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Introduction

Unsealed source radiotherapy has been used for over 70 years. These sources are
administered orally or intravenously; capsules containing radioactive iodine are the most
common RNT, so, while it has been in clinical use for over 50 years, constant debate is being
held over the amount of recommended activity used for the treatment of hyperthyroidism and
thyroid cancer.

Being a non-targeted radiotherapy, *'I is bound to irradiate tissues and organs other than its
therapeutic target. The treatment strategy must deliver the right dose to the thyroid gland
without harming other organs, hence the importance of internal dosimetry.

To this day, the health effects of ionizing radiation are still not fully understood and their
prediction is a major issue in radiobiology. The diversity of the molecules involved, (DNA and
radical species), and physical, chemical, and biological mechanisms at different scales of size
and time make the problem very complex.

In order to optimize treatment, it is important to assess the accurate level of doses absorbed
by each critical organ.

Most radio epidemiological data relate only to high doses. The usual method of assessing
risk at low doses is to determine a dose-response relationship by extending the linear segment
in the region of low doses for which no data is available.

For the estimation of the radiation absorbed dose to target and non-target organs, the medical
internal radiation dose committee (MIRD) has published a series of pamphlets and methods
detailing the accurate way to calculate the absorbed dose. Furthermore, a decent number of
Monte Carlo codes are available to simplify this task for health professionals.

Our work will focus on iodine 131, the emitter of beta and gamma radiation. It is a
radionuclide frequently used in nuclear medicine. Its B-emission damages both normal and
abnormal thyroid tissue, hence its use in this practice. On the other hand, the emission of y
radiation associated with its disintegration leads to exposure of other non-target tissues, as well
as the irradiation of personnel and the public.

In this context, the numerical simulation of material or biophysical phenomena is a powerful
tool that describes the physical interactions of radiation with biological matter, using TOPAS
MC and a stylized anthropomorphic phantom, simulations were performed to determine the
absorbed dose per disintegration, thus an effort is made to quantify a value that is otherwise
unquantifiable. These results will be the stepping stone to predicting radiobiological effects.
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LITERATURE REVIEW

1. Introduction

A look at the history of medicine will show that the advanced practice of nuclear medicine
is the product of an endless stream of ideas and inventions. Many clinical fields have had a
substantial impact on the inception of this discipline; first and foremost was thyroidology,
which has immensely benefited from nuclear medicine research (1). No organ of the human
body has been more crucial in the development of nuclear medicine than the thyroid gland (2).

2. History

Between 1891 and 1892, a series of publications appeared in the British Medical Journal,
documenting for the first time the effective use of thyroid extracts both orally and parentally in
subjects with hypothyroidism (3-5). In 1895, Bauman detected high concentrations of iodine in
the thyroid gland and suggested that the active ingredient in the thyroid extracts contains iodine
(6).

The remarkable growth of iodine-containing products, from 10 preparations listed in the
pharmacopeias in 1851 to 1,700 names assigned to iodine-containing products in 1956, is
compelling evidence for the widespread applications of iodine in medicine (7).

Applying iodine alone to patients with hyperthyroidism, Thompson et al. (8) declared in 1930
a success rate of 88%, and Starr et al. (9) reported in 1924 a success rate of 92% with Lugol
solution at daily doses of 6 to 90 mg.

During the first 100 years following the discovery of iodine, its clinical use was entirely
empirical and the effective dose was reached through trial and error (10).

3. Iodine:

3.1. Pharmacokinetics of iodine:

3.1.1. Absorption:

Iodine occurs in foods mainly as inorganic iodide. A major amount of iodine enters the
human organism via the food chain (11). Lack of iodine leads to iodine deficiency disorders
(IDD), while excessive iodine dietary intake can result in pathological problems, namely the
goitrogenic effect (12,13). Low iodine intake resulting in IDD is recognized as a global concern,
while excessive iodine intake 1s not so frequent. In general, iodine content in foodstuffs is low,
usually in the range of 10-200 (g/kg) fresh mass, except for in seafood (14).

Dietary iodine is absorbed efficiently in the gastrointestinal tract, yet other forms are reduced
to iodide in the alimentary tract before absorption (15,16).

Gastrointestinal absorption of iodine is rapid and generally thought to be approximately
100% after an ingested dose of water-soluble iodide salts, such as potassium or sodium iodide
(17). It appears to be similar in children, adolescents, and adults, however, it may be lower in
infants (18-20). The absorption rate in fasting subjects was about 5% min™' and it was slower
when iodide was ingested with foodstuff but was virtually complete after about 3 h. More than
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99% of iodine administered orally as potassium iodide was absorbed into the blood in normal
subjects (21).

In general, injection of the radioiodine intramuscularly or intravenously results in higher
thyroid uptakes than when the radioiodine was administered orally, suggesting incomplete
absorption of the oral dose. The ratio of the thyroid uptakes after the oral and injected iodine
doses suggests a fractional oral absorption of approximately 70% (22,23).

Iodine secreted into saliva and gastric juice is reabsorbed in the small intestine. This
represents the enteric phase of iodine's absorption (24).

3.1.2. Distribution:

The human body contains approximately 10—15 mg of iodine, of which almost 70-90% is
trapped and concentrated in the thyroid gland, which accumulates iodine to produce thyroid
hormones for export to the blood and other tissues whereas iodide circulating in plasma is
exchanged rapidly with iodide in red blood cells and with both rapid and slow extracellular
compartments (25,26).

Iodide concentrations in the thyroid are usually 2050 times that of serum (0.2—0.4 mg/dl);
however, concentrations exceeding 100 times that of blood occur when the gland is stimulated
by thyrotrophin (TSH) (27).

In the serum, approximately 5% of the absorbed dose is represented by the inorganic form
of iodide; the remaining 95% consists of various organic forms of iodine, principally protein
complexes of the thyroid hormones T4 and T3 (17,28).

Iodide is mostly confined to the extracellular fluid compartment except for the tissues that
possess particular transport mechanisms for accumulating iodide; these include the thyroid,

salivary glands, gastric mucosa, mammary glands, placenta, choroid plexus, and sweat glands
(29).

Iodine uptake into the thyroid gland is highly sensitive to iodide intake. At very low intakes,
1.e., iodine deficiency (e.g., 20 pg/day), uptake of iodide into the thyroid gland is increased.
TSH is the one responsible for mediating this response, by stimulating iodide transport and
iodothyronine production in the thyroid gland (30). At very high intakes of 10odine, representing
an intake excess (e.g., > 1 mg/day), iodine uptake into the thyroid gland decreases, primarily as
a result of decreased iodothyronine synthesis and iodide transport into the gland (31).

The biological half-lives of iodine are: blood, 0.25 days; thyroid, 80 days; rest of the body,
12 days (32).

3.1.3. Metabolism:

In the thyroid gland, iodide is incorporated into a protein, thyroglobulin, forming covalent
complexes with tyrosine residues.

Uptake of thyroglobulin occurs by endocytosis at the apical membrane, which is followed
by fusion of endocytotic vesicles with lysosomes. Proteolytic enzymes in the lysosomes break
down the thyroglobulin into constituent amino acid residues, including T4, T3,

2
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monoiodotyrosine, and diiodotyrosine. T4 and T3 are exported to the blood, while
monoiodotyrosine and diiodotyrosine residues are retained in the cell and deiodinated, and the
iodide is recycled into the follicular lumen where it is reincorporated into thyroglobulin (33).

The most important pathways of metabolism of iodine taking place outside the thyroid gland
represent the catabolism of T4 and T3, this includes:

a) Deiodination reactions:

The monodeiodination of T4 to T3 is the principal source of production of peripheral T3
which is the more potent form, and together with the production of rT3 accounts for
approximately 80% of total T4 turnover in humans (34,35).

The production of circulating T3 takes place predominantly in the liver and kidneys (36).

Iodothyronine deiodinase also catalyzes the inactivation of T4 and T3, hence deactivating the
thyroid hormones with the released iodide being either taken up by the thyroid or excreted
(37).

Enzymes responsible for deiodination are selenium-dependent (selenodiodinases) (38,39).
1. Oxidative deamination and decarboxylation of the side chain of thyronine:
It represents approximately 2 and 14% of the total T4 and T3 turnover, respectively (40).

The acetic acid analogs of the iodothyronines undergo deiodination and conjugation with
glucuronic acid and sulfate (34,41).

2. Conjugation of the phenolic hydroxyl group on thyronine with glucuronic acid and
sulfate:

Both conjugations of the phenolic group of iodothyronines occur in the liver and probably
in other tissues (42).

Sulfate conjugation is catalyzed by phenolic arylsulfotransferase. Its products undergo
deiodination.

Glucuronide conjugation is catalyzed by glucuronosyltransferase (43).
3. Ether bond cleavage of thyronine:
This is a minor pathway of the metabolism of iodotyrosines under normal conditions (43).

3.1.4. Elimination:

The human body has different routes for eliminating iodine; the kidneys and urinary bladder
account for about two-thirds of the iodide cleared from the plasma and at least 90% of iodide
excreted from the organism (26); breast milk and perspiration account for various fractions of
iodide elimination; however, the fecal route barely contributes to 1% of total body iodide
clearance (25,44).

The whole-body elimination half-time of absorbed iodine has been estimated to be generally
31 days in healthy adult males; however, there is significant inter-individual variability in the
half-time (20,26).
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The glucuronide and sulfate conjugates of T4, T3, and the other metabolites are secreted into
bile (45).

The quantity of iodide excreted in breast milk differs depending on the functional status of
the thyroid gland and iodine intake. A larger fraction of the absorbed dose is excreted in breast
milk in the hypothyroid state compared to the hyperthyroid state (46)

In cases of strenuous physical activity, significant amounts of iodine can be eliminated in
sweat (47).

Studies have proved that iodide can be excreted in human tears (48).

3.2. Radioactive iodine:
3.2.1. Production of radioiodine:

Iodine-131 is a reactor-produced radionuclide and is commercially available in considerable
quantities (49).
There are two routes for its production:

a) Fission of 2U:

Since the chain yield of mass '*'I is fairly high (2.885%) and the radioiodines with a mass
higher than 131 are short-lived, '*'I is effortlessly obtained in a pure form. The irradiated
235UAls is first stored for 24 h to recognize the disintegration of short-lived products. Thereafter,
it is treated with NaOH through which radioactive inert gases (Xe and Kr) are emitted; on
filtration, uranium and some fission products are eliminated. The filtrate is then acidified with
HNOs. On heating, radioiodine is distilled and collected in a trap. The rest of the reaction
mixture is treated further for separation of *’Mo and other fission products (50).

b) (n, y) reaction:

The (n, y) reaction on '*°Te leads to the creation of '*'™Te and '*!¢Te, both of which
ultimately decay to '*'I. The reaction sequence is thus:

lBlmTe

H0Te (n.y) l

22%
\ / (8.02 d)
g=0.20b B

131|

13lg7,
(25 min)

Figure 1: (n, y) reaction on *°Te which leads to 3.

The target material for irradiation is either TeO» or Te-metal, depending on whether a wet
chemical separation procedure is employed or a dry distillation method is used. In general,
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the latter is preferred. The irradiated TeO> is allowed to disintegrate for about 3 days so that
a larger part of *!™Te is transformed into '3'I. The distillation of radioiodine is then
completed in a stream of air at 750°C, i.e., just above the melting point of TeO», and it is
collected in a trap. The cross-sections for the formation of both ground and metastable states
of 13!Te are rather low, so the expected overall yield of '*'I via the (n, y) reaction is much
lower than that via the fission process (51).

3.2.2. Radioactive decay of lodine 131:
With 53 protons and 78 neutrons in its nucleus and a half-life of 8.0197 days, '*'I decays

with beta and gamma emissions. The only stable isotope, '2’I, has only 74 neutrons (52).

When it decays, '*'I usually (89% of the time) expends its 971 KeV of decay energy by
transforming into the stable '3!Xe in two steps, with gamma decay succeeding rapidly the beta
decay as shown in equations 1.1 and 1.2:

Bl > 131%e™ B+ Ve + 606 keV (1.1)

Blxe" - 131Xe + y-rays + 364 keV (1.2)
The primary emissions of '*'I decay are thus beta particles with a maximal energy of 606
KeV with 89.6% abundance and 364 KeV gamma rays with 81.5% abundance as illustrated

in figure 2. B-decay also produces an antineutrino, which carries off various amounts of
energy.

17 (R.0228d)
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BleXe (10.9d) 81.5%
T
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Figure 2: Decay scheme of *'I (53).

31T is characterized by the emission of several B-particles with different energies. A direct
transition to the ground state of the daughter nuclide '*'Xe has not been discovered.
Transitions occur through the excited states of the daughter nuclide and with a very small
(0.39%) probability through the metastable '*'™Xe that has a half-life of 11.9 days. This
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metastable state has an energy difference from the ground state of 164 KeV. The dots in the
1317 scheme indicate further weak transitions (53).

There is widespread awareness of the application of radiation and radioisotopes in medicine,
particularly for diagnosis (identification) and therapy (treatment) of different medical
conditions (54).

In the case of iodine, there are more than 20 recognized radioactive isotopes in addition to
the stable isotope, '?’I. Only 2 are currently used in clinical practice, '*'I for treatment and >’
for imaging. Both are typically administered as sodium iodide (55).

Using a radioisotope for diagnosis means that it must emit gamma rays of sufficient energy
to escape from the body and it must have a short enough half-life for it to decay away soon after
imaging is completed. Consequently, 12’ is excellent for thyroid imaging since it delivers far
less radiation to the thyroid than '!I, has a short half-life (13 h), and does not emit destructive
beta radiation. Furthermore, its gamma radiation emission energy (159 keV) is ideally suited to
thyroid scanning (56). Its use has been superseded for most routine thyroid imaging by
Technetium-99m, an isotope that is actively transported by the sodium iodide symporter, with
radiation characteristics similar to those of '2’I but with the advantages of minimal cost and
ready availability due to its widespread use in nuclear medicine (57).

Most therapeutic radioisotopes are either alpha or beta emitters. Alpha emitters release large
helium nuclei into the surrounding tissues while beta emitters release highly energetic electrons
that can penetrate several millimeters of tissues depending on their maximal energy emission
(58). In this manner, *'1 is ideal for ablative thyroid therapy by its large beta particle emissions
of moderate energy (364 keV) and is associated with a moderate but sufficiently long half-life
of 8.1 days. The beta particles of 1*'T are essentially nonpenetrating and so act locally, delivering
90% of the radiation dose within a 1 to 2 mm zone to the thyroid follicular cells (56).

Emitted beta particles tend to have a high LET and are deposited in the nearby cells. This
means that most of the damage is registered in the organs where '*'I is concentrated. On the

other hand, gamma emissions tend to travel far from their source, therefore they increase the
total body dose (59).

The human body does not differentiate between stable and radioactive iodine. As a result,
BT behaves just as stable iodine (60). That’s to say that a large part of the intake will be
concentrated in the thyroid within 24 to 48 hours. The radioactive iodine will irradiate the
thyroid tissue, resulting in the death of tumor cells or a substantial amount of normal thyroid
cells. Those damaged cells lose their capacity to organify iodine and, consequently, the iodine
is released back to the bloodstream, resulting in its elimination.

The total amount of radioactive iodine reduced to half its original value at a rate that depends
on the state of disease: one day, in the case of thyroid cancer and total ablation of thyroid tissue,
and seven days for patients with euthyroid goitre. In the case of hyperthyroidism, the effective
half-life, which is based on the physical and biological half-lives, is about four to five days (61).
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3.3. Medical use of Iodine:

a) lodinated X-Ray contrast agents:
Iodinated contrast media are contrast agents that contain iodine atoms used for X-Ray-based

imaging methods such as computed tomography (CT). They can also be used in fluoroscopy,
angiography and venography, and even occasionally, simple radiography. Iodine has maintained
its dominating role as a contrast-providing element for many reasons, above all for its high
absorption coefficient, its easy chemistry, and its relative inertness (62).

b) Iodine as a disinfectant:
Iodine is a very effective topical antimicrobial that has been used clinically in the treatment

of wounds for over 170 years (63). It has a vast spectrum of antimicrobial activity with efficacy
against bacteria, fungi, mycobacteria, protozoa, and viruses and can be used to cure both acute
and chronic wounds (64). As far as is known, the first use of iodine in medical practice was as
a remedy for bronchocele (65). Soon afterward, Lugol treated scrofuloderma (tuberculous
lesions of the skin) with an iodine/iodide solution bearing his name, which is still in use untill
now (66). It is also relatively cheap and easy to use but is often underused as a topical antiseptic
due to its recognized toxicity (67).

c) Synthetic thyroid hormone:
Iodide is a micronutrient required for humans and other mammals solely to produce

thyroxine (T4) and triiodothyronine (T3) (68).

d) lodine deficiency disorders and their correction using iodized salt and/or iodine
supplements:
There are two approaches commonly used to rectify iodine deficiency in a population:

iodized oil and iodized salt. In almost all countries affected by iodine deficiency, the most
appropriate way to control iodine deficiency is through salt iodization. All salt for human
consumption, including salt used in the food industry, should be continuously iodized. Iodine
can be incorporated into the salt in the form of potassium iodide (KI) or potassium iodate
(KIOs3). KIOs3 is the recommended form because it has higher stability in the presence of salt
impurities, humidity, and porous packaging (69).

e) Pharmaceuticals:
Some examples are: Amiodarone which is an antiarrhythmic agent and lodoxuridine an anti-

herpes virus antiviral agent (68).
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4. Thyroid:

The thyroid gland is a highly vascular endocrine organ and plays a key role in the energy
metabolism, growth, and maturation of the human body. These effects are mediated by the
thyroid hormones, thyroxine (T4) and triiodothyronine (T3). Thyroid hormones stimulate
diverse metabolic activities,leading to an increase in basal metabolic rate (70).

4.1. Anatomy

The thyroid gland is a butterfly-shaped, vascular, red-brown endocrine gland situated in
the midline of the anterior neck. Typically, the gland weighs between 15 and 25 g and is the
largest of the endocrine glands.

The gland is formed by 2 elongated lateral lobes with superior and inferior poles connected
by a median isthmus, with an average height of 12-15 mm, overlying the second to fourth
tracheal rings (70,71).

Thyroid cartilage
(of the larynx)

Cricoid
cartilage

Right lobe of
thyroid gland

Left lobe of
thyroid gland

Trachea

Isthmus
Figure 3: The shape and localization of the thyroid (72).
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The arterial vascularization of the thyroid is very rich and important, three times that of
the brain and six times that of the kidney.

It is ensured by the two upper thyroid arteries, the two lower thyroid arteries, and an
accessory medium thyroid artery.

Thyroid veins form the thyroid plexus on the surface of the thyroid. This plexus is made of
irregular veins.

This network is drained by:
e The superior thyroid vein, which is parallel and posterior to the artery.
e The lower thyroid veins.

e The medium thyroid vein, formed by one or two more or less voluminous branches,
depending on the case and especially the functional state of the lobe.

All the thyroid veins discharge into the internal jugular vein (72).
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Figure 4: Vasculature of the thyroid (74).
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The thyroid gland is innervated by branches derived from the sympathetic trunk.

These nerves only control the vasomotor function of the gland but not the secretory one; in

fact, the release of thyroid hormones is regulated by the pituitary gland (73).
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Figure 5: Innervation of the thyroid (74).
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4.2. Histology:

The thyroid gland is divided into lobules. These lobules consist of many typical units called
thyroid follicles. The thyroid follicles are the structural and functional units of the thyroid
gland. They are spherical, and their walls are made up of a large number of cuboidal cells, the
follicular cells which secrete thyroid hormone. They are filled with a substance called the
colloid which is an inactive precursor of T3 and T4 and acts as storage compartments. This
substance is made up of a glycoprotein called thyroglobulin and is made by epithelial cells.
The iodine binds to the tyrosine residues of thyroglobulin.

Scattered within the gland are the small C-Cells, also known as Parafollicular cells. They
secrete a polypeptide hormone known as calcitonin which is responsible for the regulation of
blood calcium levels (74-76).

Follicle

Cuboidal epithelial cells

Red blood cells

Colloid

Figure 6: Microscopic appearance of the thyroid (77).
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4.3. Physiology:

The thyroid is dependent on iodine to produce thyroxine and triiodothyronine.

Usually, about 90 pg of T4 is produced per day exclusively in the thyroid. The daily production
of T3 is about 30 pg, of which a small part comes directly from the thyroid and the rest from
enzymatic 5’-deiodination of T4 to T3 in extrathyroidal tissues.

Only about 0.1% of T4 and 0.3% of T3 occurs in a free form. The rest circulates bound to
thyroxine-binding globulin (TBG), transthyretin (prealbumin), and albumin.

The following factors are basic elements for the synthesis of thyroid hormone:

e Jodide ions (I).

e Thyroglobulin (Tg).

e Thyroperoxidase (TPO).

e hydrogen peroxide (H203).

The structure and function of the follicle cell are critical in this process (78).

OH OH
OH OH

() TPO @ 1aG) | G

| B XE .. _-.. ATl "l‘"‘-"-'.":“\:."r. ﬂl::"-‘-'.‘l'r

Figure 7: Main factors for thyroid hormones synthesis (79).

Thyroid hormones are the only iodine-containing human hormones and require an adequate
dietary supply of this environmentally scarce element for their biosynthesis (79). lodide (I') is
the essential rate-limiting substrate for thyroid hormonogenesis (80).
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Figure 8: Chemistry of thyroxine and triiodothyronine formation (77).

id

The sodium (Na)/iodide symporter (NIS) is an integral plasma membrane glycoprotein
localized at the basolateral plasma membrane of thyrocytes. (81) It is an adenosine
triphosphate (ATP)-driven active transport protein that simultaneously transports Na* and I" (in
a 2:1 ratio) into the cytoplasm. This concentrates I~ against an electrochemical gradient and

results in an intra- to extracellular " concentration ratio of up to 40:1 (82).

NIS activity is stimulated by thyrotropin-stimulating hormone (TSH) of pituitary origin and
large anions such as thiocyanate (SCN") and perchlorate (CLO* ) can inhibit the
accumulation of iodide in the thyroid by competing with iodide.

In addition to thyroid follicular cells, NIS is expressed in several other tissues, including
the salivary glands, gastric mucosa, and the lactating mammary gland, where it mediates
active transport of iodide (83).

Before the iodization of tyrosine residues, there is an essential step which is the oxidation
of 1odide I" to obtain an oxidized reactive species I+ and then its organification onto tyrosyl
residues at their 3- and 5-phenyl ring positions within the colloid matrix. Both steps are
catalyzed by thyroperoxidase (TPO) in the presence of hydrogen peroxide (H,0,), resulting
in the formation of the biologically inactive MIT and DIT, TPO then further catalyzes the
coupling of MIT and DIT by placing an ether bond between two phenyl rings, forming the
active thyroid hormones T3 and T4, which are still attached to the thyroglobulin protein
backbone.

13
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TPO enzymatic activity is stimulated by TSH (84).

The iodothyronines (T3, T4, MIT, and DIT) remain stored within the thyroglobulin
colloid reservoir until needed, then there is an uptake of thyroglobulin from the colloid
into the follicular cell by endocytosis, the fusion of the thyroglobulin with a lysosome,
and finally the proteolysis and release of T4, T3, DIT, and MIT which are secreted into
the vasculature through the basolateral membrane by the active transmembrane
monocarboxylate transporter 8 (MCTS) (85).

T4 and T3 are secreted by the thyroid in molar proportions as 17:1 (86). However, this
direct thyroidal secretion accounts for only 20% (~ 6 pg) of the circulating T3, whereas
the other 80% (~ 25 pg) is the result of peripheral conversion of T4 to T3 by 5'-
deiodination of T4 (87).
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Figure 9: Synthesis of thyroid hormones (89).
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4.4. Hyperthyroidism

Hyperthyroidism is characterized by increased thyroid hormone synthesis and secretion
from the thyroid gland (88). It can either be due to a disorder of the thyroid gland, in which
case it is called primary hyperthyroidism, or resulting from a pituitary disease in this case
it is secondary hyperthyroidism (89).

Hyperthyroidism is a fairly common condition, with a prevalence rate of 2% in women and
0.2% in men in the general population. The annual incidence of hyperthyroidism in women is
about 1 in 1000 in the general population. The incidence increases with age in both sexes.

The most common signs and symptoms of hyperthyroidism are: tiredness, heat intolerance,
weight loss, palpitations, tremor, sweating, muscle weakness, loose bowel motions, anxiety,
breathlessness, decreased exercise tolerance, and menstrual irregularities (90).

The most frequent causes of hyperthyroidism are:

e Graves’ disease: GD as a thyroid autoimmunity is caused by stimulatory
autoantibodies against the thyrotropin receptor (TSHR-AD). These antibodies cause
uncontrolled and continuous stimulation of the thyroid, leading to the excessive
synthesis of the thyroid hormones and its hypertrophy. Measurements of serum TSH
and free thyroxine (fT4) levels are essential for the evaluation of hyperthyroidism,
and TSHR-Ab shows a high specificity of 99% and a sensitivity of 95% for
confirmation of GD diagnosis (91).

e Toxic multinodular goitre: Multiple autonomous nodules secreting excess thyroid
hormone.

e Toxic nodule: Single autonomous nodule secreting excess thyroid hormone (90).

Figure 10: 99mTc-Pertechnetate scintigraphy of the thyroid gland. (a) Graves’disease. (b)
Toxic multinodular goitre. (c) Toxic adenoma (92).
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4.5. Thyroid Carcinoma
Thyroid cancer is an abnormal, uncontrollable and permanent multiplication of thyroid

cells, which ends up in the formation of a mass called a malignant tumor. It often occurs as
a nodule; like all cancers, these harmful cells can migrate to other tissues and form other
tumors; this is called a metastasis phase. This cancer can take many forms depending on the
type of cells affected (93).

Thyroid cancer is rather rare, about 1% of all cancers combined. Nevertheless, it accounts
for 88% of all cancers of the endocrine organs. Recently, the incidence of thyroid cancer has
increased noticeably compared to other types of endocrine cancers.

The most common thyroid cancers (papillary and vesicular) are cured in about 90% of cases
if the treatment is appropriate. Anaplastic and medullary cancers are rare and have a very

unfavorable prognosis. Initial therapy for thyroid cancer is a total or near-total thyroidectomy
(94).

Treatment with radioactive iodine is recommended in high-risk patients and requires a high
thyroid-stimulating hormone (TSH) to be effective. Afterward, the patient must be placed on
thyroid hormone replacement therapy for life.

a) Papillary Carcinoma:
Papillary carcinoma is the most common thyroid carcinoma since it accounts for 65 to 80%
of thyroid cancers. It usually affects adults and young women. The histopathological
diagnosis was originally based on microscopic detection of papillae. At the cytological
level, the cells are more or less giant, and the nuclei are larger and wrinkled than those of
normal cells.

b) Follicular Carcinoma:
Second in the frequency of occurrence is follicular carcinoma, which represents 20% of thyroid
cancers. The diagnosis of follicular carcinoma isbased on the histopathological demonstration
of infiltrative growth. There are two criteria:

1 true infiltration of the venous vessels outside the tumor capsule, and
2 fungus-like infiltration through the tumor capsule into the surrounding parenchyma.

¢) Medullary (C-Cell) Carcinoma:
Characteristically the tumor is composed of solid nests and infiltrating formations of
polygonal orspindle-shaped cells.

d) Anaplastic (Undifferentiated) Carcinoma:
Anaplastic carcinoma is mostly detected by the pathologist by fine-needle aspiration biopsy
(FNAB) or tumor reduction specimen (95).
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Figure 11: Micrographs of the most common thyroid cancers (a) Papillary carcinoma. (b)
Follicular carcinoma. (c) Medullary carcinoma. (d) Anaplastic carcinoma (97).

5. Treatment with 3'I;

5.1. For hyperthyroidism:

Wherever possible, efforts should be made to obtain euthyroidism by pharmacological
means. In case of failure or inability to continue medical treatment, radioactive iodine may
be administered to treat hyperthyroidism.

The required activity depends on the cause of hyperthyroidism, thyroid size, thyroid
fixation, and iodine clearance, it is generally between 200 and 800 MBq, but it may be
necessary to repeat the treatment up to a maximum cumulative activity of 5000 MBq.

It is up to the clinician to decide which activity is best suited for the patient, this activity
may be defined by fixed-dose protocols or may be calculated using the equation 1.3:

Target dose (Gy) X Target volume (ml)
max. uptake I— 131% X ef fictive T1 (days)
2

A (MBq) =

X K (1.3)

With the following conditions:
e target dose: the target absorbed dose in the whole thyroid gland or in an adenoma.
e target volume: the volume of the whole thyroid gland.

e max. uptake I-131: the maximum uptake of '*'I in the thyroid gland or nodules in %
of the administered activity as established in a test dose.

o cffective T '4: the effective half-life of I-131 in the thyroid gland expressed in
days.

o Kis24.67.
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5.2. For Thyroid carcinoma:
Following partial or total thyroidectomy, the activity administered to remove residual

thyroid tissue is between 1850 and 3700 MBgq. This activity depends on the extent of the
remaining tissue and its ability to fix '*!I. For further treatment of metastases, the
administered activity ranges from 3700 to 11100 MBq (96).

5.3. Nal Capsule:
B11-Sodium Iodide is an approved diagnostic and therapeutic agent for diseases of the

thyroid. The dose depends on the application, either hyperthyroidism or thyroid
carcinoma, it is supplied in either a capsule or a liquid form for oral administration with
the most common being gelatin capsules. The first injection of *'I-Sodium Iodide goes
back to 1941, hence it was the first radiotherapeutic used in medicine. It became standard
therapy as early as the beginning of the 1950s (97).

Capsules are prepared by evaporating an alcoholic solution of NCA *'I-Sodium Iodide on
the inner wall of a gelatin capsule. The activity remains firmly fixed, and capsules are
convenient and safe to administer in both diagnostic and therapeutic dosages.

A capsule is preferred to a solution because it is safer from a radiation safety point.

Iodide (I) is oxidized to molecular iodine (I2) due to the presence of air and free radicals
(e.g.,HO3), which is potentially hazardous. To minimize air oxidation, sodium ascorbate
or thiosulfate are added to the solution at alkaline pH, which is maintained between 7.5
and 9.0. A "3'I-Nal preparation has a shelf life of 4 weeks after calibration (98).

It should be noted that !*'I-Sodium Iodide can also be used in imaging to localize
metastases associated with thyroid malignancies and for diagnosis of thyroid malfunction
(hyperthyroidism, hypothyroidism). Doses for this purpose are in the range of 0.3-2 mCi
97).

o Lok 502461 Rx only
== Activity per _ SDUI hg[EJDIDESI 131
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Q= Calibration Dosage: 0.185 to 3.7 MBq 1
Lm= Date: (5 to 100 uCi) |
':_’.’= Total | Storage: Between 15and 30° C
S= Activity: 18.5 MBq (500 uCi) (59 and 86° F) |
EE Expiry: ' Color of the capsules: GRAY
:::= The half-life of 1-131 is 8.04 days. Calculate correct dosage from date |
== Specific and time of calibration by using the
= Activity:  No carrier added. color-coded decay calendar. |
— CAUTION
—| #.8 RADIDACTIVE Jubilant Draximage Inc. |
- & MATERIAL 510801 Kirkland Québec H9H 4.4 Canada

Figure 12: Sodium lodide I-131 diagnostic product label (101).
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5.3.1. Mode of administration:
The capsule is administered orally. It should be taken on an empty stomach and must be

swallowed whole with a large amount of liquid to guarantee its transit through the stomach
and the upper part of the small intestine (99).

The patients are encouraged to drink heavily for the first 24 hours, especially the patients taking
high doses for the treatment of thyroid carcinoma to limit bladder irradiation by frequent
urination (100).

To boost the passage of the capsule in the oesophagus and create in the stomach a favorable
medium for its dissolution, it is recommended that the patient drink a warm drink quickly after
ingestion of the capsule. It is also recommended to combine treatment with H2 antihistamines
or proton pump inhibitors.

In the case of administration to a child, in particular to a young child, it should be ensured that
the capsule can be swallowed whole, without being chewed. It is recommended to give it with
crushed food (99).

5.3.2. PharmacoKkinetics:
a) Absorption:

Following oral administration, 90% of the administered radioactivity of '*'I is systemically
absorbed in the first 60 minutes (101).

Studies on the dissolution of the capsules have revealed that it occurs within 5 to 12 minutes
and that radioactivity is distributed homogeneously over the gastric mucosa.

Studies of the various levels of radioactivity in the serum have shown that after a first rapid
increase time, lasting between 10 and 20 minutes, equilibrium is reached after about 40 minutes.
The same results are obtained after oral administration of sodium iodide (**'T) solution (102).

b) Distribution:

The circulating iodide is distributed in the extra-thyroid compartment, from which it is
essentially fixed by the thyroid which captures about 20% of the iodide in a single passage
or is eliminated by the renal route.

Thyroid iodide fixation reaches a maximum after 24-48 hours and 50% of the peak is
reached after 5 hours. Fixation is influenced by several factors: the patient’s age, the volume
of the thyroid gland, renal clearance, plasma iodide concentration, and other medications
(102).

c) Metabolism:

Iodide fixed by the thyroid gland follows the known metabolism of thyroid hormones and
is incorporated into the organic substances from which thyroid hormones are synthesized.
Thyroid-bound iodide enters the known metabolic pathway of thyroid hormones and is
incorporated into the organic substances used in the synthesis of thyroid hormones (103).
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d) Elimination:

1317 is excreted in urine and feces. The normal range of urinary excretion is 37% to 75%
of the administered dose, varying with the thyroid and renal function of the patient. Fecal
excretion is about 10% (101).

5.3.3. Protocol of use:
Follow these steps to administer the product to the patient.

Step 1: Check the calibration activity and date on the shielded container label.
Step 2: Immediately before calibration or administration, unscrew the cap counter-clockwise.
Step 3: Remove the entire cap.

Step 4: Place the applicator at the opening of the shielded container. Turn clockwise until you
feel a slight resistance.

The container containing the capsule is now attached to the applicator.

Step 5: Confirm the activity of the capsule by placing the applicator in a calibrated ionization
chamber.

Step 6: Replace the capsule in the shielded container by repeating the previous steps in the
opposite direction

Step 7: When the patient is ready for administration repeat steps 2, 3, and 4.

Step 8: Ask the patient to remove the plastic cap at the striated end of the applicator by lifting
it up.

Step 9: The patient can now swallow the capsule by carrying the ridged end of the applicator to
his mouth and gently tilting the applicator so that the capsule slides along the applicator and
falls freely into his mouth.

Step 10: The patient will take a warm drink before or with the capsule (be sure not to chew the
capsule) followed by another warm drink after swallowing (104).
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1. Fundamentals of nuclear medicine dosimetry:
Nuclear medicine and specifically radiation therapy is a state-of-the-art discipline that has

revolutionized patient care (105), it is based on the interaction of radiation with matter;
however, the energy deposition of these radiations must be quantified, thoroughly studied, and
analyzed to get the desired results without causing any unnecessary side effects, hence the
importance of dosimetry in radioprotection (106).

2. Radioactivity:
2.1. Definition:
Radioactivity (radioactive decay or nuclear decay), is the process of the spontaneous decay

and disintegration of unstable nuclei through which they emit radiation and nuclear entities in
order to reach more stable energy levels. These emissions include alpha particles, beta particles,
and gamma particles (107,108).

There are two types of radioactivity: natural and artificial activity. Whenever a nucleus
disintegrates spontaneously, it is natural decay.

When stable isotopes are bombarded with particles such as neutrons, artificial decay occurs
(109).

2.2. Radioactive decay:
Even though the phenomenon of disintegration is random and unpredictable; the statistical

evolution of a population of nuclei corresponds to a well-defined law of probability.
Any decay process is subject to the same basic law.
The rate of decay (number of disintegrations per unit time) is proportional to N.

dN /dt < — AN 2.1

The negative sign signifies that N is decreasing with time. N is the number of radioactive nuclei
in the sample.

A is called the decay constant, it is the probability per unit time that a given radioactive nucleus
will decay (110).

2.2.1. Law of radioactive decay:
Let No be the number of all identical radioactive nuclei initially present in the sample.

After a time (t), the core population has declined.
Let N(t) be the number of all identical radioactive nuclei present in the sample at time (t).

The mean number of disintegration (variation of population AN) is proportional to the existing
population N(t) and the duration of measure At as illustrated in equation 2.2:

AN = —AN(t)At 2.2)
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If the duration At tends to 0, equation 2.1 is simplified and gives the differential equation 2.3:

dN(t) _
L2 = —AN(®) 2.3)

with A in s,

The solution of this differential equation gives the law of radioactive decay in equation 2.4
(111):

N(t) = Nye (2.4)

2.2.2. Half-lives:
They are characteristic properties of the various unstable atomic nuclei and the particular

way in which they decay (112). There are three half-lives that are important when considering
the use of radioactive drugs for both diagnostic and therapeutic purposes (99).

a) Physical half-life:

The physical half-life of a radionuclide (T12p) is the time in which the amount of
radioactivity decreases to one-half of its original value. This value does not depend on the
moment chosen: the amount of time taken for the nuclei to halve will always be the same

(113,114).

b) Biological half-life:

If a radioisotope is ingested or taken in through different pathways, it will gradually be
removed from the body via various elimination routes. This means that a radioactive atom can
be excreted before it has had the chance to decay. The time elapsed before half of a compound
has been removed by biological means is called the biological half-life and is usually denoted
(T12b) (115,116).

c) Effective half-life:
The time required for the activity of a particular radioisotope deposited in a living organism,

such as a human or an animal, to be reduced by half as a result of the combined action of
radioactive decay and biological elimination (117). An effective half-life of the radioactive
substance will involve a decay constant that represents the sum of the biological and radioactive
decay constants, as in the formula (2.5):

de = Ay + 4y 2.5)

Or in terms of half-lives, we get the equation 2.6 and 2.7:

1 1 1
I 2.6)
T1 T1 T1
2¢ 2P 2P

Tlele
T, =22 22 @.7)
Ee T1 le

Pt 3

As a result, the biological mechanisms always decrease the overall dose from internal
contamination.
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Moreover, if T12p is large in comparison to T12b, the effective half-life is approximately the
same as T'12b. On the other hand, radionuclides with very short radioactive half-lives have also
very short effective half-lives (118).

2.3. Types of radiation:
Radiation is classified into two main categories: non-ionizing and ionizing radiation,

depending on its ability to ionize matter.

The energy of non-ionizing radiation is enough to move atoms in a molecule around or cause
them to vibrate, but not enough to remove electrons from atoms because it is lower than the
ionization potential of these atoms. Examples of this type of radiation are radio waves, visible
light, and microwaves. On the other hand, ionizing radiation has so much energy it can snatch

electrons out of atoms, a process known as ionization, which can be either direct or indirect
(119,120).

lonizin
s e — Particle Charged-particl a-particles (helium nuclei ejected from a nucleus)
radiation —

beams [ beams (directly
ionizing radiation) L— B-particles (electrons ejected from a nucleus)

Proton beams, deuteron beams, triton beams,
heavy-ion beams

— Charged meson beams

— Fission fragments, etc.

Uncharged particle
beams (indirectly
ionizing radiation) Neutrino

Uncharged meson beams

Neutron beams, etc. (produced in nuclear reactors,
accelerators, etc.)

— Electromagnetic waves _E X-rays (generated outside a nucleus)
indirectly ionizing radiation
{ y = : y-rays (emitted from a nucleus)

Nonionizing radiation =—————— Electric waves, microwaves, infrared rays, visible rays, ultraviolet rays, etc.
Figure 13 : Types of radiation (121).

2.2.3. Directly ionizing radiation:
e Alpha () particles:
In alpha decay, the parent atom 4P emits an alpha particle & and results in a daughter nuclide.
The alpha 4-3D decay process is described by equation 2.8

AP — 474D + %a — 474D + %4He (2.8)

The process of alpha decay is encountered mainly in proton-rich, high atomic number nuclides
since electrostatic repulsive forces increase more rapidly in heavy nuclides than the cohesive
nuclear force (122).
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Alpha decay is observed for the elements heavier than lead and a few nuclei as light as the
lanthanide elements (123).

Due to their large mass and positive charge, alpha particles cannot go very far through the air
or get very deep into a solid. Alpha particles only affect surfaces, so alpha decay is rarely used
in external medical radiation therapy (124). However, if they are taken internally, they are very
toxic because of the large amount of energy released in a short distance within living tissue.

This property can be used for killing cancer cells in such processes as alpha-immunotherapy
(122).

e Beta (B) particles:
Beta decay is the spontaneous emission of an electron or a positron.

The B~ decay is possible in neutron-rich nucleons if the energy difference between the initial
and final states exceeds 2mec?, where m. is the mass of electron and c is the speed of light.

A neutron converts to a proton and the electron is emitted with the creation of an antineutrino
according to the reaction 2.9

m-olp+ %+ v (2.9)

The B decay is possible in proton-rich nucleons if the energy difference between the initial and
final states exceeds 2mec?.

A proton converts to a neutron and the positron is emitted with the creation of a neutrino
according to the reaction 2.10 (125):

p > in+ e+ v (2.10)

Elements that have beta decay can have useful medical applications such as radionuclide
therapy or radiotherapy in cancer treatment. *'T is a good example of this kind of therapy (126).

In both alpha and beta decay, the same amount of energy is released in every individual
decay of a particular radionuclide. In the alpha decay of a particular radionuclide, every
emitted alpha particle has the same kinetic energy. However, in beta decay, the disintegration
energy is shared, in varying proportions, between the emitted electron/positron and
antineutrino/neutrino all the while the sum of the energies of each pair is always constant.
That's the reason why alpha emission has a discrete spectrum while beta decay gives a
continuous spectrum (127).

2.2.4. Indirectly ionizing radiation:
e (Gamma ray:
When a heavy nucleus disintegrates by either a-decay, B-decay, or by fission, the daughter

nucleus is sometimes produced in an excited state. If this state is below the excitation energy
for fission, it will de-excite, usually, by emitting a high-energy photon, it may emit one or more
photons of discrete energies (128).
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The emission of gamma rays does not alter the number of protons or neutrons in the nucleus

but instead has the effect of converting the nucleus from a higher to a lower energy state
(unstable to stable) (129).

Gamma rays are a radiation hazard for the entire body. They can easily penetrate barriers that
can stop alpha and beta particles, such as skin and clothing (130). Gamma rays have so much
penetrating power that several inches of a dense material like lead, or even a few feet of concrete
may be required to stop them. Gamma rays can pass completely through the human body; as
they pass through, they can cause ionizations that damage tissue and DNA (119).

2.4. Interaction between ionizing radiation and matter:
2.4.1. Photon interactions:
a) Photoelectric effect:
Light can be used to push electrons, freeing them from the surface of a solid. This can be

explained by the photoelectric effect.

The photoelectric effect (photoelectric emission or photoemission) describes the process in
which an incident photon interacts with a bound atomic electron. A material that can exhibit
this phenomenon is said to be photoemissive, and the ejected electrons are called
photoelectrons, but there is nothing that would distinguish them from other electrons (131).

The photon must have sufficient energy to overcome the binding energy of the electron, The
latter is displaced from its orbit while the photon is completely absorbed, all excess energy is
transferred to kinetic energy of the ejected electron (132).

It was observed that only certain frequencies of light can cause the ejection of electrons. If the
frequency of the incident photon is too low, then no electrons were ejected even if the intensity
of the light was very high or it was applied onto the surface for a long time. On the other hand,
at a higher frequency, electrons get ejected from the surface even if the intensity of the light
was very low or it was applied for only a short time. This minimum frequency needed to cause
electron ejection is referred to as the threshold frequency (133).

The photoelectric effect is especially important for gamma rays of low energy (<0.2 MeV).
It involves the inelastic collision of a photon and an electron in which all the energy of the
photon is transferred to the electron (134). When the electron leaves its orbit, it results in a
vacancy in the electron shell. Other electrons cascading down from outer orbital shells fill the
vacancy left by this electron (132).

During the cascade process, characteristic X-rays are emitted. The energy of these X-ray
photons may also be transferred to an atomic electron, which may be ejected as an Auger
electron.

The photoelectric effect dominates interaction processes at low photon energies (up to ~50 keV
in water or human tissues) (132).
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Figure 14 : Photoelectric effect (135).

b) Compton effect:

The Compton effect (also called Compton scattering or incoherent scattering) is the result
of a high-energy photon colliding with a target, which releases loosely bound electrons from

the outer shell of the atom or molecule (136).

The incident photon has energy and linear momentum. A fraction of the energy and
momentum are transferred to the charged particle (recoil electron) and since the total energy
and linear momentum must be conserved, the photon moves off with reduced energy and a
change of momentum. As a result, the incident gamma-ray photon is deflected through an angle

¢ with respect to its original direction (136,137).

The transferred energy can vary from zero to a large fraction of the incident gamma-ray energy

because all scattering angles are possible.
Compton scattering dominates at intermediate energies.

Photons undergo a wavelength shift called the Compton shift (138).

Recoil
electron

©

Lol P=my
Incident i

photon AV rest_.* \ 0

hv

Scattered
photon

Figure 15 : Compton effect (139).
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c¢) Pair production:

It is a process whereby a photon disappears, producing an electron and a positron. It occurs
only in a field of a Coulombic force, either in the field of a nucleus or in the field of an electron
(140). The photon is totally absorbed and its energy is used to produce an electron-positron
pair.

The energy threshold for pair production in a nuclear field is 2m.c? = 1.022 MeV.

The energy threshold for pair production in an electron field, also called triplet production
because the host electron also acquires significant kinetic energy due to the conservation of
momentum, is 4mec® = 2.044 MeV.

For energies larger than the threshold energy, the excess energy is divided between the electron-
positron pair. As the positron is an anti-particle, it will recombine with an electron and two
annihilation photons will be produced (141).

0.51 MeV
photon

7 4 Free eifzctron

e

Annihilation
reaction

Positron
e+

0.51 MeV
photon

MNegatron
o

Figure 16 : Pair production (142).

2.4.2. Electron interactions:
When an electron hits a material, different interactions can occur. For systemization, the

interactions are classified into two different types, namely elastic and inelastic interactions
(143).

a) Elastic Interactions:
In this case, no energy is transferred from the electron to the sample. As a result, the electron
leaving the sample still has its original energy Eo: Eei = Eo (143).

Elastic collisions with the nucleus result in scattering of the electron with no loss of energy.
The amount of scattering that occurs is dependent on the atomic number of the nucleus; higher
atomic numbers cause more scattering.
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Elastic collisions with the orbital electrons of an atom, also lead to scattering of the incident
electron but no transfer of energy (144).

b) Inelastic Interactions:
If energy is transferred from the incident electrons to the sample, then the electron energy

of the electron after interaction with the sample is consequently reduced: Eei < Eo (143).

Inelastic collisions with orbital electrons result in loss of energy from the incident electron to
the orbital electron. If this energy is sufficient for the electron to ascend to a higher shell it is
known as excitation. The space in the lower shell is rapidly filled by another orbital electron,
which releases a photon. This photon may generate characteristic X-rays if the binding energy
of the shell is sufficiently large (seen with heavier elements such as lead or tungsten), or visible
light for less tightly bound electrons.

If sufficient energy is transferred to an orbital electron, it may be able to escape the atom,
leaving the atom ionized. This atom is often highly reactive and quickly reacts with a
neighboring atom to achieve a stable state. The freed electron may cause further ionizations
before it loses its energy and is captured by an atom.

Inelastic collisions with the nucleus result in bremsstrahlung. Bremsstrahlung is German for
"braking radiation". As the electron interacts with the nucleus, it slows down and changes
direction. The energy that is lost by the electron is released as a photon (144).

2.5. Biological effects of radiation:
Whether the source of radiation is natural or man-made, be it a small or a large dose of

radiation, there will be some radiation damages resulting in biological effects (145).

Radiation damage to the cell can be caused either by the direct or indirect action of radiation
on the DNA molecules.

In direct action, the radiation hits the DNA molecule directly, disturbing the molecular
structure. Such structural change leads to cell damage or even cell death. Damaged cells that
survive may later induce carcinogenesis or other abnormalities.

In the indirect action, the radiation hits the water molecules and other organic molecules in the
cell, whereby free radicals such as hydroxyl (HO*) and alkoxy (RO5) are produced.

Free radicals are characterized by an unpaired electron in the structure, which is very reactive
and therefore reacts with DNA molecules to cause molecular structural damage.

Hydrogen peroxide, H2Ox, is also toxic to the DNA molecule.

The result of indirect action of radiation on DNA molecules is the impairment of function or
death of the cell (146).

The biological effects of radiation can be grouped into two broad categories according to how
the responses relate to dose:
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2.5.1. Deterministic effects:

Radioactivity and Dosimetry

One of the characteristics of the deterministic effects is the existence of the threshold dose
below which no detectable clinical effects occur, but exposure to radiation above this level
causes effects with a severity that increases with radiation dose (147).

Deterministic effects are short-term, adverse tissue reactions resulting from a dose that is
significantly high enough to damage living tissues.

This type of effect is predictable and reproducible (148).

2.5.2. Stochastic effects:

Effects that occur by chance, generally without a threshold level of dose; These effects have
an increase probability of occurrence with increase dose and their severity does not depend on

magnitude of absorbed doses (149,150).
Stochastic effects are of two types:

a) Somatic stochastic effect

These effects of radiation are limited to exposed individuals and they are distinguished from
genetic effect. The exposed individuals suffer from these effects during their lifetime.

b) Genetic effect

The ionizing radiation damage the genetic material in reproductive cells and as a result these
effects are transmitted from generation to generation. Radiation induced aberrations to an
individual gene and DNA can contribute to the birth of defective descendants (150).

Deterministic effects

(Hair loss, cataract, skin injury, etc.)

When a number of people were exposed to the same
dose of radiation and certain symptoms appear in 1%
of them, said dose is considered to be the threshold
dose.

(2007 Recommendations of the International
Commission on Radiological Protection (ICRP))

A

No effectsé

Incidence of effects

v

—

Threshold dose

Dose

Stochastic effects

(Cancer, leukemia, hereditary effects, etc.)

Effects of radiation exposure under certain doses are not
clear because effects of other cancer-promoting factors
such as smoking and drinking habits are too large.
However, the ICRP specifies the standards for
radiological protection for such low-dose exposures,
assuming that they may have some effects as well.
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Figure 17 : Deterministic and stochastic effects. (147)
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3. Dosimetry:

Accurate measurements are important in physics and when it comes to medical treatment
for diseases, it is certainly necessary to be precise. In this regard, ionizing radiation requires the
utmost care in ensuring that it is accurately measured. Otherwise, too much radiation can be
harmful for cancer patients, medical personnel or even the patient's family members (151).

3.1. External dosimetry:
External dosimetry is the application of principles and techniques involved in the

measurement and documentation of personnel dose from external sources of radiation, such as
exposure from gamma rays and beta particles (152). Since photons and beta particles interact
through electromagnetic forces, their detection methods and dosimetry are substantially
different from that of neutrons that interact through nuclear forces (153).

The objective of external dosimetry is the detailed assessment of personnel exposure to
radiation outside the body (152).

One of the key parts of external radiation dosimetry is personal dosimetry. It is used primarily
to determine doses for individuals who are exposed to radiation related to their work activities.
These doses are usually measured by devices known as dosimeters. Dosimeters usually record
the dose. A personal dosimeter is a dosimeter that is worn at the surface of the body by the
person being monitored, and it records the radiation dose received. Personal dosimetry
techniques vary and depend partly on whether the source of radiation is outside the body
(external) or taken into the body (internal).

Personal dosimeters are used to measure external radiation exposures (153).

Figure 18 : Personal dosimeter (Polimaster) (154).
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3.2. Internal radiation dosimetry
Obviously, to calculate the radiation dose, one should know the meaning of radiation dose

and radiation dose rate and their units of measurement as well as the protection quantities.

3.2.1. Absorbed dose:
The absorbed dose is the amount of energy deposited by ionizing radiation in a mass of

tissue or an organ (155). The absorbed dose describes the intensity of the energy deposited in
any small amount of tissue located anywhere in the body, and is used to assess the potential for
damage to a particular organ or tissue. It is expressed in units of joule per kilogram (J/kg) and
called “gray” (Gy), thus replacing the units of “rad” (short for “radiation absorbed dose”). One
hundred rad equals 1 Gy (156).

The formula for the absorbed dose is given by equation (2.11) (155).
_ sEDry
Dy =2 [kg @2.11)

3.2.2. Radiation dose rate:
Radiation dose rate is defined as the amount of energy absorbed per unit time per unit of

mass of tissue, as illustrated in equation 2.12.

Its unit may be expressed in various ways, such as mGy per minute, cGy (rad) per hour, or Gy
per day.

b= AA_g[kg.]sec] 2.12)

Since the amount of radiation exposure depends directly on the time people spend near the
source of radiation, the absorbed dose is equal to the strength of the radiation field (dose rate)
multiplied by the length of time spent in that field.

The absorbed dose is a measure of the actual energy deposited in the irradiated tissue and
can be used to compare against deterministic effects, but it is not suitable for comparing the
stochastic radiological risk. To estimate the stochastic risk, the type of radiation and the
sensitivity of the irradiated tissues must be considered. The equivalent dose and effective dose
were created to calculate the biological effect of an absorbed dose (156).

3.2.3. Equivalent dose
The equivalent dose (Hr) is a quantity that considers the relative biologic damage caused by

radiation interacting with a distinct tissue or organ. Tissue damage depends on the type and
energy of the radiation, and how exactly the radiation deposits its energy in the tissue (157).
Thus, radiation that has a high LET is more damaging to tissue than radiation with low LET.

The relative biologic effectiveness of various types of radiation is called the radiation weighting
factor (Wr).

For instance, deposition of 1 Gy of high-energy protons causes five times as much damage as
1 Gy of X-ray photons.

To account for this difference, the equivalent dose is computed as the product of the absorbed
dose (Dr) averaged over a tissue or organ and the Wr as shown in equation (2.12) (158):

31



LITERATURE REVIEW

HT = ZWR X DT,R (2.12)

The Wr is the radiation weighting factor for radiation (R) and Dt is the mean absorbed dose
in organ or tissue (T) from radiation (R).

The unit for the equivalent dose is the Sievert (Sv) and the dimensions are the same as the gray,
joules per kilogram whereas, the traditional unit of equivalent dose is the rem (roentgen
equivalent man); 1 Sv equals 100 rem (159).

Type and Energy Range Radiation Weighting Factors
X and Gamma rays 1
Electrons 1
Neutrons (energy dependent) 5-20
Protons 5
Alpha Particles 20

Table 1 : Radiation Weighting Factors [Summarized from ICRP (1991)] (160).

For radiations of interest in nuclear medicine y-rays, X-rays, electrons, and positrons, the
radiation weighting factor is equal to 1. Therefore, the equivalent dose or dose equivalent in Sv
(or rem) is numerically equal to the absorbed dose in Gy (or rads) (157).

3.2.4. Effective dose
Since body tissues react differently to radiation and cancer induction occurs at a different

rate of dose in different tissues, which illustrates perfectly the characteristic of radio-sensitivity
of tissues and organs, equivalent doses are not adequate to represent overall exposure, thus, in
order to obtain an indication of how exposure can affect the human body, the equivalent dose
1s multiplied by a tissue weighting factor (Wr) related to the risk for a particular tissue or organ.
The result is the effective dose absorbed by the body. This parameter is given by the expression
(2.13):

E = YrWr XgWg Drg or E = YrWrHr (2.13)
The unit used for effective dose is the same as for the equivalent dose: sievert (161).

ICRP has created the effective dose to provide a dose quantity related to the probability of
health detriment due to stochastic effects from exposure to low doses of ionizing radiation
(162); it has also proposed the tissue weighting factors which are derived from epidemiological
evidence

This quantity can be related to the increases in cancer and hereditary effects for standard persons
(163).

The following tissue weighting factors have been proposed by the ICRP:
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Organ or tissue  WrICRP 30 (1979)¢ WTICRP 30 (1991) W7 ICRP 103 (2007)
Gonads | 0.25 0.20 0.08
Red bone marrow | 0.12 0.12 0.12
Large intestine 0.12 0.12
Lung | 0.12 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04
Breast | 0.15 0.05 0.12
Liver 0.05 0.04
Oesophagus 0.05 0.04
Thyroid | 0.03 0.05 0.04
Skin 0.01 0.01
Bone surface | 0.03 0.01 0.01
Rest? | 0.30 0.05 0.12
Brain 0.01
Total | 1.00 1.00 1.00

@ ICRP 30 Wr are used to calculate EDE, whereas ICRP 60 Wt and ICRP 103 Wr give E

values.

b ‘Rest’ includes adrenals, small intestine, kidney, muscle, brain (except ICRP 103 Wr),

pancreas, spleen, thymus and uterus.

Table 2 : Tissue Weighting Factors (164).

Effective dose (sievert (Sv)) = Z (Tissue weighting factor X Equivalent dose) I

When the whole body is
evenly exposed to
1 mGy of y-ray
irradiation
Effective dose =
0.12 X 1 (mSv):
+0.12 X 1 (mSv):

+0.12 X 1 (mSv):
+0.12 X 1 (mSv):

bone ma3
colon
lungs
stomach
+ 0.01 X 1 (mSv): skin
=1.00 X 1 (mSv)

| = 1 millisievert (mSv)

When only the head is
exposed to 1 mGy of y-ray
irradiation

Effective dose =
0.04 X 1 (m5Sv): thyroid
+0.01 X 1 (mSv): brain

+0.01 X 1 (m5Sv): salivary gland

+0.12 X 1 (mSv) % 0.1: bone marrow (10%)
+0.01 X 1 (mSv) X 0.15:skin (15%)

= 0.07 millisieverts (mSv)

Figure 19 : Difference between equivalent and effective dose (165).
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Biological effect of y T: :‘\ 5
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Energy absorbed in an T Y Effective dose
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s over the mass of the organ dose it the summation

or tissue

Figure 20 : Absorbed dose, equivalent dose and effective dose (166).

3.2.5. Linear energy transfer:
It is a measure of the linear rate at which radiation is absorbed in the absorbing medium by

the secondary particles and is defined by the International Commission on Radiation Units and
Measurements (ICRU) in expression 2.14:

dE

LET = = (2.14)

Where dE is the average energy locally imparted to the medium by a charged particle of
specified energy in traversing a distance dl.

The unit usually employed for LET is kiloelectronvolt per micrometre (keV/um) (167).

According to the density of ionization produced in the absorber there are two distinct categories
of ionizing radiation:

Low LET (also referred to as sparsely ionizing) radiation for example: beta particles and
photons.

High LET (also referred to as densely ionizing) radiation for example: alpha particles (168).
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3.2.6. Source and target organs:
Source organ is the organ with a significant uptake of isotope whereby the

radiopharmaceutical in question may reside for an extended period of time.

Target organ is the organ of interest receiving absorbed radiation during dosimetric
calculation (169).

Self-absorbed dose: refers to when the source and target regions are identical and it
commonly gives the largest fractional contribution to the total absorbed dose in a target region.

Cross-absorbed dose: refers to when source and the target regions are different (167).

Target organ

gk

l; Source organ
©

Figure 21 : Source and target organs. (Created with BioRender).

3.2.7. Absorbed fraction:
The absorbed fraction ¢: represents the fraction of the energy emitted by the radionuclide in

the source organ that is deposited in the target tissue for which the absorbed dose is being
calculated. The absorbed dose must be measured for each of the radiation emitted by the
radionuclide since the absorbed fraction is a function both of the energy and the type of radiation
(170).

The absorbed fraction ¢; for the in type of radiation is expressed by:

energy deposited in the target tissue by the i,,type of radiation emitted by the radionuclide in the source tissue

i energy of the ith type of radiation emitted by the radionuclide in the source tissue

I£ 95% or more of the energy associated with a given radiation of a radionuclide is absorbed
within the tissue in which it originates, then the radiation is called nonpenetrating. Here, the
absorbed fraction is conventionally taken as unity since almost the total energy emitted by the
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radionuclide in the source tissue is absorbed in the target tissue. Such is the case of electrons
and alpha particles; they are absorbed almost entirely in the region where they originated.

If the source tissue is not identical to the target tissue, then the absorbed fraction of
nonpenetrating radiation is taken as zero (170).

Unlike alpha particles and electrons, photons do not have a fixed range in tissue. They are a
form of penetrating radiation; As a result, there are many probabilities for the deposition of
energy at any location in the body (171).

The absorbed fraction of photons is estimated by Monte Carlo methods (172).

Figure 22 : Difference between beta and gamma energy deposition. (Created with BioRender)

3.2.8. Activity and Cumulated activity:
The activity A(t) is the total number of nuclei that are decaying per second, in other words,
the number of radioactive disintegrations per second (173).

It represents the probability that any individual atom will undergo decay during the same period,
as expressed in equation 2.15

A = AN (2.15)
where A = activity, N = the number nuclei in the sample and A = decay constant.

Its unit in the SI is the becquerel (Bq) with 1 Bq = 1 transition/s although the earlier unit of
activity is the curie (Ci) with 1 Ci=10'"Bq

Exponential decay is characterized by disappearance of a constant function of activity or
number of atoms prevented per unit time interval; this can be expressed by eqution 2.16:

A(t) = Age ™M (2.16)
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where A (t) is the activity of radionuclide at a given time t; Ao is the activity of radionuclide at
time t =0 (174);

decay constant () is the proportionality between the size of a population of radioactive atoms
and the rate at which the population decreases because of radioactive decay, its unit is s™ (175).

The cumulated activity (A) depends on the amount of activity present in the source organ
and on the period of time for which this activity is present, its SI unit is the Bq.sec, and its
corresponding traditional unit is the pCi.hr (176).

Cumulated activity is essentially the number of decays in the source region during the relevant
time period (177).

The amount of activity contained in a source organ therefore generally changes with time. If
the time-activity curve is known, the cumulated activity for a source organ is obtained by
measuring the area under this curve.

Activity (Bq)

Time (sec)

Figure 23 : Time-activity curve (157).
Mathematically, if the time-activity curve is described by a function A(t), then:
A~ [A(t)dt (2.17)

Time-activity curves can be quite complex, and thus equation 2.17 may be difficult to analyze.
Frequently, however, certain assumptions can be made to simplify this calculation.

For example: Uptake is considered instantaneous and both physical decay and biologic
excretion is significant, the total clearance is described by a single-component exponential
curve with an effective half-life T} /,e given by equations 2.5 and 2.6 (157).

Cumulated activity is given by equation 2.18:

A ~ 144T: A, (2.18)
2
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3.2.9. Absorbed dose per unit cumulative activity (S-value):
The S-value states the mean absorbed dose to the target region rr per radioactive decay in

the source region s, it is given by equation 2.19:
1
S(r < 15) = ZXiEi oY e p(rr < 15,E) (2.19)
Where:
Ei: mean energy of the i;, nuclear transition.

Yi: the yield, i.e., the number of the i;; nuclear transitions per nuclear transformation (number
of emitted particles or photons per decay).

¢(rr « 15, E;) : absorbed fraction of the energy emitted from the source region rs that is
absorbed in the target region 7.

M: mass of the target region (178).

The quantity S is specific to the radionuclide and to the computational phantom defining the
spatial relationship and tissue compositions of rs and rr and their intervening tissues in the
reference individual or tissue model (179).

Another definition to S-value can be given through the absorbed dose D(rr) which is defined
as the mean energy imparted to target tissue (or region) rr per unit tissue mass. The time-
dependent rate at which the absorbed dose is delivered D' (rr, t) to target tissue rr within a
patient from a radioactive material distributed uniformly within source tissue s at time t after
administration is given by equation 2.20 or 2.21:

D(TT: t) = ZrSA(Ts' t) * S(rT < T t) (2-20)

D(rr) = EsA(r)» S(rr < 15) (2.21)

where A (rs, t) is the time-dependent activity of the radiopharmaceutical in source tissue s,
and

S (rr < rs, t) is the radionuclide-specific quantity representing the mean absorbed dose rate to
target tissue 7t at time t after administration per unit activity present in source tissue rs (157).

The value of S may be based on preconstructed whole-body computational phantoms
representing reference individuals of a given age, sex, total-body mass, and standing height
(179).

Absorbed fractions and S values and are calculated by Monte Carlo radiation energy transport
calculations (180).
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1. State of the art:
A lot of the progress achieved in medical physics would not have been possible without the

contribution of information technology.

Computer simulations are divided into two major categories: analytical simulations and Monte
Carlo simulations (181).

Monte Carlo simulation uses random sampling and statistical modeling to estimate
mathematical functions and simulate the operations of complex systems (182). This simulation
method is very closely related to random experiments, for which the specific result is not known
in advance (183).

2. History:

The Monte Carlo Method was invented by John von Neumann and Stanislaw Ulam during
World War II. It was named after a well-known casino town, called Monaco since the element
of chance is core to the modeling approach, similar to a game of roulette (184).

The earliest published work on Monte Carlo is perhaps the paper of Metropolis and Ulam in
the year 1949 (185).

As for the medical field, Snyder at Oak Ridge National Laboratory was the first to introduce
the Monte Carlo method in order to assess the fraction of photon and electron energy emitted
from radionuclides in source tissues, deposited in various target tissues (186).

3. Monte Carlo Method:

Monte Carlo is a statistical method of understanding complex physical or mathematical
systems by using randomly generated numbers as input into those systems to generate a range
of solutions. The more trials it produced the more accurate the solutions. This method is used
in a wide range of subjects especially in problems in which determining an analytic solution
would be too time-consuming (187).

To establish an MC model for a system, representative samples of the processes that usually
occur within that system are mimicked. Due to the haphazard nature of some of the components
of these processes, each event and outcome could possibly be unique. Probability density
functions are employed to model the diverse stochastic processes within the greater system. To
build a comprehensive system model, multiple instances of the process being modeled must be
observed to capture enough data and effectively model a representative probabilistic
distribution (188).

The mathematical algorithms underlying Monte Carlo methods are very complex, but
nowadays many software tools enable physicists to use this method seamlessly and efficiently
via intuitive user interfaces without requiring any special expertise (189).
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4. Monte Carlo software:
4.1. MCNP:
MCNP is a well-known and widely used general-purpose Monte Carlo N—Particle code that

can be used for neutron, photon, electron, or coupled neutron/photon/electron transport,
including the capability to calculate eigenvalues for critical systems (190). It was first released
in the mid-1970s for neutron and photon transport, and was enhanced over the years (191).

For neutrons transport simulations, all reactions given in a particular cross-section evaluation
are accounted for. For photons, the code takes account of incoherent and coherent scattering,
the possibility of fluorescent emission after photoelectric absorption, absorption in pair
production with local emission of annihilation radiation, and bremsstrahlung.

The neutron energy regime is from 107!! MeV to 20 MeV, and the photon and electron energy
regimes are from 1 keV to 1000 MeV (191).

Its areas of application include, among others, medical physics, radiography, radiation
protection and dosimetry, radiation shielding, nuclear oil well logging, decontamination and
decommissioning (192).

4.2. EGS:
The EGS (Electron—-Gamma—Shower) system of computer codes are a general-purpose

package for the Monte Carlo simulation of the coupled transport of electrons and photons in an
arbitrary geometry for particles with energies above a few keV up to several TeV. It is basically
an analog Monte Carlo program. That is to say, each and every particle is followed until it
reaches its final destiny, usually an energy limit (cutoff) or a discard boundary. Due to the
statistical nature of the Monte Carlo method, the accuracy of the results will depend on the
number of histories run (193).

The Latest version in the EGS codes is EGSnrc which is used to simulate particle transport for
energies ranging from 1 keV to 10 GeV (194).

Some of the physics implemented in EGSnrc are:

e The radiation transport of electrons (+ or —) or photons can be simulated in any element,
compound, or mixture.

e Both photons and charged particles are transported in steps of random length rather
than in discrete steps.

e The dynamic range of charged particle kinetic energies goes from a few tens of keV up
to a few hundred GeV.

e The dynamic range of photon energies lies between 1 keV and several hundred GeV
(195).
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4.3. FLUKA:
FLUKA is a multiparticle transport and interaction Monte Carlo code. It has a wide range

of applications, in particle physics but also in accelerator design and shielding, dosimetry,
radiation protection, hadrotherapy (196).

FLUKA is based on original and well tested microscopic models. Due to this “microscopic”
approach to hadronic interaction modelling, each step is self—consistent and has solid physical
bases. Performances are optimized comparing with particle production data at single interaction
level. No tuning whatsoever is performed on “integral” data, such as calorimeter resolutions,
thick target yields, etc. Therefore, final predictions are obtained with a minimal set of free
parameters, fixed for all energies and target/projectile combinations. Results in complex cases
as well as scaling laws and properties come forth naturally from the underlying physical models
and the basic conservation laws are fulfilled a priori (197).

This software can simulate with high accuracy the interaction and propagation in matter of
about 60 different particles, including photons and electrons from 100 eV—1 keV to thousands
of TeV, neutrinos, muons of any energy, hadrons of energies up to 20 TeV and all the
corresponding antiparticles, neutrons down to thermal energies and heavy ions. The program
can also transport polarised photons and optical photons. Time evolution and tracking of
emitted radiation from unstable residual nuclei can be performed on line (198).

4.4. PENELOPE:
PENELOPE is an acronym that stands for PENetration and Energy LOss of Positrons and

Electrons (199).

The computer code system performs Monte Carlo simulation of coupled electron-photon
transport in arbitrary materials for a wide energy range, from a few hundred eV to about 1 GeV.
Photon transport is simulated by means of the standard, detailed simulation scheme. Electron
and positron histories are generated on the basis of a mixed procedure, which combines detailed
simulation of hard events with condensed simulation of soft interactions. A geometry package
called PENGEOM permits the generation of random electron-photon showers in material
systems consisting of homogeneous bodies limited by quadric surfaces, i.e., planes, spheres,
cylinders, etc (200).

4.5. Geant4:
Geant4 is a toolkit for simulating the passage of particles through matter. It includes a

complete range of functionality including tracking, geometry, physics models and hits. The
physics processes offered cover a comprehensive range, including electromagnetic, hadronic
and optical processes, a large set of long-lived particles, materials and elements, over a wide
energy range starting, in some cases, from 250 eV and extending in others to the TeV energy
range. It has been created exploiting software engineering and object-oriented technology and
implemented in the C++ programming language. It has been used in applications in particle
physics, nuclear physics, accelerator design, space engineering and medical physics (201).
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5. Anthropomorphic computational phantoms:
Accurate radiation dosimetry is essential but also quite challenging for three reasons:

e There are many diverse exposure scenarios resulting in unique spatial and temporal
relationships between the source and the human body.

e An exposure can involve multiple radiation types which are governed by rather different
radiation physics principles including photons (and gamma rays), electrons, positrons,
alpha particles, neutrons, and protons.

e The human body consists of three-dimensional (3D) inhomogeneous tissues of various
geometric shapes and densities, leading to extremely complex radiation interaction
patterns.

In order to calculate radiation dose in radiation protection, medical imaging or radiotherapy,
it is necessary to use models of the human anatomy, those are called anthropomorphic
computational phantoms. Depending on the complexity of these phantoms, three generations
can be distinguished (202).

5.1. First-Generation Stylized Phantoms:
The first-generation computational phantoms were developed for the purpose of assessing

organ doses from internally deposited radioactive materials for workers and patients. With the
increase in the size and speed of computers, some progress occurred during the late 1950s and
through the 1960s and eventually the efforts led to stylized anthropomorphic phantoms (203).

Fisher and Snyder at ORNL have reported in the 1960s the first attempts at developing a
computational anthropomorphic phantom (204).

In 1969, Snyder and his colleagues reported the first heterogeneous phantom that became
known as the ‘“MIRD-5 Phantom’ a name derived from the Medical Internal Radiation
Dosimetry (MIRD) Committee of the Society of Nuclear Medicine which adopted the phantom
(205).

Creating these phantoms is based on constructive solid geometry (CSG) method which allows
the modeler to create a solid object using Boolean operators to combine very simple shapes
called primitives. Examples of these primitives include cuboids, cylinders, prisms, pyramids,
spheres, cones and ellipsoids surfaces that are easily described by quadric equations. CSG
representations are easy to adopt and can yield good results when the objects are relatively
simple in shape (206).
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Figure 24 : Stylized computational phantom (a) external view of male phantom
(b) internal view of female phantom. (207)

The original developers of these phantoms recognized the obvious shortcomings because
human anatomy is too complex to be realistically modeled with a limited set of surface
equations. Many anatomical details in these models were compromised that sometimes led to
inaccurate results. Thus, the need arose to look for new ways to have more accurate results
(203). This became possible only after the introduction of major tomographic medical imaging
modalities such as CT and MRI (208).

5.2. Second-Generation Voxelized Phantoms:
Computational anthropomorphic phantom based on medical tomographic images where the
anatomy is described by small three-dimensional volume elements (voxels) specifying the
density and the atomic composition of the various organs and tissues of the human body (209).

In this era the medical communities took advantage of using the 3-D tomographic images to
improve treatment planning and dose assessment, however, the task of developing well-defined
standard human models faced some unique and intractable technical challenges:
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Whole-body models are needed, but medical images are often taken for a portion of the
body (CT procedures expose the patients to intense X-rays, and MRI is time-
consuming).

A large number of internal organs/tissues have to be identified and segmented for
organ dose calculations for systematic dose calculations, whereas, in radiotherapy, for
example, only the tumor volume and adjacent regions need to be outlined.

The image data size of a whole-body model can be potentially too big for a computer’s
memory to handle.

A standardized patient model involves dose calculations for photons, electrons,
neutrons, and protons, but the majority of the clinical procedures involve fewer types of
radiation (210).

Four main phases should usually be followed for the development of a voxel model:

a)
b)

d)

Acquisition of high-resolution CT or MRI data sets;

Classification and segmentation of the various tissues and organs through assignment
of unique individual labels to each anatomical structure of interest according to the
targeted application;

Identification of the type of biological tissue and organ and their elemental tissue
compositions and mass densities using, for example, tissue characteristics from [CRU
Report 46 (211) and ICRP Publication 89 (212);

Implementation of the computational model in a Monte Carlo package to simulate
radiation transport and score quantities of interest for the task at hand (208).

Voxel phantoms have the following limitations:

Surface contours of organs and tissues in voxel phantoms are primarily dependent on
manual image segmentation.

Some organs and tissues cannot easily be recognized even by experienced radiologists
due to the limitations in image contrast (213).
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Female

Figure 25 : Voxelized phantoms (160).

5.3. Third-Generation Hybrid Phantoms:
A hybrid approach to phantom construction incorporates the best features of both stylized

and voxel phantoms. They retain both the anatomic realism of voxel phantoms and the
flexibility of mathematical phantoms (214).

Stylized phantom Voxel phantom

Mathematical Flexibility Hybl’id phantom Anatomical Realism
(NURBS surface) (CT images of patient)

Control Point

-
Control Polygon = 9 >

Non-Uniform Rational B-Spline

Figure 26 : Construction of a hybrid phantom (215).
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Hybrid phantoms make use of non-uniform rational B-spline (NURBS) surfaces to describe the
boundaries of both internal organs and exterior body surfaces (216).

Construction of a hybrid phantom is performed in four steps:

a)

b)

©)
d)

Transforming 2D images of human body to 3D polygon mesh model of exterior body
and internal organs;

Creating NURBS surfaces;

Voxelization of NURBS surfaces;

Preparing the MCNP input file to simulate the creation and transportation of emitting
particles through these boundary representation (BREP) structures (213).

Three advantageous features of hybrid phantoms:

The ability to model underweight and overweight individuals during reconstruction of
external or even internal exposures,

The ability to reposition the arms and legs of the phantom to represent unique worker
or patient-specific exposure postures

The ability to extract individual organs or sets of organs from the whole-body phantom
and voxelize those tissues at a significantly higher resolution than would be
computationally permitted within a full-body phantom (217).

Figure 27 : Hybrid phantoms. (203)
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Figure 28 : Three phantom generations; (a) stylized phantom, (b) voxel phantom (but
displayed in smooth surfaces), (c) BREP phantom. (218)
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1. Problematic:

In recent years, a real revolution has profoundly changed the scope and outlook of nuclear
medicine. This revolution is currently mainly concerned with cancer but will gradually be
extended to other fields, including and not limited to cardiology and neurology.

These developments lead to particular radiation protection problems which must be considered
for the optimum benefit of these diagnostic and therapeutic innovations.

Even if only one organ is exposed for exploration or treatment, different tissues may be
irradiated. Therefore, it is essential to carry out dosimetric studies to ensure the radiation
protection of the patient.

Since the internal dose is not measurable, its estimation is based on calculations taking into
account experimental data and theoretical considerations.

Actually, one of the most common and widely used approaches for calculating internal doses
in nuclear medicine has been developed by the Medical Internal Radiation Dose (MIRD)
Committee (1999) and the Society of Nuclear Medicine Committee (SNM) and is commonly
referred to as the MIRD formalism. The formalism of MIRD has been published in the form of
pamphlets with associated publications (219,220).

These pamphlets propose a methodology for evaluating the dose absorbed by the organs of the
human body, by tissue regions or by voxelated structures for diagnostic or therapeutic
applications in nuclear medicine (221).

The effects induced by low doses of irradiation may differ from those observed during
exposures to high doses of irradiation. The nature of these differences and their implications
are still to be explored.

There is not a single form of a dose-response relationship for all cellular biological processes
studied. Many efforts have been made to explore the relationships between radiation dose and
effects on the biological processes involved in cancer. The various results obtained highlight a
diversity of responses to the radiation dose according to the biological mechanism studied.

2. Aim of the study:

Modeling of the effects of low-energy ionizing radiation on different biological tissues in
hyperthyroidism and thyroid cancer patients and comparison of our results with data acquired
from experimental, clinical, and epidemiological studies.
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3. Material and methods:
3.1. Epidemiological study:
a) Type, place, and period of the study:
It is a retrospective descriptive study that took place at the University Hospital Center of

Tlemcen in the nuclear medicine department between the months of August 2021 and March
2022.

b) Study Population:

This study was conducted on a population of 542 patients with either hyperthyroidism or
thyroid cancer to analyze some epidemiological (sex and age) and therapeutic (dose) parameters
in each patient who received '*'I radiation therapy.

¢) Inclusion criteria:

Included in our study were patients who received radioactive iodine therapy for
hyperthyroidism and thyroid cancer whose ages range from 18 to 60 years old regardless of
their sex and type of tumor during the study period.

d) Non-inclusion criteria:
Patients whose ages are less than 18 or more than 60 years old.

e) Ethical considerations:
Data collection was carried out with due regard for the anonymity of patients and the
confidentiality of their information.

f) Data collection and conduction of the study:
All the information that was the subject of our analysis was collected from the data available
in the register of the nuclear medicine department and the NUCLEUS software.

The study was conducted as follows:
For each subject, we identified:
Socio-demographic data:

o Age.
e Gender.
Clinical data:

e The prescribed dose.

g) Data Capture and Statistical Analysis:
The data were analyzed using Microsoft EXCEL 2019 software.

Results were expressed as a percentage for qualitative variables.

The tables and graphs are based on Microsoft EXCEL 2019 software.
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3.2. Simulation:
a) Properties of the device and programs used for the simulation:

Processor: Intel® Core™ i7 CPU 860 @2.80GHz 2.79GHz.
Installed RAM: 8.00 GB.

System type: 64-bit operating system, x64-based processor.
Ubuntu version 20.04.

TOPAS version 3.7.0 with a built-in Geant4 version 10.06.p03.
Stylized anthropomorphic phantom.

b) TOPAS MC:
TOPAS (222), launched in 2009, is a breakthrough software project that struck down a
usability barrier for MC simulations that was limiting radiation therapy research.

TOPAS is a “user code” layered on top of Geant4. TOPAS includes the standard Geant4 toolkit,
plus additional code to make Geant4 easier to control and to extend its functionality.

First developed for proton therapy simulations, TOPAS is arguably a gold standard for proton
therapy MC simulations. TOPAS was next expanded to radiobiology (223,224). TOPAS has
now become widely accepted in physics and biology, with 931 registered users at 342
institutions in 40 countries as of January 28, 2020. In addition, TOPAS has been licensed by
several vendors of radiation therapy equipment and treatment planning software. TOPAS is part
of the cadre of software tools supported by the National Cancer Institute program on Informatics
Technology for Cancer Research with funding to support further development and
sustainability (222).

Launching an application on TOPAS MC goes through many steps, the most important are
the following:

1) Creating the material and the geometry.

2) Choosing the particle sources.

3) Creating the scorers.

4) Choosing the physics.

5) Visualization of the simulation in the Graphic User Interface.
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3.2.1. Creating the Anthropomorphic phantom using TOPAS MC:
First of all, we start by resizing the world volume that will contain the phantom so that it is

a 2 X 2 x 2 m3 box, this would allow to increase the number of histories that can be launched.

Then the geometry that will serve as the human body (anthropomorphic phantom) must be
created.

The phantom that was used in this study is based on an article written by Snyder et al. (205)
and it was modified by Guatelli et al. (225)

Since the tissues defined in TOPAS MC do not resemble those that compose the human body,
the first step should be defining the materials of each tissue of the various organs. In this
simplified phantom only three types of tissue are needed: soft tissue, skeleton, and lung
material.

In this example, the soft tissue material is composed of 16 elements with various proportions
leading to an overall density of 1.04 g/cm?.

Figure 29 : The algorithm for the soft tissue.

The skeleton material is composed of 15 elements with various proportions and its overall
density is 1.4862 g/cm?.

Figure 30 : The algorithm for the skeleton.
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As for the lung material, it is also composed of 16 elements with a total density of 0.2958 g/cm?.

Figure 31 : The algorithm for the lung material.

Now the organs that will make up the anthropomorphic phantom can be created; some organs
are formed by simple geometries that can be generated using TOPAS MC alone while others
will need the use of Geant4 extensions.

Overall, the human phantom can be divided into 4 different volumes and each one of them is a
mother volume to other daughter volumes that represent individual organs:

1) The head.

2) The trunk (including the right and left arms).
3) The right leg.

4) The left leg.
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1) Head
The head volume is a parent volume for 4 other volumes that anatomically reside in this
area; the skull, the brain, the upper spine and the thyroid.

The solutions for inequation 4.1 constitute the head of the phantom.

"FullWireFrams"

Figure 32 : The algorithm for the head volume.

The skull is defined as the volume between two nonconcentric ellipsoids and given
mathematically by inequation 4.2:

B0 () =
G @) (=) =t

This volume is composed of the skeleton material and has a volume of 846.6 cm?

(4.2)
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The line of code that allows to create this volume is demonstrated in Figure 33.

Figure 33 : The algorithm for the skull volume.

The brain is represented by an ellipsoid given by inequation 4.3; this volume is filled with
the soft tissue material.
2

2 _ 2
B +6) () st o

The brain has a volume of 1.47 cm?.
In TOPAS MC this geometry can be achieved by the following algorithm:

:Ge/MIRDBrain/Parent = "MIRDHead"
:Ge/MIRDBrain/Type = "G4Ellipsoid”

:Ge/MIRDBrain/Tr
:Ge/MIRDBrain/Tr

:Ge/MIRDBrain )
c:Ge/MIRDBrain/Drawingsty

Figure 34 : The algorithm for the brain volume.
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The upper spine is a portion of the spine that resides in the head volume, it is an elliptical
cylinder composed of the skeleton material, mathematically this volume is represented by
inequation 4.4

X\ 2 y — 5.5\°
(E) +( 2.5 )Sl (4.4)
70 < z < 785

The algorithm to create this volume is:

Figure 35 : the algorithm for the upper spine volume.

The lobes of the thyroid lie between two concentric cylinders and are formed by a cutting
surface; this volume is represented mathematically through the following inequations:

x2+ (y+6)2 < (2.2)2
x2+ (y+6)2=(1)?
y+6<0
70<z<75

(4.5)

This organ has a volume of 19.89 cm? and it is filled with soft tissue material.

The following algorithm allows for the creation of this volume:
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\IRDThy
MIRDThy
MIRDThyro

\IIRDThy
MIRDThy
MIRDThy
'MIRDThyr
{IRDThy
{IRDThy
/MIRDThyro
5e/MIRDThyro
5e/MIRDThyroid/TransX

/MIRDThyroid,
/MIRDThyr

Figure 36 : The algorithm for the thyroid volume.
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Figure 37: TOPAS MC representation of the head volume and its constituents (red: head,
vellow: thyroid, grey ellipsoid: skull and grey elliptical tube: upper spine).

2) Trunk:
The trunk is represented by an elliptical cylinder, aside from the internal organs it also
contains the arms and the hips, inequation 4.6 gives the mathematical representation of the trunk

2 2
(f_o) + (zy_o) =1 4.6
0<z<70

Figure 38 represents the line of code that creates the trunk in TOPAS MC

Ge/MIRDTrunk/Parent = "MIRD"
MIRDTrunk/ "G4E1lipticalTube”
ial = "soft tissue”
RDTrunk/HLX
MIRDTrunk/HLY

RDTrunk/
MIRDTrunk/
MIRDTrun
MIRDTrunk/

Figure 38 : The algorithm for the trunk volume.
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The lungs are represented by half an ellipsoid each, with an anterior section removed,

mathematically this volume is represented by inequation 4.7

C2) v @)+ (52 <1l )

z = 43.5

In TOPAS MC this volume is obtained by introducing the following lines of code:

= "MIRDTrunk™
“MIRDLY '

Figure 39 : The algorithm for the left lung volume.

Creating the right lung is achieved by rotating the left lung volume around the z axis by 180°.

Both lungs are composed of soft tissue material and their volume is 3378 cm?.
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The inequations to create the heart are:

x; = 0.6948(x + 1) — 0.3237(y + 3) — 0.6428(z — 51))
y, = 0.4226(x + 1) — 0.9063(y + 3)
z; = 0.5826(x + 1) — 0.2717(y + 3) — 0.7660(z — 51)

. (4.8)

X1\ 2 Y1\? Z1\?
(g) +(§) +(§) =1
xi 4y +zZ < (5)? if x<0
X1 7 .
?+§2 -1 lf x <0 )

These complicated inequations can be solved easily using a computer and the resolution gives

the shape of the heart of the phantom; the algorithm is represented in Figure 40

¢ :Ge/MIRDHeart/Parent = "MIRDTrunk™
i z "MIRDHeart"™

\IRDHear
{IRDHeart

MIRDHeart/T
MIRDHeart/T
MIRDHeart/T

Figure 40 : The algorithm for the heart volume.
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Figure 41 : TOPAS MC representation of the heart and the lungs.

The inequation to create the left kidney is:

The right kidney is obtained by rotating the left kidney around the z axis by 180°.

Both kidneys are composed of soft tissue material and their volume is 311 cm?®.
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The following lines of code are used to create the left kidney in TOPAS MC:

= “MIRDTrunk”

= "MIRDKidney"
1 = "soft_tissue”

Figure 42 : The algorithm for the left kidney volume.

Figure 43 : TOPAS MC representation of the left and right kidney.
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The liver is defined by an elliptical cylinder cut by a plan, mathematically it is represented
by inequation 4.10

2 2

(fes) + () =1

Xy oz (4.10)
42 <
35725 35 L
27 <7< 43

The liver is composed of soft tissue material and it has a volume of 1833 cm®.

Figure 44 represents the algorithm to create this volume in TOPAS MC:

~ent = "MIRDTrunk™
"MIRDLiver"

Figure 44 : The algorithm for the liver volume.
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Figure 45 : TOPAS MC representation of the liver volume (left: front view, right: top view).

The stomach is an ellipsoid, its inequation is:

() (5 (%) =2 @

It is made of soft tissue material.

The following algorithm is used to obtain this volume:

5 :Ge/MIRDStomach/Parent = "MIRDTrunk”
"GAEllipsoid™

al = "soft_tissue”

3 Cm
-4.8 cm

8.8 cm

"orange"”

"Solid"

Figure 46 : The algorithm of the stomach volume.

The stomach’s cavity, which is an improvement made by Guatelli et al. is also an ellipsoid that
is defined mathematically by the following inequation:

(x - 8)2+ (y + 4)2+ (z — 35)2< L (412
3.387 2.387 7.387 - (4.12)

It is composed of air.
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= "MIRDStomach™
"G4Ellipsoid™”
1 = "G4_AIR"

cm

cm

ITRDCavity
/MIRDCav awi yle = "Solid"

Figure 47 : the algorithm to create the stomach’s cavity volume.

Figure 48: TOPAS MC representation of the stomach volume (yellow) and the stomach's
cavity (white).
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The pancreas is half an ellipsoid with a section removed, it is defined by the following

inequations:

X \2 z — 37\*
() +v=(57) =1
x=0

z =237 if x >3

(4.13)

It is filled with the soft tissue material and it has a volume of 61.07 cm?>.

Figure 49 represents the lines of code that allow to create the volume of the pancreas.

nt = "MIRDTrunk™
= "MIRDPancr

S0t

{IRDPancreas,
{IRDPancrea

{IRDPancrea

IR

/MIRDPancre
12/ MIRDPan
/MIRD

Figure 49 : The algorithm for the pancreas volume.
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Figure 50 : TOPAS MC representation of the pancreas volume.

The spleen is represented by a simple ellipsoid given by inequation 4.14

Co) + (5 + (50 =1 aaw

It has a volume of 175.93 cm?® and it entirely composed of soft tissue.

To represent it in TOPAS MC, the following algorithm is needed.

s:Ge/MIRDSpleen/Parent = "MIRDTrunk”
s:Ge/MIRDSpleen/Type = "GAEllipsoid”
s:Ge/MIRDSpleen/Material = "soft_tissue”
d:Ge/MIRDSpleen/HLX

d:Ge/MIRDSpleen/HLY

d:Ge/MIRDSpleen/HLZ

d:Ge/MIRDSpleen/TransX = 11. cm
d:Ge/MIRDSpleen/TransY = 3. cm

=

d:Ge/MIRDSpleen/TransZ = 2. cm
s:Ge/MIRDSpleen/Color = "green”
s:Ge/MIRDSpleen/DrawingStyle = "Solid"

Figure 51 : The algorithm of the spleen volume.

68



RESEARCH METHODOLOGY

Figure 52 : TOPAS MC representation of the spleen volume.

The thymus is also represented as an ellipsoid that is given by inequation 4.15

(x + 2)2+ (y + 6>2+ (z — 60.5)2< L cais
3 0.5 4 - (4.15)

It has a volume of 25.13 ¢cm?® and it is composed of soft tissue.

¢ :Ge,/MIRDThymus/ ot “MIRDTrunk™
' "G4E1lipsoid”

1 = "soft tissue”

Figure 53 : The algorithm of the thymus volume.

The small intestine is represented by inequation 4.16

x? +(y + 3.8)? <(11.3)2
-7 <y<3 (4.16)
17 < z< 27

69



RESEARCH METHODOLOGY

It has a volume of 1.696 cm?® and it is composed of soft tissue.

Figure 54 represents the line of code that creates the small intestine

Figure 54 : The algorithm for the small intestine volume.
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v

Figure 55 : TOPAS MC representation of the small intestine volume (up:
front view, down: bottom view).
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The urinary bladder is represented by an ellipsoid which is defined by the following
inequation:

2

@+ Y + () = @

It is considered moderately full and its volume is 508.94 cm”.

In order to get this volume in TOPAS MC the following algorithm is needed:

'MIRDUrinaryBladder/Parent = "MIRDTrunk”
MIRDUrinaryBladder/ = "MIRDUrinaryBladder”
\IRDUrinaryBladder 1 = "soft_tissue”
MIRDUrinaryBladder

MIRDUrinaryBladde

MIRDUrinaryBladder/

MIRDUrinaryBladder

green”
"Solid”

Figure 56 : The algorithm for the urinary bladder volume.

Figure 57 : TOPAS MC representation of the urinary bladder volume.
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3) Left and right legs:
The legs were created based on the improved version of the phantom made by Guatelli et al.
since their phantom has separate legs whereas the original phantom has just one truncated
elliptical cone that is supposed to represent both legs.

Each leg is represented by a cone and the following algorithm allows the creation of the left
leg.

Figure 58 : The algorithm for the left leg.

Each leg contains a cone made of skeleton material to represent leg bone; this is achieved by
inserting the following algorithm.

Figure 59 : The algorithm for the left leg bone.
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More on the improvements made by Guatelli’s team, they have decided to create two
separate sex-based phantoms rather than the hermaphrodite phantom created by Snyder’s team
that already contains testicles, ovaries and a uterus.

The female anthropomorphic phantom differs from the male anthropomorphic phantom in five
organs that are sex-specific to it: a uterus, two ovaries, located inside the trunk, and two breasts
located outside of the trunk.

The ovaries are represented by ellipsoids, inequation 4.18 defines the left ovary

(x — 6)% + (%)2+ (#)2 <1 (4.18)

It is composed of soft tissue and it has a volume of 4.19 cm?.
In order to get the right ovary, a rotation of 180° around the z axis is needed.

In TOPAS MC this volume is easily obtained by inserting the following line of code:

Figure 60 : The algorithm for the left ovary volume.

74



RESEARCH METHODOLOGY

The uterus is also an ellipsoid but it is cut by a plan, inequation 4.19 gives its mathematical

representation
2 2\% 1z — 14\*
) (=) () =1
2.5 5 1.5 (4.19)

y = —45

It is considered to be entirely composed of soft tissue material and it has an overall volume of
66.27 cm’.

Figure 61 represent the code that creates the uterus in TOPAS MC.

"purple’

e = "Solid"”

Figure 61 : The algorithm for the uterus volume.
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Figure 62 : TOPAS MC representation of the uterus and the two ovaries’volumes (up: front
view, down: upper view).
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The breasts are an improvement implemented by Guatelli’s team, they don’t have the trunk
as a mother volume since they are located outside of it, they are made of soft tissue material.

The line of code that creates the left breast in TOPAS MC is shown in figure 63, getting the
right breast simply needs a rotation by 180° around the z axis.

s:Ge/MIRDLeftBreast/Parent =
/MIRDLeftBreast/
Ge/MIRDLeftBreast/

\

NN

i

I

j

Hilh

I

Figure 64 : TOPAS MC representation of the breasts and rib cage volumes.
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As for the male anthropomorphic phantom, its specific organs are the male genitalia and two
testes.

The same as for the breast, the male genitalia was an improvement implemented by Guatelli’s
team, it is made of soft tissue material and located under the trunk in a space on top of both legs
in order to simulate the real anatomy of a male.

Figure 65 represents the line of code that creates this organ.

Figure 65 : The algorithm for the male genitalia.
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The testicles are represented by two ellipsoids made of soft tissue material; each one has a

volume of 18.79 cm’.

The left testicle is given by inequation 4.20

z + 2.3

(x - 1.3)2 (y + 2.2
1.5

1.3

2
3 )31 (4.20)

To represent it in TOPAS MC the following code is needed:

Figure 66 : The algorithm for the left testicle volume.

3.2.2. Particle sources

After defining the geometry, we proceeded to define the particle sources, in our case study
the radioactive element is '3!I which emits beta and gamma particles with each disintegration,
since TOPAS MC is not equipped with libraries that contain the probabilities for each transition
of each radioisotopes, those probabilities should be considered as inputs for the user, that is
why choosing the iodine spectrum is the first step, this choice is based on the literature and for
this simulation we agreed on the following spectrum:

ENERGY (KEYV) PROBABILITY (%)
606.3 89.4
333.8 7.2
247.9 2.13
303.9 0.643
806.9 0.386
629.7 0.06

Table 3 : '] B~ Transitions (226).

ENERGY (KEV) PROBABILITY (%)
364.490 83.1
636.990 7.15
284.305 6.45
80.1854 6.63
722.909 1.794
503.004 0.3571

Table 4 : 1 y Transitions (226).
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Defining a source volume in TOPAS MC is simple, first of all, we start by defining which
type of source we are going to work with depending on the situation being simulated; when it
comes to ingested radioisotopes in general and iodine in particular we consider that they are
uniformly distributed in the source organ, as a result we choose the volumetric source type
because it is the most suitable for an ingested iodine capsule, this choice stays relevant even
when the substance passes on to other organs.

Then, the volume in which our particles disintegrate must be chosen depending on the
procedure that is being simulated, so in the case of '*'I-Na capsule the first step in its absorption
is the stomach, and protocol for iodine radiotherapy dictates that this capsule should be taken
on an empty stomach, so, in order to achieve a realistic setting the cavity of the stomach was
created filled with air and it is only natural that this cavity will be chosen as the first source of
radiation.

Figure 67 represents the algorithm that allows for the disintegration of the '*'I in the stomach’s
cavity.

rce_Ghamma_Sto

Figure 67 : The algorithm for the stomach's cavity as a source.

Since iodine is absorbed in the small intestine, this organ should be considered as the second
source while accounting for the number of nuclei that has already disintegrated in the stomach.

The algorithm is identical to that used in the stomach’s cavity seeing that all the parameters stay
the same, only two parameters should be changed: the active material and the component.

Figure 68 represents the line of code that will launch the disintegration of '*'I in the intestine.
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Figure 68 : The algorithm for the small intestine as a source.

After its absorption, iodine is quickly transported to the thyroid where it is going to exercise
its main action of radiotherapy, so this organ is selected as the third source of disintegration.

Since the thyroid and the small intestine are made up of the same material, the algorithms are
almost similar, the only change that should be made is that of the component.

Figure 69 represents the algorithm that allows for disintegrations of iodine in the thyroid.

Figure 69 : The algorithm for the thyroid as a source.
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Now to the elimination phase, iodine is eliminated through urine, that is to say, it must go
through the kidneys and the urinary bladder, these three organs represent excellent candidates
to be considered as sources.

In the case of the kidneys figure 70 shows the code used to set both of them as a source.

As for the urinary bladder figure 71 represents the algorithm used to set it as a source.

Figure 70 : The algorithm for the right and left kidneys as a source.
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Figure 71 : The algorithm for the urinary bladder as a source.

3.2.3. Scoring
After ordering the program to simulate '*'I disintegration it has to find one or multiple

volumes in which it is going to score the data, we can choose as much volume scorers as we
need and we can also precise what we want to score, in our case study we have chosen 20
scorers, those are represented by the volumes of the stomach, the small intestine, the thyroid,
the heart, the left and right kidneys, the urinary bladder, the left and right lungs, the breasts, the
uterus and the ovaries among others. The data that must be scored is the energy deposited in
those volume and also the absorbed dose.

Figure 72 represents the algorithm in which we declare the stomach as a scorer and we precise
the absorbed dose as the data being scored.

Figure 72 : The algorithm for the stomach as a scorer for
absorbed dose.
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For every other volume scorer, it is simply defined by changing its name and setting the
component parameter to the desired volume: MIRDLeftKidney, MIRDThyroid....

3.2.4. Physics
It is important to note that TOPAS MC has its own physics processes libraries that handle
all the physical phenomena that take place when 3! disintegrates, in other words, it is going to
perform all of the radiation interactions with matter as seen in chapter 2 and this depending on
the tissue and the energy previously defined.

3.2.5. The TOPAS Graphical User Interface
This interface would allow the visualization of the geometry as well as its manipulation and

adjustment, in order to run more histories we decided to run the program in batch system
without using the GUL.

After we have set all the conditions and parameters we launched the program for 10’
histories, TOPAS MC ran for more than 3H and each source was run separately for both male
and female phantoms, for hyperthyroidism and cancer.
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4. Results
4.1. Epidemiology results:

a) Distribution by pathology:

Hyperthyroidism

Thyroid cancer

Total

74

468

542

Hyperthyroidism = Thyroid cancer

Figure 73 : Pie of pathology distribution.

Out of the 542 patients who meet the set criteria 86% undergo '*'I radioactive therapy for

thyroid cancer while 14% are being treated for hyperthyroidism.

b) Hyperthyroidism:

1) Sex distribution:

Female

Male

Total

47

27
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—

sF =M

Figure 74 : Pie of sex distribution for hyperthyroidism.

The female sex is predominant compared to the male sex with a percentage of 64% for
women and 36% for men; the sex ratio is 1.78 in favor of women.

2) Age distribution:
e Females:

25

20
15
10
5
0

[21, 34] (34, 47] (47, 60]

Figure 75 : Chart of female age distribution for hyperthyroidism.

For females, the mean age was 40.5 years with a spike in frequency in the age group ]34-
47] or 46.80% of women. The minimum age was 21 and the maximum age was 60.

86



RESEARCH METHODOLOGY

e Males:

16

[19, 33] (33, 47] (47, 61]

Figure 76 : Chart of male age distribution for hyperthyroidism.

For males, the average age was 39.5 years with a spike in frequency in the ]33-47] age group
or 51.85% of men. The minimum age was 19 and the maximum age was 60.

3) Dose distribution:

e Female:

= 10 mCi

Figure 77 : Pie of female dose distribution in hyperthyroidism.

100% of females treated with radioactive thyroid for hyperthyroidism at the University
Hospital Center of Tlemcen have received a dose of 10 mCi.
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e Male:

= 10 mCi

Figure 78 : Pie of male dose distribution in hyperthyroidism.

All the males that have undergone radioactive iodine therapy for hyperthyroidism at the
University Hospital Center of Tlemcen have received a 10 mCi dose.

¢) Thyroid cancer

1) Sex distribution:

Female Male Total
407 61 468

Sex distribution

sF s M

Figure 79 : Pie of sex distribution for thyroid cancer.

The female sex is predominant compared to the male sex with a percentage of 87% for
women and 13% for men; with a sex ratio of 6.69 in favor of women.
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2) Age distribution:

e Females:

Age distribution for females

180
160
140
120
100
80
60
40

20

[19, 33] (33, 47] (47, 61]

Figure 80 : Chart of female age distribution for thyroid cancer.

For females, the mean age was 39.5 years with a spike in frequency in the age group
133-47] or 43.24% of women. The minimum age was 19 and the maximum age was 60.

e Males:

Age distribution for males

[18, 32] (32, 46] (46, 60]

Figure 81 : Chart of male age distribution for thyroid cancer.

For males, the average age was 39 years with a spike in frequency in the ]32-46] age group
or 47.54% of men. The minimum age was 18 and the maximum age was 60.
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3) Dose distribution:
e Female:

=30 =100 =150 =200

Figure 82 : Pie of female dose distribution in thyroid cancer.

59.17% of females treated with radioactive thyroid for hyperthyroidism at the University
Hospital Center of Tlemcen have received a dose of 30 mCi, while 38.57% of patients have
received a 100 mCi dose, a rare number of patients have been prescribed a dose of 200 mCi or
150 mCi with percentages of 1.47% and 0.25% respectively.

e Male:

=30 =100 =150

Figure 83 : Pie of male dose distribution in thyroid cancer.

A shift in prescription is noted in the male group, the most prescribed dose is 100 mCi at a
percentage of 59.02%, while the 30 mCi dose is prescribed to 39.34% of patients and a small
number of patients (1.64%) get prescribed the 150 mCi dose.

90



RESEARCH METHODOLOGY

4.2. Simulation results
4.2.1. Hyperthyroidism:
a) Source: Stomach’s cavity.
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0.8

Equivalent dose (Sv)
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Figure 84 : Equivalent dose at 1 and 30 min for a male afflicted with hyperthyroidism.

1 min after ingestion of Nal capsule, the equivalent dose to the stomach is approximately
0.04 Sv, whereas after 30 min residence in the stomach, this organ absorbed an equivalent dose
of 1.10 Sv
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Figure 85 : Equivalent dose at 1 and 30 min for a male afflicted with hyperthyroidism
(HT<1.8E-03 Sv).

The upper large intestine is the third most irradiated organ after the stomach, the second one
being the pancreas, its equivalent doses at 1 and 30 min residence time in the stomach are
5.55E-05 Sv and 1.63E-03 Sv respectively.
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Figure 86 : Equivalent dose after 1 and 30 min for a female afflicted with hyperthyroidism
(sex-specific organs).

Regarding the female specific organs, the right ovary is the most irradiated among them, its
equivalent doses at 1 and 30 min are 6.44E-06 Sv and 1.89E-04 Sv respectively.

b) Source: small intestine.

0.7
0.6
&
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T
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Figure 87 : Equivalent dose after 90 min residence in the small intestine for a male afflicted
with hyperthyroidism.

After 90 min residence in the small intestine the equivalent dose received by this organ is
0.69 Sv, the upper large intestine and the lower large intestine have received an equivalent dose
of 0.10 Sv and 0.04 Sv respectively.
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Figure 88 : Equivalent dose after 90 min residence in the small intestine for a male afflicted
with hyperthyroidism (Hr<2.5E-03 Sv).

At the same time, the stomach has received an equivalent dose of 2.49E-03 Sv, while the
left kidney, the right kidney and the urinary bladder have received approximately the same
equivalent dose of 1.15E-03 Sv.

0.025
0.02
0.015
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0.005
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Figure 89 : Equivalent dose after 90 min residence in small intestine for a female afflicted
with hyperthyroidism (sex-specific organs).

In regard to the female specific organs the right ovary is still the most irradiated organ among
them with an equivalent dose of 2.34E-02 Sv, while the left ovary is a close second absorbing
an equivalent dose of 2.15E-02 Sv.
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¢) Source: thyroid.
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]

B

B Thyroid
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Figure 90 : Equivalent dose to the thyroid after 24H, 5 and 10 days residence in the thyroid
for a male afflicted with hyperthyroidism.

In the case of hyperthyroidism, 25% of the absorbed I is fixed by the thyroid, the self-
absorbed equivalent dose by this organ is 0.11, 0.53 and 5.03 Sv at 24H, 5d and 10d
respectively.
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Figure 91 : Equivalent dose to the head after 24H, 5 and 10 days residence in the thyroid for
a male afflicted with hyperthyroidism.

The head is the second organ in importance in regards to the equivalent dose, it registers
5.86E-04, 2.80E-03 and 2.70E-02 Sv at 24H, 5d and 10d respectively.
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Figure 92 : Equivalent dose after 24H, 5 and 10 days residence in the thyroid for a male
afflicted with hyperthyroidism (Hr<0.8E-04 Sv)

The cardiothoracic organs come third in importance, with the left and right lung absorbing
approximatively the same equivalent dose of 1.67E-06, 7.99E-06 and 7.69E-05 Sv at 24H, 5d
and 10d respectively. The heart also receives a significant equivalent dose of 9.07E-07,
4.34E-06 and 4.17E-05 Sv at 24H, 5d and 10d respectively.
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Figure 93 : Equivalent dose after 24H, 5 and 10 days residence in the thyroid for a female
afflicted with hyperthyroidism (sex-specific organs).

For the female phantom, the third place is reserved, by a small margin, to the left and right
breasts who absorb an equivalent dose of 8.18E-06, 4.02E-05 and 7.87E-05 Sv at 24H, 5d and
10d respectively.
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d) Source: kidneys.
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Figure 94 : Equivalent dose to the kidneys after 24H and 5 days residence in the kidneys for a
male afflicted with hyperthyroidism.

In hyperthyroidism 75% of the absorbed '*'I will be eliminated without passing through the

thyroid, this yields an important equivalent dose of about 21.9 and 25 Sv at 24H and 5d
respectively in both kidneys.
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Figure 95 : Equivalent dose after 24H and 5 days residence in the kidneys for a male afflicted
with hyperthyroidism (Hr<0.3E-01 Sv).

Among the organs of the abdomen, it’s the pancreas that receives the most important
equivalent dose which is 2.38E-02 and 2.72E-02 Sv at 24H and 5d respectively, as for the
stomach it receives an equivalent dose of 1.26E-02 and 1.45E-02 Sv at 24H and 5d respectively.
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Figure 96 : Equivalent dose after 24H and 5 days residence in the kidneys for a female
afflicted with hyperthyroidism (sex-specific organs).

The female specific organs that were irradiated the most in the elimination phase are: the
right ovary with an equivalent dose of 4.11E-03 and 4.70E-03 Sv at 24H and 5d respectively;
the uterus follows suit as it presents an equivalent dose of 3.94E-03 and 4.50E-03 Sv at 24H
and 5d respectively; the right ovary absorbs an equivalent dose of 3.83E-03 and 4.38E-03 Sv at
24H and 5d respectively, and finally the left and right breasts showed approximately the same
equivalent dose of 7.25E-04 and 8.29E-04 Sv at 24H and 5d respectively.

e) Source: urinary bladder
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Figure 97 : Equivalent dose to the urinary bladder after 24H and 5 days residence in the
urinary bladder for a male afflicted with hyperthyroidism.

The self-absorbed equivalent dose in the urinary bladder is 58.6 and 66.9 Sv at 24H and 5d

respectively.
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Figure 98 : Equivalent dose after 24H and 5 days residence in the urinary bladder for a male
afflicted with hyperthyroidism (Hr<1.4E-01 Sv)
Other than the lower large intestine which absorbs and equivalent dose of 0.10 and 0.12 Sv
at 24H and 5d respectively, the left and right testes absorb an important equivalent dose in
regards to the rest of the organs, it is 2.29E-02 and 2.62E-02 Sv at 24H and 5d respectively.
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Figure 99 : Equivalent dose after 24H and 5 days residence in the urinary bladder for a male
afflicted with hyperthyroidism (Hr<0.2E-02 Sv)

The stomach, the left and the right kidneys receive approximately the same equivalent dose
which is 1.69E-03 and 1.93E-03 at 24H and 5d respectively, while the liver receives an
equivalent dose of 1.26E-03 and 1.44E-03 at 24H and 5d respectively.
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Figure 100 : Equivalent dose after 24H and 5 days residence in the urinary bladder for a
female afflicted with hyperthyroidism (sex-specific organs)

When I resides in the urinary bladder the uterus is the most affected organ by radiation
among the female specific organs, it absorbs an equivalent dose of 1.29E-02 and 1.48E-02 Sv
at 24H and 5d respectively; the two ovaries receive the same dose, that of 7.75E-03 and
8.85E-03 Sv at 24H and 5d respectively.

e Cumulative equivalent doses 2H after the ingestion of the capsule:
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Figure 101 : Equivalent dose 2H after the ingestion of Nal capsule for a male afflicted with
hyperthyroidism

2 hours after the ingestion of the *'I capsule, the stomach is the most irradiated organ

receiving an equivalent dose of 1.10 Sv, the intestine follows suit and stands at an equivalent
dose of 0.69 Sv.
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Figure 102 : Equivalent dose 2H after ingestion of capsule for a male afflicted with
hyperthyroidism (Hr<0.2E-02 Sv).

The equivalent dose for the left kidney is 1.94E-03 Sv, whereas that of the liver and the right
kidney is of 1.34E-03 Sv.

e Cumulative equivalent doses 24H after the ingestion of the capsule:
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Figure 103 : Equivalent dose 24H after ingestion of capsule for male afflicted with
hyperthyroidism.

In 24H time the most affected organs from the radiation are the urinary bladder, the left and
right kidneys.
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Figure 104 : Equivalent dose 24H after ingestion of capsule for male afflicted with
hyperthyroidism (Hr<1.2 Sv).

The stomach and the intestine are also very affected during the first 24H after the ingestion
of BIL.
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Figure 105 : Equivalent dose 24H after ingestion of capsule for male afflicted with
hyperthyroidism (Hr<0.04 Sv).

In 24H time the pancreas has an equivalent dose of 3.99E-02 Sv, the right and left testes
have an equivalent dose of 2.33E-02 Sv.
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e Cumulative equivalent doses 5 days after the ingestion of the capsule
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Figure 106 : Equivalent dose 5d after ingestion of capsule for male afflicted with
hyperthyroidism (Hr<0.3E-1 Sv).

In 5 days time the testes absorb an equivalent dose of 2.66E-02 Sv.
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4.2.2. Thyroid cancer:
e Source: stomach’s cavity.
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Figure 107 : Equivalent dose at 1 and 30 min for a male afflicted with thyroid cancer.

1 min after the ingestion of the Nal capsule, the equivalent doses to the stomach are 0.11,
0.37,0.56 and 0.75 Sv at 30, 100, 150 and 200 mCi respectively, whereas after 30 min residence
time in the stomach, this organ absorbs an equivalent dose of 3.30, 11.02, 16.52 and 22.03 Sv
at 30, 100, 150 and 200 mCi respectively.
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Figure 108 : Equivalent dose at 1 and 30 min for a male afflicted with thyroid cancer
(Hr<0.35E-01 Sv)

The upper large intestine absorbed an equivalent dose of 1.11E-03 Sv 1 min after receiving

an activity of 200 mCi whereas 30 min of the same exposure results in an equivalent dose of
3.26E-02 Sv.
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Figure 109 : Equivalent dose at I and 30 min for a female afflicted with thyroid cancer
(sex-specific organs).

Among the female specific organs, the right ovary received the highest equivalent dose,
3.78E-03 Sv from 30 min of 200 mCi exposure, the equivalent dose to the uterus is slightly
higher than that of the right breast and the left ovary.

e Source: small intestine
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Figure 110 : Equivalent dose after 90 min residence in the small intestine for a male afflicted
with thyroid cancer.

After 90 min residence of *'I in the intestine, the equivalent dose absorbed from a 200 mCi
exposure is 13.88 Sv, the upper large intestine receives 2.07 Sv from the same exposure.
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Figure 111 : Equivalent dose after 90 min residence in the small intestine for a female
afflicted with thyroid cancer (sex-specific organs).

In the female phantom 90 min residence in the intestine would result in the right ovary as
the highest irradiated female-specific organ, 0.47 Sv from 200 mCi exposure.

e Source: thyroid
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Figure 112 : Equivalent dose to the thyroid after 24H, 5 and 10 days residence in the thyroid
for a male afflicted with thyroid cancer

The self-absorbed equivalent doses in the thyroid from a 200 mCi exposure are 2.02, 9.67
and 93.01 Sv at 24H, 5d and 10d respectively.
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Figure 113 : Equivalent dose to the head after 24H, 5 and 10 days residence in the thyroid for
a male afflicted with thyroid cancer.

The cross-absorbed doses in the head from a 200 mCi exposure are 3.70E-03, 1.77E-02 and
0.17 Sv at 24H, 5d and 10d respectively.
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Figure 114 : Equivalent dose after 24H, 5 and 10 days residence in the thyroid for a male
afflicted with thyroid cancer (Hr<2.5E-04 Sv).

The cardiothoracic organs are the most exposed organs from the trunk, the left and right lung
have similar equivalent doses from 200 mCi exposure which are: 4.83E-06, 2.31E-05 and
0.22E-03 Sv at 24H, 5d and 10d respectively.
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Figure 115 : Equivalent dose after 24H, 5 and 10 days residence in the thyroid for a female
afflicted with thyroid cancer (sex-specific organs)

The right and left breasts are the most exposed female-specific organs, after 10 days
exposure to a 200 mCi *'I source, the equivalent dose in these two is 1.83E-04 Sv.

e Source: kidneys.
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Figure 116 : Equivalent dose in kidneys after 24H and 5 days residence in the kidneys for a
male afflicted with thyroid cancer

The self-absorbed equivalent dose to both kidneys is similar, it is 95.30 Sv 5 days from an
exposure to 30 mCi and 635 Sv 5 days after an exposure to 200 mCi.
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Figure 117 : Equivalent dose after 24H and 5 days residence in the kidneys for a male
afflicted with thyroid cancer (Hr<0.7 Sv).

Among the organs located in the trunk, the pancreas is the most exposed with an
equivalent dose of 0.69 Sv after 5 days of exposure to a 200 mCi source.
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Figure 118 : Equivalent dose after 24H and 5 days residence in the kidneys for a
female afflicted with thyroid cancer (sex-specific organs)

From the female-specific organs the right ovary, the uterus and the left ovary are the
most exposed to radiation, be it for a low or a high dose, for 24H or 5 days.
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e Source: urinary bladder
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Figure 119 : Equivalent dose to the urinary bladder after 24H and 5 days residence in the
urinary bladder for a male afflicted with thyroid cancer

The self-absorbed equivalent dose to the urinary bladder from a 200 mCi exposure at 24H
and 5d is 390 Sv and 446 Sv respectively.

Equivalent Dose after 24H & 5 days residence in urinary bladder for
a male afflicted with thyroid cancer (H;<0.9 Sv)
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Figure 120 : Equivalent dose after 24H and 5 days residence in the urinary bladder for a
male afflicted with thyroid cancer (Hr<0.9 Sv).

When !*!Tis concentrated in the urinary bladder, aside from the self-absorbed dose, the most
irradiated organ is the lower larger intestine.
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Figure 121 : Equivalent dose after 24H and 5 days residence in the urinary bladder for a
female afflicted with thyroid cancer (sex-specific organs)

Regardless of the administered activity, the uterus is the most exposed organ followed by
the two ovaries.

e Cumulative equivalent doses 2H after the ingestion of the capsule:
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Figure 122 : Equivalent dose 2H after the ingestion of the capsule for a male
afflicted with thyroid cancer.

Even after 2H after the ingestion of '*'I capsule the stomach is still the most irradiated
organ.
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Figure 123 : Equivalent dose 2H after ingestion of the capsule for a male afflicted
with thyroid cancer (Hr<0.4E-01 Sv).

In 2 hours, the left kidney is more irradiated than the right; the latter along with the liver,
the urinary bladder and the left lung have approximately the same equivalent dose.

0.5

. j . j &

Left Breast Left Ovary Right Breast Right Ovary Uterus

o
w ©
w v b

N

Equivalent dose (Sv)
S o 2 o

o
=

@30 mCi 120 min @100 mCi 120 min @150 mCi 120 min 200 mCi 120 min

Figure 124 : Equivalent dose 2H after ingestion of the capsule for a female afflicted
with thyroid cancer (sex-specific organs).

The right and left ovary present approximately the same equivalent dose of 0.47 Sv in 2
hours’ time after an exposure to 200 mCi of 13'I.
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e Cumulative equivalent doses 24H after the ingestion of the capsule:
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Figure 125 : Equivalent dose 24H after ingestion of capsule for male afflicted with
thyroid cancer (Hr<2.5 Sv).

Ingesting a capsule of 200 mCi activity results in an equivalent dose to the upper large
intestine of 2.44 Sv and to the pancreas of 0.91 Sv.

14

Left Breast Left Ovary Right Breast Right Ovary Uterus

0.8

o @
[ RN

©
wn

©
w

Equivalent dose (Sv)
o o
N S

o©
N

o

@30mCi24h W@100mCi24h @150 mCi24h 200 mCi 24 h

Figure 126 : Equivalent dose 24H after ingestion of capsule for a female afflicted
with thyroid cancer (sex-specific organs).

Regarding the female-specific organs the left and right ovary have an equivalent dose of
0.72 and 0.77 Sv respectively when irradiated with a source of 200 mCi, the uterus on the other
hand receives an equivalent dose of 0.5 Sv in the same conditions.
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e Cumulative equivalent doses 5 days after the ingestion of the capsule:
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Figure 127 : Equivalent dose 5d after ingestion of the capsule for male afflicted
with thyroid cancer.
In thyroid cancer treatment 95% of the administered '3'I is eliminated directly, so 5 days

after the ingestion of the capsule it is apparent that the most exposed organs are the two kidneys
followed by the urinary bladder.
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Figure 128 : Equivalent dose 5d after ingestion of the capsule for male afflicted
with thyroid cancer (Hr<25 Sv).

The cumulative equivalent dose in the stomach in 5 days is 22.46 Sv from an activity of 200
mCi, the intestine receives an equivalent dose of 14.32 Sv from the same activity while the
thyroid is exposed to an equivalent dose of 9.67 Sv in similar conditions.
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Figure 129 : Equivalent dose 5d after ingestion of the capsule for male afflicted
with thyroid cancer (Hr<0.2 Sv).

The testes are also highly exposed in 5 days (Hr= 0.18 Sv; 120 mCi) along with the heart
(Hr=0.13 Sv; 120 mCi) and lungs (Ht=0.12 Sv; 120 mCi).
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Figure 130 : Equivalent dose 5d after ingestion of the capsule for a female afflicted
with thyroid cancer (sex-specific organs).

The 5 days exposure to an ingested capsule of 200 mCi of ' results in an equivalent dose
to the ovaries of around 0.8 Sv and an equivalent dose of 0.57 Sv to the uterus.
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4.2.3. Comparison between hyperthyroidism and thyroid cancer:
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Figure 131 : A comparison between equivalent dose in the thyroid in male after 24H,
5 and 10 days residence in thyroid
Between hyperthyroidism (10 mCi) and thyroid cancer (30 mCi; the smallest prescribed
dose) the biggest equivalent dose is that of 30 mCi which in 10d is 13.95 Sv yet in the case of
10 mCi it is 5.03 Sv.
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Figure 132 : A comparison between equivalent dose in the head in male after
24H, 5 and 10 days residence in thyroid

Interestingly, the equivalent dose to the head from hyperthyroidism’s treatment; even though
of smaller activity; is higher than that in the thyroid cancer’s treatment, the value in 10d is
respectively 2.70E-02 Sv and 2.55E-02 Sv.

115



RESEARCH METHODOLOGY

0.00008
0.00007
0.00006
0.00005
0.00004
0.00003

'S 0.00002
0.00001

0

Equivalent dose (Sv)

Heart Left Lung Right Lung

H10mCi24H ®10mCi5d m10mCi10d 30mCi24H m30mCi5d m30mcCi10d

Figure 133 : A comparison between equivalent dose in the heart, left & right lung in a male after
24H, 5 and 10 days residence in thyroid.

The equivalent dose to the lungs is more than 2 times higher in hyperthyroidism than in
thyroid cancer (7.70E-05/3.34E-05; 10d), a similar result is found in the heart where the
equivalent dose is 2.5 higher in hyperthyroidism (4.18E-05/1.63E-05; 10d).
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Figure 134 : A comparison between equivalent dose in the left & right lung in a female
after 24H, 5 and 10 days residence in thyroid

In 10 days’ time, the equivalent dose to the breasts is 7.87E-05 Sv when treating for
hyperthyroidism, 2.75E-05 Sv from 30 mCi exposure and 9.18E-05 Sv from 100 mCi exposure,
in thyroid cancer treatment; it becomes clear that the equivalent dose in 10 mCi in this scenario
is 2.86 times higher than 30 mCi and 1.16 times lower than 100 mCi.
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5. Discussion
a) socio-demographic description

Within the 8 months of our study, 542 patients were prescribed radioiodine therapy in the
department of nuclear medicine in the University Hospital Center of Tlemcen; 86% of them
were diagnosed with thyroid cancer while the remaining 14% with hyperthyroidism.

In our study, out of the 74 patients afflicted with hyperthyroidism, 47 (63.51%) were females
and 27 (36.49%) were males, the F/M sex ratio was 1.74, these results are consistent with a
study carried out from 1965 to 1968 in Nagano Prefecture Japan by Rukio Furihata and Masao
Makiuchi (227) where 47 cases were diagnosed with hyperthyroidism; from which 12 were
males (25.53%) and 35 (74.47%) were females with a F/M sex ratio of 2.91, a similar outcome
was found in a study conducted by Zdraveska et al. (228) for 5 years in which 329 patients took
part; 234 were females and 95 were males, the F/M sex ratio was 2.5; the results confirm a
female predominance in hyperthyroidism.

All of the 74 patients treated for hyperthyroidism in the University Hospital Center of
Tlemcen were prescribed a dose of 10 mCi, whereas another study shows a variety of doses
indicated in the treatment of hyperthyroidism, Zdraveska et al. (228) have directed a study on
30 patients who were treated with radioiodine for hyperthyroidism; 34% have been prescribed
a dose of 30 mCi, and 30% a dose of 10 mCi while the rest got prescribed doses varying from
5 to 35 mCi.

Out of the remaining 468 patients; 407 were females with a F/M sex ratio of 6.69; just like
with hyperthyroidism it is clear that there is a female predominance in patients afflicted with
thyroid cancer, this female predominance is a constant epidemiological feature found in most
of the conducted studies, in particular, an epidemiological study carried out by Guidoum et al
(229) in two wilayas of northern eastern Algeria where a F/M sex ratio of 6.1 was found in
Guelma whereas El Taref registered a sex ratio of 12.7 in favor of females; another study
conducted in Gabon (230) have shown practically comparable results; from 131 patients
suffering from thyroid cancer 93.12% were female, i.e. a F/M sex ratio of 13.5; some fascinating
results have been deduced from the study of Benouis et al. (94) which was conducted on 1376
cases of thyroid cancer over three years; 94.75% of patients were women with a sex ratio of
18.08.

These findings can be explained by the fact that thyroid cancer’s growth is thought to be
promoted by high estrogen levels, Manole et al. (231) have confirmed and extended this theory
since their RT-PCR and Western Blot analysis have shown high expression of ER mRNA in
thyroid cancer patients.

The mean age in males is 39 + 9.291 years whereas in females it is 39.5 £ 10.371 years those
results differ from the results of Guidoum et al (229) which were 45.4 + 16.3 years and 42.6 £+
14.6 years in males and females respectively, as well as results of Bendouida et al (232) which
showed an age average of 45.60 + 15.71 years in patients, these differences could be interpreted
by the criteria we imposed in our case study in which we did not include any patient whose age
is less than 18 or more than 60 years old.
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Our results show a peak for the group of ]34-47] for females and ]32-46] for males 0f 43.24%
and 47.54% respectively similar results were found in Benouis et al. (94) study which presented
a peak for the group 140-60] of 45.88%.

59.17% of females and 59.02% of males are treated with a dose of 30 mCi while 38.57% of
females and 39.34% of males have been prescribed a dose of 100 mCi, the rest of the females
1.47% and 0.25% have been treated with 200 mCi and 150 mCi respectively; the predominance
of these prescribed doses (30 mCi and 100 mCi) is observed in the study of Yusuke lizuka et
al. (222) in which their patients have undergone iodine radiation therapy for thyroid cancer and
the used doses were 30 mCi (57.14%) and 100 mCi (40.33%) while the rest of the patients
(2.53%) have been prescribed a dose of 80 mCi.

b) Results analysis

Equivalent dose estimations were performed for all activities used in radioiodine therapy
for thyroid cancer and hyperthyroidism treatment in the nuclear medicine department in the
University Hospital Center of Tlemcen, the lowest of which is the dose used in the treatment of
hyperthyroidism i.e., 10 mCi, while the maximum dose used for thyroid cancer therapy is 200
mCi, regardless of the choice being empirical or based on dosimetry-guided techniques, the
ATA 2009 guidelines and the European 2006 consensus report suggest that clinicians can
choose between the low dose and the high dose (233,234). The National Comprehensive Cancer
Network guidelines recommend using 30 to 100 mCi radioiodine in cases of papillary,
follicular, or Hurthle cell carcinoma > 1 cm in diameter, with nodal or distant metastases or
with aggressive histology when there is suspected or proven thyroid bed uptake in total body
radioiodine scan after thyroidectomy (235).

Equivalent dose estimations were done for most organs (target organs), these doses may
result from radioactive decay occurring in other regions called source regions thus the
equivalent dose in a given organ is typically the sum of contributions from various sources
including the self-absorbed dose. Five source organs are included in the calculation of the
equivalent dose representing five important stops in the pharmacokinetics’ profile of iodine
hence the urgent need for some information in dose calculation including the fractional long-
term retention of the radionuclide, turnover of the radiopharmaceutical and its metabolites,
fractional gastrointestinal absorption values since it is administered orally, distribution of
radioisotope within different organs and its excretion pathways.

When we compare our results with ICRP pamphlet N° 11, we observe some differences
which are due to various reasons:

e The first possible reason is the model used for simulation, since some modifications
were made in the tissues’ density and composition which would infer a change in organ
mass and therefore a significant change in absorbed dose besides some of the geometries
were slightly changed to turn the hermaphrodite phantom into separate male and female
phantoms.

e The second reason is the spectrum used for simulation which is different from the one
used for MIRD calculations, due to the unavailability of the spectrum used by MIRD,
our choice landed on the '*'T spectrum given by the table of radionuclides (226).

e We also made the assumption that iodine’s distribution in an organ is homogenous
which is not really the case, for example in the case of thyroid, iodine is concentrated in
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the colloid, therefore a volumetric source is not accurate but it is the closest to represent
the distribution of radioiodine in the source organs.

e Another reason would be the total number of histories during the simulation which in
our case was 107,

The values of effective doses for stomach and other organs such as intestine, upper and lower
large intestine, liver, lungs, kidneys, and urinary bladder are presented in figures number 85,
86, 108 and 109, while the effective dose for breasts, ovaries and the uterus are presented in
figure number 87 and 110.

In these figures are given the compared values for 1 minute and 30 minutes in the case of
hyperthyroidism as well as thyroid cancer. In both cases the highest received equivalent dose
is to the stomach, being the source of emission, this organ receives the total dose generated by
B-decay, the highest stomach doses were expected concerning the B-y nature of '3'T decay. The
B particles and secondary electrons created through interaction of y-rays deposit their energies
in short path-lengths. These energy depositions result in absorbed doses to the stomach in which
the radionuclide is localized and to organs in its vicinity (236). y-decay can penetrate through
the stomach wall and deposit its energy in the adjacent organs, the first one being the pancreas,
due to its close proximity, followed by the large intestine, the intestine, left lung and left kidney.
The right ovary, even though it gets exposed to a smaller dose from that of the abdominal organs
it is still much more affected than the rest of the female specific organs.

In figures 88, 89 and 111 is shown the comparison of equivalent dose in intestine and
abdominal organs after 90 min residence in small intestine, logically the highest equivalent dose
is that of the intestine, given that it receives a self-absorbed dose, the second most affected
organ is the large intestine followed by the stomach, kidneys and urinary bladder, these organs
only receive a cross-dose due to the penetration of y-rays through the intestinal wall. It is clear
in figures 90 and 112 that both the ovaries and the uterus receive an equivalent dose much
higher than that of the large intestine making them the second most affected organ in females
in this stage of ingestion. This is in concordance with the fact that women may have transient
ovarian failure. The increase in frequency of miscarriage during the year preceding conception
has led to the recommendation of postponing conception until one year after treatment with
B11,(235)

Needless to say, figures 91 and 113 prove that the thyroid is the most exposed organ when
iodine reaches this organ, hence its use in hyperthyroidism and thyroid carcinoma, interestingly
enough the human head is the second most irradiated organ in this stage as seen in figures 92
and 114 this can in a way explain why salivary glands are affected in radioiodine treatment,
these findings are in accordance with the fact that radioactive iodine therapy can be associated
with significant sequelae. Short-term complications occur in 10-30% of patients and include
radiation thyroiditis, painless neck edema, sialadenitis and tumor hemorrhage or edema
(235).These acute side effects are usually mild and resolve rapidly.

Figure 93 and 115 shows that heart and lungs are more affected than the rest of the body;
nonetheless, that dose is less when the iodine was in the stomach or the intestine, the cause of
which could be that there were more nuclei in the capsule at the absorption phase or even the
fact that the bones with their higher density constitutes an obstacle to y-rays coming from the
thyroid something that is not an issue for the radiation coming from the stomach and the
intestine since there’s only soft tissue that separates them from the cardiothoracic organs.
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Figures 94 and 116 demonstrates the equivalent dose absorbed in female-specific organs,
contrary to previous sources, when iodine reaches the thyroid the most irradiated female organ
becomes the breast while the dose received by the ovaries and uterus is very low.

Figures 95, 96, 117 and 118 represent equivalent dose in various time stamps while iodine
is being eliminated through the kidneys, the two kidneys receive a self-absorbed dose and
register the highest equivalent dose in the elimination phase which is understandable since 75%
or 95%, depending on the thyroid’s uptake, of the iodine that is absorbed through the intestine
gets eliminated directly with no fixation in the thyroid, this is the most important reason why
we can observe a higher equivalent dose in kidneys over the thyroid; other affected organs are
the pancreas; liver; intestine and the stomach.

Because of their proximity to the kidneys, the ovaries and the uterus receive a higher
equivalent dose than the breast, approximately 9 times higher, this is represented in figures 97
and 119.

Figures 98, 99 and 120 and 121 represent the equivalent dose in the urinary bladder which
is the last stop for the radioiodine, due to its self-absorbed dose the urinary bladder is the most
irradiated organ in this phase, the large intestine and testes are affected with a considerable dose
as well. As for the female specific-organs figures 101 and 122 explicitly show that the uterus is
the most exposed organ.

Figures 104, 105 and 128 shows that in 24H after being treated with radioiodine, the urinary
bladder is the most affected organ even more than the thyroid which is supposed to be the main
target for this therapy, the kidneys also receive a very high equivalent dose followed by the
stomach, intestine and large intestine.

Figure 133 show that a dose of 10 mCi in hyperthyroidism is bound to produce a higher
equivalent dose in the head than that of 30 mCi; the same thing can be deduced from figure 134
which shows how a 10 mCi dose leaves an equivalent dose in the lungs and heart more
important than that of 30 mCi; an observation that holds true in the case of the breasts in the
female population, as shown in figure 135, a 10 mCi capsule gives an absorbed dose higher
than that of 30 mCi and close to that of 100 mCi. In thyroid cancer therapy and due to ablation
of the thyroid the uptake in the thyroid may be very small, and in these cases the absorbed dose
due to iodide taken up in the stomach may be of more interest this holds true for the kidneys
and the urinary bladder as well.

c) Interpretation with epidemiological and clinical elements:

Actually, health effects are neither a concern to the patients, nor to the physicians because
of the overall effect in treating tumors. Although there may be a risk of getting secondary
cancers over many decades, this therapy is generally preferred over the certainty of dying from
thyroid cancer. But in the latest years our findings are that thyroid cancer occurs at very young
population

There are many epidemiological studies that reports that it appears to be no risk of cancer
from radioiodine therapy (237). There are factors in the studies that might have an effect on the
results:

e The short period of following patients
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e The absorbed dose calculations were based upon the model, usually ICRP Publication
53, and not the individual biokinetics data.
e The age limit for radioiodine treatment is lowered. (238)

In another study (239), an elevated risk for stomach, kidney and brain cancer was seen. The
risk for stomach cancer increased with dose although it was not statistically significant.

d) Limits of the study:

We encountered several problems in finding good biokinetic information from
measurements on man. In general, published data are scarce, especially with regard to
quantitative measurements. The clinician is often only interested in the initial distribution and
metabolism of a test substance, whereas for dosimetry calculations, long-term retention is of
prime importance.

On another hand, this simulation is supposed to cover a 10 day interval during which a lot
of physiological process are bound to happen; mainly food digestion, defecation, urination and
perspiration all would affect the contents of the volumes that are considered hollow and empty;
there was not a clear and well-described method to take these factors into consideration.

Several hours were spent in simulating 107 histories in only one source, attempting to
simulate 10® histories would result in days of processing data, while 10° histories would take
weeks to give results; this process would have to be repeated for all the source organs for the
two sexes and for both hyperthyroidism and thyroid cancer; this could take-up months of
simulation not taking into account all the variables that could stop the process and result in
restarting it all over again; this time constraint is basically due to the small processing power of
the utilized PC.
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6. Conclusion

The introduction of radioactive isotopes in diagnosis and treatment has improved and
revolutionized patient care, however, as optimal and safe as it is believed to be, it is still
radioactivity, delivered to the human body from a radionuclide either internally or from an
external source. Fearing that things would get out of hand, the implementation of standardized
protocols, activity calibration, and purity control became an integral part of these procedures
and a must-know for all practitioners involved in this line of work, especially radiopharmacists;
these health professionals ought to be well versed in pharmacology to develop patient-specific
pharmacokinetic models for radiopharmaceuticals which behavior differs immensely from
other drugs due to their disintegration through time, hence the data derived from their stable
isotopes would lack accuracy.

1T is one of the safest, most tolerable radionuclides and it is used for the treatment of
hyperthyroidism and thyroid cancer, its effectiveness has been proven over the years, however,
fear of the unknown is a constant voice ricocheting in the minds of health professionals “How
to objectify and quantify this safety?”

Internal dosimetry has come up with mathematical models and complex computer programs
to assess the absorbed dose received due to radiotherapy and environmental exposure to
radiation, unlike external dosimetry that can be measured, internal dosimetry must be
calculated, in this study TOPAS MC was used to determine the effective dose to several internal
organs.

Our investigations have confirmed, yet again, the predominance of females afflicted with
thyroid disease, something that is in accordance with published literature, furthermore, more
intensive study has allowed the estimation of equivalent dose in various critical organs; our
findings show that the most exposed organ depends on the considered phase from the
pharmacokinetics profile, in the gastrointestinal phase the stomach receive an excessive
equivalent dose followed by the colon and the small intestine, the distribution phase explicitly
shows that the thyroid is the most exposed organ, something that explains the use of '*!I in the
treatment of thyroid’s afflictions, an interesting result was the high dose received by the head
which parallel the clinical studies that prove an exposition of the salivary glands after
radioiodine therapy; in the elimination phase the kidneys and the urinary bladder become the
most exposed organ to radiation, this dose depends intimately on the thyroid’s uptake of
radioiodine; on another note the ovaries, breasts and uterus have received considerable doses
after exposition to '*'I; interestingly, simulation results after 5 days have shown that the kidneys
and urinary ladder receiver higher equivalent doses than those absorbed by the thyroid which
is expected seeing that most of the absorbed activity is directly eliminated.

In order to build on this work and optimize the results some key points have to be
addressed:

e Creating a detailed yet simplified compartmental pharmacokinetic model for '3'I that
takes into account the basic pharmacokinetic data as well as long-time retention in each
organ is of utmost priority, this model should also consider the state of the
gastrointestinal tract and the urinary bladder at each interval, adjustments should be
made accordingly to simulate the state of the digestive and urinary system in real time.
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e Switching to a cluster computer would allow to process more data efficiently and in a
limited time frame, this would allow also for increasing the number of launched histories
in the simulation to improve the accuracy of the results.

e Efforts should be made to collect data in order to create a North African or Algerian
stylized phantom representative of the studied population, there are bound to be
differences in height, weight, or organs’ volumes and masses between a Caucasian and
a North African population, hence results would obviously differ.

e Yearly updates are made in TOPAS MC, whenever it will become possible, upgrading
to a more anatomically realistic phantom would also improve results, second generation
phantoms, even though less flexible than the one used in this study, would give more
accurate results.
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Abstract

By 1946, 31 has become one of the first radioisotopes used in radiotherapy for the treatment of benign thyroid disease as well
as thyroid cancer, ever since, its application has grown exponentially; while many alternatives have shown up over the years, 3!l is
still considered the gold standard and for good reason.

As safe as it may be considered, radioiodine therapy is still radioactivity being delivered to biological tissue and since it is delivered
orally many organs other than the original target will be exposed to unnecessary radiation, hence the importance of internal
dosimetry in this practice.

The aim is to estimate the equivalent dose in non-target organs in the treatment of patients aftlicted with hyperthyroidism and thyroid
cancer using Monte Carlo simulation applied through TOPAS toolkit on a stylized anthropomorphic phantom, interesting results
came to light; apart from the thyroid, numerous organs have registered high equivalent doses, the stomach was the most exposed
organ in the gastrointestinal phase; while the kidneys and urinary bladder showed elevated doses in the elimination phase surpassing
that of the thyroid in the first days following treatment, breasts and ovaries were not exempt of the radiation since they too have
absorbed a considerable amount in the 10 days after the ingestion of the Nal capsule.

For the purpose of radiation protection and optimum outcomes for radionuclide radiotherapy, implementing internal dosimetry in
the plan of treatment to exact a paradigm shift from fixed dose to patient-specific dose is worthwhile in providing patients with a
better quality of care while minimizing the probability of carcinogenesis and chromosomic aberrations.

Keywords: equivalent dose; hyperthyroidism; internal dosimetry; Monte Carlo; radioactive iodine 131; stylized anthropomorphic
phantom; thyroid cancer; TOPAS.
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Résumé

En 1946, 3'1 est devenu ’un des premiers radio-isotopes utilisés en radiothérapie pour le traitement des maladies bénignes de la
thyroide ainsi que le cancer thyroidien, depuis, son application a augmenté de facon exponentielle ; Alors que de nombreuses
alternatives ont fait leur apparition au fil des années, '*'I est toujours considéré comme 1’étalon-or et ceci pour une bonne raison.
Aussi str que cela puisse étre, La thérapie par 1’iode radioactif reste toujours une radioactivité transmise aux tissus biologiques et,
comme elle est administrée par voie orale, de nombreux organes autres que la cible initiale seront exposés inutilement a des
rayonnements, d’ou I’importance de la dosimétrie interne dans cette pratique.

L’objectif est d’estimer la dose équivalente dans les organes non cibles dans le traitement des patients atteints d hyperthyroidie et
de cancer thyroidien & 1’aide de la simulation de Monte Carlo appliquée par la boite a outils TOPAS sur un fantdme
anthropomorphique de premicre génération, des résultats intéressants ont été mis en évidence; en dehors de la thyroide, de
nombreux organes ont enregistré des doses équivalentes élevées, I’estomac était 1’organe le plus exposé dans la phase gastro-
intestinale; alors que les reins et la vessie ont montré des doses élevées dans la phase d’élimination dépassant celle de la thyroide
dans les premiers jours suivant le traitement; les seins et les ovaires n’ont pas été exemptés de la radiation puisqu’ils en ont absorbé
une quantité considérable dans les 10 jours suivant I’ingestion de la capsule de Nal.

Aux fins de la radioprotection et d’obtenir des résultats optimaux pour la radiothérapie par radionucléides, mettre en ceuvre la
dosimétrie interne dans le plan de traitement pour imposer un changement de paradigme de la dose fixe vers une dose spécifique
au patient est indispensable pour fournir aux patients des soins de meilleure qualité tout en minimisant la probabilité¢ de
cancérogenese et d’aberrations chromosomiques.

Mots clés : cancer de la thyroide, dose équivalente, dosimétrie interne, fantdme anthropomorphique de premicre génération,
hyperthyroidie, iode radioactif 131, Monte Carlo, TOPAS.



