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Abstract

Magnetic resonance imaging (MRI) is a method based on the phenomenon of nuclear
magnetic resonance (NMR) and its optimization is achieved by combining settings of many
parameters. Especially in quantitative MRI, where magnetic relaxation times (T1, T2) and other
physical properties are measured, the parameters of the imaging system play a very important role in
the results of the measurements. Thus, it is considered necessary to use phantoms in order to calibrate
the unit system and evaluate the measurement methods.

These phantoms should simulate the relaxation times, but also the physical properties of the
biological tissues. In addition, they must be physically and chemically stable over time and easy to
manufacture. These phantoms are made of radiation-sensitive chemicals which, upon irradiation,
polymerize as a function of the absorbed radiation dose, with the ability to uniquely record the
radiation dose distribution in three dimensions (3D).

Dosimetry has been a main factor for the development of radiotherapy techniques and there
are already various dosimetric systems and methods for estimating the dose administered to tissues
and other means. Polymer gel dosimeters offer a wide range of potential applications in the three-
dimensional verification of complex dose distribution such as in intensity modulated radiotherapy
(IMRT). Today, complex algorithms are used to determine the dose distributions required in a
treatment plan, and of course the rapid development of technology enables the development of
modern radiotherapy techniques.

In the context of this work, two different polymer gel dosimeters (VIPET and VIPASCU)
were compared, in terms of their basic properties in MRI. These dosimeters were studied, at various
concentrations, to investigate the effect, of the changes in the concentration of specific monomers, on
the magnetic recovery times T1 and T2.

The main goal was to manufacture a new polymerization gel dosimeter which is less toxic,
economical but at the same time easy to make and efficient with high dose sensitivity. It was also
important to optimize the quality of the results from the radiotherapy experiments performed, with
the parallel support of magnetic resonance imaging techniques.

Finally, we additionally compared the two methods which was used to measure magnetic
relaxation times, as the first, Multi Spin Echo, is widely used in clinical practice, while HASTE is not.
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Xovoyn

H amewcovion payvntikod cvviovicpov (AME) gival pébodog mov PacileTor 6T0 QUIVOUEVO
TOL TLPMVIKOD poyvnTikod cvvtoviopov (IIMX) kot n Beltiotomoinon g emttvyydvetal e To
ouvdvaoud pubuicemv molov mapouétpmv. Ewdwd oty mocotiky MRI, émov petpodue ypovoug
HOYVNTIKNG OTOKOTAGTOONG KOl GAAEC QUOIKEG 1010TNTEG, Ol PLOUICEIC TOV TAPAPETPOV TOV
GLOTHUOTOG OMEIKOVIONS TTailovy GNUOVTIKOTOTO POAO GTO. OTOTEAECUATO, TOV HETpoewv. Etol
kpivetol omapaitntn 1 ¥PNON OUOI®UAT®OV Yoo TN Pabuovounon TV CLGTNUATOV Kol TNV
a&loroynon Tv neboddwv PETpnonge.

Ta ev AOym opotdpota Oo Tpémnel va Tpocopotdlovy Toug ¥pdvoug amoKoTAGTUCG, ALY Kot
QLOKES 1010 TEG TOV PloAoyikdVv 1otdv. EmumAéov Oo mpénel va eivar guoikd kot ynuike otadepd
0710 YPOVO Kol EDKOAN GTNV KOTOOKELN] TOLG. T opoldpoTo VTl KOTooKeELAlovTal omd yMuUKa
evaicOnto oty axtvoPforia ta omoia, katd TV akTvoPoinor, moAvuepilovtal mg GLVAPTNON TG
OTOPPOPOVUEVNG OOOTG OKTIVOPOAMOG, UE TNV TKAVOTNTO VO KATOYPAPOLY LOVASIKH TNV KOTOVOUN
™G 06omG axtivoPolriog o€ Tpelg duotdoelg (3D).

H dociuetpia £xel 0moTeELECEL TO KEVTPO Y10, TNV AVATTVET TOV TEXVIKOV oKTIvoDEpOTEing Kot
NN VIEdPYoLVY J1GPoPa. SOCIUETPIKE GvuoTHuaTe Kol UEBOSOL Yoo TNV eKTiUNoT TG XOPNYOOUEVNS
800N 6ToVG 16T00¢ Kot o GAAo péca. Tao dooipetpa YEANG TOAVUEPIGUOD TPOGPEPOVY EVaL VPV
Qacpo TOUVOV EPAPUOYOV GTNV TPIOOICTOTN EXUANOELGN TG GVVOETNC KOTavoung d0cEmV, OTMC
omv oaktivobepaneion dopopeoduevng évtaong g déoune (IMRT). Zuepa, ypnoyomolobvtol
TOAOTAOKOL AAYOPIOLLOL Y10l TOV TTPOGOIOPICUO TMV KATAVOU®MY dOCTG TTOL AmAITOOVTOL GE £VOL TAAVO
Oepameiag Kot Quowd mn poydaio e£EMEN TG Texvohoyiog, Otvel TN dvvatdmTa AVATTLENC
VIEPGVYYPOVAOV TEYVIKDOV 0KTIVODEPAMEiG.

210 mAoiowo TG epyaciag ovtig, £yve oVYKPLoN OV0 OPOPETIKMY OSOCIUETPWV YEANG
moAvpepiopov (VIPET xou VIPASCU), wg mpog Tig facikég Toug 1010tnTec oty AME. MeletnOnkov
T SOCTIUETPA OVTA, GE JAPOPES GVYKEVIPMOELS, Yl Vo, dlepevvn el 1 enidpacn Tov PETAPOADY TNG
GLYKEVTPMGNG TOVG GTOVG ¥POVOLG LaryvnTikng amokatdotaons T1 ot T2.

Baowdg 6tdyog ftav 1 Katackewt] evog vEOL SOGIUETPOV YEANG TOAVUEPIGLLOV TO omoia ivat
Mydtepo TOEKO, OKOVOUIKO OAAL TTopdAANA €0KOAO GTNV KOTOGKELY KOl OTOSOTIKO WE VYMAN
evalcnoio ot 060m. Xnuavtikn Ntav exiong 1 Pertiotonoinon g ToOTNTOS TV OTOTEAECUATMV
and ta mepdpate aktvobeponeiog mwov mpaypoatomomOnkay, pe TV TAPUAANAN VTOGTAPIEN
TEYVIKOV HOYVNTIKNG Topoypapiag oe opowdpata. Emiong, m dacediion g mowdmt0G TMV
OOGUETPIKMV OTOTEAECUATOV, OO T TEWPAPATA aKTIVOOEpaTElng OV TPOYLOTOTO 0KV,

Téhoc, copumAnpopatikd cuykpivope Kot Tig 600 peBoddoLg OV YPNCLUOTOWCANE Yo TV
LETPNOT TOV YPOVOV HOYVNTIKNG amokatdotaonsg, kobmg n mpatn, Spin Echo (SE) axolovdia,
YPNOYOTOLEITAL KOTA KOPOV GTNV KAWVIKY TTPAEn, evd N axoiovdic HASTE oyt.
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1. Radiotherapy

Cancer remains a leading cause of death globally. It was estimated that 18.1 million new cancer
cases and 9.6 million cancer deaths occurred in 2018 worldwide, and, on average, there is about a
20% risk of getting a cancer before age 75, and 10% of dying from it. [1]

The past decade has witnessed a considerable progress towards the treatment and understanding
of the earlier proposed hallmarks of cancer [2] and together with advances in early detection and in
the various treatment modalities, many cancers have become curable [3]. After the discovery of X-
rays in 1895, by Wilhelm Conrad Rontgen from Germany its clinical usefulness, as a means of cancer
treatment was first appreciated.

It is also one hundred years ago that Marie Curie won a second Nobel Prize for her research into
radium, establishing her position as a pioneer in the field of radiation therapy. To mark this, 2011 has
been designated the Year of Radiation therapy in the UK, celebrating a century of advances. Since
that time, radiation therapy has developed into a recognized medical specialty with Radiation
Oncology being a discipline in which various health and science professionals from numerous
disciplines work together.

Along with surgery and chemotherapy, radiation therapy or radiotherapy remains an important
modality used in cancer treatment being a highly cost effective single modality treatment accounting
about only 5% of the total cost of cancer care [4].

Surger y\%x,_ﬂadiotherapy

Removal of cancertill Destruction

cells using surgery oflcancerl cn_alls
o using radiation

Chemotherapy
Destruction of
cancer cgls using drugs
(anti-cancer agents)

Figure 1.1 Combined action of surgery, radiotherapy and chemotherapy for cancer treatment.

Radiation can be given with the intent of cure as well as being used as a very effective
modality of palliative treatment to relieve patients from symptoms caused by the cancer. Further
indications of radiation therapy include combination strategies with other treatment modalities such
as surgery, chemotherapy or immunotherapy. If used before surgery (neoadjuvant therapy), radiation
will aim to shrink the tumor. If used after surgery (adjuvant therapy), radiation will destroy
microscopic tumor cells that may have been left behind. It is well known that tumors differ in their
sensitivity to radiation treatment. Furthermore, approximately 50% of all cancer patients will receive
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radiation therapy during their course of illness [5, 6] with an estimation that radiation therapy
contributes to around 40% towards curative treatment [7].

The radiation is usually in the form of focused x-ray beams, also known as photons. It can
also be in other forms such as electron beams, proton beams or gamma rays from radioactive sources.
It is a localised treatment, which means it generally affects only the part of the body where the
radiation is targeted. The rapid progress in this field continues to be enhanced by the development of
imaging techniques, computer treatment planning systems, X-ray production systems as well as by
understanding the radiobiology of radiotherapy [8]. Although the radiation can also damage healthy
cells, these tend to be less sensitive than the cancer cells and can usually repair themselves.

Rapid progress in this field continues to be boosted by advances in imaging techniques,
computerized treatment planning systems, radiation treatment machines (with improved X-ray
production and treatment delivery) as well as improved understanding of the radiobiology of
radiation therapy [8].

1.2 Principles of Radiation Therapy

Radiation is a physical agent, which is used to destroy cancer cells. The radiation used is
called ionizing radiation because it forms ions (electrically charged particles) and deposits energy in
the cells of the tissues it passes through. This deposited energy can kill cancer cells or cause genetic
changes resulting in cancer cell death.

Biological effectiveness (cell killing) of radiation depends on the linear energy transfer
(LET), total dose, fractionation rate and radio-sensitivity of the targeted cells or tissues [9, 10]. Low
LET radiation deposits relatively a small quantity of energy whilst high LET radiation deposits higher
energy on the targeted areas. Though radiation is directed to kill the tumor cell, it is inevitable that
the non-cancerous normal tissues surrounding the tumor also damaged by radiation. However, the
goal of radiation therapy is to maximize the dose to tumor cells while minimizing exposure to normal
healthy cells [11]. Fractionation is beneficial when the response of the tumor occurs at a total
cumulative dose that does not result in severe normal-tissue complications, it is detrimental when
there is no separation between the total cumulative doses required to control the tumor and induce
normal- tissue complications.

Normal cells can repair themselves faster than cancer cells by regaining normal function. In
contrast, cancer cells are generally not as effective at repairing their radiation damage as normal cells.
The difference described above, in the radiobiological properties of normal and cancer cells is
utilized in radiotherapy. In particular, radiotherapy is applied in fractions for a few weeks and not
just once. The implementation of the sessions utilizes and enhances the survival advantage of normal
tissues compared to cancer cells, which is based on the different speed of recovery of fatal damage
caused by tissue exposure to radiation.
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Single-strand

Double-strand
e /break (SSB)

/ breaks (DSB)

Figure 1.2 Radiation act directly or indirectly on the cellular DNA.

The biological target of radiation in the cell is DNA (Figure 1.2). Radiation can directly
interact with cellular DNA and cause damage (Figure 1.34). The indirect DNA damage (radiolysis),
caused by the free radicals, is derived from the ionization or excitation of the water component of the
cells (Figure 1.3B). Double strand DNA breaks are irreparable and more responsible than the single
strand DNA breaks for most of cell killing in cancer as well as surrounding normal cells.

B
A
Direct Action  Indirect Action
Radiation Radftion
DNA damage Free dels
l DNA damage
Cell death

Cell death

Figure 1.3 Radiation act directly or indirectly on the cellular DNA.

This response of tissues to radiation is called radiosensitivity. The more radiosensitive a
tumor is, the faster it is destroyed and the less the damage on healthy adjacent tissues (Figure 1.4a),
while on the contrary, the less radiosensitive a tumor is, the greater the damage on healthy adjacent
tissues (Figure 1.4b). In addition, normal cells proliferate more slowly compared to the rapid
proliferation of cancers, so they have more time to repair their damage before the next session.
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a Favourable b Unfavourable
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Figure 1.4 Graph to show the therapeutic index with respect to cumulative dose.
a) A favorable outcome would mean that the response of tumor tissue is greater than that of normal tissue to the
same dose — the therapeutic index is large.
b) An unfavorable outcome would mean that the response of tumor tissue and normal tissue is similar for the
same dose — the therapeutic index is small.

In radiotherapy, the administration of radiation can be cither for the radical treatment of a
cancerous tumor (therapeutic radiotherapy), or to enhance or supplement the therapeutic effect of a
surgery (adjuvant radiotherapy, or the annoying symptoms due to malignancy (palliative
radiotherapy). Radiation therapy is applied in combination with other therapeutic techniques (such as
surgery, chemotherapy) depending on the desired result.

1.3  Types of Radiotherapy

Radiation is a type of energy that can travel through space. Sometimes it travels in the form
of a wave. That’s called electromagnetic radiation. Sometimes, it travels as a beam of fast-moving
particles. That’s called particle radiation. Radiation is all around you! And it’s been there all your
life.

Electromagnetic radiation (EMR) consists of waves. The waves contain electric and magnetic
energy. The electromagnetic spectrum (EMS) includes different types of energy waves. At one end
of the spectrum, there are very low energy waves. Radio waves are an example of low energy waves.
At the other end of the spectrum, there are very high energy waves. Gamma rays are an example of
high energy waves (Figure 1.5). [12]
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Figure 1.5 The electromagnetic spectrum encompasses wavelengths from radio waves to gamma rays, both
selectively emitted and absorbed by various objects

Frequency and wavelength are used to describe EMR. Frequency refers to the number of
waves per second. Wavelength refers to the distance between two adjacent wave peaks. The higher a
wave’s frequency, the shorter its wavelength. For example, gamma rays have a very small
wavelength and very high frequency. They also have a lot of energy!

There are seven natural forms of EMR. Gamma rays have the highest energy and shortest
wavelength. Then come X-rays, ultraviolet light, visible light, infrared radiation and microwave
radiation. Finally, radio waves have the lowest energy and longest wavelength. You can only sense
two parts of the EMS. You can feel infrared radiation and you can see visible light. Radio waves, X-
rays and gamma rays can pass through your body. But you can’t see them or feel them.

Electromagnetic radiation travels in little packets (quanta) of energy. These charge-less
bundles of energy are called photons. They travel at the speed of light (2.998 x 108 m/s) in a vacuum.

Radiation therapy can be delivered two ways — externally and internally.

o  External radiation therapy delivers radiation using a linear accelerator.

o Internal radiation therapy, called Brachytherapy or seed implants, involves placing
radioactive sources inside the patient.

The type of therapy used will depend on the location, size and type of cancer.

External Beam Radiotherapy (EBRT)

External beam radiation therapy is radiation of either photons or particles, delivered from a distant
source, from outside the body and directed at the patient's cancer site. Systems which produce
different types of radiation for external beam therapy include orthovoltage X-ray machines, Cobalt-
60 machines, linear accelerators, proton beam machines, and neutron beam machines.
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A radiation oncologist makes decisions regarding the type of system that is best suited to treat a

specific cancer patient. External beam therapy is the radiation therapy treatment option used for most
cancer patients. It is used to treat many types of tumors including cancers of the head and neck area,

breast, lung, colon, and prostate.

Depending upon tumor location, different levels of radiation are used for external beam therapy.

Low-energy radiation does not penetrate very deeply into the body and is used mainly to treat surface
tumors such as skin cancer. High-energy radiation is used to treat other deeper cancers.

External radiotherapy techniques are divided into two major categories:

A. Teletherapyv techniques
B. Stereotactic techniques

A.

il.

iil.

.

Teletherapy techniques consist of:

2D Conventional Radiotherapy

This technique is the oldest and simplest method of radiotherapy. Treatment planning is done in two
dimensions, from two vertical images taken by the patient. Its main disadvantage is that healthy
tissues are irradiated with the same intensity as cancer cells.

3D Conformal Radiotherapy, 3D CRT

In this technique, the treatment is designed in three dimensions, taking into account the three-
dimensional shape of the target tumor, irradiating the tumor with the greatest possible accuracy and
at the same time protecting the adjacent healthy tissues.

The main features of the method are the three-dimensional (3D) determination of the target tumor,
the three-dimensional (3D) treatment plan system and the three-dimensional (3D) radiation
production system. Accurate determination of the target tumor is achieved through anatomical and
functional imaging techniques. The treatment planning is achieved: a) either by the regular planning
method (forward planning), where the beams of uniform intensity are produced that produce a
radiation field of the same shape as that of the target tumor, b) or by the reverse treatment planning,
where the beams are formed using multiple modulated tension beams to maximize dose to target
volume and minimize burden on adjacent healthy tissues [17]. The radiation generating system can
produce level beams of uniform intensity up to non-level beams of modulated intensity using Multi
Leaf Collimators (MLC).

Intensity Modulated Radiation Therapy, IMRT

A basic principle of this method is that the administered radiation dose is adjusted in three dimensions
depending on the shape of the tumor by modulating the intensity of the radiation beam.
This technique is an advanced form of 3D Conformal Radiation Therapy (3D CRT). Compared to 3D
CRT, the same procedure is followed but It has two key additional features compared to conformal
radiotherapy [18]:

1. Non-uniform intensity of the radiation beams.

2. Computerized inverse planning.

Volumetric Modulated Arc Therapy (VMAT)
Arc-shaped intensity radiotherapy is the most advanced radiotherapy technique. In this technique the
machine performs a complete rotation of 360 degrees around the patient, always irradiating the target
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tumor but each time approaching through different healthy tissues, minimizing the dose received by
each of them.

During the rotation it is possible to change the gantry velocity and the dose rate. At the same time the
multi-leaf linear accelerator constantly changes the shape of the field without interrupting the
irradiation. Obviously, the VMAT technique has the advantage of optimal irradiation in the shortest
possible time with maximum dose accuracy [24].

V. Tomotherapy
This technique is a combination of IGRT and IMRT. Its innovation is based on the fact that the
radiation is delivered per section to the patient.

B. Stereotactic techniques

A feature of Stereotactic Radiotherapy or Radiosurgery (SRS) is the administration of a high dose of
radiation to a high-precision target. It is not surgery in the traditional sense because there's no
incision. Instead, stereotactic radiosurgery uses 3D imaging to target high doses of radiation to the
affected area with minimal impact on the surrounding healthy tissue.

Like other forms of radiation, stereotactic radiosurgery works by damaging the DNA of the targeted
cells. The affected cells then lose the ability to reproduce, which causes tumors to shrink. Its name is
based on two reasons: @) the radiation that is directed to a stereotactically determined target tumor,
destroying it as if it were operating without bloodshed, and b) the immobilization of the part of the
body that will be irradiated, while shielding the neighboring tissues.

Stereotactic techniques consist of:

i.  Gamma Knife

Gamma Knife is the first radiation production machine in Stereotactic Radiotherapy. This system
includes 201 cobalt-60 sources, integrated in the system head. The sources are located on a
hemispherical surface with a radius of 40 cm, which consists of five concentric circles (Figure
1.7). Each source consists of 20 cylindrical capsules, which are placed one on top of the other,
forming a cylinder (height = 20mm, radius = 1mm) that has a stainless steel casing. Depending on
the size of the beam needed for treatment, the appropriate collimator is used. The beams,
depending on the size of the collimator bore have diameters of 4, 8, 14 and 18 mm. The final
radiation field is created by the use of the appropriate concentric cycle, whose Cobalt-60 sources
will produce the beams. Finally, based on the information in the treatment plan, the treatment time
and the guide or guides to be used are determined so that the radiation field that will be created
will provide the coverage of the target tumor [17].
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LEKSELL GAMMA KNIFE

Figure 1.7 Gamma Knife Unit

it.  Cyber Knife

Cyber Knife is a revolutionary new technique in Stereotactic Radiosurgery using a linear
accelerator, which combines both precise positioning of the target tumor and stereotactic radiation
dose administration. This technique provides non-invasive precision tumor positioning in
combination with a small linear accelerator mounted on the robotic head of a machine, which can
rotate around the patient's body and radiate in any desired direction. This technology allows the
Cyber Knife to provide additional refinements to the stereotaxing technique. In particular, this
technique allows the non-use of a stereotactic framework, the destruction of inaccessible tumors
non-invasively only with the use of radiation, the continuous imaging and monitoring of the
patient's position during treatment, determining the position of the target tumor relative to the
treatment room coordinate system and allows the radiation dose to be delivered with high
accuracy (in the order of millimeters) through an imaging-guided dose delivery system [17].

iii. X Knife

Megavoltage X-rays from medical linear accelerators are used to perform a high-precision technique
using external photon beams. Medical linear accelerator-based radiosurgery system (X-Knife) uses
either narrow circular cones or micro multileaf collimators (MLC) to shape the treatment fields. These
machines can perform stereotactic radiosurgery (SRS) in a single session or over three to five sessions
for larger tumors, which is called fractionated stereotactic radiotherapy.

Internal Radiation Therapy (Brachytherapy)

Brachytherapy involves placing radiation sources as close as possible to the tumor site.
Sometimes, they may be inserted directly into the tumor. The radioactive sources or isotopes are in
the form of wires, seeds (or molds), or rods. This technique is particularly effective in treating
cancers of the cervix, uterus, vagina, rectum, eye, and certain head and neck cancers. It is also
occasionally used to treat cancers of the breast, brain, skin, anus, esophagus, lung, bladder, and
prostate.
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In some instances, brachytherapy may be used in conjunction with external beam therapy.
When both forms are employed, the external beam radiation is intended to destroy cancerous cells in
a large area surrounding the tumor, while the brachytherapy delivers a boost, or higher dose of
radiation, to help destroy the main concentrated mass of tumor cells. [19]

Brachytherapy can be subdivided into categories depending on the position of the sources to
the tumor, the duration of the therapy and the way the radioactive sources are charged [20, 21].
These categories are divided:

1. Depending on the position of the sources in relation to the volume

e [ntracavity brachytherapy, in which the radiation source is placed within the tumor.
This technique is used for prostate cancer, for instance.

e [nterstitial brachytherapy, in which the radioactive sources are close to the tumor
and remain in place for as long as it takes to deliver the desired dose. Then, they are
removed and the patient can return to his environment without fear.

2. Depending on the dose rate of radiation per hour

The dose rate therefore reflects the duration of brachytherapy [22, 23]:
e Low-dose rate (LDR) : 0.4 - 2Gy / hr or 10 Gy per day
o Medium-dose rate (MDR) : 2 - 12 Gy / hr or 10 Gy per hour
e  High-dose rate (HDR): > 12Gy / hr or 10 Gy per minute

e Pulsed dose rate (PDR): 1t combines the HDR brachytherapy and the duration of LDR
brachytherapy.

Monitor unit calculations for photon and electron beams

The International Commission on Radiation Units and Measurement (/CRU) states that dosimetry
systems must be capable of delivering dose to an accuracy of 5%. Furthermore, improvements in this
level of accuracy are warranted to improve the modeling and prediction of dose-volume effects in
radiation therapy. Many factors contribute to both random and systematic deviations in dose delivery,
including daily patient setup, target delineation, and dose calculation. The accurate determination
of dose per monitor unit (MU) at a single calculation point is an essential part of this process. For
photons, MU calculations for fields with and without beam modifiers for both isocentric and source-
surface distance (SSD) setups were made.
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Factors influencing calculation of Monitor Units

A monitor unit is based on a certain set of beam setup parameters, and beams different to this setup

need to be corrected to ensure correct dose is delivered. The factors influencing this correction are:

e Beam Energy. Typically each beam energy on a linac will have its own monitor unit
calculation for a standard field.

e Source Surface Distance. An increased SSD will mean that increased monitor units will be
required to deliver a dose at depth due to the effects of the inverse square law. This must be
taken into account, and is usually only a problem for extended SSD treatments (using a fixed
SSD technique)

e Tissue-Phantom Ratio / Tissue-Maximum Ratio (TPR). Used for fixed source-axial
distance calculations only. The TPR/TMR describes the dose rate relative to a dose rate for a
similar beam at a different depth within the target. This allows a monitor unit correction to
take into account different depths of a target.

e Percentage Depth Dose (PDD). Used for fixed source-surface distance calculations only.
The PDD describes the dose rate at different depths within a target for an equal source-
surface distance. If the target is located at a different depth to the standard field, monitor
units will need to be adjusted.

e Qutput Factor (OF). The output factor is change in dose rate that occurs with different field
sizes. Large fields will usually have a higher output factor, leading to increased dose rates for
the same number of monitor units.

o Wedge Factor (WF). Takes into account the effect of the wedge on the attenuation of the
radiation beam. If a wedge is present, increased monitor units will be required to reach the
same dose.

e  Calibration Factor (CF). Not commonly used, typically 1 in most scenarios.

Fixed SSD Technique

cGy-SSD

MU =
CF X(OF XPDD xWF)
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2. Nuclear Magnetic Resonance (NMR)

2.1 The interpretation of the phenomenon

Nuclear magnetic resonance (NMR) is a physical phenomenon that occurs when certain
elements interact with a magnetic field. NMR is the process by which the signal detected in MRI is
generated, it is the foundation on which MRI is built.

By analyzing the term NMR, anyone could easily identify precisely the meaning of the terms
associated with them. The term "Nuclear" refers to the nucleus of the atoms of matter, from which the
signal we receive is derived. By the term "Magnetic", we refer to the property of space, to which the
phenomenon is directly related, and this is the magnetic field of the atomic nuclei of matter. Finally,
the term "Resonance" refers essentially to the method by which the signal is recorded in the NMR. In
addition, resonance is the phenomenon in which the excitation frequency of the transmitter is equal to
the effect of the receiver.

In other words, it is a phenomenon observed in the microcosm of matter, and in particular in
the nuclei of such atoms. It is related to the magnetic field of the subatomic space, for which we
obtain information by the method of resonance. To achieve resonance, each transmitter has to have
the same frequency of excitation as its respective 'receiver’, so that a strong energy-coupling can take
place between the two.

Specifically in Nuclear Magnetic Resonance the role of the transmitter and the receiver are
alternately played by the nucleus and the transmitting/receiving coil. It has established itself as a
double-time phenomenon. In the initial time, the coil, as an electromagnetic pulse transmitter excites
through resonance the nuclei of the atom as a receiver. In the second time, the core becomes this
transmitter and the coil is now received as the coil of the electromagnetic signal transmitted by the
nuclei.[2]

NMR is based on the presence of two properties of the atom: Magnetism and Spin angular
Momentum. The protons within the nucleus of any atom contain electric charge and generate a
magnetic field. Whereas it is tempting to think of such nuclear magnetism in terms of classic
electromagnetic phenomena with spinning charges generating a magnetic field based on Faraday's
law of induction, nuclear magnetism is in fact a quantum mechanical phenomenon, and nuclear
particles do not, as currently understood, actually spin in the physical sense.

2.1.1 Nuclear Magnetism

Nuclear magnetism does, nonetheless, result in a very real magnetic field that is local to the
nucleus and behaves just like the magnetic field of a permanent magnet or compass needle. Magnetic
field lines describe this nuclear magnetic field and are identical to those generated by a common bar-
shaped permanent magnet.
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Field lines are very real and a useful way to describe the strength, orientation, and
homogeneity of a magnetic field. For our descriptions of nuclear magnetism, however, it will suffice
to describe the magnetic field of the nucleus using a single vector. The orientation of this magnetic
field vector will indicate the orientation of the nuclear magnetic field, and the length of the vector
will indicate the strength of the field.

In the absence of any magnetic field external to the nucleus, orientation of the nuclear
magnetic field will be random. In the presence of an externally applied magnetic field, however, the
nuclear magnetic field will align with the externally applied magnetic field, much as a compass
needle aligns with the earth's magnetic field.

Figure 2.1 The proton’s magnetic field. The magnetic field lines of a common bar magnet (right) are shown
by the distribution of iron filings. The magnetic field of a proton (left) behaves in the same manner, exhibiting
field lines and polarity identical to those produced by the bar magnet.[2]

At this point, we have described the magnetism of the 'H nucleus and can see that our proton
essentially behaves as a tiny magnet, aligning with an external applied magnetic field. To
demonstrate NMR and be useful for MRI, however, the proton must also have Spin angular
Momentum.

2.1.2 Nuclear Spin Angular Momentum

Spin angular momentum is a property of certain nuclei (those that exhibit NMR). Its
existence becomes apparent when we observe the interaction of such a nucleus with an externally
applied magnetic field.

The physical phenomenon that produces this centrifugal force is called angular momentum.
The same force causes the wobble of a spinning top. Spin angular momentum is an analogous force
that is applicable to small particles such as atomic nuclei. [5]
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Figure 2.2 Precession. Interaction of magnetic field of the proton with an applied magnetic field
leads to precession. The vector describing the proton’s magnetic field circles that describing the static
magnetic field. Its path traces the surface of a cone. [5]

Now let's see what happens at the same phenomenon as it pertains to nuclei. Nuclei have
charge that confers nuclear magnetism. When placed in an externally applied magnetic field, they
will interact with that field in much the same way as a compass needle interacts with the earth's
magnetic field: they will oscillate. If the nucleus also has spin angular momentum, it will not oscillate
but will precess around the externally applied magnetic field, pursuing the same type of conical
trajectory described above.

Moreover, Nuclear Spin is a quantum mechanical phenomenon describing the behavior of
very small particles. It is proportional to spin angular momentum, so more spin actually means
greater spin angular momentum.

Nuclear Spin is described by the spin number, it is equal to either 0, a whole integer, or a
noninteger multiple of 1/2 :

e Spin = 0, if there are an even number of both protons and neutrons. Such nuclei (like He) do
not exhibit NMR

e Spin is an integer if there is an odd number of both protons and neutrons.

e  Spin is a noninteger multiple of 1/2 for all other nuclei.

e Spin ranges from 0 to 7, that means higher spin number = greater spin angular momentum.
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2.2 The Nuclear World

From Bohr's atomic model, we know that atoms are composed of the nucleus and the
electrons rotating around them. Two important properties of the nucleus and the electrons are their
charge and their spin around their axis.

The nucleus consists of protons and neutrons. Protons are positively charged, neutrons
have no charge, and electrons are negatively charged. We define as Atomic Number, the number of
protons in the nucleus and as Mass Number, the sum of the protons and neutrons in the nucleus. The
nucleus revolves around its axis, the electrons around it, but also around their axis.

From the beginning of electromagnetism, we know that moving (or even rotating) electric
charges induce a magnetic field or otherwise exhibit a magnetic dipole moment due to self-rotation.
Neutrons which appear electrically neutral as a whole exhibit a magnetic dipole moment due to the
uneven radial distribution of their electric charge.

Thus a kernel with even Mass Number will be magnetically inactive, as the individual
magnetic dipole moments will mutually neutralize. Conversely, cores with an unnecessary Mass
Number will be magnetically active, that is, they will exhibit magnetic dipole moment. Nuclear
Magnetic Resonance can be applied to these cores. Such nuclei are '"H Hydrogen, *' P Phosphorus,
*’Na Sodium, and "*C Carbon.

Magnetic Resonance Imaging utilizes the magnetically active Hydrogen nuclei as they
consist of a single proton, exhibit high magnetic dipole moment and are abundant in the human body
in water and fat molecules. [13]

In the above discussion, reference was made to the notions of angular momentum and
magnetic dipole momentum of the particles. It is important to note that these classical concepts, when
referring to microcosm particles (protons, neutrons, electrons, quarks), acquire a particular quantum
character. In general, the concepts of spin are squared quantities when describing states of
microcosm particles.

2.2.1 The Hydrogen Core

Although many nuclei can undergo NMR, we will confine our discussion to the hydrogen
nucleus (}H). In human tissue, which is composed largely of hydrogen-containing water (H,0),
hydrogen is the most abundant of all the NMR-capable nuclei. For this reason, human MRI is focused
almost exclusively on hydrogen.

The nucleus of the hydrogen atom consists of a single nucleon (a proton A = Z = 1). The
hydrogen proton revolves around its axis at a total angular momentum I and the only contribution to
it is that of Spin (S). Therefore, it will induce a magnetic field parallel to its axis of rotation and thus
it will behave like a self-rotating small magnet with a magnetic dipole moment equal to:

p=y-1 (I

, Where y is the gyromagnetic ratio and is characteristic for each nucleus.
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Figure 2.3 (a) The proton rotation, (b) The induced magnetic field.[2]

So, Spin determines the gyromagnetic ratio. This constant value is unique for each element
and independent of magnetic field strength. It describes the strength of the NMR response (the

frequency of precession ) of a nucleus, and, thus, we will see it directs how we will be able to detect
that nucleus using NMR.

2.3 Kernels in a Magnetic Field

In free space, without the presence of a magnetic field, the vectors of the magnetic
moments of the magnetically active nuclei are irregularly arranged in space, resulting to a
measurement of a zero component of them.

e

L §

Figure 2.4 Magnetic momentums in absence of a magnetic field.[15]

On the contrary, in the presence of an external magnetic field, the vectors of the magnetic
moments, of the active magnetic nuclei, are oriented either parallel or approximately anti-parallel to
the strong magnetic field. The phenomenon of the orientation of magnetic moments is explained by
the classical and the quantum theory.
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Figure 2.5 Orientation of magnetic moments in the magnetic field. [15]

This orientation is described by the laws of quantum mechanics, according to which the
number of cores with parallel spin to By, will be slightly greater than the number of counter-spin
orientations to By. When a sample with multiple nuclei (e.g. water) is placed within a magnetic field,
then the microscopic volumes of the sample are characterized by a magnetic dipole moment, called
isochromatic. The vector sum of all isochromes in the sample is called fotal or net magnetization (M).
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Figure 2.6 Net Magnetization M [2].
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Figure 2.7 Schematic illustration of an isochromatic sample of nuclei in a magnetic field.[6]
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Ideally, in a homogeneous magnetic field, all isochromats shift with the same Larmor
frequency, but with a different phase. Thus two cones are formed that correspond either to the
parallel or the antiparallel orientation of the isochromats with the applied magnetic field. This
movement is called a Larmor precession or precession. The angular frequency precession w, (Larmor
frequency) depends on the intensity of the external magnetic field B,.

The behavior of protons placed in a magnetic field is similar to the behavior of a spinning top
placed in the gravitational field of the earth. A spinning top is simply an object with mass that rotates
about its own axis. Just as an object moves in a straight line has linear momentum (equal to mass
multiplied by linear velocity), an object that spins will have an associated angular momentum.
Whereas linear momentum is directed along the line of motion of an object, angular momentum is
directed along the line around which the object rotates (Figure 8). For a spinning top, the angular
momentum is directed along the axis of the top.

THE ANGULAR
MOMENTUM
VECTOR
SPINNING
OBJECT
ROTATION AXIS

Figure 2.8 A spinning object generates an angular momentum, a vector quantity that has both magnitude and
direction. The direction is along the line of the axis of rotation. [2]

If not spinning, a top that is placed on its tip will simply fall over due to the effects of
gravity. If spinning rapidly, the top will initially remain upright when placed on its tip. In this
position, the axis of the top will be perfectly aligned with the gravitational field of the earth. Due to
frictional forces, the top will spin more slowly over time. As it slows down, the top will begin to tip
over time. As it slows down, the top will begin to tip over such that the axis of the top is no longer
aligned with the gravitational field of the earth. When this occurs, it can be shown mathematically
that the force of gravity exerts a torque on the spinning top and changes its angular momentum such
that the top rotates about the axis of the gravitational field (Figure 2.9).
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Figure 2.9 The axis of rotation of a spinning top and its angular momentum vector are aligned with
the gravitatiol field of the earth.

This rotational motion is usually referred to as precession. Precessional motion will occur as
long as the top continues to spin about its own axis. The frequency of the precessional motion is
inversely proportional to the angular momentum of the top (i.e. the slower the top spins, the faster is
the rate of precession) and directly proportional to the gravitational field strength.

EARTH'S
l ] Glll.'o‘l‘l'lﬂﬂlll.l.

PII;EGEBSIBHH. MOTION

AXIS OF ROTATION

Figure 2.10 As the spinning of top slows, the gravitational force changes the angular momentum.
The top starts to wobble, or precess. The rate of precession depends on the angular momentum and the strength
of the gravitational force.

So when protons are placed in an external magnetic field, they behave in a manner identical
to a spinning top placed in a gravitational field. As long as the angular momentum of the particles
remains aligned with the axis of the external field, they will “spin” undisturbed. However, if this
alignment is disturbed, the external magnetic field exerts a torque on the protons and they will
precess about the axis of the external field.

This type of movement, as well as any movement that involves the additional deflection of
the rotation axis of a body precessing, is called nutation. The corresponding angle of precession is
called the nutation angle. The frequency of precession w, (Larmor frequency), depends on the
intensity of the external magnetic field By. The circular frequency @y, for the precessional motion of

the nuclear impulse 7 or the magnetic dipole moment u around By, is expressed as:
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wo =Y - Bo(2)

This equation is known as the Larmor equation. The constant y is called the gyromagnetic ratio and
has a value of 42.6 MHz/Tesla for the proton. The Larmor frequency (wy) of this precessing motion
is stable and its value depends on the magnitude of the magnetic field By and on the value of the total
nuclear gyromagnetic ratio .

This is also known as the Resonance frequency, as the protons only absorb energy (or
resonate) at this characteristic frequency. The RF field is normally applied as a short pulse, known as
an RF pulse.

Figure 2.11 Larmor precession [15].

The Larmor frequency is therefore proportional to the strength of the magnetic field and for
1.5 Tesla, the Larmor frequency is approximately 64 MHz. If the magnetic field intensity changes, so
does the frequency of precession of the respective nucleus. The cores that will 'feel' the effect of a

smaller magnetic field will shift more slowly than those of a bigger magnetic field intensity B.

2.4 Rotating Coordinate System

The study and description of motion of the total nuclear magnetism vector in the NMR
phenomenon, is made much simpler by using a properly selected rotating coordinate system, instead
of a fixed Cartesian system.

So we define, in the magnetic field By direction, the longitudinal axis z of the Cartesian
coordinate system (xyz) and xy the transverse plane. To facilitate our study, we define the rotating
coordinate system (x’y’z’), in which the g’ axis has the same direction as the 7 axis and By, while the
whole system rotates around the z” having a rotation frequency equal to the Larmor frequency. As a
result, the spins are immobile in this system, while the non-coordinating spins are switched with a
frequency which is the difference between their frequencies and the tuning frequency, in other words
they move with a higher or lower frequency than the tuning frequency and it seems like they're
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actually winning or losing phase, respectively. From now on, in order to distinguish which system we
are using, we will call x, y and z the axes in the fixed coordinate system and x’, y”’ and z’ the axes in
the rotating system.

Z,7

Figure 2.12 The rotating coordinate system. The Cartesian coordinate system x’, y’, z’ is considered to be
spinning in the Larmor frequency in the same direction as the nuclear spins, which appear in real estate.[2]

The result is that the nuclei which are precessing, with a frequency equal to the Larmor
frequency, appear stationary. In contrast with the nuclei, which move at a higher or lower frequency
than the Larmor frequency, which look as they are "winning" or "losing" phase respectively.

By convention, magnetization along the direction of the applied magnetic field is referred to
as longitudinal magnetization and magnetization in the plane perpendicular to the external field is
referred to as transverse magnetization. Also by convention, when using a Cartesian coordinate
system, the direction of the external field is defined as the g axis and the transverse plane as the plane
formed by the x and y axes.

2.5 Resonance of total Magnetization with the RF pulse

Our goal is to somehow measure the overall macroscopic magnetization of the cores, so that
we get information about the microscopic structure of the sample for display. The total magnetization
(M) is in the order of uT (microTesla) when By, as a vector, is in equilibrium with M, which is
measured in T (Tesla). It is generally difficult to measure the value of M, when it is in the same
direction as By. Utilizing RF radio pulses, it is feasible to measure M it has to be deviated it from the
direction of By,

The radiofrequency pulse is a cyclic polarized electromagnetic wave that contains a
rotating magnetic field B;. The B; magnetic field is perpendicular to By. To succeed in diverting the
magnetization, the rotation frequency of B; (RF pulse frequency) must be equal to the precessional
Larmor frequency of the isochromatic, so that we have magnetic resonance. On the rotating
coordinate system, B; will appear stationary and aligned with the x 'axis. The vector M of the
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magnetization will execute a precessional motion around B;. The sum of these two precessions
around the magnetic fields By and B results in the removal of magnetism M from the z axis to x’y’.

-
e

(@) X' (b) x'

Image 2.13 a. B, at the rotating coordinate system. . The precession of My around B; at the rotating
coordinate system.

At the fixed (xyz) level, the magnetization (M) will perform a spiral motion, as shown below.

Image 2.14 The spiral motion of M at the stationary reference frame.

The final movement of the vector M is called nutation, as mentioned above. The nutation will be
performed for as long as the pulse is applied. The angle of nutation is given by the relation:

a=Yy: Blltp (3)9

, where Byis the intensity of the magnetic field of the RF pulse and t, is the duration of its
application. From the relation above, we can assume that we can cause the deflection of
magnetization at different angles depending on the intensity and the duration of the RF pulse that we
will apply.

At a microscopic level, the application of the RF pulse results in a decrease in the
population of nuclei at low energy levels, while simultaneously the increase of the population of
nuclei at high energy levels. In other words, macroscopically, the total magnetization will be reduced
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and specifically for an RF pulse suitable to cause 90° nutation, the longitudinal magnetization will be
zero. Respectively, if we apply a 180° RF pulse it will cause a reversal of the magnetization.

Another consequence of exposure to the RF pulse is that the isochromatics begin to move
around the Bo in phase with each other, in other words they obtain phase coherence. At macroscopic
scale, this implies the appearance of magnetism at the transverse plane. Thus, we can analyze M in
two components, the longitudinal magnetization Mz parallel to the z axis and the Transverse
magnetization Mxy on the xy plane.

Transverse magnetization (M,,) works like a rotating magnet (Figure 15.a). With the use of a
coil, therefore, we can produce an electrical voltage due to induction. The relation between voltage
and time gives us the MR signal. This signal is called Free Induction Decay /F.1.D. Therefore, the
greater the intensity and duration of the transverse magnetization component, the more intense the
magnetic resonance signal will be.

The Longitudinal component (M) has no contribution in the measured MR signal, since it
remains in the same direction as B,, essentially non-measurable. The FID signal, in fact, attenuates at
a high speed, since after excitation from the RF deflection pulse, new mechanisms are used to restore
the system back to equilibrium and minimum energy. It is important to remember that energy must
always be conserved.

Signal

, /\/\/\AV
\/\/\/VTime

X (a) (b)

Image 2.15 a. Transverse magnetization after the RF pulse b. FID signal.

2.6 Magnetic Relaxation: What happens when the Radiofrequency
pulse is shut off?

When the RF pulse application stops then the whole system, which had been disturbed,
returns to its original state. The Transverse Magnetization begins to decrease, while Longitudinal
Magnetization increases. The two phenomenons are called Transverse Magnetic Relaxation (M,,) and

Longitudinal Magnetic Relaxation (M,).[13]
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2.6.1 Longitudinal Magnetic Relaxation

The Longitudinal Magnetic Relaxation is described by the exponential increase of the
longitudinal component of the magnetization M., given by the relation:

-t

Mz (1) = Mz(0)(1—eT") "

, where M, (t) is the longitudinal magnetization at time ¢, M, 0) is the initial longitudinal
magnetization, ¢ represents the time from pulse pausing, and T1 is the time constant expressing the
time required to recover 63% of the original longitudinal magnetization, immediately after its
interaction with a radio frequency (RF) pulse of 90°. The following Figure-Diagram showing the
process of T relaxation after a 90° rf pulse is applied at equilibrium.

z I z I

ey aye
x X x x
M. follows an exponential recovery,

recovering towards its equilibrium value

z'mgnem[ﬁ'; M, with a time constant T1

equilibrium vake, |

a

o T1 time time
constant

Figure 2.16 The Longitudinal Magnetic Relaxation T1. [11]

The T1 relaxation time is dependent on the external magnetic field B, and is smaller in
stronger fields. The temperature dependence is also measurable. It actually represents a time constant
for regrowth of the Longitudinal Magnetization (M,) after RF pulse. The relaxation rate is defined as
the inverse of 7/, i.e. I / T1. The relaxation rate corresponding to 71 is typically designated by the
symbol R1, where:

RI = ITI (5)

With all the above said, Longitudinal Magnetic relaxation is due to the interaction of
magnetic spins with the atoms of the nearby lattice where the energy obtained by the system from the
application of the RF pulse is attributed.

Energy must therefore leave the spin system for 7/ relaxation to occur. This energy loss is
unrecoverable and represents the transfer of heat. At the most basic level, therefore, T1-relaxation is
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simply an energy flow between spins and their external environment. The amount of energy
transferred from the nuclei is very small compared to normal molecular kinetic energies, so it is
quickly dispersed and goes largely unnoticed at body temperatures.

T1 relaxation time is typically measured in milliseconds (ms). The corresponding relaxation
rate is therefore measured in units of [1/ms].

2.6.2 Transverse Magnetic Relaxation

The decay of transverse magnetization (M) is a result of the loss of phase coherence between the
protons after the cessation of the RF pulse. Transverse magnetic relaxation is described by the
exponential reduction of the transverse component (M,y,) of magnetization, given by the relation:

My () = M (0)e™ (6)

,where M,y (t) is the transverse magnetization in time f, M,, (0) the transverse magnetization
immediately after the cessation of RF pulse and T2 the time constant expressing the time required for
the loss of 37% of the initial transverse magnetization immediately after its interaction with a 90° RF
pulse.

Signal

() 2 Time

Figure 2.17 The Transverse Magnetic Relaxation.[2]

T2 relaxation time is independent of the B, magnetic field in which it is measured, but is
dependent on the measurable temperature. The rate of transverse magnetic recovery is equal to:

R2=1T2 (7)

The reduction of transverse magnetization is the result of the loss of phase coherence
between the protons within the isochromatic and after the cessation of the RF pulse. The loss of phase
coherence is due to strong bipolar interactions between the nuclei within the isochromatic group of
spins.

Internal inhomogeneities are created due to the interaction between protons as they move in
the tissues. Actually, if two protons approach each other, then the magnetic field they are
experiencing will increase or decrease due to the interaction, resulting to the changes in precessional
frequency to slightly greater or smaller from that of the neighboring protons.
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Specifically, T2 relaxation is related to the amount of spin-spin interaction that takes place.
Free water contains small molecules that are relatively far apart and moving rapidly and therefore
spin-spin interactions are less frequent and 72 relaxation is slow (leading to long T2 relaxation
times). Water molecules bound to large molecules are slowed down and more likely in interact,
leading to faster 72 relaxation and shorter T2 relaxation times. Water- based tissues with a high
macromolecular content (e.g. muscle) tend to have shorter T2 values. Conversely, when the water
content is increased, for example by an inflammatory process, the 72 value also increases.

Lipid molecules are of an intermediate size and there are interactions between the hydrogen
nuclei on the long carbon chains (an effect known as J-coupling) that cause a reduction of the 72
relaxation time constant to an intermediate value. Rapidly repeated RF pulses, such as those used in
turbo or fast spin echo techniques, can have the effect of reducing J-coupling, resulting in an
increased 72 relaxation time and higher signal intensity from fat.

When the two interacting protons are removed, then their precessional frequency will return
to the original value, but the phase difference created during the interaction is irreversible. The
homogeneous external magnetic field actually has small differences in the value of its intensity, with
the result that this small inhomogeneity causes an additional loss of phase coherence, which is not
due to the actual phenomenon. We characterize this process as pseudo-recovery with time constant
T2inh. Consequently, magnetic relaxation is due to natural processes but also to pseudo-processes,
and is generally characterized by the time constant 72 *,

In any real NMR experiment, however, the transverse magnetization decays much faster than
would be predicted by natural atomic and molecular mechanisms. This rate is denoted as T2* ("T2-
star"). T2* can be considered an "observed" or "effective" T2, whereas the first 72 can be considered
the "natural" or "true" T2 of the tissue being imaged. T2* is always less than or equal to 72.

The final relaxation rate of T2* is given by the sum of the individual rates and is expressed
by the following relation:

(8)

T2* T2 T2inh

, where T2inh is the inhomogeneous spin relaxation time. From the relation above it turns out that
the time constant 72* is always smaller than 72.
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Figure 2.18 A comparison of T2 decay and the more rapid T2* decay arising mainly from the magnet
inhomogeneity.[11]

Longitudinal and Transverse magnetic relaxation are two independent phenomenons that
occur simultaneously but their duration is very different. The loss of phase coherence of the proton
occurs very rapidly and therefore transverse magnetization is rapidly zeroed within a few hundred
milliseconds (ms). Longitudinal magnetic relaxation is much slower (sec), (Figure 2.19). In
biological tissues, T1 is about five times longer that of T2.

M M.
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Figure 2.19 Simultaneous appearance of T1 and T2 relaxations. T2 is much faster than T1.
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2.7 MR Pulse Sequences

Each MR sequence is a combination of RF pulses and gradient fields. In every type of sequence,
the goal is to display an area as fast as possible with the highest contrast as possible between the
different tissues. Alongside, having a reduction of artifacts and keeping the Signal to Noise ratio
(SNR) in high levels. We will now "put it all together" and view the chain of events required to
produce an MR image in its entirety.

The execution of a pulse sequence is much like a symphony. In an orchestra, each instrument
must turn on at the correct note (frequency) and volume (amplitude) at the correct time and of course,
become silent at exactly the right time. In the MR pulse sequence, the time-varying magnetic fields
(radiofrequency and gradient) and receiver are the instruments. Each is activated at a specific
frequency and amplitude for a specific period of time. The epochs during which the time varying
magnetic fields are on are termed pulses. The sequence, of course, is the order in which the various
pulses occur. So with all the above said, we have a pulse sequence.

So, the architecture of a sequence consists of basic and necessary structural elements, but also of
many parameters that can be differentiated. The basic parameters set by the user are:

e TR: the time between two successive pulses (Repetition Time)

e TE: the time elapsed from 90° pulse to Echo Time

e TI: the time between the /80° pulse and the depletion of the longitudinal component
of magnetization. (Inversion Time)

While there are many more parameters in some sequences such as the flip angle, or the turbo factor
which we will not analyze in this work.

When considering the values of the variable parameters, the user can choose the effect on the
image contrast by modifying the magnetic recovery times (T1, T2, T2* or the ADC diffusion
coefficient of the displayed object/tissue). The user will also need to set the parameters in a way, so
that he has the optimal combination of contrast, resolution and speed for image acquisition.

2.7.1 Types of MRI Sequences

There are hundreds of sequences for MRI with different names, depending on their
development from each company. We will describe the characteristics of the main family sequences
and we will mention the most important ones.

There are two main sequence families, depending on the #ype of echo recorded:

1. Spin Echo sequences (SE), characterized by the presence of a 180° rephasing RF pulse
2. Gradient Echo sequences (GE)

Numerous variations have been developed within each of these families, mainly to increase
acquisition speed:
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e  Fast Spin Echo sequences, Single Shot FSE and Haste

e Gradient echo sequences with spoiling of residual transverse magnetization (spoiled
gradient echo and ultrafast gradient echo), a group of gradient echo sequences with
steady state residual transverse magnetization (Steady state gradient echo) and its
derivatives (Contrast enhanced steady state gradient echo) and with balanced
gradients (Balanced steady state gradient echo), echoplanar (EPI).

Some sequences are hybrid, mixing Spin Echo and Gradient Echo (GRASE, SE-EPI).

Based on these two fundamental methods, all the sequences that exist are based on the two
sequence families and appear in the following map with the contrasting characteristics of the images
they produce.

1 Mulii-shoi EPQ
=3

_ More Tyw More Ty THw m

Figure 2.20 Sequence’s tree.

In the following chapters we will describe in more detail the sequences that were used in the
experiments, to fully understand how they work, and the choice of the optimal values of their
parameters.
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3. Magnetic Resonance Imaging System

The magnetic resonance imaging system is a complex and usually an expensive structure that
requires high technology know-how. To understand how it works, we will analyze it in four main
parts:

The powerful Magnet,
the Gradient Coils,
the Radio Frequency Receivers (RF coils) and

bl

the Computer Unit.

3.1 The powerful Magnet

As we saw in the previous chapter, in order to achieve the phenomenon of nuclear magnetic
resonance (NMR), it is necessary to place the sample in a ‘large’ homogeneous static magnetic field.
The larger the magnetic field of the system, the higher the signal we will receive from our sample,
compared to the noise (SNR). The more homogeneous the field, the smaller the errors for the
necessary calculations for the display.

When medical professionals refer to magnetic resonance (MR) scanners, they sometimes say
the scanner is a 1.5T or 3.0T scanner. This is because scanners are frequently identified by their
magnetic field strength. In terms of MR, T stands for Tesla, a unit of measurement to define the
magnetic flux density. One Tesla is equal to 10,000 Gauss. It is named after Nikola Tesla (/856-
1943), the Croatian-American physicist, inventor and electrical engineer. [2]

With higher Tesla scanners, the magnet is stronger, both in general and within the bore of the
machine. The magnet and its magnetic field is arguably the most important aspect of an MRI scanner.
Typical values of the 'large' magnetic field strength in imaging systems are from 0.2T to 7T, with the
most common values: /.57 and 37. For more sophisticated applications, mainly in research, 10T or
larger magnetic fields are also used. There are three types of magnets that can create such fields:

» Permanent magnets, which are relatively inexpensive and maintenance, but are very heavy
constructions and have relatively low values of intensity of their generated field.

* Electromagnets, which are relatively cheap, but require a high energy consumption and
cooling and ultimately fail to achieve high voltage values.

» Superconductive electromagnets, which are the most common choice for an imaging
system. They are more expensive than the other two types of magnets, because in order to
achieve superconductivity, the coil is placed in a liquid Helium (He) tank which is in a
Helium gas or liquid Nitrogen tank itself. To maintain them, these systems require constant
monitoring and filling of the Helium tank at regular intervals. But the result of this cost and
this process is a very strong and homogeneous magnetic field.
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Figure 3.1 MRI tomography system.[15]

3.2 The Gradient Coils

These coils are placed around the volume of the large magnetic field (image). They create
magnetic fields of the same direction as B, but of linearly changing intensity in one dimension in
space. Their magnetic field is added to By so that the total field shows an escalation in the value of its
intensity with respect to one dimension. We have different gradient coils for the three dimensions, x,
y and z, which cause the field intensity to escalate in their nominal direction. We will analyze their
use in the next chapter as it lies in the choice of the imaging section, and in the spatial coding of the
signal. The characteristics of gradient coils are:

e The maximum change they cause in the magnitude of the magnetic field per unit
length is measured in mT/m and determines the maximum spatial resolution of the
system.

e The slew rate, which expresses the time it takes to achieve the escalation in By. It is
measured in mT/m/ms. High rising rates and short switching times of the gradients
are necessary for imaging using high-speed sequences (EPIs).

Peak
Gradient
Strength

[
[
- p—
Rise time

Figure 3.2 Slew rate is defined as Peak gradient strength + Rise Time
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e  Their linearity, which should be as perfect as possible throughout the display space.

MRI Scanner Gradient Magnets

Transceiver

Patient

Figure 3.3 The Gradient Coils[15].

3.3 The Radio Frequency Receivers (RF coils)

Radiofrequency coils (RF coils) are the "antennae" of the MRI system, broadcasting the RF
signal to the patient and/or receiving the return signal. RF coils can be receive-only, in which case
the body coil is used as a transmitter, or transmit and receive (transceiver).

RF coils as transmitters should emit a uniform RF pulse throughout the volume for display,
while as receivers they should be quite sensitive and have a high signal-to-noise ratio (SNR). For
optimal signal reception in each case we use different types of coils: volume coils, surface coils,
quarter-coil coils, tubular and Phased-array coils. Depending on the case, there are types that are
superior to others. Because proton resonance frequencies are so close to those of FM and television,
the entire imaging system is housed in a Faraday cage so that it is completely electromagnetically
isolated and protected from any external interference.

3.4 The Computer Unit

All the electronic systems reported in the previous sections work in complex combinations,
in order to achieve resonance, to receive the signal as well as the reconstruction of the final image. In
accordance, a good computing power unit with data storage space and ergonomic control console

with appropriate software systems is required.
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4. Introduction to Spatial Encoding

In order to get from the NMR phenomenon to imaging, the system performs quite complex
processes. The image reconstruction technique used by all manufacturers is that of the two-
dimensional (2D) Fourier transform (spin warp technique), which replaced the reverse projection
technique, which was initially applied but lags behind in speed. We will analyze the steps separately
in their simplest form, so that we understand how to produce the image in an MR imaging system.
For imaging it is necessary to add spatial data to the signal to allocate a position to the different
signals.

To do so, we start by selecting the slice plane, within which the horizontal and vertical
directions will then be defined. The term « encoding » is used, as the spatial data obtained are not the
classic co-ordinates (X, y, z), but are observed through a specific spatial filter. The RF signals
received are then processed to reverse the filter effect and reconstruct the image. Decoding of spatial
information, included in the NMR signal as modifications of frequency and phase, is performed by an
inverse Fourier Transform.

4.1 Magnetic field Gradients in Spatial Encoding

Spatial encoding relies on successively applying magnetic field gradients. First of all, a slice
selection gradient (GSS) is used to select the anatomical volume of interest. Within this volume, the
position of each point will be encoded vertically and horizontally by applying a phase encoding
gradient (GPE), and a frequency-encoding gradient (GFE).

The different gradients used to perform spatial localization have identical properties but are
applied at distinct moments and in different directions. Gradient equivalence in the three directions of
space means that slices can be selected on any spatial plane. We’ll use the example of an axial plane
to explain spatial encoding.

4.2  Selecting the Slice Plane

The first step of spatial encoding consists in selecting the slice plane. To do this, a magnetic
field gradient, the Slice Selection Gradient (GSS), is applied perpendicular to the desired slice plane.
This is added to B, and the protons present a resonance frequency variation proportionate to GSS
(Larmor equation). An RF wave is simultaneously applied, with the same frequency as that of the
protons in the desired slice plane. This causes a shift in the magnetization of only the protons on this
plane. As none of the hydrogen nuclei located outside the slice plane are excited, they will not emit a
signal. The RF wave associated with the slice selection gradient and the adapted resonance frequency
is called the selective pulse.
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Since the gradient function changes the intensity of the magnetic field B, of the magnet
linearly, the magnetizations of the nuclei within the specific positions of the selected section along
the slope will be characterized by a unique precessional frequency when the gradient will be in
operation (turned on). A section can therefore be selectively stimulated by the transmission of the RF
signal at the specified precessional frequency.

Thus, more specifically the gradient Z selects the transverse cross-sections, so that the
magnetizations of the spin cores on the patient's head rotate at a different frequency than those at his
legs. Gradient Y selects the coronal slices, so that the magnetizations of the spin cores in the back of
the patient are at a different frequency than those in the front. Finally, the gradient X selects the
sagittal slices, so that the magnetizations of the nuclei spins on the right side of the patient rotate at a
different frequency than those on the left, while a combination of two of any gradient selects oblique
sections.

In order to achieve the thickness in one section, a frequency range must be transmitted to
stimulate all the core spin which are located at different points in the plane. This frequency band is
called Transmit Bandwidth.

a. Gradient Field
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Figure 4.1 Transverse slice selection.[15]

More specifically, the slice thickness is determined by the slope of the corresponding
gradient field and the broadcast bandwidth (Figure 4.2). On the contrary, the thicker slices require a
slight inclination in the Gradient field and a large Bandwidth, while their use helps to reduce the
spatial resolution of the image.
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Figure 4.2 Slice thickness according to the Gradient field slope.

A slice is therefore stimulated by the transmission of an RF pulse with a central frequency
that will excite the midpoint of the slice, while the points (on both sides left and right) will be excited
by frequencies through the transmit bandwidth and the thickness of the slice will determine the
inclination of the gradient field slope. The gap between the slices is also determined by the gradient
inclination and the thickness of the slice. The size of the gap is important for reducing the pseudo-
indications in the image.

The gradient used for the section selection remains activated during the excitation of the
cores by the RF pulse. After selecting a slice for imaging, the intensity of the magnetic field of the
nuclei within the excited intersection is equal to the intensity of the field of the system. The
precessional frequencies of the spins in the slice are equal to the Larmor frequency. The frequency of
each signal from the slice is also equal to the Larmor frequency, regardless of the position of each
signal.

The system must also use gradients to provide the two-dimensional (2D) information that
represents the spatial position of the spin rotations within the section. When a gradient is activated,
the precessional frequency of a core is determined by its physical position within the gradient.

4.2.1 Phase Encoding (PE)

The second step in spatial encoding consists in applying a phase encoding gradient, which we
will choose to apply in the vertical direction. The phase encoding gradient (GPE) intervenes for a
limited time period. While it is applied, it modifies the spin resonance frequencies, inducing
dephasing, which persists after the gradient is interrupted. This results in all the protons precessing in
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the same frequency but in different phases (the protons in the same row, perpendicular to the gradient
direction, will all have the same phase). This phase difference lasts until the signal is recorded.

The signal in this process must be located along the small axis of anatomy. This signal
localization is called Phase Encoding (PE). When the phase encoding gradient (PEG) is activated,
the intensity of the magnetic field and therefore the precessional frequency of the core are modified
along the gradient axis. As the speed precession of the nucleus changes, so does the accumulated
phase in the magnetic moments along it.

The nuclei that have been accelerated due to the presence of the gradient. They move faster
and forward towards their transition path than if the gradient had not been applied. The nuclei that
have slowed down due to the presence of the gradient move slightly backwards around their
transition path, than if gradient had not been applied

In particular, the magnetizations of the spin cores that receive a higher magnetic field
intensity, when the gradient is activated, will precede the magnetizations that do not receive any
stimulation. This is because when a spin precesses to a higher frequency it rotates faster and thus
covers more perimeter motion than if the gradient was not applied. In the opposite case now, where
the spins of the cores receive lower magnetic field intensity, the vector of the core's inversion is
delayed in its orbit and thus "falls short" of phase.

- =
nuclei travel slo -
14998G N\ = — = = — = = s MR N
63.852 MHz lose phase
- -
15,000G ————————
63.86 MHz
nuclei travel faster - —
15,002G il ~ 4 =
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phase encoding
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Figure 4.3 Phase Encoding.[6]

The level of displacement of phase of a spin compared to the phase of a non-excited spin has
to do with its distance from the initial point, defined as the isocenter, where the gradient there has
zero value.

To locate the signal along the smallest dimension of the anatomy of the image, a Phase
Encoding field is applied. This additional field causes a phase shift in all the spins along its slope.

MSc Thesis| Aggeliki Doulis 52



e When the phase coding field is off, the cores return to the Larmor frequency but their
phase shift remains, i.e. everything moves at the same angular velocity, but their
positions on the perimeter are different. This phase shift is used to locate the cores
(and therefore the signal) spatially along one dimension of the image.

e The inclination or width of the phase coding field determines the degree of phase
shift (Figure 4.4). Phase coding fields with larger inclinations produce a larger phase
shift between two points than smaller inclinations. They also increase image
resolution along the phase coding axis

shallow
gradient slope

steap
gradient slope

Figure 4.4 Phase shift depending on the inclination of the Phase Encoding Gradient (GPE).
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Figure 4.5 Phase encoding steps and repetition time, TR. [11]
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To acquire sufficient information for image reconstruction, the pulse sequence is repeated a
number of times, with an increment in the strength (or slope) of the phase encoding gradient being
applied each time. In this example shown above (Figure 4.5), 7 values of Phase Encoding gradient
slope are used (shown by the dotted lines). Note that as the strength of the Phase Encoding gradient
increases, this increases the amount of de-phasing along the gradient. When the strength (or slope) of
the phase encoding gradient is zero (step 4), there is no de-phasing and the signal has its maximum
possible amplitude. The time interval between each repetition is known as the repetition time, TR.

The coil generated by the Phase Encoding Field is activated after the RF excitation pulse is
switched off. It usually stays on for 4 ms, while the width and polarity of the coil alternate at each step
of the Phase Encoding process.

4.2.2 Frequency Encoding

The final step in spatial encoding consists in applying a Frequency Encoding Gradient, when
the signal is received. This modifies the Larmor frequencies in the horizontal direction throughout
the time it is applied. It thus creates proton columns, which all have an identical Larmor frequency.
As this gradient is applied simultaneously on receiving the signal, the frequency data is included.

A Gradient corresponding to the large axis, of the image to be produced, is applied so that
the MR signal is located along it. Frequency shifting occurs due to this field, which is used for signal
localization. It produces a shift in the angular frequency of the elementary magnets, depending on the
position of the cores. The field and therefore the frequency increase gradually from the center to one
end of the application axis and decreases gradually to the other end. Thus, it maps each frequency
and produces a spatial classification. This process is called Frequency Encoding.

The frequency encoding field is applied for a very short time, usually a few milliseconds,
while receiving MR signals. Frequency encoding is done simultaneously, across the gradient
application axis, with the counted MR signals. Finally, the size of the field inclination determines the
size of the large axis of the image that is to be produced and the size of the anatomy projection field,
which affects the resolution of the final image. So, it determines the size of the anatomy covered

along the frequency encoding axes during the scanning procedure. This is called the Field of View
(FOV).
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Figure 4.6 Frequency Encoding.[13]
Table 1. Gradient inclination axes at a rectangular plane.
Slice selection Phase encoding Frequency encoding
Sagittal X Y z
Axial (body) Z Y X
Axial (head) z X Y
Coronal Y X Z
4.3 K-space

Spatial encoding selects an individual slice and produces a frequency shift of magnetic
moments of spins along one axis of the slice and a phase shift along the other as we have seen
previously. The system now has a way of locating an individual signal within the image by
measuring the number of times the magnetic moments of spins cross the receiver coil (frequency) and
their position around their precessional path (phase).

The phase shift caused by the phase-encoding gradient creates a spatial frequency. This is
because a waveform is derived from plotting the change of phase of magnetic moments of hydrogen
nuclei located at different locations along the gradient. Spatial frequencies are also obtained from
slice-selection and frequency encoding because they too cause frequencies that are dependent on
spatial position. Data from these spatial frequencies are used by Fast Fourier Transform (FFT)
mathematics to produce an image.
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During the scan, data are acquired and stored in k-space. K-Space is a spatial frequency
domain, where information about the frequency and spatial origin (from which point of the patient's
anatomy is produced) of a signal is collected and stored.

«K» denotes spatial frequency (strictly speaking it refers to the angular wavenumber, which
is a function of spatial frequency and wavelength, but for our purposes it’s acceptable to just use the
term spatial frequency). Therefore, K-Space is a storage space for spatial frequencies. The units of k-
space are rad/m (or cm). This is because spatial frequency is represented as a phase change over
distance along a gradient.

The units of phase are radians (units of degrees in a circle) and the units of distance are m (or
cm). This is different from the standard unit of frequency, rad/s or Hz. These units are appropriate
when looking at the magnetic moment of a single spin because, in that context, the phase change of
the magnetic moment is measured as it precesses over time. Spatial frequency is different because it
measures the change of phase between the magnetic moments of a row of spins along the
gradient.[11]

K space does not have a spatial correspondence analogy of 1: I with the image that will
eventually be produced by the MRI, so the peak of the K space does not correspond to the peak of the
produced image. K space is simply an "intermediate" area where data is stored until scanning is
complete. A schematic representation of K space is shown below.
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Figure 4.7 K-space.

Figure 4.7 illustrates k-space for one slice. K-Space is rectangular and has two axes
perpendicular to each other. The frequency axis of k-space is horizontal and is centered in the middle
of several horizontal lines. Data from frequency encoding are positioned in k-space along this axis.
The phase axis of k-space is vertical and is centered in the middle of k-space perpendicular to the
frequency axis. Data from phase encoding are positioned in k-space along this axis. In the simplest
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method of k-space filling, data are stored in horizontal lines that are parallel to the frequency axis and
perpendicular to the phase axis of k-space, the number of which corresponds to the number of phase
encodings performed during the scan.

Each time a frequency or phase encoding is performed, the data is collected and stored in a
K-space line. The lines closest to the phase axis, both positive and negative, are called central lines.
Lines that are away from the phase axis, both positive and negative, are called external lines. The
upper half of the K space is characterized as positive while the lower half as negative.

The polarity of the phase encoding coil determines whether the positive or negative half of
K-space will be filled. The part of the phase coding field with positive slopes fills out the lines in the
positive half of K space, while the negative slopes fill out the lines in the negative half. The lines are
numbered depending on their position from the central horizontal axis. Thus, the positive lines start
from the upper half of the space, while the negative ones from the lower half. The lines of the K
space are filled in a different way and at a different speed, depending on the sequence of pulses that
we will use (from left to right or vice versa, from bottom to top or vice versa, linearly or spirally).
Finally, the K-space is symmetrical to both axes. This is called conjugate symmetry, because the data
on the right side of K-space are the same as those on the left, and the data at the top half are the same
as those at the bottom half.

The central lines of the K-space are filled with data which are generated after the application
of lateral field encoding coils of small slopes, while the outer lines of the K space are generated after
the application of large phase encoding field slopes. Intermediate lines are obviously filled in by the
application of phase encoding fields with intermediate gradient slope values.

128 phase encodings

Figure 4.8 K-space- Application of different phase encoding gradient slopes.

Fields with a shallow gradient phase encoding slope do not cause a large phase shift along
their axis. Therefore, the stimulation of magnetic moments with RF pulses or the adjustment by
imposing a gradient field will be more effective (the displacements of the magnetic moments will be
more uniform), since the inherent phase shift after phase encoding is small. The resulting signal will
therefore be a large amplitude signal.
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Figure 4.9 The produced signal, depending on the inclination of the phase encoding gradient.

In addition, fields with a steep phase encoding slope cause a large phase shift along their
axis. Therefore, the excitation of magnetic moments with RF pulses will be ineffective (the
displacements of the magnetic moments will be non-uniform), since the inherent phase shift after
phase coding is big. The resulting signal will therefore be a small amplitude signal (Figure 4.9).

The various frequencies contained in the MR signal are placed in K-space to the frequency
axis. The center of the echo (reflection of MR signal) represents the maximum signal amplitude as all
magnetic moments are in phase at this point. Elsewhere, besides the center, the magnetic moments
have some phase difference between them and therefore the signal amplitude is less. The amplitude
of the frequencies is therefore recorded in relation to the frequency axis, so that the center of the
sound is centered on the frequency axis. The parts of the signal that correspond to rephasing and
dephasing magnetizations are recorded on the left and right sides of the frequency axis, respectively
(Figure 4.10).

180°

freaquency encoding I

. h ]

aradient 1
peak

rephasing dAephasing

Figure 4.10 The signal amplitude during the application of the frequency encoding gradient.

When K-space is filled, after a series of pulses, an inverse two-dimensional Fourier transform
is sufficient to obtain the final image from the MR signal. This transformation decodes the spatial
origin of the signal from phase and frequency, and from the K-space (frequency - phase), leading to

MSc Thesis| Aggeliki Doulis 58



the 2D image (horizontal distance - vertical distance). We must remind at this point that K-space has
not a one to one space to image correspondence.
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Figure 4.11 Image reconstruction, k-space and image space. The MR signals derived from each Phase
Encoding step are stored in the K-space. A two-dimensional Fourier transformation of this matrix results in the
reconstruction of the image. The number of phase encoding steps determines the number of pixels in the image
along the phase encoding direction. The coordinates of the image are the spatial coordinates x and y. The
distribution of MR signal components in the image is determined by their frequency along the frequency
encoding direction (in this case, x) and by their change in phase with each phase encoding step along the phase
encoding direction (in this case, y). The Coordinates of k-space are the spatial frequencies kx = 1/x and ky =
1/y. The data points in k-space (the sampled MR signals) therefore represent the spatial frequencies content of
the image. In a Cartesian data acquisition, the data points are stored line by line along the kx direction, with
each line corresponding to a separately sampled MR signal. The position along kx depends on the time point
during the sampling period. The location of each line of data points in the ky direction is determined by the
amplitude and duration of the phase encoding direction at each phase encoding step. [11]
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Figure 4.12 Frequency Encoding and Spatial Resolution.[11]

A single point in k-space defines a spatial frequency that can be represented as a wave in
image space. A point close to the centre of k-space contributes a low spatial frequency, represented
by a wave with broad peaks and troughs. This provides the signal content for large regions of uniform
signal in the image and therefore the image contrast. A point at the edge of k-space contributes a high
spatial frequency and is represented by a fine 'toothcomb' wave. The highest spatial frequency
content defines the spatial resolution limit of the image.

Image space k-space

X A—y. k,
Fourier Transform

Figure 4.13 2D image — K-space image before and after a Fourier Transform.
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5. Molecular movement and MRI

We must first understand the processes by which magnetic recovery is achieved. After an
excitation of an atomic or molecular system, it returns to the state of thermodynamic equilibrium
through interactions due to:

1. Collisions with neighboring atoms-molecules.
2. Impulsive energy release.
3. Forced energy release.

In the first case, the energy is released to the environment in the form of heat while in the
second and in the third case through the emission of electromagnetic radiation. However, the nuclei
are surrounded by electron clouds and are thus isolated from atomic-level collisions. Also, impulsive
energy emission of electromagnetic energy in the frequency range of magnetic resonance is
practically impossible. The main interaction mechanism is forced energy transmission. In order for
this mechanism to be effective, it must have a direct effect on nuclear spins. Also, the interaction it
describes must be time-varying, and it must have a periodicity with an appropriate time scale in
relation to the duration of the phenomenon.

In an excited system, magnetic recovery is due to the magnetic interaction that results from
periodic changes in the local magnetic fields of the cores through various mechanisms. These
periodic changes lead to T1 and / or T2 recovery.

Recovery mechanisms are distinguished in those that transfer energy from nuclear spins to
the environment and in those that redistribute energy within the nuclear spin system. During T1
magnetic recovery, the energy is transferred in and out of the nuclear spin system (spin-grid time). In
T2 magnetic recovery, energy is retained within the nuclear spin system (spin-spin time). [2]
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Figure 5.1 Energy exchange during T1 excitation (left) and T2 damping (right).
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5.1 Randomly Fluctuating Background Magnetic Field (BR)

Periodic changes in the local magnetic fields of the cores result in the appearance of a field,
which is superimposed on the homogeneous field By and is called a randomly fluctuating background
magnetic field or just background magnetic field (BR). There are many sources of background. The
most important is dipolar coupling.

5.1.1 Sources of BR

J A Dipole-Dipole interaction or Dipolar Coupling

Magnetic dipole—dipole interaction, also called dipolar coupling, refers to the direct interaction
between two magnetic dipoles. The rotating hydrogen core acts as a dipole. When two nuclei
approach, then a local field will be created due to the interaction between the dipoles.

For example, let’s suppose that there are two hydrogen nuclei within a homogeneous magnetic field
By at a distance r from each other. The field at the transverse B,, level that will be created, due to the
interaction between the dipoles, will be equal to:

B

Ly € 1/r3sinfcos6 9)

, where @ is the angle between B and the vector that connects the centers of the two nuclei

The B,, will be changing constantly, because it depends on the distance and the angle which is

formed between the nuclei, which are in constant motion. This fluctuating magnetic field induces
magnetic recovery. [10]
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Figure 5.2 Dipole-Dipole interaction.
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11 Electron Paramagnetism

The electron's magnetic moment is larger than nuclear magnetic momentum. The unpaired electrons
of the outer layers of the paramagnetic atoms create strong recovery centers and thus neighboring
tissues show increased rates of magnetic recovery.

An intensely paramagnetic element found in the human body is iron. Also, the external
administration of paramagnetic substances which locally reduce T/, causing the strengthening of
signal from specific areas. Lanthanides and transitional elements have been used for this purpose.
Gadolinium compounds, such as Gd-DTPA, are particularly popular in clinical practice.

I11. Scalar Interactions

When two cores interact indirectly with each other through the mediating electrons of an electronic
bond, they produce a time-varying field which contributes to the system's magnetic recovery. An
important difference of this interaction with dipolar coupling is its independence from the distance
between the nuclei.

Also, the alteration of the magnetic field is slow, the resulting frequencies are small and therefore
this mechanism contributes mainly to the restoration of 72 and less for T'/. It is not a very important
restoration mechanism in biological molecules, but it acquires special importance in nuclear systems
that are enriched with paramagnetic ions.

V. Spin Rotation

Rotating molecules create their own magnetic field. As the molecules move, so do the electrons in the
molecules, and an electric current is created. This current is the source of a magnetic field, the size of
which depends on the rotation of the molecule. In other words, it is a fluctuating field that is partly
responsible for the tissue-repair process.

Light and fast-moving molecules are more efficient than large molecules.

V. Shielding Anisotropy

As the direction of a molecule changes with the applied field By, so does the field exerted on its
nuclei. This phenomenon depends on the intensity of By .
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5.2 Longitudinal and Transverse components of BR

The background field can be analyzed in two components, the vertical and the parallel in the
main field By . The vertical component of By acts in a similar way to the radio frequency pulse Bj.
Some nuclei pass from high to low energy state, releasing energy to the environment, resulting in 7/
magnetic recovery. The transverse component of the background field contributes in a small amount
to the 72 recovery.

The longitudinal component of BR is added to field B , resulting in local alterations in the
field. The isochromatics, depending on the summed up field to which they are subject to, precess
with a different Larmor frequency. Their phase coherence is lost and transverse magnetization
decays.

5.3 Molecular motion and magnetic recovery times T1 and T2

Molecular motion forms the magnetic interactions between the nuclei. This happens because
molecular motion itself involves the nuclei of its atoms as a part of the molecule. Because each
nucleus has its own magnetic field (magnetic dipolar moment ), as it moves it affects the local
magnetic field of its neighboring nuclei. Thus, the molecular motion results in the creation of locally
fluctuating magnetic fields and induces magnetic recovery. This effect can also be described
quantitatively. The appropriate theory for this purpose was developed by Bloembergen, Purcell and
Pound and is known as BPP theory. To understand it, we must be familiar with the concept of
molecular motion.[13]

Every atom or molecule of the elements in nature is in a constant periodic or random motion.
Also, molecules change their type of motion quickly because they collide with each other. The time
for which a molecule is in the same kinetic state, that is, the time between two collisions, is called the

correlation time T, . In the case of rotational motion, it is the time required for the molecule to

perform a 33° arc rotation, while in the case of kinetic motion it refers to the time it takes for the
molecule to travel a distance equal to its length.

It is obvious that, for a certain type of movement, the molecules that move slowly will remain
in the same kinetic state for a long time and will be characterized by long correlation times. The
exact opposite will happen in molecules that move fast and have short correlation times. Solid

molecules have a large 7, (molecules very close to each other, in slow motion) and gases also have
small 7, (molecules more distant, fast moving). 7. is also affected by temperature. At higher

temperatures the 7. decreases.
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5.4 Frequency Distribution of BR

5.4.1 Autocorrelation Function

The G(t) autocorrelation function is a correlation function of the kinetic state of the molecule
at two different times. In fluids and in most biological tissues, the movements at molecular level that
are responsible for magnetic recovery are random rotational and random transport molecular
motion. In this case the function is decreasing and the BPP theory proposes the following
exponential form of it:

G(t) =exp (-t/1) (10)

, Where 7. is the correlation time.

5.4.2 Spectral Density Diagram

Any random movement can be analyzed based on the Fourier transform into individual
periodic movements of different frequencies. The diagram depicting the relative intensities of
harmonic motions as a function of their frequencies is the diagram of spectral density J (w) of this
molecular motion. The spectral density J (w) is proportional to G (1) in the frequency range. The two
functions form a Fourier pair.
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Figure 5.3 Spectral Density Diagram. [16]
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The diagram above shows the spectral density J (w) of three materials:

1. large molecular weight (long T.),
2. medium molecular weight (medium 7.) and

3. low molecular weight (short T,).

For simplicity, we can consider an equal number of molecules from each material. The area
of the three curves is the same because the total number of molecules involved in the movements is
constant.

The low molecular weight molecules that move fast, are characterized by short correlation
times and a quite spread-spectral frequency density. In other words, the number of molecules that
perform a harmonic motion of a certain frequency is small but extends over a wide range of
frequencies. On the other hand, high molecular weight molecules move slowly, have long correlation
times and a spectral density that is limited to low frequencies. Overall, most molecules are located in
a small, low-frequency region. Medium molecular weight molecules have an intermediate state.

The frequency range of each spectral density diagram before the critical point of the curve
(points on the diagram of a function, where the derivative is zero or the derivative does not exist) is
called the visible spectral range. In this region the function J (w) is independent of the value of w.
The area around the turning point is called the spectral dispersion region.

The form of the density function depends on the sample being investigated, a simplified
version of which is shown below:

27

e

From the relation above, it becomes clear that at low frequencies (01.<<1), J (w) is independent of
@ (visible spectral line). In the frequency range where wt.= 1, J (w) decreases sharply to the value

of zero (spectral dispersion region) and in the high frequency range wtc >> 1, J (w) takes is equal
to zero.

According to the BPP theory, the longitudinal relaxation rate (T1)~! is given by:
- 2
[71]" o[ By, | J(e)

27
oC [ng]z ﬁ

(12)

(13)
, where B, is the amplitude of the x-component’ of the background fluctuating magnetic field BR,
and the transverse relaxation rate is given by:
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, where J (0) describes the spectral density corresponding to the DC component of the background
magnetic field. Figure 5.4 below, shows the classic plots of 77 and 72 as a function of zc for fixed w.
There are two distinct regions to this diagram that are separated by a well-defined minimum in 7'/
that corresponds to wzc = 1.
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Figure 5.4 Plots of T1 and T2 as a function of zc. A minimum in T1 occurs at wtc = 1

Region 1 corresponds to the value w - 7, < 1 and lies between the points 4 and O in Figure
40. In this regime, molecules tumble rapidly. The motion is so rapid that the field generated by them
averages to zero as far as the (precessing) isochromats are concerned. In Region 1 it is clear that 72
is relatively long and is also equivalent to 7/. The corresponding spectral line from the signal
generated by samples in this region is narrow and as such Region [ is known as the extreme
narrowing regime.

In the intermediate range of motion (dense liquids, w -7, = 1) between Region 1 and
Region 2, the frequency of the background field matches the Larmor frequency. Those components
that oscillate at the Larmor frequency will be particularly effective at driving transitions between the
two energy states of the spin system. At this point on the graphs, the random background field is ‘on
resonance’ and is most effective at inducing longitudinal relaxation. T1 passes through a minimum
while T2 continues to decrease. In this area, where the frequency of molecular motion is equal to the
frequency of Larmor, that’s why 7'/ recovery is the most efficient.

Region 2 is characterized by divergence of Tl and 72. TI relaxation processes also
contribute to 72 relaxation, the so called ‘monsecular’ contribution, which requires a time-varying
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field. However, Region 2 is dominated by the secular contribution which is described by the J (0)
term in Equation (13). Here the DC components of the background field start to dominate, while 7,
increases, which only contribute to 72 recovery. The influence of these components causes 72 to
continue to decrease linearly as 7, increases (tumbling slows and the background field becomes ever

more static). In contrast, the power available for longitudinal relaxation falls away dramatically as the
background field moves away from resonance.

In conclusion, slow movements periodically form low-frequency magnetic fields and lead to
more efficient 72 recovery. Movements that periodically form magnetic fields with frequencies close
to the Larmor frequency lead to more efficient 71 recovery. [2]
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6. Gel Dosimetry

6.1 Gel Dosimeters as Phantoms in MRI

Phantoms play an important role in ensuring the proper operation of magnetic resonance
imaging systems. They serve in the quality control of the MRI system of a laboratory, but also in the
comparison of (a) the results we get from different MR/ systems or (b) of the results we get from the
handling of different people. However, when applying magnetic recovery time measurement
methods (quantitative MRI), it is necessary to use a series of appropriate phantoms for measuring
calibration instruments.

In this way, the optimization and validation of the measurement methods is achieved. Other
uses of the phantoms are in staff training as well as in various experimental studies.

6.2 Properties of Phantoms

Phantoms which simulate magnetic recovery times and ADC should have certain features,
including:

1. Magnetic recovery times and diffusion rates similar to those of human tissues
(T';: approximately 200-1200ms, 7>: 40-200ms, 7,/T>:4-12 ADC: 50-200 x
10° mm?/sec).

Ability to independently change the times 7'/, 72 and ADC.

Same dependence of 77, 72 and ADC on temperature and frequency
measurements with those of soft tissue.

Chemical homogeneity.

Chemical and physical stability over time.

Ability to control the shape.

Low cost and easy to manufacture.

A
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6.3 Gel dosimeter components

The main components of a polymerization (polymerization as a phenomenon will be
explained in a following paragraph) gel dosimeter are:

a) Water (approximately 80-90%),
b) Monomer molecules,

¢) A gel substance (agarose or gelatin).

Water is so abundant in dosing solutions because it gives them three special characteristics:

i) Tissue equivalence,
ii) Free radicals are produced during its radiolysis, which initiate polymerization,
iii) Water protons signal magnetic resonance imaging. coordination.

These dosimeters, which are made in atmospheric conditions, contain an additional
substance that binds oxygen, the "oxygen-scavenger" substance (Tetrakis (Hydroxymethyl)
Phosphonium chloride-THPC or ascorbic acid).

Monomers

Monomer molecules are organic compounds capable for reacting with each other to form a
larger molecule called a polymer. The formation of the polymer requires two types of molecules, one
substance that is polymerized (monomer) and another that connects the polymers together, playing
the role of a crosslinker. The most common polymer crosslinker is bisacrylamide-(Bis) (Figure 6.1).
This substance forms bonds between the polymer chains and creates the three-dimensional
distribution of the dose.

From 1994 until today, there are various types of monomer molecules used in polymerization
gel dosing, each of which gives the corresponding name to the type of dosing meter. PAG dosimeters
contain polyacrylamide as a monomer and were introduced in 1998 [1]. A year later, VIPAR
dosimeters with vinylpyrrolidone monomers were discovered. Also in 2004 appeared HEA,
containing acrylamide with ethyl alcohol (Hydroxymethyl acrylate) [2] and in 2006 NIPAM [3]
containing isopropylarylamide. The most common monomer molecules are shown in Figure 6.1.

It is noted that these molecules are foxic and affect the central and peripheral nervous
system. In fact, the crosslinker substance of monomers causes itching. That is why it is necessary to
take protection measures during the manufacture process of the gel dosimeters (such as special
clothing, gloves etc.) and to provide the appropriate facilities (lab) for their preparation.
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Figure 6.1 Structural formulas of the most common monomers (a-d) and the polymer crosslinker (e)
molecule.[3]

Today, the only non-toxic monomer is isopropylachrylamide. After use, the dosimeters melt
at high temperatures and are removed from the various phantoms in which they were injected. Each
laboratory must have special disposal sites for the used solutions.

The size of monomer molecules is measured in Angstrom (4 ~ 30 x 10" m). The mean
distance between the monomers in a non-irradiated dosimeter depends on the % content of the
monomer in the solution. Specifically for PAG dosimeters that have 3% w / w monomers and 3% w /
w polymer binding, the average distance between the monomers is 20x10™"° m and 25x10™"° m the
average distance between the connector molecules. Also, the average distance of water molecules is
about 4x10"”m and the size of gelatin molecules is very large compared to the molecules of the other
components. Therefore, gelatin molecules have little effect on the diffusion of other small molecules

[4].

Acrylamide

Tropocollagen
junction

6.8 nm - 12 nm

Polypeptde chain N.N'-methyleen-bis-acrylamide
Figure 6.2 Representation of the microscopic construction of the non-irradiated polymerization gel dispenser

[4].
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In recent years, a new way of expressing the content of monomer molecules in the dosimeter
solution has been used. Specifically, two contents describe the composition of the solution, % T and
% C.

% T is the content of monomer molecules and polymer crosslinker molecules relative to the
total mass of the solution.

%T = total mass of monomers (19

total mass of the solution

% C 1s the content of the molecules of the crosslinker substance relative to the total mass of
the monomer molecules and their molecules of the bonding substance.

total mass of crosslinker molecules

%C =

(20)

total mass of monomers

Gelation Substances

In order for the polymer gel dosimeters to keep the polymers firmly in place during
irradiation a gelation substance is needed. With this substance, the dosimeters coagulate and the
polymer chains that are formed and connect together do not diffuse. In addition, they remain stable
spatially, maintaining the three-dimensional distribution of the dose. The first gelation substance used
was agarose, a polysaccharide whose main ingredient is agar. Gelatin was then used, a transparent,
tasteless substance which contains collagen, which is isolated from the skin and bones of animals.

Today, almost all polymer gel dosimeters contain gelatin as a gelation substance. It was
chosen because it has better characteristics compared to agarose. Gelatin dissolves more easily in
water, is cheaper and improves the discretion of the dosimeter. The structure of polymer gel
dosimeters is determined by the percentage of gelatin and monomer molecules in the solution.
Usually the gelatin content of the solution ranges from 4% w / w ~ 7% w / w. A particularly
important feature is the gelation of aqueous gelatin solutions, which is characterized by the creation
of a three-dimensional layout of biopolymer chains. The creation of this network comes from the
maturation of the collagen contained in gelatin. A collagen unit is a 280nm long rod, made of
polypeptide chains, wrapped around each other, creating a helix in space.

The gelation process begins just a few minutes after the temperature of the solution drops to 35°C.
After the first few hours, the rate of gelation decreases significantly. However, the gelation continues
even a week after the manufacture.
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Figure 6.3 The structural formula of the gelatin molecule.[5]
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Oxygen scavengers

The presence of oxygen in the atmosphere prevents the recording of the absorbed dose of the
polymer gel dosimeters. Oxygen molecules connect with the initial roots of the polymers, so they
won’t connect with each other, preventing the polymerization process to end. Due to this fact,
initially the gel dosimeters were made in nitrogen and argon cages.

In 2001, Fogg [5] proposed the use of substances that would bind atmospheric oxygen
without terminating polymerization. The substance they used was ascorbic acid and the new
dosimeter was named MAGIC and could be produced in atmospheric conditions. Then, the use of
other "oxygen-scavenger"” substances for the production of dosimeters under atmospheric conditions
was studied. Of all the studied substances, the most effective is "Tetrakis” THPC, an ionic
compound with phosphorus and methyl hydroxyl.

THJDH
CHOH
| CH,0OH
CH
(|}"'” \ HOCI-[,,—P]“—CI-L,DH
C"‘-n.._‘ - -
C—. s OH CH,OH
g ¢ &
O |
OH
a)Ascorbic acid b} tetrakis - THPC

Figure 6.4 Structural formula of the oxygen-scavenger molecules a) Ascorbic Acid and b) tetrakis THPC.[6]

Today, the most common substances are Tetrakis (THPC) and Ascorbic acid, which can be
used to produce polymer gel dosimeters faster and more economically. Depending on the monomers
of the dosimeter, each of these substances has a different effect on its dosimetric characteristics [6].
Therefore, for the effective use of these substances, it is necessary to carefully choose the appropriate
substance and its concentration, in order to bind oxygen.

6.4 Gel dosimeter manufacture and storage

The time required to make a polymer gel dosimeter depends on the type of dosimeter that is
to be created, the amount needed and the manufacture conditions (whether it is in a cage or in
atmospheric conditions). Various research teams have been following almost the same manufacture
process with small differences. The following is the usual production process under atmospheric
conditions.
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Initially, the volume of the required dosimeter is calculated and the phantoms to be irradiated
are filled with double distilled water. This amount of water is poured into a container of refractory
glass and 10% extra double distilled water is added, due to the reduction of the volume of water from
its evaporation. The container is placed together with a magnetic stirrer in a magnetic hotplate stirrer
(Figure 6.5).

Figure 6.5 Magnetic hotplate stirrer.

The amount of water is heated to 40°C. When the temperature stabilizes, gelatin is added,
which is constantly stirred to dissolve. Once the solution is clear, the temperature of the solution is
reduced to 34°C. Then the monomer is added, after it is completely dissolved, the substance that will
connect the polymers (Bisacrylamide crosslinker) is slowly added. It takes a long period of time for
Bis to dissolve completely. When it is completely dissolved, the solution is cooled again until its
temperature reaches 32°C and then the oxygen-scavenger substance is added. Once it is completely
dissolved, the solution is injected into the phantoms. It should be noted that during the preparation,
the temperature of the solution should not exceed 50°C. If the temperature of the solution is high
enough, polymerization is likely to start due to the high heat. A study in 2000 [7] states that changes
in temperature during the manufacture of the gel dosimeter affect its dosimetric response and also
affect the repeatability of the method.

It is especially important to keep the phantoms of the solutions, because these dosimeters are
sensitive to /ight and temperature. Specifically, the solutions in order to coagulate, they are being
placed in a dark place with a temperature around /0°C for one day. The dark part is chosen because
the dosimeters are sensitive to light and by exposing them to it, it is possible for photo-
polymerization to begin before they are irradiated. = Therefore, their protection from light is
necessary. Usually the phantoms are covered with a parafilm (a semi-transparent, flexible film) for
extra protection. In addition, special care is required for the temperature of the storage space. A
study was conducted in 2007 [8], which showed that the dosimeter response changes and depends on
its storage temperature. For this reason, it is recommended that the dosimeters be stored in a dark
place with a controlled temperature and that their storage temperature should not deviate from the
temperature of their irradiation and reading. Changes in radiation temperature affect the response of
the dosimeter and changes in temperature during reading affect the discretion of the dosimeter, its
accuracy and repeatability [9].
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6.5 Polymerization Reaction

In general, 90% of a polymerization gel dosimeter consists of water. During the irradiation
and absorption of the radiation energy from the dosimeter, water is radiolyzed. During radiolysis,
electrons and positively charged ions (cations) are produced by water and they are called free water
radicals. These radicals are very active and react with the monomer molecules of the dosimeter. The
size and type of radiolytic products produced in the first femtosecond (SI unit: 10'155) after irradiation
depend on the type and energy of the radiation.

For photon radiation (of the MV order) used in radiotherapy, the position of the radiolytic
products is located inside an area of the order of one nanometer (/ nm) around the path of the
radiation. These phenomena occur in a very short time and in infinitesimal space, which is why their
observation is limited due to quantum uncertainties. From the moment of the creation of the
radiolytic products, the probability of free radicals approaching the monomers through the Brownian
motions is increasing with time [10].

Initiation is the first step of the polymerization process. During initiation, an active center is
created from which a polymer chain is generated. The polymerization initiation reaction occurs when
the free radicals of the water react with the monomer molecules, breaking the double bonds of the
monomeric carbon atoms and creating free molecular radicals of the monomers. The rate of the
reactions depends on the ability of the monomer to react with the free radicals and on the
concentration of both, the monomer and the free radicals in the solution. The concentration of free
radicals in the solution depends on the dose of radiation. Thus the evolution of the polymerization
reaction is controlled by the type of monomer molecules, the concentration of the monomer and the
dose rate of the radiation.

radiation
8]
Q xvgen) Cee wate —{ Gelatine
(. cavenger radlcals -\

|
— (D
radical
!

Figure 6.6 Schematic representation of the chemical reactions of the polymer gel dosimeter components with
ionizing radiation.
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The next stage of the polymerization reaction is chain propagation. At this stage, the ends of
the free radicals of the monomers, which are created at specific points in the mass of the dosimeter,
are joined together in a straight line. With this process, straight polymer chains are created, which
grow depending on the number of free radical monomers created during the absorption of the
radiation. The crosslinker molecule plays an important role in the process of forming polymer
chains. This substance connects the straight polymer chains together, creating vertical joints. With
these reactions, a three-dimensional (3D) structure of polymer chains is created in the mass of the
dosimeter, which is called the Polymer.

The final stage of the polymerization reaction is the chain termination. The development of
the polymer chain can be stopped when two chains are joined together having only one active end for
their joint. After this reaction, the chain cannot grow further and the polymerization is terminated.
The gelatin contained in the solution plays an important role in maintaining the three-dimensional
polymer structure, formed in the dosimeter. In particular, the polymer is trapped inside a semi-solid
matrix, which is made of gelatin. This matrix provides the polymer mechanical stability, keeping it
stable within the mass of the dosimeter. This keeps the spatial distribution of the dosimeter constant.
Finally, it is noted that by increasing the concentration of gelatin in the dosimeter solution, the extent
of the polymerization is reduced, while the spatial information of the distribution is being maintained
in a specific position in the dosimeter.

6.6 Radiotherapy techniques and Polymer gel dosimetry

Modern radiotherapy techniques have drastically altered the dos process to the target tumor.
The complexity of the procedure resulted in an increased need to confirm the 3D dose distribution.
The usual two-dimensional dosimetric techniques used partially, determine a dose distribution and
require reconstitution to produce the three-dimensional distributions. This makes clear that it is
needed to use a dosimetric system that can directly render the 3D dose distribution with high
accuracy and physical identification in 3D reality. Gel polymer dosimeters (gel) were developed for
this cause.

Polymer gel dosimeters belong to the category of chemical dosimeters. Their function is
based on the fact that exposure of chemical dosimeters to ionizing radiation causes changes in their
chemical properties [38]. In particular, the percentage of absorbed dose is related to the extent of the
chemical changes caused to the dosimeter. By adding a gelatin agent, the chemical dosimeter solution
can be spatially stable and provide information on 3D dose distribution. By optimizing imaging
techniques, these changes can be visualized and evaluated with great accuracy.

Polymer gel dosimeters have been shown to be a valuable tool for measuring characteristic
radiation beams [39, 40, 41, 42 and 43] as well as for three-dimensional confirmation of dose
distributions in radiotherapy [44, 45, 46 and 47].
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Today, several different types of polymer gel systems have been introduced, each with
different dosimetric characteristics. The vast majority of these dosimetric systems, their
characteristics and their usefulness in measuring radiation beams as well as in three-dimensional dose
confirmation in radiotherapy have been presented [4] in terms of study, evaluation and
documentation. However, despite the large number of available polymer gel systems, each with
different characteristics, their use in clinical practice has not yet been adopted. Any such new system
introduced should be determined by all its dosing and functional characteristics so that it can be used
safely in clinical radiotherapy.

The minimum set of these features should include:

1. Dose response and repeatability characteristics - useful dose range.

2. Sensitivity of the dose response characteristics to the "phantom preparation and
irradiation" time period.

3. Sensitivity of dose response characteristics in relation to "irradiation and reading" time.

The problem in evaluating the final accuracy of the dose maps obtained in a gel dosimetry
experiment is that there is no 3D ‘gold standard’ with which to compare. The most reasonable
strategy is to compare doses obtained with gel dosimetry with doses obtained by the ‘most reliable’
dosimetry techniques that apply to a certain spatial dimension. As such, dose profiles of a single
photon or electron field can be compared with dose profiles obtained with an ionization chamber or
diamond detector [47]. In two dimensions, gel dosimetry can be compared with film dosimetry [39,
47]. Most comparisons have been made with treatment plans [16, 18 and 50]. The verification of the
treatment plan can be seen as the most important application of gel dosimetry in radiotherapy quality
assurance so far. Factors that have an influence on the accuracy are listed in Table 2. These factors
can be classified in two categories: (1) dosimetric factors cause deviations between the measured
dose and the described dose and (2) spatial deviations cause deviations in the spatial distribution of
the delivered dose. In terms of the chemical processes within the gel dosimeter, inaccuracies arise
from differences in dose—response between calibration phantoms and the dose verification phantom,
from chemical instabilities and from the loss of spatial integrity [4].
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Table 2. Factors influencing the precision and accuracy in 3D gel dosimetry under conditions of

good practice. [4]

Dosimetric

Precision

Spatial

Accuracy

Dosimetric

Spatial

Fabrication Dose sensitivity of the gel

dosimeter

Radiation  Stochastic variation in the

delivered dose

Variations in the temperature
during irradiation

Variations in the temperature
during irradiation
Reproducibility of calibration
phantom positioning
Radiochemical noise

Imaging Stochastic noise

6.7

Spatial variations in manufacturing temperature

Variations in phantom positioning

Spatial temperature variations in combination with
temperature sensitive dose response
Spatial temperature variations in combination with

temperature

Voxel size'shape (resolution)

Discrepancies between
calibration vials and phantoms
Chemical stability spatial
stability

Positioning error of the
calibration phantom

Dose-rate-dependent response

Dose-rate-dependent response

Energy-dependent response

Temperature dependence
Tissue equivalence
Recipient wall effects
Voxel shape (bandwidth)

imaging artifacts

Temperature during scanning

Volumetric contraction of
the gel dosimeter

Phantom positioning error

Imaging artifacts

Magnetic Resonance Imaging techniques for gel dosimeters

After irradiation, the polymer gel dosimeters should be able to produce dose distribution

maps, with the use of an imaging technique. Today, various imaging techniques are used to evaluate
them, such as MRI, Optical CT, x-ray CT, Ultrasound and Raman spectroscopy. An imaging method
is effective in polymer gel dosimetry when it is able to detect the changes caused by radiation inside
the dosimeter.

The first imaging technique used [11] was Magnetic Resonance Imaging, which is the most
common method. The principles of Magnetic Resonance Imaging are described in the next
paragraph and will be analyzed further since it is the technique method used in this study. This
technique is the most common for estimating the dose of polymer gel dosimeters. In particular, the
chains of polymers created by the precipitation of radiation, affect the mobility of water molecules in
the dosimeter. The water molecules, which are attached to the chains of the polymers, can move very
slowly and very finely compared to the water molecules, which are located near the monomers of the
non-irradiated dosimeter.
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The MRI detects these changes by measuring the high or low magnetic recovery rates of the
water molecules that are attached to the polymers. The extent of the polymer chains inside the
dosimeter is related to the absorbed dose. As long as the arrangement of the polymer chains is
maintained spatially in the gel solution, the dose distribution can be illustrated using MRI.

The correlation between the irradiated dose and the rates of magnetic recovery is achieved by
producing a calibration curve between the rate of magnetic recovery and the dose of radiation (R2-
dose calibration curve). This method is used for absolute dosimetry. Changes in the composition and
structure of the radiation-induced dosimeter alter the rates of magnetic resonance imaging (R/) and
sphincter (R2). These changes are related to the absorbed dose and the calibration curve is generated.
Changes in spin-magnetic recovery rates (R2) due to radiation are more intense than those of spin-
mesh (RI) rates. For this reason, the estimation of polymerization gel dosimeters is based on R2
changes.

Although MRI has been shown to be a reliable and highly accurate method for measuring the
dose of polymerization gel dosages, its application contains several difficulties and disadvantages. Its
use is quite limited, due to the high cost of system equipment and the restriction of access to these
systems due to the high workload in clinical settings. Another disadvantage of the method is the
effect of temperature changes on the accuracy of the estimation of dose distributions during scanning
of the sample.

Also, the accuracy of the measurement is downgraded by the existence of technical errors
(false indications) contained in the MR/. These false indications are caused by various factors, such
as the spatial inhomogeneities of the magnetic field, the gradient fields and the radio frequency fields,
the selected dimensions of the display field, the developing fluctuations, the choice of the range of
the reception zone [13, 14, and 15].

In the following paragraphs, the Spin Echo technique is described, the evolution of which is
the Multiple Echo Spin Echo, as well as some other fast sequences, including the HASTE technique.

6.7.1 Spin Echo technique

The Spin Echo technique was introduced in 1950 by Hahn and it is the basic sequence in
MRI, on which other sequences are based [1, 2, 5]. The schematic representation of this sequence is
shown in Figure 6.7. First we consider a nuclear spin system, in the selected section, which is in a
state of thermodynamic equilibrium and interacts with a 90° RF pulse [Figure 6.7 (1)]. The
application of the RF pulse causes the spread of the isochromatic spins, which resembles with the
opening of a fan, and induces a weak signal of Free Induction Decay (FID) in the receiving coil.
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Figure 6.7 The Spin Echo technique in a nuclear spin system.[48]

The spread of the isochromatics and the weak FID signal are produced due to pseudo-
restorations of T2*, which appear due to the heterogeneities of the static magnetic field. Hahn's aim
was to minimize the effect of the T2* pseudo-restorations of the signal produced and to enhance 72
restorations, so that the final receiving signal depends mainly on restoring the transverse
magnetization of the hydrogen nuclei in the area of interest.

Minimizing field inhomogeneities in the generated signal was achieved using another RF
pulse of 180°, which is applied for a short time (TE/2), after the 90° RF pulse [Figure 6.7(3)]. The use
of this pulse causes a time reversal of the evolution of the phenomenon, while maintaining the
direction of the movement of the isochromatics. Therefore, after the /80°RF pulse, the fast
isochromatics will be chronically behind from the slow ones. Then the fast isochromatics will start to
approach the slow ones [Figure 6.7(4)] and the “fan” will start to close.

After a period TE of time, the fan will be closed, the system will have been returned to
equilibrium [Figure 6.7(5)] and the FID signal that will be produced will mainly depend on the 72
magnetic recovery. This signal is called "echo". The technique, in which we produce only one FID
signal (one "echo") in TR time using a 90° pulse and a /80° pulse, is called Spin Echo technique.

6.7.2 Multiple Spin Echo Techniques (Carr Purcell and Carr -Purcell-
Meiboom- Gill)

A series of multiple "echoes" (Multi Echo Spin Echo) provides a series of signals to many
"echoes" of the sample, each of which is received at a different time. In order to achieve the
production of many "echoes" from the same sample, it is necessary to use pulses 180°. The result in
two dimensions is the production of a series of images from a specific section of the displayed
sample at regular intervals. Using appropriate customization algorithms, these images are processed
and reconstituted to produce a computed mathematical image called a two-dimensional parametric
value map.
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Today, the use of a Multi Echo Spin Echo (MESE) sequence has been shown to measure the
dose of gel dosimeters, resulting in optimal noise reduction in the generated image [12]. In this way,
the signal-to-noise ratio in the image is optimized and the spatial resolution of the dosimeter is
increased. Thus, in order to display a polymerization gel dosimeter, it is necessary to use a suitable
sequence, in order to visualize spatially the optimal possible spatial resolution of the dosimeter in the
shortest possible time.

A. Carr Purcell (CP) Technique

A few years after the introduction of the Spin Echo technique (1954), Carr and Purcell proposed
a new technique based on Hahn's technique, but with fewer errors. This new technique has been
called Multiple Spin Echo, because in TR time many 180° RF pulses are applied and not just one as in
the Spin Echo technique. Each 180° RF pulse is emitted at a specific time and after its application a
FID signal is created (echo).

The series of the applied 180° RF pulse create a series of signals of the same region as they
weaken over time (Figure 6.8). These signals received on a TR time have the same phase encoding.
Thus, everything is stored in the same line of the K space.

The main advantage of this technique is the fact that the scanning of the area of interest is much
faster. Another advantage is that there is a minimization of molecular diffusion errors, due to the
reduction of the time interval (TI) between the two pulses.
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Figure 6.8 The Multiple Spin Echo technique.[48]

B. Carr Purcell Meiboom Gill (CPMG) Technique

In 1958, Meiboom and Gill introduced a new sequence, based on CP technique, but improved, in
terms of cumulative errors. The difference between the new CPMG technique and the CP technique
is the application axis of the /80° RF pulses. Specifically, in the CP technique, the 90° RF pulse and
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the 180° RF pulses are applied to the same axis, x. This, however, creates errors caused by the
heterogeneity of the 180° RF pulses.

In contrast to the CPMG technique, the 90° RF pulse is applied along the x-axis, while the 180° RF
pulses are applied to the y-axis. In this way, each time a 180° RF pulse is applied to the y-axis, brings
back in phase possible errors, which may have been created by applying an inaccurate previous /80°
RF pulse to the same axis. This process results in minimizing the cumulative errors associated
inhomogeneities from the 180° RF pulse.

Finally, another technique based on the previous two is Phase-Alternating Phase-Shift (PHAPS).
During this technique, each line of the K space is stored twice [6]. First consisting of signals recorded
with the CP technique, where the 90° RF pulse and the 180° RF pulses are applied to the same axis, x.
Then, the same line is recorded using the CPMG technique, where the 90° RF pulse is applied along
the x axis, while the /80° RF pulses are applied along the y axis.

6.7.3 RARE (Rapid Acquisition with Relaxation Enhancement)
techniques

RARE techniques are quick versions of the Multiple Spin Echo technique. They are usually
referred to as Fast Spin Echo (General Electric) or Turbo Spin Echo (Siemens, Philips) techniques
depending on the manufacturer. In these techniques, unlike conventional Spin Echo, in only one TR
more than one phase encoding gradients are applied (application of different phase encoding
gradients), so that many lines of the K space are filled in a time period of one TR.

Each echo created after a 180° pulse is encoded incrementally with respect to phase, in order
to fill a different line of K space. The number of signals received from a series of 7180° pulses in one
TR, is called the Turbo factor. As shown in Figure 6.9, more than one line of K space is recorded in
each TR, depending on the Turbo factor. This technique fills the K space faster and the scanning
time 1s reduced depending on the number of echoes that are being received in each 7R.

TR
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Figure 6.9 The Fast Spin Echo technique. Completion of many lines in K space in only one TR.[48]
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The two fastest versions of these techniques are the SSTSE and HASTE techniques. In the Single
Shot Turbo Spin Echo (SSTSE) techniques, all the lines of K space of a slice are recorded in one TR.
Half Fourier Acquisition Single shot TSE (HASTE) techniques fill the half lines of K space in one
TR. The rest of the K-space lines are supplemented by using Fourier transform for better image
resolution, while reducing the series of the pulses.

HASTE technique consists of an initial 90°RF pulse and then multiple 180° RF pulses follow. So,
we receive an image from only one section (the first one). In the next TR, there has been magnetic
restoration and the HASTE sequence starts from the beginning, for the next section, with a next
90°RF pulse.

ag=  180° 180° 180° 180% 180 180% 180° 180° 180*
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Figure 6.10 The HASTE sequence. [48]

The main disadvantage of the fast technique sequences is that each line of K space has a
different effect on the 72 restorations, because over time the T2 signal decays. This results in the
deterioration of the spatial resolution of the final image. Recently, efforts have been made to
improve the performance of these techniques so that they can be used as reliable methods for reading
polymer gel dosimeters.

6.7.4 Selection of Magnetic Resonance Imaging Parameters in Polymer
Gel Dosimetry

Imaging parameters, such as the TE, TR times, the nutation angles of the magnetization, have
a large effect on the contrast of MR images [7]. The most common contrast parameter used in
polymer gel dosimetry is the restoration rate R2 (spin-spin). During scanning, 72 emphasis images
are generated. These images are collected to construct the calculated R2 maps.

Theoretically, 71 and T2 emphasis maps can be constructed, but it has been shown that the
heterogeneities of the magnetic field and the radiofrequency pulses have a negative effect on the dose
reading accuracy from these maps [8]. These effects can be minimized by constructing the
calculated R2 maps, since the changes in this rate are directly proportional to the radiation dose.
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Many imaging techniques can be used to produce quantitative R2 maps. The simplest
technique is the conventional Spin Echo. In this technique, by changing the TE parameter, the
emphasis of T2 restoration on the base images, which are received from the MRI system, changes.
Finally, the R2 value in each elementary section of the calculated R2 map, is calculated from two T2
base images [Figure 6.11 (a)].

To optimize the Signal to Noise Ratio (SNR) of the R2 maps, it is preferred to use the
Multiple Spin Echo technique [9]. In this sequence, several different 72 emphasis images are
obtained during a TR. Each R2 value of each elementary section of the calculated R2 map is
calculated by fitting the T2 values to an exponential curve, which corresponds to the signals of the
base image pixels [Figure 6.11 (b)].

Also, a percentage of the SNR from the initial base images can be reduced by selecting the
right TE. The more TE'’s there are, the more base images are taken. The only limitation in the choice
of the number of TE is the minimum required time between two consecutive TE (ATE,;,). In order
to receive two consecutive acceptable signals, there must be a time interval (TI) between them to
stimulate, encode and restore the system.
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Figure 6.11 Construction of calculated R2 maps, using (a) the Spin Echo technique and (b) the Multiple
Spin Echo technique [4].
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6.8 Dosimetric Characteristics

Polymer gel dosimeters have a special place in the dosimetry of radiotherapy due to their
ability to record the dose in three dimensions (3D). Prior to their application in clinical practice, their
accuracy and reliability must be assessed and determined.

This evaluation is achieved by studying their dosimetric characteristics, such as:

dose response,

dose sensitivity,

dose resolution,

temporal and spatial stability,

dose rate and energy dependence

temperature dependence during irradiation — storage — scanning
tissue equivalence and

reproducibility

Fo e a0 T

Each of these features is described in detail below.

a) Dose Response

The basic principle, on which the use of polymerization gel dosimeters is based, is that the
radiation falling on the dosimeter causes the polymerization of the monomer molecules, and the
polymer chains formed remain in a specific position in the extent of the dosimeter. The extent of
polymerization is proportional to the amount of dose absorbed. In fact, because polymer molecules
interact with water molecules, the extent of polymerization can be estimated from the Magnetic
Resonance Imaging. In particular, it has been found that the rate of magnetic resonance imaging (R2)
varies depending on the dose absorbed.

The response to the dose of a dosimeter can be estimated from the display of a series of glass vials
filled with a gel solution, each of which has been irradiated at different doses (Figure 6.12). A vial of
radiation is always left unattended and the doses at which the vials are exposed are related to the
response of each dosimeter. The R2 response and dose of a polymerization gel dispenser follows
exponential behavior. In each such response there is a dose saturation limit. This limit is a specific
dose value above which no change in R2 rate is observed and where all monomer molecules have
been consumed and converted to polymers. This limit depends on several factors, but mainly on the
type of monomer molecules and their concentration. In order to accurately use polymerization gel
dosimeters in specific radiotherapy shots, it is necessary to visualize the calibration vials together
with the treatment plan verification model in order to minimize the uncertainty in calibrating the
dosimeter. In this way, absolute dosimetry is achieved. Other less accurate dosing methods have also
been presented [16].
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Figure 6.12 An example of calibration of irradiated vials.

b) Dose Sensitivity

Dose sensitivity is the change in the magnetic recovery rate of the 4R2 spin-spin compared with
the change in dose at the linear region of the R2-dose response curve, given by the following relation:

Sensitivity R2-dose __AR2 (21)
A(dose)

The dose sensitivity depends on the concentration and the type of the monomer, as well as on the
temperature and time of measurement (the time where the imaging took place). In literature,
different sensitivity values have been presented for different types of monomers as well as for
different imaging/scanning times [17, 4, 18].

c¢) Dose Resolution

To determine the optimal and appropriate dose range for each polymer gel dosimeter, it is necessary
to determine the accuracy of the estimated dose at different Confidence intervals p (Confidence
Level). This accuracy is determined by the concept of dose resolution in determining the dose D",
[19]. This size is defined as the minimum dose differentiation between two dose distributions with
different values at a specific level of confidence p. D", is the minimum detectable dose, and should
theoretically be close to zero. It is calculated from the following relation:

Df =k, -N2-0p (22

, where k,, , is the factor is related to the type of dose distribution and op is the standard deviation of

the measured dose (Figure 6.13). The error in measuring the o, dose depends on the sensitivity of
the dosimeter and the uncertainty in measuring each point.
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Figure 6.13 Calibration of irradiated vials [19].

From the above, it is clear that the performance of a technical display and the dosimeter can be
estimated by determining the minimum dose differentiation. In this way it is possible to make a
quantitative comparison between the different polymerization gel dosimeters as well as their different
reading techniques. Also, optimizing the dose response of the dosimeter and the imaging protocol can
lead to the lowest possible value of the discrete dose capacity.

Finally, the termination of the polymerization reaction due to the exposure of the dosing meter to
oxygen at low doses and the saturation effects of the dosimeter at high doses are two possible factors
that may cause DA degradation.

d) Temporal and Spatial Stability

In order for a dosimeter to be reliable, it must be kept constant in time. There are two #ypes of
stability that characterize a dosimeter: temporal and spatial stability. The time stability is estimated
by the rate of change of the R2 rate over time, and has been studied for the various types of gel
dosimeters [4, 20, 21, and 22]. The lower the rate of change of R2 over time, the more stable the
dosimeter is. Today, it is estimated that there are two phenomenons that affect the stability time of
dosimeters. One reason is the continuance of the polymerization reaction in the dosimeter several
hours after irradiation. The other cause is the maturation process or the continued gelation of gelatin
or agarose (or more generally the gelation material of each solution). Studies have shown that this
process continues even one month after irradiation. In order to avoid errors due to the non-time
stability of the dosimeters, it was proposed [4] to simultaneously read the verification model together
with the calibration models.

The spatial stability of a dosimeter expresses the capacity of the dosimeter to keep the dose
distribution constant. Several studies have shown the spatial variation of dose distribution in the
dosimeter over time after irradiation [17, 23, and 24]. Nowadays, it is considered that the main cause
of lack of spatial stability of the dosimeters is the diffusion of monomer molecules from high
concentration regions to low concentration regions.
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In particular, monomers react with polymer chains in areas where the absorbed dose is too high.
This has the effect of creating an apparent excess of the expected dose response at specific points of
the dosimeter. For this reason, polymer gel dosimeters should be used in a range of doses where no
such overdoses occur. Therefore, when producing new polymer gel dosimeters, the diffusion
coefficients of the monomers as well as the lifetime of the polymer radicals should be taken into
account, in order to keep both as low as possible.

Finally, it has been suggested [25] that diffusion of monomers can be significantly reduced by
using a suitable type of monomer molecules and molecules of "cross linking" substance, large in size,
in order to diffuse at a very low rate.

e) Dose rate and Energy dependence

Several studies have reported that polymer gel dosimeters are independent of the dose rate [12].
However, dose dependence has been observed for specific types of gel dosimeters, such as BANG-3
and PAG [26]. According to this study, by increasing the dose rate reduces the dose sensitivity.
Dose rate dependence affects the outset of the polymerization reaction, affecting the concentration of
the products produced during these reactions.

Today, we consider that polymer gel dosimeters are independent of the radiation beam energy.
However, it has been reported, that dosimeters which contain monomeric molecules such as
methacrylic acid, are dependent on the energy of the photon beam for doses greater than /0Gy. This
dependence is related to the #ype of monomer molecules used.

From the above, we conclude that polymer gel dosimeters, which are independent of the dose
rate and the beam energy, can be considered as reliable three-dimensional (3D) dosimeters [26].

) Temperature dependence during irradiation — Storage — Scanning

The dose response of a polymer gel dosimeter is particularly sensitive to changes in temperature
during irradiation, sforage and scanning. In 2002, the temperature changes of a dosimeter during its
irradiation were presented [27]. This research suggested that temperature is another factor that
affects the dose response of a dosimeter, and therefore needs special attention.

Another study also noted the importance of storing dosimeters before radiation and before
scanning them [6]. In particular, it was suggested that dosimeters should be placed in environments
that have room temperature 24 hours before irradiation and MR imaging, so that their temperature is
constant and equal to that of the surrounding areas.
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Figure 6.14 Temperature changes in the dosimeter depending on the absorbed dose [18].

Furthermore, when MR/ is used as a reading method, it is necessary not to change the
temperature of the dosimeter during its scan [18]. The use of high RF pulses during scanning can be
absorbed by the dosimeter and cause a local increase in temperature. These changes in temperature
across the dosimeter can lead to changes in the R2 rate of the given dosimeter and eventually to an
incorrect estimation of the recorded dose. For this reason, special care is needed, especially when it
takes a long time to make three-dimensional maps and consequently a long scanning/reading time.

g) Tissue Equivalence

Since polymer gel dosimeters consist of 90% water, they can be considered to be equivalent to
human tissue [28, 29, 30]. It has been noted that these dosimeters have a density that can be
approximately 2% to 6% higher than that of water, which depends on the concentration range of
molecules of the different monomers used and of gelatin [31, 32, and 33]. The equivalence of these
tissue dosimeters is based on the fact that they do not contain atoms with high Atomic numbers.

For reliable results in clinical practice it is required that the dosimeters have physicochemical and
geometrical properties similar to those of the patient. That is the reason why efforts have been made
in recent years [34], to simulate heterogeneities in polymerization gel dosimeters, such as bone and
lung.

h) Reproducibility

A polymer gel dosimeter is reliable when the dose measurements taken from it are repeatable.
The reproducibility of the measurements is being tested between the intra-batch and inter-batch
reproducibility areas. Figure 6.15 shows the control of intra-batch reproducibility, where the R2 rate
was measured at 20 different points of the same dosimeter, which received the same dose [26].
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Figure 6.15 Reproducibility check of different areas of the same dosimeter [35].
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Figure 6.16 Test response of a dosimeter of three different batches, using CT [35].

The smaller the standard deviation of these measurements, the more reliable is the dosimeter.
Figure 6.16 also shows the repeatability of a dosimeter of three different batches using Computed

Tomography [35]. In this study, the dose response of the dosimeter was determined three times, once
for each batch.

6.9 Accuracy and precision of polymer gel dosimetry

The use of polymer gel dosimeters is a multi-stage dosimetry method.  Specifically, it
includes the manufacture of dosimeters, their storage, their reading/scanning process by a suitable
imaging method, the analysis and the calibration of the images. Each of these stages adds systematic
or random errors to the final result of the dose distribution.
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6.9.1 Sources of error

In order to apply this method in clinical practice, it is necessary to identify all possible
sources of dose uncertainty and to take into account the final estimation of dose distribution [36]. In
the following paragraph, the main sources of uncertainty in determining dose after irradiation are
reported [10].

a. Differences in dose response between the verification and calibration phantom.

Several groups of researchers have reported dose deviations between the calibration vials and the
verification phantom, which belong to the same batch of gel solution. This phenomenon can be
explained by several possible factors. It has also been noted that differences in temperature when
storing large volumes of phantoms in a refrigerator [8], causes differences in dose response and leads
to systematic errors.

b. Lack of chemical stability.

There are two types of non-chemical stability for gel dosimeters. The first type is related to the
continuation of the polymerization reaction after irradiation and affects the slope of dose response.
The second type is related to the continued gelation of gelatin and causes an increase in R2 rate
values. These chemical instabilities also depend on the type of monomer used in the dosimeter. Their
minimization is achieved by simultaneously reading the calibration and verification phantoms.

¢. Lack of spatial stability.

The lack of spatial stability is due either to the diffusion of the monomer molecules from high-
absorbed dose regions to low-absorbed dose regions, or to the presence of oxygen molecules in the
solution. These differences in dose response occur after irradiation and affect the assessment of dose
distribution. In 2004 a mathematical model was presented, which describes and evaluates these
changes, but can only be applied to PAG dosimeters [23].

d. Installation errors of calibration phantoms.

Incorrect placement of the phantoms when scanning them (MR Imaging) can lead to an error in
estimating the dose. This error leads to an error in the calibration curve of the dosimeter and
consequently to a systematic error in estimating the dose distribution.

e. Temperature dependence during irradiation and imaging.

It has been observed that in some types of gel dosimeters, changes in temperature during
irradiation affect their response to dose [37]. One possible explanation is that as the temperature
increases, the diffusion coefficients of the monomer molecules change, resulting in a change in the
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kinetic behavior of these molecules in the gelatin solution. It has also been reported that reading
dosimeters by using MRI, changes the temperature to its extent. Specifically, with increasing
temperature, the R2 rate changes and therefore the dose response changes. This effect can be reduced
by carefully selecting the parameters of the reading sequence, in a way that will not cause an increase
in the temperature of the dosimeter.

f. Effect of bottle wall material.

To prevent oxygen from entering through the walls of the phantoms, the vials are usually made of
glass or materials that are equivalent to human tissue. Also special attention should be paid in the
case of glass vials. If they consist of large atomic numbers, there is a possibility that the beam passes
through them, causing beam hardening.

g. _Image Document Size Dosage from the Imaging Technique.

The dose estimation from parametric maps is related to the size of the pixels of the maps, each of
which contains information from specific data of the volume of interest. Specifically, the signal of
each pixel is the total signal from several measurements over time of the same volume element. In
most cases, the signal of each pixel contains information from other elements of the volume around
the element of interest. In MRI, the size of the elementary volume is determined by the range of the
receiving coil and the slice thickness. In cases where high spatial resolution is required, the selection
of an elementary volume size is very important.

h. Imaging Artifacts.

The presence of image artifacts can degrade the dose value in each elementary region. These
“pseudo-icons” can be connected to either the phantom or the imaging device. The ones connected to
the reading/imaging device come from machine malfunctions and the ones related to the phantom
come from the gel solution. Also, the “pseudo-icons” associated with the reading device depend on
the shape of the phantom and it is difficult to determine the accuracy of this measurement. Usually a
large phantom or a phantom with sharp edges can be depicted differently from a cylindrical or
spherical phantom. In addition, “pseudo-images” derived from the dosimeter itself are mainly due to
temperature differences during the imaging/scanning process or due to the diffusion of monomers.
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7. Purpose of the study

The purpose of this thesis is to manufacture a new polymer gel dosimeter and compare it with
a reference gel. More specifically, to compare with a widespread and used gel, the VIPET gel [1].
The role of the different constituent chemicals is investigated. The concentration of the different
chemicals was varied and the response of the gel upon irradiation investigated. It is shown that other
chemicals may also be used to scavenge oxygen with different reaction rates for the various anti-
oxidants observed. The new polymer gel dosimeter (named VIPASCU) consists of the same
monomers as the VIPET gel, except from its oxygen scavenger.

The importance of the study is based on the optimization of the quality of the therapeutic
results during conformal radiotherapy, while using Magnetic Resonance Imaging in polymer gel
dosimeters. In particular, in conformal Radiotherapy, the audit of dose distributions in three
dimensions (3D) plays a particularly important role. As for very small tumors, the precise
determination of the target tumor is also very important. It is necessary to find a reliable dosimetry
method, which controls the dose distribution in three dimensions with the highest possible accuracy,
in order to ensure the quality of the dosimetric results. It is also very important to find a software tool
that allows you to merge images of different imaging techniques to determine accurately the target
volume.

The use of dosimetry gels has the potential to provide high-resolution measurements of dose
in modern radiotherapy technique to verify dose distributions. Furthermore, use of dosimetry gels
minimizes the disadvantages of volume averaging, non-water equivalence or need for dose
perturbation correction.

In order to verify the results, different manufacturing batches were investigated. The results
can be used to improve quantitative dosimetric results in polymer gel dosimetry based on VIPET-
type polymer gels and also offer recommendations for polymer gels with similar dose rate
dependence [2]. Data which show the impact of different concentrations of oxygen scavengers on the
dose rate dependence of the dose response is presented. The dose response was determined over a
large dose range (D = 0 Gy to D = 64 Gy) using parameter selective MR-imaging based on the
relaxation rate R2 = 1/T2. The dose sensitivity, defined as slope 4R2/4D within the range of linear
dose response, was evaluated. In order to verify our results, we investigated different manufacturing
batches.

Moreover, a statistical software (MedCalc) was used for a Regression analysis (Scatter
diagram & regression line) between the small and the big vials of the different chemistry batches.
Regression analysis is a statistical method used to describe the relationship between two variables
and to predict one variable from another.

Finally, it is well known that the performance of a polymer gel dosimeter cannot be assessed
based on the R2-dose sensitivity alone (Baldock et al 1999a, 1999b, 2001, Lepage et al 2001a, De
Deene 2004a, 2004b). Numerous parameters need to be considered such as spatial and temporal
stability, edge response and dose resolution, which requires the properties of the dosimeter to be
coupled with the ability of the measurement technique to provide low uncertainties (Baldock et al
2001, Lepage et al 2001a). So, the dose resolution of the “best” VIPASCU gel composition,
according to the experiments outcomes, was compared to the VIPET gel’s dose resolution.
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8. Materials and methods

8.1 Manufacturing of polymer gels

The manufacture procedure of the polymer gel dosimeters took place in the chemical
laboratory of Medical Physics, which is housed in the Medicine Department of University of Crete
(UOC). The polymer gel dosimeters were manufactured using gelatin, water and ascorbic acid
together with copper-sulfate as an oxygen scavenger in chemical laboratory with standard equipment
under normoxic conditions.

VIPASCU gel

Three batches of VIPASCU gel (further referred to as Batch (4), Batch (B), and Batch (C))
with different concentrations of oxygen scavenger were manufactured. Table 3 provides a list of the
different gel compositions that have been made.

Table 3. Monomer Components and Concentrations of the VIPASCU gel compositions

VIPASCU gel
Batch (A)
VIPASCU(1) | VIPASCU(Q2) | VIPASCU(3)
Monomer Components Concentration range
Gelatin 5% wiw 5% wiw 5 % wiw
Vinyl 6 % w/v 6 % wiv 6 % w/v
Bis 4 % wiv 4 % wiv 4 % wiv
Distilled water 85 % wiv 85 % wiv 85 % wiv
Ascorbic acid 0.2 mM 1 mM 5 mM
Copper(Il) sulfate pentahydrate 0.01 mM 0.01 mM 0.01 mM
Batch (B)
VIPASCU4) | VIPASCU(5) | VIPASCU(6)
Monomer Components Concentration range
Gelatin 5% wiw 5% wiw 5 % wiw
Vinyl 6 % wiv 6 % wiv 6 % wiv
Bis 4 % wiv 4 % wiv 4 % wiv
Distilled water 85 % wiv 85 % wiv 85 % wiv
Ascorbic acid 0.1 mM 0.2 mM 0.3 mM
Copper(Il) sulfate pentahydrate 0.00016 mM 0.00016 mM 0.00016 mM
Batch (C)
VIPASCU(7) | VIPASCU(8) | VIPASCU(9) | VIPASCU(10)
Monomer Components Concentration range
Gelatin 5% wiw 5% wiw 5% wiw 5 % wiw
Vinyl 6 % wiv 6 % wiv 6 % wiv 6 % wiv
Bis 4 % wiv 4 % wiv 4 % wiv 4 % wiv
Distilled water 85 % wiv 85 % wiv 85 % wiv 85 % wiv
Ascorbic acid 0.2 mM 0.2 mM 0.2 mM 0.2 mM
Copper(Il) sulfate pentahydrate 0 mM 1.5 mM 3 mM S5mM
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As observed in Table 3, the concentration of Ascorbic Acid was varied from 0.2 mM to 5
mM. Furthermore, the concentration of its cosolvent, Copper (1) sulfate pentahydrate, was also
tested and varied from OmM to SmM.

All gels were prepared under normoxic conditions, using a custom-made construction made
by Prof. Maris and his team. This construction consists of a large, glass cylindrical vial which
vacuum seals with an acrylic cover, made from a 3D printer. This cover has a pressure meter, two
tubes and a twist-off cap, as seen in Figure 8.1.

Gelatin was slowly added to distilled water and was heated up to approximately 50°C under
continuous magnetic stirring. After approximately 45min the gelatin had been completely dissolved,
leaving a clear solution. After that, the solution was then put into a water bath until it cooled down to
approximately 35°C and then first vinyl and then bisacrylamide were also added, making sure that
each of them were dissolved in the solution. Finally, ascorbic acid and copper sulfate were added to
the gel. The solution was mixed at high blending speed, until a clear solution with a beautiful light
cyan color.

Figure 8.1 Custom-made construction where the gels were manufactured.

The monomers were inserted through the twist-off cap. Each time the cap was opened, argon
gas was added through the white tube, in order to ensure the glass vial was kept under normoxic
conditions. The use of argon to remove oxygen from the gel solution is necessary to avoid unwanted
inhibition of gel polymerization. The effect of oxygen on the dose sensitivity of the polymer gels has
been presented by a number of groups. [1, 2, 3]

The white tube continues to the bottom of the vial and a thermometer is attached to it, to have
a real-time temperature awareness of the gel solution. When the desired solution was ready, argon
gas was inserted through the blue tube, while checking the pressure meter, in order to transfer the gel

MSc Thesis| Aggeliki Doulis 101



solution through the white tube into sealed cylindrical glass vials. All gels were poured in cylindrical
plexiglass vials. The vials were filled up to the top to avoid any additional oxygen coming into
contact with the gel. Then, the vials were tightly sealed with their caps and parafilm foil to block
oxygen infusion [2].

Eventually, each batch consisted of:

e Batch A: Three additional compositions of the VIPASCU gel solution, VIPASCU(1),
VIPASCU(2) and VIPASCU(3) were manufactured, with different concentrations of
Ascorbic Acid ( 0.2 mM, 1 mM and 5 mM) and a Copper(ll) sulfate pentahydrate
concentration equal to 0.0/mM, following an identical procedure to investigate the inter-
batch variability. Each composition consisted of one big cylindrical plexiglass vial (100 ml)
and six small cylindrical plexiglass vials (20 ml), as shown in Figure 8.2.

Figure 8.2 Batch A of VIPASCU gel, consisted of big and small vials.

e Batch B: Three compositions of the VIPASCU gel solution, VIPASCU(4), VIPASCU(5)
and VIPASCU(6) were manufactured, with different concentrations of Ascorbic Acid ( 0.1
mM, 0.2 mM and 0.3 mM) and a Copper(ll) sulfate pentahydrate concentration equal to
0.00016mM. In this batch, only 3 big vials were filled for each composition.

e Batch C: Four compositions of the VIPASCU gel solution, VIPASCU(7), VIPASCU(8),
VIPASCU(9) and VIPASCU(10) were manufactured, with different concentrations of
Copper(1l) sulfate pentahydrate (0 mM, 1.5 Mm, 3 mM and 5 mM) and a concentration of
Ascorbic acid equal to 0.2 mM. In this batch, only 4 big vials were filled for each
composition.
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VIPET gel

The gel dosimeter used here had a gelatin content of 5% weight fraction (wf). This is to be
compared with the usual VIPAR gel composition, first presented by Pappas et al (1999) [3]. Besides,
the modified VIPAR gel composition constitutes a mixture of the monomer N-vinylpyrrolidone
(VIPE) in 6% wf, the cross-linker N,N-methylenebisacrylamide (bis) in 4% wf, the gelatin in 5% wf,
and double-distilled deionized water in 85% wf. VIPET gel was also manufactured in normoxic
conditions, using the custom-made construction described above. The monomer components of
VIPET gel, as well as their concentrations are presented in Table 4.

Table 4. Monomer Components and Concentrations of VIPET

VIPET
Monomer Components Concentration range
Gelatin 5 % wiw
Vinyl 6 % wiv
Bis 4 % wiv
Distilled water 85 % wiv
THPC 7 mM

The manufacturing procedure was performed as follows: the gelatin was added to the
double-distilled deionized water at room temperature (25 °C) and allowed to dissolve. The solution
was then heated to 50 °C and once the temperature was stabilized the bis was added. Heating was
achieved through a hot-plate and stirring unit. When the solution became transparent and obtained a
champagne color, about 30 min later, the mixture was cooled down to approximately 35°C and then
vinyl was added. Once the constituents were completely dissolved after about 5 min, the oxygen
scavenger THPC was added in the solution.

THPC constituent is a clear colorless solution at 80% in water. Care was taken to keep the
temperature above 32 °C and avoid solidification of the solution. Three minutes after the addition of
THPC the gel was transferred to the glass vial.

After manufacture, all the phantoms (vials) were refrigerated, in the absence of light, to cool
down and coagulate at approximately 10 °C, 48h before irradiation. The phantoms were positioned
upright, to minimize possible air bubbles.

Therefore, two additional batches of the VIPET gel solution, VIPET(1) and VIPET(2), were
manufactured, following an identical procedure to investigate the inter-batch variability.

Each batch consisted of:

e VIPET(): This batch of VIPET gel, consisted of one big cylindrical plexiglass vial (100 ml)
and six small cylindrical plexiglass vials (20 ml).
e VIPET(2): In this batch, only 1 big vial of the same composition was filled.

The VIPET(1) batch was manufactured along with VIPASCU gel batch A, using it as a
reference gel) for making a comparison between them. Likewise, VIPET(2) was manufactured along
with VIPASCU gel batch B, using it as a reference gel) for making a comparison between them.
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8.2 Irradiation of Polymer gel dosimeters

The phantoms were irradiated in a 6 MV medical linear accelerator (LINAC) at the
University Hospital of Heraklion (PAGNI), under the guidance of Prof. Mazonakis. The irradiation
was carried out in a specific way in order to save time due to the big number of the vials, by
irradiating the VIPASCU gel (Batch (A), Batch (B) and Batch (C)) and the VIPET gel (VIPET(1),
VIPET(2)) batches.

The irradiation was performed in three different batches in three subsections (Figure 8.3):

» The first irradiation setup was used for information on the range of the linear dose
response and calibration of the big and small vials of VIPASCU gel Batch A and the first
VIPET gel batch, VIPET(1), (see section 8.2.1) for a standard dose range from D" = 0 Gy
to D=32 Gy.

» The second irradiation setup was aiming on the quantitative dependence of the dose
response on dose rate and in addition, as a second parameter, the influence of the oxygen
scavenger concentration (section 8.2.2) of VIPASCU gel: Batch B and VIPET(2) batch,
while increasing the dose range from D = 0 Gy to D = 64 Gy.

» The third irradiation setup represented mainly a reproducibility check of results, using
the same procedure and manufacturing ingredients, but this time, as a third parameter, the
influence of the oxygen scavenger’s cosolvent (Copper(ll) sulfate pentahydrate)
concentration was tested, using concentrations from 0mM to SmM (VIPASCU gel: Batch
C). The concentration of the oxygen scavenger (4scorbic Acid) was selected based on
the two previous setups, while having a dose range from D = 0 Gy to D = 64 Gy.

Batch (A): 0,2.4,8. 16 :
VIPASCU (1), (2), (3) 432G Figure 8.4
VIPET(1) an M
Batch (B):
VIPAR atch (B) 0,2,5,15,32 )
ype gel VIPASCU (4), (5), (6) G Figure 9.2
v VIPET(2) Y
VIPAl;aCtljl;;)C 28) 9) 0.2,5,15,32 Fi 9.5
,(®), igure 9.
and (10) and 64 Gy

Figure 8.3 Scheme of irradiation procedure for calibration and evaluation of the dose-rate effect,
while testing the concentration of Ascorbic Acid and its cosolvent Copper (Il) sulfate pentahydrate.
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8.2.1 Calibration of gels

A set of three different gel compositions (VIPASCU(1), VIPASCU(2) and VIPASCU(3)) from
Batch A, along with a VIPET(1) gel batch, were irradiated 1 d after manufacturing with various dose
levels (0, 2, 4, 8, 16 and 32 Gy) (28 gels). The vials were properly positioned within a 20x20 cm?
radiation field at a distance of 100 cm (SSD) from the source and received doses from 0 Gy to 32 Gy,
after MU calculations, to obtain the dose response as calibration curve for each type of gel (Figures
8.3 and 8.4).

The big vials were administered a different dose along their axis. Each time a dose was
administered the radiation field was kept stable and the radiation bed was moved in order to create a
different dose range along the axis of the big vials. As for the small vials, each time a different dose
was administered, a small vial was removed. This procedure was repeated five times, for 2, 4, 8, 16
Gy, when finally only one small vial was left at 32 Gy.

Figure 8.4 Irradiation and placement method of batches: Batch A (VIPASCU) and VIPET(1).

A scatter diagram, including a regression line for all big and small vials of batches
VIPASCU (1), VIPIASCU (2), VIPASCU (3) and VIPET (1) was made and is presented in Figure
8.5. The R2 values of the small vials of the same chemistry of each batch were compared with the
R2 values of the big vials of the same chemistry of each batch. Two curves are drawn next to the
regression line. These curves represent a 95% confidence interval for the regression line. This
interval includes the frue regression line with 95% probability. Also a Heat map is displayed, where
background color coding indicates density of points, suggesting clusters of observations.
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Figure 8.5 Scatter diagram & regression line for R2 value comparison of the big and small vials of Batch A of
VIPASCU gel and VIPET (1) batch of VIPET gel.

After irradiation, it was observed that the mean R2 values of the big vials are slightly higher
(smaller T2 value) than the R2 values of the small vials, so for convenience reasons, in the next
experiments only big vials will be used from now on.

The dose response curve for the calibration of big vials of Batch A of VIPASCU gel and
batch VIPET(1) of VIPET gel is presented in Figure 8.6 below.
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Figure 8.6 (Batch A) Dose response for the reference polymer gels (big vials) for calibration with
different concentrations of oxygen scavenger. VIPASCU(1) featured minimum (Casc. acid = 0.2 mM ) and
VIPASCU(3) (Casc.acid = 5mM) maximum concentration of ascorbic acid, while keeping a standard
Copper (II) sulfate pentahydrate concentration (Copper = 0.01 mM).

8.2.2 Dose rate effect

The results from the first irradiation setup of Batch A were taken into account for slightly
modifying the protocol for Batch B, for a more detailed investigation in the high dose rate range and
the oxygen scavenger concentration, this time using only big vials. The high dose rate range was
investigated more densely and the maximum dose rate was extended (D, = 0 Gy min~! =
0,Dpmax = 64 Gy min~1). We investigated three different dose levels: low, medium and high, with a
maximum dose of 32 and 64 Gy.

Then, Batch (B) of VIPASCU gel, along with the second VIPET gel composition, VIPET
(2), and finally Batch (C) of VIPASCU gel, were irradiated. The phantoms received doses from 0 Gy
to 64 Gy this time, since it was observed that VIPASCU gel had high dose sensitivity with a linear
dose response up to 32 Gy and a greater dynamic range. The vials were properly positioned within a
20x20 cm? radiation field at a distance of 100 cm (SSD) from the source, as seen in Figure 8.7a, and
were administered a different dose along their axis. Each time a dose was administered the radiation
field was kept stable and the radiation bed was moved in order to create a different dose range along
the axis of the big vials. This procedure was repeated five times, for 2, 5, 15, 32 and finally 64 Gy.

Also, all the vials were covered with a water equivalent material, 3 cm thick (bolus) to
achieve electronic balance and to avoid plexiglass inhomogeneities (plexiglass vial density:

2.3 gr/cm3), which where took into account. All irradiated gels exhibited an increase in optical

turbidity with dose. Exposure of a polymer gel onto ionizing radiation causes polymerization and
crosslinking of its ingredients only in the irradiated part. This effect is naked eye visible since the
irradiated part becomes opaque after absorbing a threshold dose, as seen in Figure 8.7b.
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Figure 8.7 Irradiation placement method and post irradiation picture of the batches.

After irradiation, the phantoms were kept in a room temperature area, in the absence of light,
24 hours before MR Imaging.

8.3 MRI measurements

The irradiated phantoms were measured using the Magnetic Resonance Imaging system of
PAGNI Hospital (Vision / Sonata, Siemens, Germany), of 1.5 T intensity, using the head coil for
signal reception, about 24h after irradiation.

All phantoms were placed in the center of the head coil, as seen in Figure 8.8, and were
measured one day (1d), one week (7d), two weeks (15d) and one month (30d) after irradiation.
Coronal sections of the phantoms were obtained, in which the smallest anatomical axis was
considered to be the phase coding axis. The gel containers were stored in the MR scanner room for at
least 2h before measurements to reduce temperature variation with impact on T2. The reference (non-
irradiated) polymer gels (D = 0 Gy) were treated in the same way as the irradiated ones (from
manufacturing—including storage in the radiation room— till measurement).
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Figure 8.8 MR Imaging of the phantoms using the Head Coil of Batch A (a, b) and Batch B (¢, d).

The scanning time, for the applied MR sequences performed, was 40 min. The main sequences
were Multiple Echo Spin Echo (MESE) and Half Fourier Acquisition Single shot TSE (HASTE), as
parameter selective T2 imaging was performed at the same time.

The MESE sequence included 32 echoes with echo time spacing TE = 35 ms — 1120ms, allowed
for differently T2-weighted imaging (repetition time 7R = 2000 ms, field of view (FOV)
=17.5 x 35 mm?, matrix size = 256 x 128, slice thickness = 2mm, number of slices = 8, flip angle
(FA) = 180°). Before image processing the first echo was removed.

As for the HASTE sequence, with 4 echoes (all included), the echo spacing time is 7E =
TEI/TEI6/TE3I/TE46/ = 36 ms/436 ms/835ms/1250 ms, allowed for differently T2-weighted
imaging (repetition time TR = 2000 ms, field of view (FOV) = 17.5 x 35 mm?, matrix size = 256 x
128, slice thickness = 2mm, number of slices = 15, flip angle (FA) = 180°).

For quantitative T2-evaluation, the images generated from the MRI system were transferred to a
PACS workstation (EvoRad, Athens, Greece) for post-processing. Regions of interest (ROI) of
specific dimensions (52 pixels — 0.97 cm2) were then selected in the reconstructed 72 tables, to
estimate the mean T2 values and their respective standard errors for each region (Figure 8.9).
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Regions of interest were placed in every differently irradiated area of all seven phantoms of each
batch.
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Figure 8.9 MRI processing data- Region Of Interest of each phantom, in different dose areas.
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9. Results
9.1 Polymer gel calibration

The irradiation of gel containing low oxygen scavenger concentrations, VIPASCU(1), yielded
an R2 value of 1.9/s in the high dose region at 32 Gy, reflecting high sensitivity. Increasing the
oxygen scavenger concentrations resulted in lower MRI relaxation rates at 32 Gy (R2_VIPASCU(2)
=1.5/s and R2_VIPASCU(3) = 1.2/s) (Figure 9.1).

9.2 TImpact of oxygen scavenger concentration on dose-rate
and dose-sensitivity effect

Batch A

For Batch A the dose range administered varied from 0 to 32 Gy. The results of Batch A on
dose response are shown in Figures 9.1(a)—(d) (as previously mentioned, only big vials will be taken
into account). Calculated dose sensitivities (evaluated as slope a = AR2/AD) obtained for the
different dose rates are summarized in Table 2. Also, absolute values and sensitivities o, normalized
to the sensitivity of the lowest dose rate of the specific polymer gel, are indicated including
corresponding errors, evaluated from the linear fitting routine.
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Figure 9.1 Dose response curves of the six different irradiated areas of VIPET and VIPASCU gel of
Batch A. (a) VIPET gel, dose response R2 to different dose ranges, up to Dmax = 32 Gy (b) Batch A, dose
response R2 to different dose rates ranging up to Dmax = 32 Gy for VIPASCU(1) gel (lowest concentration
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of oxygen scavenger). (c) Batch A, VIPASCU(2) dose response for different dose ranges. (d) Batch A, dose
response for VIPASCU(3) with the highest concentration of ascorbic acid.

The effects of R2 relaxation enhancement by any combination of the different chemicals that
are used in the VIPASCU gel formulation were investigated. R2 values (R2 = I / T2) were used for
the assessment of Dose Resolution (DAP). The dose calibration curve was adjusted linearly according
to the linear equation: R2 (D)=aD+R2. Sensitivity () and initial value R2 (R2)) were determined
by the slope and the point of intersection with the y axis of the calibration curve respectively.

VIPASCU gels (1), (2) and (3), using Ascorbic acid and copper sulfate as an oxygen
scavenger, have a more linear behavior than the VIPET gel, using THCP (Tetrakis). Comparing to
the results, it was assumed that VIPASCU (1) (with 0.2 mM Ascorbic Acid concentration) had the
best results concerning dose sensitivity and dose resolution. So, after this first attempt (Batch A), by
comparing the new polymer VIPASCU gels to the VIPET gel, the results showed prospects for
improvement.

Batch B

Considering the differences in dose sensitivity in the low and high dose range region for
VIPET(1) gel compared to VIPASCU (1), (2) and (3), the experimental set-up for Batch B was
slightly changed:

e The dose range was varied from 0 fo 64 Gy, since it was observed that VIPASCU gel
has a greater dynamic range than VIPET gel.

e The concentration of Ascorbic Acid varied from 0./ mM to 0.3 mM, by reducing the
concentration of Copper(Il) sulfate pentahydrate down to 0.00016 mM.

The graphs presented in Figure 8.2 below, represent the relaxation rate R2 versus the dose
calibration data of the four phantoms of Batch B of VIPASCU gel and VIPET(2) batch of VIPET gel,
up to Dmax = 32 Gy. The graphs presented in Figure 9.2, represent the relaxation rate R2 versus the
dose calibration data of the four phantoms of Batch B and VIPET(2) batch up to Dmax = 64 Gy.
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Figure 9.2 Dose response curves of the six different irradiated areas of VIPET and VIPASCU gel of
Batch B. (a) VIPET(2) gel batch, dose response R2 to different dose ranges, up to Dmax = 32 Gy (b) Batch
B, dose response R2 to different dose rates ranging up to Dmax = 32 Gy for VIPASCU(4) gel (lowest
concentration of oxygen scavenger). (c) Batch B, dose response for VIPASCU(S) gel for different dose ranges.
(d) Batch B, dose response for VIPASCU(6) with the highest concentration of ascorbic acid.

From the graphs, it was assumed that the V/IPASCU gel compositions (4), (5) and (6), using
Ascorbic acid and Copper Sulfate as an oxygen scavenger, have a more linear behavior than the
VIPET gel composition, using THCP (Tetrakis). In addition, the lower concentration of Copper (II)
sulfate pentahydrate used in the VIPASCU gels of Batch B, as compared to the VIPASCU gels of
Batch A where a higher concentration was used, doesn’t seem to affect the dose response or the gel’s
sensitivity.
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Figure 9.3 Dose response curves of the six different irradiated areas of VIPET and VIPASCU gel of
Batch B. (a) VIPET gel, dose response R2 to different dose ranges, up to Dmax = 64 Gy (b) Batch B, dose
response R2 to different dose rates ranging up to Dmax = 64 Gy for VIPASCU(4) gel (lowest concentration
of oxygen scavenger). (c) Batch B, VIPASCU(5) dose response for different dose ranges. (d) Batch B, dose
response for VIPASCU(6) with the highest concentration of ascorbic acid.

The graphs presented in Figure 9.3, represent the relaxation rate R2 versus the dose calibration
data of the four phantoms up to 64 Gy. It is known that the maximum dose for the clinical part of
radiotherapy is up to 32 Gy, but at this point it is emphasized that VIPASCU gel can be used
clinically and in higher doses with the necessary improvements.

Batch C

Considering the differences in dose sensitivity in the low and high dose range region for
VIPET gel compared to VIPASCU (4), (5) and (6), the experimental set-up for Batch C was slightly
changed, in order to investigate how the concentration of Copper(Il) sulfate pentahydrate influences
the dose response and the dose sensitivity.

So the concentration of Ascorbic Acid was stable at (0.2mM, while the concentration of
Copper (1l) sulfate pentahydrate was varied from OmM (absence of the monomer) to 5 mM. The dose
range was varied from 0 to 64 Gy, since it was observed that VIPASCU gel has a greater dynamic
range than VIPET gel.
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As it is shown in Figure 9.4, from left to right, only the first vial, VIPASCU (7) (with
Cecopper = 0mM ) has an escalation in dose range, while the others don’t, since polymerization
didn’t occur during irradiation due to the high concentration of Copper(ll) sulfate pentahydrate.
There is no point in doing a further analysis for VIPASCU (8), VIPASCU (9) and VIPASCU (10),
since they didn’t polymerize.
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Figure 9.4 MRI processing data- Selecting a Region Of Interest of Batch C, in different dose range areas.

The graph presented in Figure 9.5 below, represents the relaxation rate R2 versus the dose
calibration data of VIPASCU (7) gel. From the graph it is assumed that the VIPASCU (7) gel has a
more linear behavior after the administration of /0 Gy. Consequently, this polymer gel dosimeter
isn’t able to measure ionizing radiation in lower doses (under 10 Gy), since it can’t be absorbed.
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Figure 9.5 Dose response curves of the six different irradiated areas of VIPASCU (7) gel of Batch C. (a)
Batch B, dose response R2 to different dose ranges, up to Dmax = 32 Gy for VIPASCU(7) gel (OmM
concentration of Copper(Il) sulfate pentahydrate). (b) Batch B, dose response R2 to different dose ranges, up to
Dmax = 64 Gy for VIPASCU(7) gel (OmM concentration of Copper(Il) sulfate pentahydrate).
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A comparison between the VIPASCU (1), VIPASCU (5) and VIPASCU(7) gels was made, as
seen in Figure 9.6. The gels referred, have the same concentration of Ascorbic Acid (C,, = 0.2 mM)
and different concentrations of Copper (1) sulfate pentahydrate (Ceopper = 0.01 MM, Ceopper =
0.00016 mM and C,ppper = 0 mM respectively).
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Figure 9.6 Dose response comparison between the VIPASCU(1), VIPASCU(5) and VIPASCU(7) gels.

From the comparison above (Figure 9.6), it is clear that the presence of Copper (II) sulfate
pentahydrate is necessary, especially for low dose ranges below 10 Gy. In other words, VIPASCU
(7) gel can be excluded. Furthermore, by comparing the VIPASCU (1) and (5) gels, it is clear that
these VIPASCU gel compositions are the closest to the VIPET’s gel dosimetric characteristics,
concerning their dose response and their dose sensitivity. The VIPASCU gels have a steeper slope
(lower sensitivity), but are more linear than VIPET gel and they appear to have a larger dynamic
range. Although, VIPASCU (5) is the best chemistry composition, since it has a higher sensitivity
than VIPASCU(1) gel and it’s comparable to the VIPET gel.
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Figure 9.7 Dose resolution comparison of VIPET and VIPASCU polymer gel dosimeters evaluated at 24
hours, post-irradiation.

It is well known that the performance of a polymer gel dosimeter cannot be assessed based on
the R2-dose sensitivity alone (Baldock et al 1999a, 1999b, 2001, Lepage et al 2001a, De Deene
2004a, 2004b). Numerous parameters need to be considered such as spatial and temporal stability,
edge response and dose resolution, which requires the properties of the dosimeter to be coupled with
the ability of the measurement technique to provide low uncertainties (Baldock et al 2001, Lepage et
al 2001a).

In Figure 9.7, DSS% has been plotted as a function of absorbed dose for the different doses
that were delivered to the gels. The use of DZ?S% has significance when making comparison between
gel dosimetry dose maps and radiotherapy treatment plans and, further, with the introduction of
alternative gel formulations to those currently published (Baldock et al 2001). The concepts outlined
in this communication are applicable to different methodologies for evaluating polymer gel
dosimeters such as optical techniques including optical density scanning (Gore et al 1996) and X-ray
computed tomography (Hilts et al 2000). It is assumed in clinical radiotherapy that the dose delivered
to the patient should be within 5% of the prescribed value (Brahme 1984). As one contributing factor
to the delivery of the dose, it is necessary for the dosimetry to have an uncertainty significantly less
than 5%.

So, from the total delivered dose (64 Gy), VIPASCU gel has a better (lower) dose resolution
than VIPET gel, since it has a dose difference equal to + 3 Gy. On the other hand, the VIPET gel has
a higher dose resolution, resulting to a bigger dose difference equal to &+ 6 Gy.
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9.3 Comparison of the MR Imaging sequences

Two pulse sequences, MESE and HASTE, were used as reading methods to evaluate the
dosimetric characteristics of VIPET and VIPASCU gels. The MESE technique is the given technique
used to read dosimeters, while HASTE is a new sequence that reduces the scan time from 45min to
15min.

As mentioned, R2 values remain lower with the HASTE sequence compared to MESE. This
underestimation of the R2 values or the overestimation of the T2 values is due to the existence of the
180"pulses that exist in the fast sequence. This phenomenon is more pronounced at high doses, where
R2 values are high. Furthermore, with the rapid sequence, a degradation in resolution was observed
for the whole dose range.

A big difference between the two techniques is the number of TE intervals used as well as
the values of the TE intervals. In the usual sequence, 32 TEs were used and the first measurement
was removed in the reconstructed table, due to the imbalance. In contrast to the rapid HASTE
technique 4 TFEeffs were used and the first measurement was not subtracted. Thus receiving less
signals leads to an underestimation of the measurements, for this reason the resolution is reduced.

In general, HASTE sequences are faster than standard MESE sequences, due to the high ETL
index they are designed to have. In these sequences, the benefit in scanning time is enhanced by the
existence of a pre-pulse (or restoring pulse) used before the 180"pulses, which further reduces the TR
time. Therefore, the overall reduction in scanning time achieved with these fast sequences, provides a
great advantage for reading gel dosimeters in clinical practice. Also the ability to take 25 minute
sections (2mm thick) without a gap between them (gap = 0) within 15 min, gives the user the ability
to produce 3D images of large scan volumes in a tolerable time.

In the following figure, Figure 9.9, the Polynomial regression graphs between MESE and
HASTE sequences for the VIPET(2) batch and VIPASCU (5) batches are presented.
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Figure 9.9 Polynomial regression graphs between MESE and HASTE sequences of the VIPET(2) batch and
VIPASCU (5) gel of Batch B.

By comparing the graphs in Figure 9.9, it seems that the VIPET(2) gel has a higher dose
sensitivity, but the nonlinear term has a large effect on the curve, since in the larger dose range
(above 32 Gy) it has become flat. In addition, VIPASCU(S) gel has a lower dose sensitivity, but it is
clear that the non-linear term has a small effect on the curve. Consequently, it has a larger dynamic
dose range and it can actually be irradiated in a higher dose range, above 64 Gy. Moreover, it can be
assumed that HASTE technique is definitely a better choice, as it has a better behavior and more
advantages than MESE technique.

The potential benefits of ultrafast sequences have stimulated research in the development of
MR sequences that reduce acquisition time without sacrificing image quality. A half-Fourier
acquisition single-shot turbo spin-echo (HASTE) sequence can provide all image information after a
single excitation pulse. Because of its very short acquisition times, the sequence isn’t appreciably
affected by patients’ movement or respiratory artifacts. So, the HASTE sequences afford substantial
time reduction and also decrease motion artifacts and thus have potential advantages. Its T2
weighting allows impressive imaging of fluid and obstructed systems.
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10. Conclusions

In this work a new polymer gel dosimeter called VIPASCU was presented, which is less
toxic, cost effective than the known VIPET gel and has high dose sensitivity.  After data and
statistical analysis, the quality of the dosimetric results of the radiotherapy experiments that took
place was ensured. Moreover, two MR Imaging sequences of the polymer gel dosimeters
manufactured were presented, along with the data for the post-processing of the initial measurements
and for the optimization of the results.

From this study, we came to the following conclusions:

1. A new polymer gel dosimeter, VIPASCU, was introduced and compared to the VIPET gel
dosimeter. The role of the different constituent chemicals was investigated, as well as the
response of the gel upon irradiation.

2. It is shown that other chemicals may also be used to scavenge oxygen with different reaction
rates for the various anti-oxidants observed. The VIPASCU gel dosimeter consisted of the
same monomers as the VIPET gel, except from its oxygen scavenger, by using Ascorbic
Acid and Copper (II) sulfate pentahydrate as its cosolvent instead of “Tetrakis” (THPC) that
is used in VIPET gel. In contrast with the VIPET gel (using THPC to scavenge oxygen), this
oxygen scavenger option makes the VIPASCU gel a less-toxic gel composition, which is
affordable and easy to manufacture.

3. The proposed polymer gel dosimeter VIPASCU can be used to estimate doses from 0.5Gy up
to 64 Gy, with a much greater linearity that the VIPET gel dosimeter, thus a greater dynamic
range.

4. This system shows a linear response in the 2-35 Gy dose range and in this range can be used
to produce relative dosimetry measurements without the calibration process.

5. Sensitivity and uncertainty are significantly degraded when the solution is irradiated for more
than one week after manufacture.

6. Although VIPASCU gel has a greater dynamic range than VIPET gel, it has a lower dose
sensitivity compared to VIPET.

7. The time interval between irradiation — MR Imaging, proved to not affect the dosimetric
characteristics. The system can be read reliably using MRI even 3 weeks after irradiation.

8. The VIPASCU gel, with absence of Copper (Il) sulfate pentahydrate in its composition
shows a linear response in the 10-35Gy dose range, but doesn’t show a linear response in

lower doses (below 10 Gy).

9. The VIPASCU gel has a lower dose resolution than VIPET gel in a 95% confidence level.
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10. The use of a new and fast sequence, HASTE, for reading gel dosimeters enables the creation
of three-dimensional maps in a very short time, compared to the usual sequence, MESE.

11. At the suggested intervals between preparation - irradiation and irradiation - reading, the
VIPASCU gel presented reliable and important results. Thus, the proposed dosimetric system
can play an important role in assessing and confirming dose distributions of treatment plans
of modern radiotherapy techniques.
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11. Discussion

Radiation therapy is a treatment that relies on the use of ionizing radiation. Its purpose is to
give as much dose as possible to the target tumor and at the same time to maximize the protection of
healthy tissues. Modern radiotherapy techniques (conformal / stereotactic) presuppose the existence
of specialized dosimetric methods for the audit of dose distributions in three physical dimensions and
for very small physical tumors. Today, reliable dosimetric techniques that can satisfy the
requirements of modern radiotherapy, providing three-dimensional dose distributions are the
techniques of polymer gel dosimetry.

The first polymer gel dosimeters [1,2] were made in normoxic conditions, in a cage of argon
or nitrogen. Although the existence of the cage made their production difficult, its use was necessary
because the presence of oxygen terminated the polymerization reactions. An important development
[3] in the process of preparing these solutions was the addition of an "oxygen-scavenger" substance to
the solution, which allowed the construction of dosimeters under atmospheric conditions.

The research team of the University of Crete presented in 2007 the first antioxidant dosimeter
of polymer gel with vinylpyrrolidone (normoxic N-vinylpyrrolidone based polymer gel), VIPET. The
oxygen-scavenger substance used was "Tetrakis" (TetrakisHydroxymethylPhosphonium Chloride
THPC) and the new dosimeter was prepared under atmospheric conditions. In this study an
introductory study of the dosimetric characteristics of this solution was presented [4].

Today, the continuous development of radiotherapy techniques requires the existence of
reliable dosimeters that provide three-dimensional (3D) confirmation of dose distributions. In the last
twenty years, different polymer gel dosimeters have been introduced. Each of them is characterized
by specific dosimetric characteristics. Recently, efforts have been made to optimize their dosimetric
characteristics (sensitivity, optical dose response): (a) either by adding co-solvents to the solution [5,
6], (b) or by increasing the concentration of the monomer molecules in the solution [7].

In recent years, studies have been conducted to accurately identify the sources of uncertainty
throughout the process of polymer gel dosimetry [8-11]. According to these researches, sources of
errors during (a) preparation, (b) storage, (c) radiation and (d) reading, degrade the dosimetric
characteristics and reliability of these dosimeters. In 2006 [8], the importance of storage conditions
before irradiation and before reading was emphasized, so that the dosimeter presents a uniform
temperature distribution throughout its extent.

According to a 2011 study [10], the accuracy and repeatability of the dosimetric
characteristics of these dosimeters are affected by possible sources of oxygen contamination when
manufactured under atmospheric conditions. A possible oxygen contamination during preparation,
filling, storage or irradiation can either lead to overestimation or underestimation of the dose
response.

Different gel dosimeters of various compositions and ingredients have been studied (Baldock
et al 1998, Fong et al 2001, Senden et al 2006, Baldock 2009). The polymerization due to irradiation
is very sensitive to oxygen exposure in the gel (De Deene et al 2001, 2002, 2006, Fong et al 2001,
Bayreder et al 2006, Senden et al 2006). Oxygen scavenging is therefore considered to be one of the
most important developments in polymer gel dosimetry due to the possibility to have the gels
manufactured in a minimally-equipped laboratory at atmospheric conditions. Various studies are
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available on different compositions and formulations of normoxic polymer gel dosimeters (De Deene
et al 2006, Senden et al 2006, Luci et al 2007, Baldock 2009).

The Magnetic Resonance measurement parameter R2 = 1/T2 is sensitive to the
polymerization level dependent on the initial radical production by ionizing radiation and allows for
3D-dose imaging after performing a calibration procedure. (Maryanski et al 1994, Courbon et al
2006). In many different gel compositions, the calibration curve exhibits a rather linear dose response
relationship at least in the low dose range (Maryanski et al 1993, Baldock 2009, Crescenti et al 2009,
Sedaghat et al 2009).Methacrylic acid-based polymer gels have been proposed for their high
sensitivity and less toxicity, but it has been reported that there is a strong dose-rate dependence of the
dose response (Bayreder et al 2006, De Deene et al 2006, Karlsson et al 2007).

In this study the dosimetric characteristics of two types of antioxidant polymer gel
dosimeters with vinylpyrrolidone as the basic monomer, VIPET and VIPASCU (a new polymer gel)
were evaluated and compared. VIPET gel was used as a comparison measure, since its chemical
structure and dosimetric characteristics are familiar, from other studies, as mentioned previously. The
two gels consist of the same monomers. The only difference in their composition is that VIPASCU
gel is made with a different oxygen-scavenger substance, seeking to extend the dose response of the
original VIPET formulation in the low dose region, as well as its sensitivity as a gel phantom. The
influence of the oxygen scavenger concentrations was clear, when reflecting to a different dose range
area, although there were limitations in the measurements taken, since the gels were only irradiated in
six different doses (limited sample).

Another limitation is that no comparison was made with an actual dose measurement. For
instance, an ion chamber could be used for the proper detection and measurement of the delivered
dose in the polymer gel dosimeters. In a future work, a phantom that responds to an actual patient
(personalized phantom) could be used to make a dose verification.

However, the proposed polymer gel dosimeter VIPASCU can be used to estimate doses from
0.5Gy up to 64 Gy, with a much greater linearity that the VIPET gel dosimeter. Furthermore, it is a
non-toxic composition, which is easy to manufacture. It was observed that the VIPASCU gel, with
absence of Copper (1) sulfate pentahydrate in its composition shows a linear response in the 10-
35Gy dose range, but doesn’t have a linear response in lower doses. Furthermore, VIPASCU gel has
a lower (better) dose resolution than VIPET gel. Furthermore, the concentration of Copper (1l) sulfate
pentahydrate could be further examined, in order to improve VIPASCU gel’s dose sensitivity in the
dose range of 0 to 32 Gy.

The outcomes of the radiotherapy experiments that took place were optimized with the
support of Magnetic Resonance Imaging Techniques in phantoms and with the use of two main
sequences (MESE and HASTE). The new and fast sequence, HASTE, was used for reading gel
dosimeters and the creation of three-dimensional maps in a very short time was enabled.

The results of this study, can be used to improve quantitative dosimetric characteristics in
polymer gel dosimetry based on VIPAR-type polymer gels and also offer recommendations for
polymer gels with similar dose rate dependence, while being less toxic and more sensitive to dose.
The comparison of VIPET and VIPASCU gels at the suggested intervals between preparation -
irradiation and irradiation — reading time, presented reliable and important results. Thus, the proposed
dosimetric system can play an important role in assessing and confirming dose distributions of
treatment plans of modern radiotherapy techniques.
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