological impacts of ionizing radiation can be 

extremely serious. These effects have been known for a long time ago. High-

energy tracks found by alpha, beta, gamma, and x- radiation and atomic ions 

ionize cells along their tracks, causing the formation of harmful radicals [13]. 

When ionizing radiation penetrates the human body or a matter there is 

deposition of energy. This energy absorbed is called radiation dose or simply 

dose. Three different types of dose quantities exist: absorbed, equivalent and 

effective dose [4, 12].  

 

2.6.1 Absorbed dose 

The absorbed dose D is the expected value of energy dε deposited by ionizing 

radiation per unit mass dm, in a volume V.   

The unit of the absorbed dose is the gray (Gy) in S.I.. 1 Gy is 1 J/kg. The 

traditional unit for absorbed dose is the rad (radiation absorbed dose). 1 Gy is 

equal to 100 rad or equivalently 1 rad=10-2 Gy [4]. 
It is utilized to characterize different radiation effects, yet it doesn't describe 

their biological impacts.  

Absorbed dose is given by the following formula (2-14) [12]:   

 

                                                 D =
dε

dm
                            (2-14) 
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2.6.2 Equivalent dose  

The equivalent dose HT is defined by the equation (2-15). DT,R is the absorbed 

dose by radiation of a type R, averaged over a tissue or organ T and wR is the 

radiation weighting factor for radiation type R. 

 

                   HT = wRDT,R (2-15) 

 

The unit of the equivalent dose is the sievert (Sv) in S.I.. 1 Sv is 1 J/kg. 

The traditional unit for equivalent dose is the rem (roentgen-equivalent man). 

1 Sv is equal to 100 rem or equivalently 1 rem=10-2 Sv [4]. 

Different types of ionizing radiation cause different biological damage even if 

the absorbed dose is the same. In order to change the dose to reflect the impact 

of the type of radiation in causing biological damages, a weighting factor for 

the radiation (wR) was created by the International Commission on Radiation 

Protection (ICRP) [4, 12]. Weighting factors for the most commonly used types 

of radiation are stated in table 2 [14]. 

 

Table 2: Radiation weighting factors 

Radiation type wR 

Photons, electrons, and muons 1 

Protons and charged pions 2 

Alpha particles, fission fragments 

and heavy ions 
20 

Neutrons 
continuous function of 

neutron energy 

 

 

2.6.3 Effective dose 

The effective dose, E, is defined by equation (2-16). The factor wT is called tissue 

weighting factor. It depicts the relative contribution of that organ or tissue to 

the total harm emerging from stochastic effects for uniform whole-body 

irradiation. 
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                           𝐸 = ∑ 𝑤𝑇𝐻𝑇 (2-16) 

 

The S.I. unit of the effective dose is the sievert (Sv) [4, 12]. 

Tissue weighting factors for the most used tissues are presented in table 3 [15]. 

 

Table 3: Tissue weighting factors 

Tissue type wT 

Kidneys, bone-marrow (red), lung, stomach, 

pancreas, colon, breast and other tissues (*) 
0.12 

Gonads  0.08 

Liver, esophagus, thyroid and bladder 0.04 

Skin, bone surface, brain, salivary glands 0.01 

(*) other tissues: heart, spleen, gallbladder, adrenals, small intestine, prostate, 

uterus, cervix, extra-thoracic region, muscle, lymphatic nodes, oral mucosa, 

thymus. 

 

 

2.7 Neuroendocrine tumors 

Neuroendocrine tumors (NETs) are inhomogeneous neoplasms 

(approximately 5 cases in 100.000) that grow from neuroendocrine cells mainly 

from the gastro-entero-pancreatic track (GEP-NETs) and rarely in the 

bronchopulmonary system, and they can be found in various anatomical 

regions. The term “neuroendocrine” is from the words “neuro” and 

“endocrine”, which means that these cells are capable of handling substances 

that derive from both the nervous and the endocrine system. NETs’ two major 

characteristics are that they overexpress somatostatin receptors of subtypes two 

and five (SSTR-2 and SSTR-5) at their cell membranes, thus they can be targeted 

with radioactive SSTR tracers, and they are metabolically active. Usually, these 

tumors are perceived when they are metastasized or locally grown and 

consequently cannot be operated. The liver is the most common metastatic site 

of this kind of neoplasms. There are two categories of NETs: functioning or non-

functioning, whether there is hormone production or not. Functioning tumors 

are related to the development of clinical syndromes [16, 17]. They can be 

treated either with “cold” somatostatin analogs (Octreotide LAR for example) 

or with “hot” (PRRT) [17]. 
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2.8 Peptide Receptor Radionuclide Therapy 

Peptide Receptor Radionuclide Therapy (PRRT) is a continuous delivery of 

radiation with a decreasing dose to cause lethal damage to the tumor [18]. It is 

a form of endoradiotherapy [19]. It is ideal for well or moderately differentiated 

NETs, determined as grade 1 or 2 NETs as stated by the WHO classification of 

2010, that are metastatic or cannot be operated, as this kind of therapy utilizes 

SSTR tagged with a radioactive molecule. These molecules are analogous to the 

somatostatin neuropeptide which exists physiologically in the human body and 

its role is to control or restrain different functions of the liver, spleen, kidneys, 

brain, neurons, stomach, gut and pancreas. Five types of SSTR exist 

physiologically at liver, spleen, kidneys, hypophysis, thyroid, adrenals, 

stomach and intestines [16, 17]. 

In opposition to the aim of limiting the dose of diagnostic applications, this kind 

of therapy like all kinds of radionuclide therapy is designed to deliver ionizing 

radiation to special regions with the purpose of cure, control the disease, or just 

palliative therapy. With the use of ionizing radiation, irreparable damage is 

caused to the DNA of the nucleus by the initiation of double-strand break, and 

as a result, further proliferation of cells is constrained. In radionuclide therapy, 

the desired effect is acquired by absorbing energy from the emitted radiation 

by the radionuclide. Therefore, a radionuclide that will be used for radionuclide 

therapy must be an emitter of particulate radiations with quite short path 

lengths (range). In this manner, the energy is deposited in a small region of cells 

to avoid the surrounding healthy tissues., The radionuclides that are used in 

radionuclide therapy undergo alpha or beta decay, or they are emitters of 

Auger electrons [3].  
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Figure 5: Effects of radiation emitted from particles to the DNA strand. Adapted from 
Banerjee, Pillai, and Knapp [8] 
 

A great number of radionuclides exist with various soft-tissue range, half-lives, 

and chemical properties that provide the possibility to optimize radionuclide 

therapy to certain therapeutic applications. In this thesis, the 

radiopharmaceutical consists of a β-emitting radionuclide chelated to a 

somatostatin analog peptide, in order to selectively deliver toxic radiation to 

the tumor cell (figure 6). The chelator’s role is to provide a strong binding 

between the isotope and the peptide [16, 17].  

  
 
Figure 6: Structure of a radiopeptide for PRRT 

 

2.9 Peptide Receptor Radionuclide Therapy with 177Lu-DOTA-TATE 

177Lu-DOTA-TATE (177Lu-DOTA0-Tyr3-Octreotate) is a lately approved 
radiopharmaceutical by FDA (NETTER-1) [19]. In figure 7 the structure of this 
new radiopharmaceutical is presented.  In this situation, the radionuclide is 

𝐿𝑢71
177 , the chelator is DOTA that creates stable tracers if used with isotopes like 
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68Ga, 90Y, and 177Lu, and the somatostatin analog is TATE that is highly selective 
for SSTR-2 [17]. The peptide Octreotate is hooked up to the SSTR and the 
radioactive molecule shows the site and the burden of the tumor with SPECT 
or PET imaging [17]. The mechanism of PRRT with 177Lu-DOTA-TATE is 
illustrated in figure 8 [20]. 
The organs at risk in radionuclide therapy with 177Lu- DOTA-TATE are the 
kidneys and the bone marrow that limit the administered amount of 
radioactivity  
[16, 21, 22].  
 

 
 
Figure 7: Structure of 177Lu-DOTA-TATE. Adapted from Hennrich  and Kopka [19]  

 

 

 
Figure 8: Illustration of PRRT with 177Lu-DOTA-TATE. Adapted from Kasi et al. [20] 
 

https://sciprofiles.com/profile/760710
https://sciprofiles.com/profile/181176
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2.10 177Lu characteristics 

Lutetium ( 𝐿𝑢71
177 ) is a chemical element that belongs to the group of lanthanides 

of the Periodic Table. It is a radioactive isotope with an atomic number equal to 

71, of the stable 𝐿𝑢71
175  which is 97.4% of natural lutetium. The half-life of the 

unstable isotope 𝐿𝑢71
177  is 6.65 days.  

𝐿𝑢71
177  decays to 𝐻𝑓72

177  (hafnium) [8].  During this β− decay, a neutron (n0) of the 

parent isotope 𝐿𝑢71
177  is converted to a proton (p+) while there is an emission of 

an electron (e−) and an antineutrino (𝜈𝑒
−). This reaction is shown in equation (2-

17). The beta decay of 𝐿𝑢71
177  is illustrated in (2-18) [23]: 

 

                                  𝑛0 → 𝑝+ + 𝑒− + 𝜈𝑒
−                  (2-17) 

 

 

                  𝐿𝑢71
177 → 𝐻𝑓72

177 + 𝑒− + 𝜈𝑒
−    (2-18) 

 
 

With a tissue penetration of approximately 2 mm and the intrinsic simultaneous 

emission of both β- and γ radiation is an ideal isotope for theragnosis, as the 

gamma photons of 𝐿𝑢71
177  are appropriate for scintigraphy, allowing both 

imaging and dosimetric calculations with the same radiopharmaceutical [1, 18, 

24, 25]. 

 

2.10.1 177Lu spectrum 

As stated in the previous paragraph 𝐿𝑢71
175  is both β- and γ emitting isotope. The 

characteristic emission lines of 𝐿𝑢71
175  and the corresponding probabilities that 

will be used later in Monte Carlo simulations, are adapted from the NNDC 

Database and presented in tables 4 and 5 [26]. In fact, the energy of β- particles 

that will mainly give the therapeutic effect is this of 498.3 keV at 79.4% of the 

total β- emissions. The energy that will be used for the post-therapeutic imaging 

is 208.3662 keV at 10.36% of the γ emissions. 
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Table 4: Beta emissions of 177Lu 

Energy of β- 

emissions (keV) 
Probability (%) 

6.18 8.70  

47.5990 5.12 

101.6791 6.73 

110.3489 1.673 

177.0 11.61 

248.6 0.006 

385.3 9.0 

498.3 79.4 

 

 

Table 5: Gamma emissions of 177Lu 

Energy of γ 

emissions (keV) 
Probability (%) 

7.9   3.06 

54.611 1.60 

55.79 2.77 

112.9498 6.17 

208.3662 10.36 
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3 Simulations 

A simulation is a mathematical modelling process, performed on a computer, 

developed to explore and predict the behavior of real-world physical systems 

that are too complex for analytical solutions. Since they make the validation of 

chosen mathematical models possible, computer simulations have become a 

useful tool for the mathematical modeling of many multivariate systems in 

physics, chemistry, biology, economics, engineering and health care. 

 

3.1 Monte Carlo Methods 

Monte Carlo methods are a wide class of computational algorithms that rely on 

repetitive random sampling and are controlled by random number generators 

in order to get numerical results. The name Monte Carlo comes from the well-

known Monte Carlo casino, due to its similarity to gambling. These methods 

are often used in problems of mathematics or physics and are very useful for 

complex problems that are difficult to be modeled by computer algorithms that 

use deterministic methods. In the field of medical physics, Monte Carlo 

methods have an important role in simulating imaging procedures, in 

dosimetric calculations in radiotherapy, protocol optimization, and the 

development of new detectors [27, 28].  

Referring to this thesis, Monte Carlo simulations for radiotherapy applications 

are crucial for treatment planning optimization and dosimetry since accurate 

predictions of the absorbed dose to the patient must be made, prior to exposing 

the patient to the therapeutic radiation sources. 

 

 

3.2 GATE 

GATE, which is the abbreviation for the GEANT4 Application for Emission 

Tomography, is an opensource application built by the international 

OpenGATE collaboration. GATE is created with the purpose of simulations in 

radiotherapy and medical imaging. The simulations supported by GATE are 

PET, SPECT, CT (Computed Tomography), Radiotherapy and Optical Imaging 

(Bioluminescence and Fluorescence) experiments. The most important feature 

of GATE is that this is a commonly used Monte Carlo platform which supports 

simultaneous simulation of imaging and dosimetry in the same environment 

[2]. It is based on hidden C++ classes; therefore, its input does not depend on 

https://en.wikipedia.org/wiki/Analytical_solution
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the C++ programming knowledge of the user. The kind of input scripting 

mechanism is known as macro language. It has a structure that consists of four 

layers: the developer layer (Geant4), the core, the application, and the user 

layer, as shown in figure 9 [2, 5, 29, 30]. 

 

 
 

Figure 9: Gate Layers 

 

In order to create a GATE simulation, the visualization part, the geometry 

(world and daughters), physics, sources, output and acquisition times, are 

defined by the user [30]. 

 

Τhe parameters: EMin, EMax, DEDXBinning and LambdaBinning were set as 

suggested by the OpenGATE collaboration [30], and stated as below: 

/gate/physics/setEMin 0.1 keV 

/gate/physics/setEMax 10 GeV 

/gate/physics/setDEDXBinning 220 

/gate/physics/setLambdaBinning 220 

 

3.2.1 World 

The world in GATE is a cubic box at the center (0 cm, 0 cm, 0 cm) in the x, y, 

and z-axis of the coordinate system. It is defined by the user and it is the only 

volume that must be initially stated in a GATE simulation. The world must 

have a volume large enough to enclose the rest volumes that will be defined. 

Volumes in GATE can be attached to other volumes. The world volume is the 

parent volume as it encloses all the other volumes. Volumes that defined after 

the world volume are called daughter volumes. Each volume has dimensions 

specified by the user, although they cannot be larger than its parents’ 

dimensions. 
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The world is defined with the following commands: 

/gate/world/geometry/setXLength 100. cm 

/gate/world/geometry/setYLength 100. cm 

/gate/world/geometry/setZLength 100. cm 

 

The world can be composed of any material from the material database, that is 

given by the GateMaterials.db text file, using the command below: 

/gate/geometry/setMaterialDatabase data/GateMaterials.db 

 

3.2.2 Source  

GATE can simulate different source types. An important parameter of a 

dosimetry study is to define the source spectrum. A source in GATE can be 

general particle source (gps), voxelized, linacBeam, PencilBeam, 

TPSPencilBeam or phaseSpace. The user defines the type of the source and its 

characteristics: the energy, the angular distribution of the emission, the shape 

of the source (Point, Beam, Plane, or Surface), the activity and the half-life, the 

placement and the movement of the source, and finally the volume that the 

source is attached to. In the same simulation can exist more than one source 

with different characteristics and each source is independent. 

 

3.2.3 Physics  

Photoelectric effect, coherent and incoherent scattering, Electron ionization, 

and Positron annihilation are the models of physics interactions that should be 

used in the GATE simulation. 

 

3.2.4 Starting the simulation 

The simulation starts with the following commands: 

 /gate/application/setTotalNumberOfPrimaries [number_of_particles]  

 /gate/application/start  

 

3.2.5 Actors 

In order to have the energy or dose deposition, it is critical to define an actor. 

Actors collect information like energy or dose deposited or uncertainty of 

energy or dose deposited in a specific volume in the form of a 3D matrix. 

The command in order to add an actor is: 

/gate/actor/addActor [Actor Type] [Actor Name] 
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There are many types of actors: SimulationStatisticActor, doseActor, KillActor. 

The doseActor has been used in this thesis to measure the dose and the 

SimulationStatisticActor which counts the number of steps and tracks in the 

volume that is attached to.  

In order to attach an actor to a volume of interest the command that is used is: 

/gate/actor/[Actor Name]/attachTo [Volume Name] 

 

The commands to describe an actor in GATE are:  

/gate/actor/addActor DoseActor [Actor Name]  

/gate/actor/[Actor Name]/attachTo myVolume  

/gate/actor/[Actor Name]/stepHitType random  

/gate/actor/[Actor Name]/setSize 0.97 0.97 1.25 mm 

/gate/actor/[Actor Name]/setResolution 356 233 181  

/gate/actor/[Actor Name]/enableEdep true  

/gate/actor/[Actor Name]/enableUncertaintyEdep true  

/gate/actor/[Actor Name]/enableSquaredEdep true  

/gate/actor/[Actor Name]/enableDose true  

/gate/actor/[Actor Name]/enableUncertaintyDose true  

/gate/actor/[Actor Name]/enableSquaredDose true  

/gate/actor/[Actor Name]/enableNumberOfHits true 

/gate/actor/[Actor Name]/save myOutput.txt 

 
The command: 

/gate/actor/[Actor Name]/save [File Name] 

is utilized to save the resulting data to an output file (here the filename is 

myOutput.txt). 

Information can be disabled by using “false” instead of “true”. The actor units 

are MeV for the Edep (energy deposited) and Gy for the dose. The SquaredDose 

and SquaredEdep commands are used to calculate the relative statistical 

uncertainty when there are added output from several files. The 

“SquaredDose” and “SquaredEdep” flags permit us to save the sum of squared 

dose or energy deposited respectively [30, 31]. 
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4 Therapy with 177Lu-DOTA-TATE 

 

4.1 Eligibility Criteria 

The essential information to decide whether a patient is suitable for PRRT, is 

acquired from a histopathological examination that can validate the existence 

of NETs and a functional whole-body image that depicts the expression of 

SSTR. Moreover, the tumor should be well or moderately differentiated, 

according to the WHO 2010 system, and the patient should have a high 

possibility of survival with a good quality of life (Karnofsky performance 

status1 >60 or ECOG performance status2 <2) [16, 18].  

 

 

4.2 Tumor detection 

PΕΤ with peptides of 68Ga is an effective functional imaging modality for the 

purpose of the detection of the tumor and its metastases, staging of patients 

who have tumors already known and finding the type of SSTR of the eligible 

candidates for PRRT with 177Lu-DOTA-TATE. 68Ga-DOTA-peptides and 

especially 68Ga-DOTA-TATE and 68Ga-DOTA-TOC replace 111In-DTPA-

Octreotide (Octreoscan). A study resulted that 68Ga-DOTA-TOC in comparison 
68Ga-DOTA-TATE shows that even though the detection of the tumor is 

approximate for the two radiopharmaceuticals, 68Ga-DOTA-TOC is better in 

finding more cancer cells [32].  In addition, the relation of  111In-DTPA-

Octreotide with SSTR-2 is not strong and the chelator DTPA cannot provide 

good binding with β-emitting isotopes to create therapeutic radionuclides [17].   

 

 

1 Karnofsky Performance Status Scale 
The Karnofsky Performance Scale is an index that is used for the comparison of the efficacy of different therapies 

and the evaluation of the prognosis. For the majority of serious illnesses, the probability of survival dwindles as 

the Karnofsky score becomes lower [33].  

 
2 Eastern Cooperative Oncology Group (ECOG) Performance Status 
The ECOG performance status is a scale that is used to estimate the progression of a patient's disease, evaluate 

the impact of the disease on the personal self-care activities of the patient, and decide the proper prognosis and 

treatment plan [34].  
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4.3 Administration protocol  

The two methods that were used initially to administer the 

radiopharmaceutical to the patient are the gravity infusion method and the 

infusion pump protocol. The gravity infusion method was rejected due to 

constraints and increased dose to doctors and the infusion pump is the method 

that prevailed [35].  

 

In general, the suggested treatment protocol for adult patients undergoing 

PRRT with 177Lu-DOTA-TATE is three to five cycles with a time interval of six 

to twelve weeks. The radiopharmaceutical should be injected intravenously, 

and the administered activity fluctuates between 5.55 and 7.4 GBq (or 150-200 

mCi). In adult patients with renal dysfunction, the treatment cycles and the 

activity that will be administered are adapted to each patient [16, 18].  

 

Furthermore, an infusion of an amino acid mixture of L-lysine and L-arginine 

is necessary 30 min before the administration of 177Lu-DOTA-TATE and should 

be continued for 4 h total for the protection of the renal system, as this decreases 

renal absorbed dose and acts competitively inhibiting reabsorption of the 

radiopharmaceutical [8, 16, 18, 36, 37]. 

 

 

4.4 Post-therapeutic imaging and dosimetry 

To estimate the biodistribution of the radiopharmaceutical and the response to 

therapy, scintigraphy or SPECT imaging should be performed after each cycle 

of 177Lu-DOTA-TATE administration, exploiting the gamma photons of 𝐿𝑢71
177 .  

At the organs of interest, regions of interest (ROIs) should be drawn and image-

based dosimetry should be done [8, 16, 17, 38]. 

 

 

 

 

 

 

  



 
39 

 

 

 

 
 

 

Specific Part 

 

 

 

 

 

 



 
40 

 

  



 
41 

5 Monte Carlo Simulations 

The objective of this thesis is to perform two Monte Carlo simulations, one 

based on the PET/CT image of a patient after the pre-therapeutic 68Ga-DOTA-

TOC administration, and another based on the SPECT/CT image acquired after 

the patient had undergone PRRT with 177Lu-DOTA-TATE. 

The first image is used to predict the theoretical biodistribution of 177Lu-DOTA-

TATE as the two radiopharmaceuticals share the same target tissues, i.e. the 

NETs. The expected absorbed dose from the PRRT can be calculated from the 

simulation by substituting 68Ga with 177Lu as the irradiating source. Thus, a 

comparison can be made between the expected, theoretical absorbed dose and 

the real absorbed dose, calculated in the second simulation based on the 177Lu-

DOTA-TATE image. 

 

The absorbed dose was estimated using the GATE application for Monte Carlo 

simulations. The simulations were performed with N=10,100,000,000 primaries 

in order to have a statistical uncertainty of up to 3.5%. 

 

 

5.1 Pre-processing of data 

The CT and SPECT or PET images of the patient are these that will be used in 

our simulations. CT image was the reference image to draw manually the 

organs of interest. In this thesis, the organs of interest are the liver, the hepatic 

tumor, kidneys and bone marrow. Kidneys and bone marrow are also organs 

at risk as stated previously. This procedure was done using the “3D Slicer” 

application. A new image called “label” was constructed with different color-

label in each organ (figure 10). 
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Figure 10: Label of patient's CT (the liver is the green color, the tumor is the orange color, 
kidneys are painted in yellow and bone marrow is brown). (a), (b) and (c) are the Axial, 

Sagittal and Coronal view of the label respectively, (d) A 3D view of the label                   

 

Then, CT, label, and SPECT/PET are processed using the module “Resize 

Image (BRAINS)” in 3D Slicer in order to be of the same dimensions. The best 

way to do this without deformation of the images is by choosing Nearest 

Neighbor as the interpolation mode (see Appendix 7.3). 

 

 

5.2 Monte Carlo simulations 

As mentioned in sub-chapter 2.2, phantom and source are necessary to run a 

Monte Carlo simulation in GATE. The attenuation-phantom (phantom) was the 

CT image of the patient, and the source-phantom (source) was the constructed 

label. 

 

5.2.1 How to insert a CT image in GATE Monte Carlo Simulations 

For the purpose of inserting a CT image in GATE three steps are required. 

Firstly, the image should be converted to MetaImage image file format. 3D 

Slicer saves the image as a header file (.mhd) plus a raw data file (.raw). Then 

there should be a conversion from the Hounsfield Units (HU) of the CT image 

to materials using the following command lines: 

 /gate/HounsfieldMaterialGenerator/SetMaterialTable    data/Schneider2000 

MaterialsTable.txt 

/gate/HounsfieldMaterialGenerator/SetDensityTable data/Schneider2000 

DensitiesTable.txt 
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/gate/HounsfieldMaterialGenerator/SetDensityTolerance 0.1 g/cm3 

/gate/HounsfieldMaterialGenerator/SetOutputMaterialDatabaseFilename 

data/patient-HUmaterials.db 

/gate/HounsfieldMaterialGenerator/SetOutputHUMaterialFilename   

data/patient-HU2mat.txt 

/gate/HounsfieldMaterialGenerator/Generate 

 

Afterwards, the image should be inserted as a volume: 

/gate/world/daughters/name  Patientphan 

/gate/world/daughters/insert  ImageNestedParametrisedVolume 

/gate/patient/geometry/SetImage   data/image_name.mhd 

/gate/geometry/setMaterialDatabase  data/patient-HUmaterials.db 

/gate/patient/geometry/SetHUToMaterialFile  data/patient-HU2mat.txt 

/gate/patient/placement/setTranslation   0 0 0 mm 

/gate/Patientphan/attachPhantomSD 

 

5.2.2 The voxelized source-phantom 

Aiming to add the label as the voxelized source, the next commands are 

required: 

/gate/source/addSource                     Lutetium voxel 

/gate/source/Lutetium/reader/insert              image 

/gate/source/Lutetium/imageReader/translator/insert  range 

/gate/source/Lutetium/imageReader/rangeTranslator/readTable 

data/activityRange.dat 

/gate/source/Lutetium/imageReader/rangeTranslator/describe   1 

/gate/source/Lutetium/imageReader/readFile            data/label_image.mhd 

/gate/source/Lutetium/setPosition         -288 -288 -468 mm 

/gate/source/Lutetium/attachTo         Patientphan 

 

5.2.3 The activityRange table 

The file “activityRange.txt” matches the voxel value of each one organ with an 

amount of activity in Bq. The format of this file is: 

7 

0 0 0 

1 1 8 

2 2 14 

3 3 1 
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4 4 0 

5 5 24 

5 32773 0 

 

The first line shows the number of organs that have a specific activity, even 

zero. 

The rest lines define the amount of the activity of each voxel value normalized 

to the smallest. For instance, voxels with value 1 have an activity of eight times 

larger than these with voxel value 3. Also, voxels with value 4 have an activity 

equal to zero. 

 

To create this .txt file a Matlab script is necessary for the calculation of firstly 

the counts occurring in each organ (voxel value) and secondly the number of 

voxels each organ has (see Appendix Matlab files 7.2.1).  

 

5.2.4 Running the simulations 

The total number of primaries that were used in the simulations was 

10,100,000,000 for each one of the two radiopharmaceuticals. The performed 

simulations use the post-therapeutic SPECT/CT image after the administration 

of 177Lu-DOTA-TATE, and the pre-therapeutic PET/CT image after the 

administration of 68Ga-DOTA-TOC. After each Monte Carlo simulation ran the 

output files are Edep, Edep Squared, and Uncertainty Edep. Afterward, these 

output files are inserted into Matlab scripts (see Appendix Matlab files 7.2.2 and 

7.2.3) and the total Edep, total Edep Squared and total Uncertainty images are 

constructed. 

 

5.2.5 Dose calculation 

In order to calculate the absorbed dose to each of the patient’s organs, the Edep 

of each organ in MeV should be converted to J/kg (Gy), taking into 

consideration the volume of each one. This conversion is accomplished with the 

use of the equation (5-1) [31, 39]. The total absorbed dose to each organ was 

calculated with a Matlab script in which the total Edep image is inserted and 

multiplied by a correction factor to adapt the simulated primaries with the real 

primaries that penetrate the patient’s tissues (see Appendix Matlab files 7.2.5) 

 

(a) 

(b) 
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                  𝐷 [
𝐽

𝑘𝑔
] = 𝐸𝑑𝑒𝑝[𝑀𝑒𝑉] ∗

1.60217696 ∗ 10−13[
𝐽

𝑀𝑒𝑉]

𝜌[
𝑘𝑔

𝑐𝑚3] ∗ 𝑉[𝑐𝑚3]
 (5-1) 

 

Moreover, since no experimental procedure is completely accurate, it is 

mandatory to calculate the statistical uncertainty of each measurement. The 

calculation of the statistical uncertainty 𝜀𝑘 of each dose measurement in voxel 

k is achieved using equation (5-2) [31, 39]. 

 

                                 𝜀𝑘 = 100% ∗
𝑆𝑘

𝐷𝑘

  (5-2) 

 

The denominator 𝐷𝑘 represents the mean dose in voxel k. The nominator 𝑆𝑘 

provides an estimation of the standard error of the mean dose 𝐷𝑘 in voxel k, 

using N primaries in the Monte Carlo simulations. The formulas that used to 

compute 𝑆𝑘 and 𝐷𝑘 are presented in equations (5-3) and (5-4) respectively [31, 

39]. 

                                𝑆𝑘 = √
1

𝑁 − 1
(

∑ 𝑑𝑘,𝑖
2𝑁

𝑖

𝑁
− (

∑ 𝑑𝑘,𝑖
𝑁
𝑖

𝑁
 )

2

)  (5-3) 

 

                                 𝐷𝑘 = ∑ 𝑑𝑘,𝑖

𝑁

𝑖

 (5-4) 

 

The term 𝑑𝑘,𝑖 defines the deposited dose in voxel k at the primary event i. 

 

The computing of the statistical uncertainty was achieved using Matlab (see 

Appendix Matlab files 7.2.4). 

 

In order to compare these dose results, the equation (5-5) was used. 

 

                       
𝑎𝑏𝑠(𝐷𝐿𝑢−177 − 𝐷𝐺𝑎−68)

max 𝑣𝑎𝑙𝑢𝑒( 𝐷𝐿𝑢−177, 𝐷𝐺𝑎−68)
∗ 100% (5-5) 
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At the same time, the volume of each organ of interest was calculated, to ensure 

that the volume V of each organ is similar at the two images used (177Lu-DOTA-

TATE SPECT/CT and 68Ga-DOTA-TOC PET/CT). The equation (5-6) was used 

to accomplish this purpose. 

 

                        𝑉𝑜𝑟𝑔𝑎𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟_𝑜𝑓_𝑣𝑜𝑥𝑒𝑙𝑠𝑜𝑟𝑔𝑎𝑛 ∗ 𝑉𝑣𝑜𝑥𝑒𝑙 (5-6) 

 

 

5.3 Results  

The results of the comparison of the absorbed dose, with an uncertainty of up 

to 3.5% in Monte Carlo simulations are presented in table 6. 

 

Table 6: Deviation of the absorbed dose between 177Lu-DOTA-TATE and 68Ga-DOTA-TOC 

Organ Deviation 

Tumor 4.49% 

Liver 6.66% 

Kidneys 36.68% 

Bone marrow 30.40% 

 

The volume of the organs of interest is shown in table 7. 

 

Table 7: Organ Volumes 

Organ  
Organ volume      
 177Lu-DOTA-TATE 

Organ volume 
 68Ga-DOTA-TOC 

Tumor 440,241 mm3 356,504 mm3 

Liver 974,000 mm3 1,074,048 mm3 

Kidneys 215,506 mm3 213,696 mm3 

Bone marrow 159,280 mm3 209,024 mm3 

 

 

The lowest discrepancies in the absorbed dose between the two 

radiopharmaceuticals are observed in the hepatic tumor and the liver.  

In kidneys and bone marrow the divergence is greater. 

The reason for these discrepancies is at first the difference in the volumes of the 

segmented organs from the 177Lu-DOTA-TATE SPECT/CT and 68Ga-DOTA-
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TOC PET/CT images. SPECT/CT has a lower quality than PET/CT image, 

making it difficult to distinguish the borders of each organ. Moreover, the 

hepatic tumor is illustrated more clearly in the case of 177Lu-DOTA-TATE than 

in the case of 68Ga-DOTA-TOC so that it was segmented with higher accuracy. 

The divergence in kidneys absorbed dose is due to the fact that when the 

activityRange file was created for the GATE simulations, both 177Lu-DOTA-

TATE SPECT/CT and 68Ga-DOTA-TOC PET/CT image were used to compute 

the counts in each organ. Taking into consideration that the elimination of the 

TOC peptide through the urinary system happens at a higher rate in 

comparison with the TATE peptide and the half-life of 177Lu is significantly 

higher than this of 68Ga (𝑇1/2 = 6.65 𝑑𝑎𝑦𝑠 for 𝐿𝑢71
177  and 𝑇1/2 = 67.71 𝑚𝑖𝑛 for 

𝐺𝑎31
68  [40]), the elimination of 68Ga-DOTA-TOC from the human body is faster 

than this of 177Lu-DOTA-TATE (see equation (2–11)) [41]. This explains the 

accumulation of 68Ga in the kidneys, thus the higher absorbed dose in the case 

of 68Ga-DOTA-TOC. 

The deviation of the absorbed dose in bone marrow is because of the difference 

in excretion time of the two radiopharmaceuticals. Since the bone marrow gets 

the highest contribution of the radiopharmaceutical through the blood 

circulation, the more the radiopharmaceutical remains in the circulation, the 

more the absorbed dose to the bone marrow is. Consequently, the TATE 

peptide that is excreted later than the TOC peptide, causes the higher dose to 

the bone marrow. 

 

Furthermore, tumor-to-kidneys (
𝐷𝑡𝑢𝑚𝑜𝑟

𝐷𝑘𝑖𝑑𝑛𝑒𝑦𝑠
), liver-to-kidneys, (

𝐷𝑙𝑖𝑣𝑒𝑟

𝐷𝑘𝑖𝑑𝑛𝑒𝑦𝑠
), and liver-

to-bone marrow (
𝐷𝑙𝑖𝑣𝑒𝑟

𝐷𝑏.𝑚𝑎𝑟𝑟𝑜𝑤
), ratios were calculated to compare the absorbed dose 

for the two radiopharmaceuticals. These ratios are presented in table 8. 

 

Table 8: Dose ratios for 177Lu-DOTA-TATE and 68Ga-DOTA-TOC 

Ratio  
Dose ratio for  
 177Lu-DOTA-TATE 

Dose ratio for   

68Ga-DOTA-TOC 

𝑫𝒕𝒖𝒎𝒐𝒓

𝑫𝒌𝒊𝒅𝒏𝒆𝒚𝒔
 2.81 1.70 

𝑫𝒍𝒊𝒗𝒆𝒓

𝑫𝒌𝒊𝒅𝒏𝒆𝒚𝒔
 0.92 0.63 

𝑫𝒍𝒊𝒗𝒆𝒓

𝑫𝒃.𝒎𝒂𝒓𝒓𝒐𝒘
 5.27 8.08 
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These ratios confirm that the amount of the absorbed dose to the tumor is 

higher in the case of 177Lu-DOTA-TATE than in 68Ga-DOTA-TOC. This was 

expected as the imaging of 68Ga-DOTA-TOC is only an index for the SSTR type, 

while imaging with 177Lu-DOTA-TATE reveals the real tumor burden.  

The tumor-to-kidneys ratio illustrates that the highest dose is absorbed by the 

tumor, as expected.  

From the liver-to-kidneys ratio it is evident that although the tumor burden is 

in the liver, since the radiopharmaceutical passes entirely through the kidneys, 

the absorbed dose in kidneys is higher than this in the liver.  

Moreover, due to the difference in proximity to the tumor, bone marrow 

absorbs significantly less dose than the liver. This explains the high liver-to-

bone marrow dose ratio. 

 

Tumor-to-kidneys ratio for both radiopharmaceuticals is in agreement with the 

already published results that show that this ratio fluctuates between 0.33 and 

20 [22, 36, 43].  

The studies that have already been completed indicate a liver-to-kidneys ratio 

which ranges from 0.24 to 6.86 [19, 36, 44-48]. The results of this work are within 

that range for the two radiopharmaceuticals. 

For the liver-to-bone marrow ratios, the results that have emerged agree with 

the published ones, that extend from 3.00 to even 27.43 [19, 45, 47, 48]. There is 

also a reference for an extreme case that is ratio is equal to 263.9 [42]. 

The dose ratios of the cited, published studies are displayed at the table below 

(table 9). 

 

Table 9: Dose ratios of published studies. 

Published 
studies 

Gupta, 
et al. 

Cremonesi, 
et al. (1) 

Cremonesi, 
et al. (2) 

Kwekkeboom, 
et al. 

Said, 
et al. 

Zhang, 
et al. 

Hennrich 
and Kopka 

Santoro, 
et al. 

Rudisile, 
et al. 

Brayshaw, 
et al. 

 
Ratio  

𝑫𝒕𝒖𝒎𝒐𝒓

𝑫𝒌𝒊𝒅𝒏𝒆𝒚𝒔

 5.98 
0.33  
to  
20 

_ _ _ _ _ _ 
1.20 
to 
5.98 

_ 

𝑫𝒍𝒊𝒗𝒆𝒓

𝑫𝒌𝒊𝒅𝒏𝒆𝒚𝒔

 0.47 _ 0.29 0.24 1.03 2.23 0.46 
0.30 
to 
6.86 

_ 3.29 

𝑫𝒍𝒊𝒗𝒆𝒓

𝑫𝒃.𝒎𝒂𝒓𝒓𝒐𝒘

 _ _ 4.50 3.00 _ 263.9 8.54 
3.67 
to 
27.43 

_ _ 

  



 
49 

6 Discussion and Conclusion  

PRRT with 177Lu-DOTA-TATE is an effective kind of therapy for NETs, as it 

combines the high dose to the tumor cells with the simultaneous low dose to 

the surrounding healthy tissues.  

In this specific thesis, PRRT with 177Lu-DOTA-TATE was evaluated.  

Monte Carlo simulations were performed using the GATE application, in which 

imaging and dosimetry can be simulated simultaneously in the same 

environment. 

At first, comparison of the absorbed dose between 177Lu-DOTA-TATE and 68Ga-

DOTA-TOC, supposing that 68Ga-DOTA-TOC is 177Lu-DOTA-TATE, was done 

and resulted that this assumption is not true due to the different 

biodistributions of the two radiopharmaceuticals. Ideally, in order to predict 

the absorbed dose from the 177Lu-DOTA-TATE treatment the radionuclide used 

for the pre-therapeutic imaging, should be combined with the same peptide as 

the one used for PRRT. Thus, the appropriate radiopharmaceutical for this 

purpose is 68Ga-DOTA-TATE.  

Moreover, tumor-to-kidneys, liver-to-kidneys, and liver-to-bone marrow dose 

ratios were computed for the purpose of comparing the absorbed dose for the 

two radiopharmaceuticals. These results, when compared to the existing 

references, lead to the conclusion that they are significantly altered when there 

are differences in the anatomical characteristics of each patient. This indicates 

that there is a need for personalized dosimetry, based on the specific 

characteristics of each patient and optimizing the dose-per-organ calculation. 
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7 Appendix  

7.1 Mac files 

7.1.1 Main macro file 

###   VISUALISATION   ### 

#/control/execute mac/vis.mac 

 

###   MATERIALS DATABASE DEFINITION   ### 

/gate/geometry/setMaterialDatabase data/GateMaterials.db 

 

### WORLD ###  

/gate/world/geometry/setXLength  100. cm  

/gate/world/geometry/setYLength  100. cm  

/gate/world/geometry/setZLength  100. cm  

#/gate/world/setMaterial   Vacuum  

#/gate/world/vis/forceWireframe 

#/gate/world/vis/setColor white 

 

### PHANTOM ###  

#### Generate materials from Hounsfield units 

/gate/HounsfieldMaterialGenerator/SetMaterialTable                  

data/Schneider2000MaterialsTable.txt 

/gate/HounsfieldMaterialGenerator/SetDensityTable                   

data/Schneider2000DensitiesTable.txt 

/gate/HounsfieldMaterialGenerator/SetDensityTolerance               0.1 g/cm3 

/gate/HounsfieldMaterialGenerator/SetOutputMaterialDatabaseFilename 

data/patient-HUmaterials.db 

/gate/HounsfieldMaterialGenerator/SetOutputHUMaterialFilename          

data/patient-HU2mat.txt 

/gate/HounsfieldMaterialGenerator/Generate 

 

#### Insert image as a volume 

/gate/world/daughters/name    Patientphan 

/gate/world/daughters/insert    ImageNestedParametrisedVolume 

/gate/Patientphan/geometry/setImage    data/CT-OCTREO-24h-cycle1.mhd 

/gate/geometry/setMaterialDatabase                   data/patient-HUmaterials.db 

/gate/Patientphan/geometry/SetHUToMaterialFile    data/patient-HU2mat.txt 

/gate/Patientphan/placement/setTranslation               0 0 0 mm 

/gate/Patientphan/attachPhantomSD 
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###   PHYSICS   ### 

/gate/physics/addPhysicsList emstandard_opt3 

 

/gate/physics/addProcess RadioactiveDecay 

/gate/physics/addProcess PositronAnnihilation 

/gate/physics/addProcess IonIonisation 

 

/gate/physics/setEMin 0.1 keV 

/gate/physics/setEMax 10 GeV 

/gate/physics/setDEDXBinning 220 

/gate/physics/setLambdaBinning 220 

 

/gate/physics/displayCuts 

/gate/physics/ActivateStepLimiter e- 

/gate/physics/SetMaxStepSizeInRegion world 1 mm 

 

/gate/physics/processList Enabled 

/gate/physics/processList Initialized 

 

 

### ACTOR ###  

/gate/actor/addActor     DoseActor  doseDistribution 

/gate/actor/doseDistribution/attachTo         Patientphan 

/gate/actor/doseDistribution/stepHitType              random 

/gate/actor/doseDistribution/setPosition                 0 0 0 mm 

/gate/actor/doseDistribution/setResolution         356 233 181 mm  

/gate/actor/doseDistribution/saveEveryNSeconds      3600 

/gate/actor/doseDistribution/enableEdep                 true 

/gate/actor/doseDistribution/enableUncertaintyEdep  true 

/gate/actor/doseDistribution/enableSquaredEdep         true 

/gate/actor/doseDistribution/enableDose                        false 

/gate/actor/doseDistribution/enableUncertaintyDose   false 

/gate/actor/doseDistribution/enableSquaredDose         false 

/gate/actor/doseDistribution/enableNumberOfHits     false 

/gate/actor/doseDistribution/save               output/lu10million.mhd 

 

/gate/actor/addActor                              SimulationStatisticActor stat 

/gate/actor/stat/save                               output/lu10million.txt 

/gate/actor/stat/saveEveryNSeconds                  3600 

/gate/run/initialize 
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### VOXELIZED SOURCE ### 

#### For the beta particles #### 

/gate/source/addSource                           Lutetium voxel 

/gate/source/Lutetium/reader/insert                    image 

/gate/source/Lutetium/imageReader/translator/insert       range 

/gate/source/Lutetium/imageReader/rangeTranslator/readTable  

data/activityRange.dat 

/gate/source/Lutetium/imageReader/rangeTranslator/describe   1 

/gate/source/Lutetium/imageReader/readFile        data/LuImage24.mhd 

/gate/source/Lutetium/setPosition  -173.828036 -113.769473 -113.125 mm 

/gate/source/Lutetium/attachTo         Patientphan 

 

/gate/source/Lutetium/gps/particle  e- 

/gate/source/Lutetium/gps/type   Point 

 

/gate/source/Lutetium/gps/energytype  Arb 

/gate/source/Lutetium/gps/histname    arb 

/gate/source/Lutetium/gps/emin   0.0 MeV 

/gate/source/Lutetium/gps/emax   0.4983 MeV 

 

/gate/source/Lutetium/gps/histpoint  0 0 

/gate/source/Lutetium/gps/histpoint  0.0061800  0.08700 

/gate/source/Lutetium/gps/histpoint  0.0475990  0.05120 

/gate/source/Lutetium/gps/histpoint  0.1016791  0.06730 

/gate/source/Lutetium/gps/histpoint  0.1103489  0.01673 

/gate/source/Lutetium/gps/histpoint  0.177    0.116 

/gate/source/Lutetium/gps/histpoint  0.2486   0.00006 

/gate/source/Lutetium/gps/histpoint  0.3853   0.09 

/gate/source/Lutetium/gps/histpoint  0.4983  0.794 

 

/gate/source/Lutetium/gps/arbint Lin 

/gate/source/Lutetium/setForcedUnstableFlag true 

/gate/source/Lutetium/setForcedHalfLife 578880 s 

 

/gate/source/Lutetium/gps/ang/type      iso 

/gate/source/Lutetium/gps/ang/mintheta   0 deg 

/gate/source/Lutetium/gps/maxtheta       180 deg 

/gate/source/Lutetium/gps/ang/minphi     0 deg 

/gate/source/Lutetium/gps/ang/maxphi     360 deg 

/gate/source/Lutetium/dump 1 
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##### For the gamma rays ### 

/gate/source/addSource          Luphotons voxel 

/gate/source/Luphotons/reader/insert        image 

/gate/source/Luphotons/imageReader/translator/insert       range 

/gate/source/Luphotons/imageReader/rangeTranslator/readTable  

data/activityRangeLu.dat 

/gate/source/Luphotons/imageReader/rangeTranslator/describe   1 

/gate/source/Luphotons/imageReader/readFile         

data/LuImage24.mhd 

/gate/source/Luphotons/setPosition        -173.828036 -113.769473 -113.125 

mm 

/gate/source/Luphotons/attachTo         Patientphan 

 

/gate/source/Luphotons/gps/particle   gamma 

/gate/source/Luphotons/gps/type   Point 

/gate/source/Luphotons/gps/energytype  UserSpectrum 

/gate/source/Luphotons/gps/setSpectrumFile data/histoPhotons.txt 

 

/gate/source/Luphotons/setForcedUnstableFlag true 

/gate/source/Luphotons/setForcedHalfLife 578880 s 

 

 

/gate/source/Luphotons/gps/ang/type       iso 

/gate/source/Luphotons/gps/ang/mintheta  0 deg 

/gate/source/Luphotons/gps/maxtheta  180 deg 

/gate/source/Luphotons/gps/ang/minphi      0 deg 

/gate/source/Luphotons/gps/ang/maxphi    360 deg 

/gate/source/Luphotons/dump 1 

 

### EXECUTE ### 

/gate/source/list 

/gate/random/setEngineName MersenneTwister 

/gate/random/setEngineSeed auto 

/gate/application/setTotalNumberOfPrimaries 10000000 

/gate/application/start 

 

 

7.1.2 Visualization macro file 

/vis/open OGLSQt 

/vis/viewer/set/viewpointThetaPhi 45 45  
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/vis/viewer/zoom 1 

/vis/viewer/set/style surface 

/vis/drawVolume 

/vis/viewer/flush 

/tracking/verbose 0 

/tracking/storeTrajectory 1 

/vis/scene/add/trajectories 

 

 

7.2 Matlab files 

 

7.2.1 SPECT/PET COUNTS 

 

% LABEL 

 
PHANTOM=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\LuImagef

ull24cy1.raw', 'r'); 
temp1 = fread(PHANTOM,'int16'); 
A=reshape(temp1,128,128,128); 

  
% SPECT/PET  

 
PHANTOM2 = 

fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\spect-24h-lu-c1-

208keV.raw', 'r'); 
temp2 = fread(PHANTOM2,'int16'); 
B=reshape(temp2,128,128,128); 

  
% TUMOR 

  
T=0; 
SUMT=0; 
for i=1:128      
     for j=1:128 
        for k=1:128 
          if A(i,j,k)== 5; % The voxel value of the organ at the label 

image 
              T=T+1; 
              SUMT= SUMT+ B(i,j,k); 
            end 
        end 
   end 
end 

  
% LIVER 

  
L=0; 
SUML=0; 
for i=1:128 
     for j=1:128 
        for k=1:128 
          if A(i,j,k)== 1; 
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               L=L+1; 
             SUML= SUML+ B(i,j,k); 
            end 
        end 
   end 
end 
L 
SUML 
T 
SUMT 

  
% KIDNEYS 

  
K=0; 
SUMK=0; 
for i=1:128     
     for j=1:128 
        for k=1:128 
          if A(i,j,k)== 2;  
             K=K+1; 
              SUMK= SUMK+ B(i,j,k); 
            end 
        end 
   end 
end 

  
K 
SUMK 

  
% BONEMARROW 

  
BM=0; 
SUMBM=0; 
for i=1:128     
     for j=1:128 
        for k=1:128 
          if A(i,j,k)== 3;  
              BM=BM+1; 
             SUMBM= SUMBM+ B(i,j,k); 
            end 
        end 
   end 
end 

  
BM 
SUMBM 

  
SUMTOTAL=SUML+SUMT+SUMK+SUMBM 

 

 

7.2.2 CALCULATE TOTAL EDEP/EDEP SQR 

% EDEP Lu 

 
PHANTOM=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177out

put\lu1million1-Edep.raw', 'r'); 
temp1 = fread(PHANTOM,'float32'); 
A=reshape(temp1,356,233,181); 
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PHANTOM2=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177ou

tput\lu10million1-Edep.raw', 'r'); 
temp2 = fread(PHANTOM2,'float32'); 
B=reshape(temp2,356,233,181); 

  
PHANTOM3=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177ou

tput\lu10million2-Edep.raw', 'r'); 
temp3 = fread(PHANTOM3,'float32'); 
C=reshape(temp3,356,233,181); 

  
PHANTOM4=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177ou

tput\lu10million3-Edep.raw', 'r'); 
temp4 = fread(PHANTOM4,'float32'); 
D=reshape(temp4,356,233,181); 

  
PHANTOM5=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177ou

tput\lu10million4-Edep.raw', 'r'); 
temp5 = fread(PHANTOM5,'float32'); 
E=reshape(temp5,356,233,181); 

  
PHANTOM6=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\Lu177ou

tput\lu10million5-Edep.raw', 'r'); 
temp6 = fread(PHANTOM6,'float32'); 
F=reshape(temp6,356,233,181); 

  
W=A+B+C+D+E+F; 

 

out_filename = 

fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TOTAL-

Edep.raw','w'); 
fwrite(out_filename,D,'float32'); 

 

 

7.2.3 CALCULATE TOTAL UNCERTAINTY 

% EDEP_LU 

 
PHANTOM=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TOT

AL-Edep.raw', 'r'); 
temp1 = fread(PHANTOM,'float32'); 
A=reshape(temp1,356,233,181); 

  
% SQUARE EDEP_LU  

 
PHANTOM2=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TO

TAL-Edep-SQR.raw', 'r'); 
temp2 = fread(PHANTOM2,'float32'); 
B=reshape(temp2,356,233,181); 

  
% Total Primaries 
echo off all 
N=101000000; 

  
a=1/(N-1); 

  
% SK 
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for i=1:356;      
     for j=1:233; 
        for k=1:181; 
          C(i,j,k)=(a*(B(i,j,k)/N-(A(i,j,k)/N)^2))^(1/2); 
        end 
   end 
end 

  

  
% EK 
for i=1:356;      
     for j=1:233; 
        for k=1:181; 
          D(i,j,k)=C(i,j,k)/A(i,j,k)*N; 
        end 
   end 
end 

  
D(isnan(D)) = 1; 

  
out_filename = 

fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TOTAL-

Uncertainty.raw','w'); 
fwrite(out_filename,D,'float32'); 

 

 

7.2.4 UNCERTAINTY CALCULATIONS 

% PHANTOM LABEL_LU 

 
PHANTOM = fopen('C:\Users\kmple\OneDrive\Desktop\data\LuImage24.raw', 'r'); 
temp1 = fread(PHANTOM,'int16'); 
A=reshape(temp1,356,233,181); 

  
% PHANTOM2 UNCERTAINTYLU 

  
PHANTOM2=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TO

TAL-Uncertainty.raw', 'r'); 
temp2 = fread(PHANTOM2,'float32'); 
B=reshape(temp2,356,233,181); 

   
% TUMOR 

  
T=0; 
SUMT=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 5; 
              T=T+1; 
              SUMT = SUMT+B(i,j,k); 
            end 
        end 
   end 
end 

  
format long 
UNC_TUMOR=SUMT/T 
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% BONEMARROW 

  
BO=0; 
SUMB=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 3; 
              BO=BO+1; 
              SUMB = SUMB+B(i,j,k); 
            end 
        end 
   end 
end 

  
UNC_BONE=SUMB/BO 

  
% LIVER 

  
L=0; 
SUML=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 1; 
              L=L+1; 
              SUML = SUML+B(i,j,k); 
            end 
        end 
   end 
end 

  
UNC_LIVER=SUML/L 

  
%KIDNEYS 

  
RK=0; 
SUMRK=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 2; 
              RK=RK+1; 
              SUMRK = SUMRK+B(i,j,k); 
            end 
        end 
   end 
end 

  
UNC_RKIDNEY=SUMRK/RK 

 

 

 

 

7.2.5 GRAY CALCULATIONS 

 

% REAL NUMBER OF PRIMARIES 
No=5784063206837600; 
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% NUMBER OF TOTAL PRIMARIES FROM MC 
Nsim=101000000; 

  

  
N= No/Nsim; 

  
% PHANTOM-LABEL 

 
PHANTOM = fopen('C:\Users\kmple\OneDrive\Desktop\data\LuImage24.raw', 'r'); 
temp1 = fread(PHANTOM,'int16'); 
A=reshape(temp1,356,233,181); 

  
% DOSE MAP_EDEP 

 
PHANTOM2=fopen('C:\Users\kmple\OneDrive\Desktop\matlab_calculations\lu177TO

TAL-Edep.raw', 'r'); 
temp1 = fread(PHANTOM2,'float32'); 
B=reshape(temp1,356,233,181); 

  
% V Voxel mm^3 -> m^3  
V= (0.976562*0.976562*1.25)*10^(-9); 
% MeV to J Joule 
J= 1.60217646*10^(-13); 

  

  
% TUMOR 

  
T=0; 
SUMT=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 5; 
              T=T+1; 
              SUMT = SUMT+B(i,j,k); 
            end 
        end 
   end 
end 

  

  
% Density d=1.06(liver) g/cm3 -> kg/m3 
DL= 1.06*((10^(-3))/(10^(-6))); 

  
GYT=(SUMT*J)/((DL*V*T)); 
GY_TUMOR= GYT*N 

  
% LIVER 

  
L=0; 
SUML=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 1; 
              L=L+1; 
              SUML = SUML+B(i,j,k); 
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            end 
        end 
   end 
end 

  
% Density d=1.06(liver) g/cm3 -> kg/m3 
DL= 1.06*((10^(-3))/(10^(-6))); 

  
GYL=(SUML*J)/((DL*V*L)); 
GY_LIVER= GYL*N 

  
% BONEMARROW 

  

BO=0; 
SUMBO=0; 
for i=1:356     
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 3; 
              BO=BO+1; 
              SUMBO = SUMBO+B(i,j,k); 
            end 
        end 
   end 
end 

  
% Density d=1.11115(BONEMARROW) g/cm3 -> kg/m3 
DBO= 1.11115*((10^(-3))/(10^(-6))); 

  
GYBO=(SUMBO*J)/((DBO*V*BO)); 
GY_BONE= GYBO*N 

 
%KIDNEYS 

  
RK=0; 
SUMRK=0; 
for i=1:356 
     for j=1:233 
        for k=1:181 
          if A(i,j,k)== 2; 
              RK=RK+1; 
              SUMRK = SUMRK+B(i,j,k); 
            end 
        end 
   end 
end  
% Density d=1.05(KIDNEY) g/cm3 -> kg/m3 
DP= 1.05*((10^(-3))/(10^(-6))); 

  
GYRK=(SUMRK*J)/((DP*V*RK)); 
GY_RKIDNEY= GYRK*N 

  

  
format long 
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7.3 How to resample an image in 3D Slicer application 

Frequently data images are not of the same dimensions. This is a requirement 

of GATE in order to run a simulation correctly. The optimal way to fulfill this 

is by resampling the one image using the other as a reference. The “Resample 

Image (BRAINS)” module in 3D Slicer is a tool for this purpose. In the following 

images, the steps of this method are presented. 

 

 

 
 

Finally, we click on the Apply button and when the process is finished, we save 

the output image as an .mhd file, unchecking the Compress option. 
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