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ABSTRACT

X-ray guided interventional procedure is a common diagnostic and/or treatment
modality for various vascular and cardiac diseases. Advanced technology has enabled
interventional radiologists in performing more complex neuro-radiology procedures,
resulting in concomitant increase in radiation dose to the patients.

The main contributions of this thesis were firstly, characterisation of the MOSkin
detector in kilovoltage photon beams and testing its suitability for in-vivo patient’s dose
measurements during interventional radiology procedures. Secondly, a comprehensive
evaluation of the exposure parameters contributions on patient’s dose during neuro-
interventional procedures was performed. It was found that the lateral x-ray tube
contributed considerably high radiation dose to patient’s eye lens. This led to the design
and fabrication of a novel type of eye lens protector for those procedures that patient’s
eye is repeatedly positioned within the lateral tube exposure field, where the applying of
collimation on lateral beam is not possible. The eye lens protector was designed to be
placed within the x-ray field of view, attenuating the direct beam from the lateral x-ray
tube while being sufficiently radiolucent not to perturb the radiological image and the
interventional procedure.

Finally, a new type of an anthropomorphic head phantom was fabricated with more
options for dosimeter placement and more similar tissue substitute materials to actual
human eye, in order to evaluate the dose delivered to the patient’s eye lens during a
clinical neuro-interventional procedure.

The MOSkin detector has been proven to be a reliable and suitable dosimetry system
for the measurement of the radiation dose in kilovoltage photon beams and has been
successfully utilised during 35 clinical neuro-interventional procedures to evaluate the
radiation dose received by the patients’ eye lenses. This study revealed that among the

35 patients, the left outer canthus regions of 8 patients and left eyelid region of one
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patient were found to receive higher dose than the recommended threshold dose for
cataract formation (500 mGy).

Based on the study of the contribution of exposure parameters on patient’s dose, it is
recommended that the judicial use of acquisition imaging techniques and the use of the
lateral x-ray tube particularly in the anterior-oblique orientation, in order to reduce the
patient’s eye lens dose during neuro-interventional procedures. In the situation where
the application of physical collimation on lateral tube beam is not possible, the novel
eye protector layer may be used to attenuate the direct radiation beam to the patient’s
eye lens.

This work showed that for a simulated aneurysm procedure this protector reduced the
maximum radiation dose received by the eye lens and eyelid up to 62.1% and 23.3%,
respectively. The eye protector also had negligible effects on the exposure parameters
(by a maximum of 8% for the tube current-time product of the DSA (2 frame per
second) imaging mode) and image quality (increases the fluoroscopy image pixel value
up to 4.7% = 0.6%). Lastly, the fabricated anthropomorphic phantom has been proved
to be a suitable tissue-mimicking medium for the evaluation of the radiation dose

received by the patient’s eye lens during clinical diagnostic procedures.
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ABSTRAK

Prosedur intervensi berpandukan sinar-x merupakan salah satu modaliti diagnostik
dan/atau rawatan yang lazimnya digunakan untuk merawat penyakit vascular dan
jantung. Kecanggihan teknologi telah membolehkan pakar radiologi intervensi
menjalankan prosedur neuro-radiologi yang lebih kompleks, justeru menyebabkan
peningkatan dalam dos sinaran kepada pesakit.

Sumbangan utama tesis ini adalah, yang pertama, pencirian pengesan MOSkin dalam
alur foton kilovotage dan menguji kesesuaiannaya dalam pengukuran dos in-vivo
pesakit semasa prosedur intervensi radiologi. Kedua, penilaian komprehensif mengenai
sumbangan parameter dedahan terhadap dosimetri pesakit. Penyelidikan ini mendapati
bahawa tiub x-ray lateral memberikan dos sinaran yang cukup tinggi kepada kanta mata
pesakit. Pemerhatian ini membawa kepada reka bentuk dan fabrikasi sejenis model
pelindung kanta mata bagi prosedur-prosedur yang melibatkan mata pesakit yang
sentiasa berada pada kedudukan ruang pendedahan tiub lateral, dimana kolimasi tidak
boleh dilakukan. Pelindung kanta mata telah direka bentuk/cipta untuk diletak dalam
pandangan ruangan sinar-x, lantaran mengurangkan pancaran terus daripada tiub
sinaran-x lateral dan dalam masa yang sama tidak mengubah imej radiologikal dan
prosedur intervensi. Akhir sekali, sejenis fantom kepala telah dihasilkan dengan lebih
banyak pilihan untuk meletakkan dosimeter dan dengan menggunakan bahan
penggantian tisu yang lebih hampir sama dengan mata manusia yang sebenar, bagi
menilai penerimaan dos radiasi kepada kanta mata pesakit semasa prosedur intervensi-
neuro klinikal. Pengesan MOSkin telah terbukti dipercayai dan merupakan sistem
dosimeter yang sesuai untuk pengukuran dos radiasi dalam alur foton kilovoltage dan
system ini telah berjaya digunakan untuk 35 prosedur intervensi-neuro klinikal untuk

menilai dos radiasi yang diterima oleh kanta mata pesakit.



Kajian ini membuktikan bahawa, di antara 35 pesakit, bahagian luar kiri canthus
untuk 8 pesakit dan bahagian kiri kelopak mata seorang pesakit didapati menerima dos
yang tinggi berbanding dos yang disyorkan untuk penghasilan katarak (500 mGy).
Berdasarkan kajian sumbanagan parameter dedahan terhadap pesakit, adalah disarankan
penggunaan teknik pengimejan yang betul dan tiub sinar-x lateral terutamanya pada
orientasi anterior-oblique digunakan untuk mengurangkan dos kanta mata pesakit
semasa prosedur intervensi-neuro. Dalam situasi dimana aplikasi kolimasi fizikal tidak
dapat dilaksanakan, lapisan pelindung mata mungkin boleh mengurangkan sinaran terus
kepada kanta mata pesakit.

Kajian ini menunjukkan untuk prosedur aneurysm, pelindung ini berjaya
mengurangkan dos radiasi maksimum yang diterima oleh kanta dan kelopak mata
sebanyak 58.2% dan 23.3% masing-masing. Pelindung mata tersebut juga mempunyai
kesan yang minima terhadap parameter dedahan (maksimum 8% untuk produk arus-
masa mod pengimejan DSA (2 frame per saat)) dan kualiti imej (penigkatan pixel ime;j
fluoroskopi sebanyak 4.7% =+ 0.6%). Akhir sekali, penghasilan fantom antropormofik
telah terbukti menjadi medium untuk penilaian dos radiologi yang diterima oleh kanta

mata pesakit semasa prosedur klinikal diagnostik.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. Introduction

In recent years, x-ray guided interventional radiological (IR) procedures have
become an integral part of vascular and cardiac treatments and the number of these
examinations 1is increasing every year (Valentin, 2000; UNSCEAR, 2010).
Advancement in imaging technology and new catheters and guide wire designs has
enabled interventional radiologists in performing more complex neuro-radiological
procedures, which inadvertently results in longer exposure time and higher radiation
dose to patients. Notwithstanding the fact that neuro-interventional procedures have a
high rate of success in vascular treatments, long radiation exposure during complicated
interventional radiology procedures still remains a concern.

The variability in patient’s irradiation dose is the result of different factors, such as
the complexity of the procedure, the experience of the interventional radiologists, and
their awareness about patient’s radiation safety. Complex and repeated interventional
procedures may increase the risk of tissue reaction effects like radiation-induced skin
injuries (Wagner et al., 1999; Mooney et al., 2000; Wolff, et al., 2001) and cataract
formation (Berthelsen & Cederblad, 1991; Meric1 et al., 1998; Wagner & Archer,
1998). The threshold dose for cataract formation during acute radiation exposure has
recently been reduced based on recent epidemiology findings (Worgul et al., 2007;
Chodick et al., 2008; Vano et al., 2010; Mrena et al., 2011) to 0.5 Gy, recommended by
the International Commission on Radiological Protection (ICRP) in 2011 (Stewart et al.,
2012). This threshold dose is about four-times smaller than the threshold dose of early
skin reactions (skin erythema) of 2 Gy (Wagner, 1998).

So far different indirect dose metric parameters have been established to evaluate

patient’s skin dose during interventional procedures (IEC, 2000; Balter et al., 2002;



FDA, 2009). While these parameters are mostly recorded after each interventional
radiology procedure and can be presented as an estimate of the radiation dose received
by patient, they do not provide any information about the location of the skin dose and
radiation dose received by other organs. These parameters may sometimes provide
unrealistic estimation of patient’s skin dose during an individual procedure (Vano ef al.,
2001; Fletcher et al., 2002; Miller et al., 2003; Balter, 2006; Jaco & Miller, 2010).
During interventional radiology procedures, the patient’s body is irradiated with a non-
uniform exposure, causing non-homogeneous dose distribution throughout the patient’s
body. This indicates the importance of in-vivo radiation dose measurement of the

radiosensitive organs like eye lens during a clinical procedure.

1.2. Statement of Research Problems

The literature on previously research indicates that although the importance of the
patient’s radiation safety during prolonged interventional procedures have been
stressed, only limited studies have directly measured the radiation dose received by the
patients’ eyes during neuro-interventional procedures. So far, these evaluations have
been conducted only for research purposes without any direct impact on patient’s
radiation dose safety during clinical neuro-interventional procedures. Currently, there is
no real-time in-vivo dosimetry system that has been used for patient’s dose monitoring
during interventional radiology procedures. A real-time dose-monitoring system can
provide real-time information for each particular exposure, which can be used to
optimise patient’s radiation safety during interventional radiology procedures.

In addition, while the impact of the exposure parameters, such as exposure direction,
exposure type (fluoroscopy, acquisition, etc.), field dimension, frame rate, distance
between image receptor to patient’s body, and beam-on duration, on patient’s dose have

been repetitively highlighted by the various organisations (Valentin, 2000; TAEA,



2010), their contribution to the radiation dose received by patients have not been

quantitatively evaluated, much less with respect to patient’s eye lens dose.

These concerns emphasize the problems of patient’s eye dose during complex neuro-

interventional procedures and the lack of knowledge about the contribution of exposure

parameters on patient’s dose is outlined as follows:

L.

II.

II1.

IV.

Although a large number of radiation safety studies can be found regarding to the
concern of occupational eye lens dose during interventional radiology procedures
in the current literature, there is little data published concerning on level of the
radiation dose received by the patient’s eye lens.

The current in-vivo dose monitoring systems are used as post-processing dose
evaluation methods and do not provide any real-time feedback for interventional
radiologists and consequently do not have any direct impact on patient’s radiation
dose safety during a clinical interventional procedure.

As it is well known, operators play an important role in controlling the patient’s
dose level during interventional radiology procedures. Operators’ knowledge of
the effects of exposure parameters on patient’s dose is a key factor for improving
patient’s radiation safety. While there are several studies evaluating the effect of
the exposure parameters on patient’s skin dose, the contributions of exposure
parameters on patient’s eye lens dose have not been quantitatively evaluated yet.
Patient’s eye lens dose is highly subjected to the radiation collimation. With
proper collimation of the lateral radiation field, the patient’s eye lens dose is
dramatically reduced. To date, where collimation of the radiation field is not
possible, there is no alternative method or technique to reduce the patient’s eye
lens dose during a clinical procedure.

Anthropomorphic phantoms can be used to evaluate the actual radiation dose

received by the patient’s eye lens. Commercial anthropomorphic phantoms that



1.3.

are available currently mainly mimic the human eyeball as a homogenous organ
with the same tissue substitute of soft tissues, which cannot precisely represent
the actual human eye. This may cause inaccuracies in the radiation dose measured

in order to determine the dose to the patient’s eye lens.

Research Objectives

The aim of this research is to investigate the radiation dose received by the patient’s

eye lens and skin during neuro-interventional radiology procedures. The primary focus

is the eye lens. This work considers the characterisation and application of a relatively

new real-time dose monitoring system in order to evaluate the patient’s dose during

clinical procedures. This thesis does not address the radiation dose received by other

radiosensitive organs of the patient during clinical neuro-intervention procedures, nor

the patient’s dose received during other intervention procedures.

The series of research objectives of this thesis are listed as follows:

1.

To investigate the radiation properties and characteristics of the MOSkin

detector under kilovoltage (kV) photon beams

To examine the application of the MOSkin dosimetry system in order to monitor

the patient’s eye lens dose during clinical neuro-interventional procedures

To investigate the correlation of patient’s eye lens dose with dose metric

parameters (like fluoroscopy time, kerma-area product (KAP), and air-kerma

(AK)) during neuro-interventional procedures

To explore the contribution of the exposure parameters on radiation dose

received by the patient’s skin and eye lens

4.1. To survey on frequently used exposure parameters during neuro-
interventional procedures

4.2. To analyse the exposure parameters contribution on patient’s eye lens and

skin dose based on a phantom study



5. To design and fabricate a radiation protector layer in order to reduce the
radiation dose received by patient’s eye lens during neuro-interventional
procedures

6. To design and fabricate a new anthropomorphic head phantom to facilitate better

measurement of eye lens dose

1.4.  Thesis Organisation

Chapter 2 describes briefly about the skin and eye lens radiation reactions and some
necessary radiobiological background. This followed by general information on
fluoroscopy guided interventional procedure, and various dose metric methods (direct
and indirect dose metrics). Various dosimetry systems used during interventional
procedures such as the radiochromic film, thermoluminescent dosimeter (TLD),
radiophotoluminescence glass dosimeter (PLD), metal-oxide semiconductor field effect
transistor (MOSFET) are also outlined in this chapter. The last section of this chapter
explains about the MOSFET dosimeter design and provides an overview of this detector
and its principal of operation.

Chapter 3 outlines the different equipment and systems, which are used in this
research, such as the MOSkin detector, Gafchromic® XR-RV3 film, anthropomorphic
and Solid Water” phantoms, Philips Allura Xper FD20/20" biplane and its automatic
dose rate control system (ADRC), energy dispersive x-ray spectroscopy (EDS), XCOM
software, and 3-dimensional (3D) printing.

Chapter 4 discusses research objective 1 to present the radiation properties and
characterisation of MOSkin dosimeter when irradiated with kV photon beams. The
MOSkin detector responses in terms of changing radiation energy, field size, exposure
angle, source to surface distance (SSD), dose rate, and percent depth dose (PDD) are
investigated individually.

Chapter 5 presents the application of the MOSkin dosimeter in the measurement of



patient’s eye lens dose during neuro-interventional radiology procedures. This chapter
elaborates research objectives 2 and 3. The radiation doses received at patients’ left
eyelids and left outer canthus are measured for 35 neuro-interventional procedures. The
correlations of the measured doses with exposure parameters, such as fluoroscopy time
(FT), total kerma-area product (KAP), and air-kerma (AK) of the frontal (AKg) and the
lateral tubes (AKy) are made.

Chapter 6 includes two aspects: the first, a survey of the exposure parameters
commonly used during clinical neuro-interventional procedures (58 randomly selected
procedures) and the second, an analysis of the effects of these parameters on patient’s
entrance skin dose during neuro-interventional procedures. The contribution of various
exposure parameters to patient’s entrance skin dose is investigated using an adult
female anthropomorphic phantom. The radiation dose is measured using the MOSkin
dosimetry system. The effects of each controllable exposure parameters (exposure time,
angle, field dimension, image receptor to patient distance, and frame rate) on the
patient’s entrance skin dose and eye lens dose are considered individually. The chapter

findings attempt to address objective 4 (objectives 4.1 and 4.2).

In Chapter 7 a radiation protector layer is designed and fabricated in order to reduce
the patient’s eye lens dose during neuro-interventional procedures, specifically when the
use of collimation is limited. This chapter considers research objective 5, in order to
study the feasibility of using the fabricated eye protector during a clinical procedure in
terms of its radiation attenuation properties and its effects on image quality and
exposure parameters.

Chapter 8 presents the design and fabrication of an anthropomorphic head phantom,
which provides greater options for dosimeter placement with more similar tissue
substitute materials to actual organs. The fabricated phantom containing different parts

of the human eyeball, which is made by suitable tissue-mimicking mediums providing



greater opportunity to study the radiation dose received by the patient’s eye lens during
a clinical procedure in compared with commercially available anthropomorphic
phantoms. This chapter findings address research objective 6.

Chapter 9 summarises the overall findings from this thesis and future researches on
MOSkin applications, optimisation of the eye protector design and elemental
composition, and extension of the 3-dimensional (3D) printer applications in

construction of custom-made anthropomorphic phantoms are proposed in this chapter.



CHAPTER 2: LITERATURE REVIEW

2.1.  Structure and Function of the Skin

The human skin comprises of three layers, called epidermis, dermis, and
subcutaneous tissue (Figure 2.1). The epidermis contains of three cell types: squamous
cells, melanocytes, and basal cells. The Squamous cell layer is the thickest layer of the
epidermis makes the outermost epidermis and protects the skin from environmental
stresses such as viruses, bacteria, and other foreign substances and protects the internal
organs, like nerves, blood vessels, and muscles against trauma. The epidermis is mainly
built by the keratinocytes cells originate from cells in the basal layer (Harle-Bachor &
Boukamp, 1996). The basal layer is the innermost of the epidermis (depth between 20
pum to 100 pum) where the most cell division takes place and contains cells called
melanocytes. The melanocytes cells scatter through the basal layer create the pigment
melanin. This layer protects the skin from UV radiation and gives the colour to the skin
(D’Orazio et al., 2013). Dermis layer is thicker (1.5 to 4 mm thick) in comparing to
epidermis (50 um to 1.5 mm thick with an average thickness of 70 um), contains the
nerve endings, hair follicles, sweat glands, sebaceous glands, lymph vessels, and blood
vessels. The dermis gives the skin its strength and flexibility and supplies the nutrients
for the epidermis layer. Third layer of the skin is subcutaneous tissue or adipose tissue.
This layer serves as an insulator of heat and cold, storage the energy, and protective
padding. The basal layer due to its fast proliferation has been considered as a target cell
layer for carcinogenesis. The International Commission on Radiological Protection
(ICRP) Report 59 stated the importance of evaluation of radiation dose at the level of
the basal layer (assumed at a depth of 70 um) and according to this statement, for
precise skin dose measurements, detectors should be calibrated at a depth equal to 70
pum in order to accurately estimate the skin dose and eventually skin cancer risk (ICRP,

1991).
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Figure 2.1. Schematic diagram of different layers of the human skin. The epidermis
layer contains the squamous cells, melanocytes and basal cells, which can cause
squamous cell cancers, melanoma, and basal cell cancer. The dermis layer comprises
the sweat glands, blood vessels, hair follicles, and lymph vessels, which is placed
between subcutaneous tissue and epidermis (reproduced from (American Cancer

Society, 2014)).

2.2.  Structure and Function of the Eye

The eye consists of different compartments, such as the cornea, iris, crystalline lens,
vitreous humor, retina, and optic nerve (Figure 2.2a). The light enters the eye passes
through the cornea (0.50 mm thick) with an index of refraction of 1.377 and then
crosses the anterior chamber (3.04 mm thick) with a refractive index of 1.336 (Gross et
al., 2008). Afterward the light passes through the crystalline lens (3.60 mm thick) with
average refractive index of 1.408 (Uhlhorn ef al., 2008). The lens is a biconvex
structure surrounded with anterior chamber and vitreous humor. It can change its
refractive power by changing its shape and altering the focal distance of the eye, which
enables eye vision to accommodate to an object at a certain distance away. The iris is a

circular disc located between the anterior chamber and the lens, which serves like a



diaphragm of a camera with a variable diameter to control the numerical aperture and
light intensity received by the retina. After the lens, the light crosses the vitreous humor

(containing a gel-like material) and is detected by the retina at the back of the eye.
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Figure 2.2. a) Schematic of the cross-section view of the eyeball (reproduced from
(Davson, 2016)) and b) radiation cataract formation at the posterior sub-capsular region

(reproduced from (Shigematsu et al., 1991)).
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The retina is the visual sensory system, comprises of two types of neurons, named
rods and cones. Rods contain a single visual photopigment rhodopsin with a peak
absorbance spectrum (A,,4,) of 497.6 + 3.3 nm (sensitive to blue-green light)
(Bowmaker & Dartnall, 1980), which are highly active during low light vision (scotopic
vision). Cones are exclusively active during bright light vision (photopic vision) and it
contains three visual photopigments sensitive to red (4,4, at 562.8 + 4.7 nm), green
(Amax at 533.8 + 3.7 nm), and the blue lights (4,4, at 420.3 + 4.7 nm) (Bowmaker &
Dartnall, 1980). They serve to detect the object’s colour and detail. The density of the
rods is considerably higher than cones, except in the fovea especially in the centre of
fovea where it is even rod-free, which causes extreme visual perception.

Different areas of the lens show different sensitivity to radiation. The interior frontal
side of the lens is covered by a transparent layer of epithelial cells, generated through
cell division at the equator. Since the ionising radiation is tremendously damaging for
dividing cells, the cells at the equator are the most prone to harm. Damaged cells and
their products migrate to the posterior pole before converging at the centre and form a
sub-capsular structure, which reduces the transparency of the eye lens (Figure 2.2b).
Radiation cataract is a deterministic effect and inversely proportional to the delivered
dose, which higher dose may cause cataract formation with shorter latency periods.
Cataract formations are the late effects of radiation exposure. Unlike skin reactions,
which are visible after about 2 weeks, they usually appear after 10-20 years.

The electron (beta radiation) and low energy photon radiation (diagnostic photon
energy range) increase the risk of cataract formation (Behrens, 2011).

To date, different threshold dose has been proposed for cataract formation during
acute radiation exposure (Table 2.1). The International Commission on Radiological
Protection (ICRP) (Stewart et al., 2012) according to latest epidemiology studies

(Worgul et al., 2007; Chodick et al., 2008; Vano et al., 2010; Mrena et al., 2011) issued
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a new statement in 2011 on the threshold in absorbed dose to eye lens of 0.5 Gy, which
was about four-times smaller than the threshold dose of 1-2 Gy suggested by the ICRP

in 2007 (Valentin, 2007).

2.3. Radiation Effects

When ionsing radiation absorbed by the cells, deposit of the radiation energy to
individual atoms, molecules, and biological cells causes cellular damage either
indirectly or directly. Indirect cellular damage occurs when the ionising radiation
creates reactive chemical compounds like free radical OH" in the water medium
(hydroxyl ion: OH") (Eq. 2.1). The free radical OH" causes chemical changes in solute
molecules, which initiate a whole series of follow detrimental reactions in tissue. The
affected molecules include the nucleic acids (deoxyribonucleic and ribonucleic acids
(DNA, RNA)) and proteins (like enzymes) produce gross subcellular changes, either
desirable or deleterious, in the membranes, nuclei, and chromosomes, and eventually
cause cell death (deterministic effects) or cellular transformation (stochastic effects)

(Lomax et al., 2013),

H,0 + radiation — H,O" + & —> H,0" decomposes — H' + OH". Eq. 2.1

Direct cellular damage occurs when radiation causes breaking covalent bonds in the
molecule, defecting lattice structure in crystalline materials, and causes various lesions
in the bio-molecules of the cell (most importantly DNA strand). The radiation energy
deposited in the DNA causes various lesions formed on single or double helical turns of
the DNA, which can cause isolated DNA lesions, such as single-strand breaks (SSBs),
damaged bases, abasic sites, and also closely spaced lesions, including cluster sites and
double-strand breaks (DSBs) (Lomax et al., 2013) (Figure 2.3). Low linear energy

transfer (LET) radiations during its travel through bio-molecules about 70% of its
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energy deposited results in isolated lesions and about 30% in inducing clustered damage
sites (Nikjoo et al., 1998). The complexity of DNA damage increases with LET. For
high LET ionising radiations (like alpha radiation), about 90% of the energy deposited
results in clustered damage sites (Goodhead, 1994) including about 70% complex DSB
type (Nikjoo ef al., 1998), which make them more critical than low LET radiations. The
isolated lesions are normally repaired efficiently, since the unbroken strand provides the
necessary information, but DSBs causes permanent damage to the cell, which induces

the cancer risk.
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Figure 2.3 Schematic of various types of DNA damages caused by passage of a single
radiation track. These DNA damages consist of single, clustered, and complex double-

strand breaks (reproduced from (Lomax ef al., 2013)).

2.4. Radiological Physics and Radiation Principles

Radiological physics is the science of ionising radiation and its energy deposition
through the medium. This science initiated by the discovery of the x-ray by Wilhelm
Roentgen, radioactivity by Henri Becquerel, and radium by the Pierre and Marie Curie
in the 1890s. In a short time after these discoveries the x-rays and radium became a
useful means in diagnostic and therapeutic applications in the medical. The interaction

of the radiation with matter can either cause excitation, or ionisation. During the
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excitation, the electron in electron orbit gains energy and upsurges to a higher energy
level. When this electron de-excite, the difference between two energy levels is released
in the form of radiation. lonisation occurs when the radiation delivers enough energy to
an electron to exit it from the medium. The ejected electron (also called “photo-
electron”) can interact with other electron orbits and cause damage to other atoms,
breaking the adjacent molecule’s chemical bonds. This radiation is called “ionising
radiation”, which must carries energy higher than 33.97 eV, the energy needed to cause
an electron pair in dry air (Boutillon & Perroche, 1985). After releasing the photo-
electron, the vacancy left in the atomic shell is filled with an electron from a higher
atomic shell. The difference between two energy levels of atomic shells is released by
an x-ray, which is called “characteristic x-ray”.

International Commission on Radiation Units & Measurements (ICRU) in 1971
recommended a certain terminology in denoting to ionising radiations based on the
interaction of charged and uncharged particles with matter and divided ionising
radiation into two groups; directly and indirectly ionising radiation (Massey, 1974). The
directly ionising radiation refers to ionisation of the medium by charge particles, which
directly deliver their energies to medium. The indirectly ionising radiation denotes
ionisation of the medium by uncharged particles like photons (x-ray and gamma (y) ray)
and neutrons. In this process the energy of uncharged particles is transferred to the
charged particles and then charged particle energies deposited to the medium.

The x-ray is an electromagnetic wave emitted by charged particles in slowing down
high energy electrons when pass next to the nuclei, which generate continues x-ray
spectrum (called “bremsstrahlung x-ray’’) or in the interaction of the electron in electron
orbits and changing their atomic energy level, thereby releases characteristic x-ray. The
other type of the photon is y-ray. The difference between these photon types is their

mode of origin. The y-ray is generated from an unstable nucleus or in annihilation
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reactions among matter and antimatter. The energy of the x- and y- rays (keV) can be

calculated using Eq. 2.2 (Attix, 2008)
E=hv=—, Eq.2.2

where E is energy of the electromagnetic photon (keV), h is the Plank’s constant
(equal to 6.626 x 107*J.s = 4.136 x 10™"® keV.s), ¢ is speed of the light in vacuum

(3 x 108 m.s™), and A is photon wavelength.

2.5. Radiation dose quantities

Interaction of radiation field with matter can be described by three nonstochastic
quantities, the kerma (K), the absorbed dose (D), and the exposure (X). Kerma (K) is
the first step of indirectly ionising radiation interaction, which describes the energy
transfer from uncharged particles to charged particles in the medium. The absorbed dose
(D) defines the energy transfer to the medium, whether directly or indirectly ionising
radiations, delivered by the charged particles. The exposure (X) shows the ability of x-

ray and y-ray to ionise air.

2.5.1. Kerma
The Kinetic energy released per unit mass (kerma) is a nonstochastic quantity
applicable only for indirectly ionising radiation interaction (uncharged particles:

photons or neutrons) (Eq. 2.3 & Eq. 2.4),

_ dEy
K== Eq.2.3
Etr = (Rin)uncharged particles — (Rout)uncharged particles + Z Q Eq- 24

Here dE,, represents the total kinetic energies of all produced charged particles in the

medium (mass: m). R, is the total energy of uncharged particles entering the medium
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volume (V), Ry is the net energy of uncharged particles leaving the V, and ), Q is the
net energy originated from the rest mass in the medium (E — m is negative and m — E
1s positive).

Thus the kerma i1s kinetic energy transferred throughout a volume containing a mass

m, which has been expressed in units of J.kg" or Gy. The kerma is related to the photon

spectral energy fluence (Y/(E)) and mass energy-transfer-coefficient ((%)E_Z), which

corresponds to the photon energy (E) and atomic number of the medium (Z) (Eq. 2.5):

E= ’ r
K= szOmapr (E). (%)E,Z dE Eq.2.5

Where y'(E) is the differential distribution of photon spectral energy fluence. The
kerma as mentioned earlier is the stage 1 of the indirectly ionising radiation interaction,
which energy of the uncharged particles delivered to the charge particles (electrons and
positrons). In the second stage, the kinetic energy of a fast electron released by one
these two interactions, first, the collision interaction, expresses the interaction of the fast
electrons with atomic electrons of the medium, which results ionisation and excitation
(K¢), second, the radiative interaction, states deceleration of the fast electrons in the
vicinity of the nuclei, resulting x-ray photon generation (bremsstrahlung radiation) (K;).
The net kerma is a summation of these two interactions (Eq. 2.6).

The collision kerma, which shows the expectation value of the energy transferred to

charged particles relates to the photon spectral energy fluence (U/(E)) and energy-

absorption-coefficient ((”pﬂ)E_Z) (Eq. 2.7)
K= K.+ K, Eq. 2.6
E= ’ en
Ke= oo W(E). (g dE. Eq.2.7
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2.5.2. Absorbed Dose
The absorbed dose, D, is relevant to the expectation value of the energy imparted to
matter through all types of ionising radiation fields (E), whether directly or indirectly

ionising, per unit mass (m) of the absorbing medium (Eq. 2.8 & Eq. 2.9)

dE
dm

D= Eq. 2.8

E = (Rin)uncharged particles — (Rout)uncharged particles + (Rin)charged particles —

(Rout)charged particles + Z Q Eq. 2.9

The unit of absorbed dose is the same as the unit used for kerma, Gy. If the energy
delivered to charged particles 1s deposited locally and radiative interactions
(bremsstrahlung) are negligible, the absorbed dose, D, will be equal to the kerma, K.

The relative radiation hazard and its biological effects are defined by equivalent dose
(H) and are product of absorbed dose (D) and quality factor (Q). Q is a weighting factor
depends on both particle energy and type, which is equal to 1 for x-rays and gamma
rays. The unit of equivalent dose is the Sievert (Sv) that has same physical dimensions

(J. kg™") as absorbed dose, Gy.

2.5.3. Exposure

The International Commission on Radiation Units and Measurements (ICRU) in
1980 defined the exposure as “the quotient of dQ by dm, where the value of dQ is the
absolute value of the total charge of the ions of one sign produced in air when all the
electrons (negatrons and positrons) liberated by photons in air of mass dm are

completely stopped in air. ” (ICRU, 1980) (Eq. 2.10),
x=% Eq.2.10
am

The dQ value does not comprise electrons generated by the secondary photons

(bremsstrahlung radiation).
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Exposure describes the only x-ray and y-ray photons ability to ionise air and has
been expressed in units of Rontgen (R) and C.kg™" with a conversion factor of (Eq. 2.11)

(Attix, 2008)

<Y\ _ -4
X (kg) = 2.58 x 10~* x X(R). Eq.2.11

The exposure, X, is equivalent to air-kerma (K,i;). To generate an ion-pair in a gas
we need to deposit energy, which is symbolised by W (Attix, 2008). The W,,, shows the

mean energy extended in dry air per ion-pair produced, which is equal to 33.97 eV per

WZ” =33.97 J.C'") (Boutillon & Perroche, 1985). Referring to Eq. 2.12, the

ion-pair (
exposure can be defined due to the photon spectral energy fluence (LD(E))

X= [ (%)air W' E) . D iy dE. Eq.2.12

Exposure, X, is considered as a useful and valuable information about x-ray or y-ray

characteristics due to, it is proportional to the photon energy fluence (L|J(E)) and since

the elements in the air is appropriately similar to biological soft tissue (muscle) in terms

of its effective atomic number, thus the exposure can be used as a substituted reference

Hen
(T)E,muscle

to study the effects of such radiations in tissue ( Fn = 1.07 £ 3 % total spread)
p

)E,air

over the energy range of 4 keV to 10 MeV (Figure 2.4).
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Figure 2.4. Ratio of mass energy absorption coefficient for muscle and water relative to

air (reproduced from (Attix, 2008)).

2.6.  Fluoroscopy Guided Interventional Radiology

Interventional radiology (IR) has become a common medical practice providing the
opportunities to treat a wider range of pathologies as an effective method to diagnose
and treat numerous vascular and cardiac diseases. This treatment technique represents
tremendous advantages over invasive surgical procedures, like less trauma to the
patient, lesser requirements for general anaesthesia, lower treatment costs, extremely
small 1incision required, which resulted in lower infection risk and shorter
hospitalisation time (UNSCEAR, 2010). During fluoroscopy guided interventional
radiology procedures, ionising radiation is used to guide catheter, guide wire, and other
small instruments through the blood vessels of the patient. Complex and repeated
interventional procedures may increase the risk of tissue reaction effects like radiation-
induced skin injuries and cataract formation. Skin injuries are the most frequently
encountered tissue reaction effects from interventional procedures (Wagner et al., 1999;
Mooney et al., 2000; Wolft, et al., 2001; J. Lee et al., 2003; Frazier et al., 2007; Balter

et al., 2010; Spiker et al., 2012). The U.S. Food and Drug Administration (FDA) (FDA,
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1994), the World Health Organization (WHO) (WHO, 2000), the International
Commission on Radiological Protection (ICRP) (Valentin, 2000), and the International
Atomic Energy Agency (IAEA) (IAEA, 2010a) have all expressed concerns regarding
patient skin dose. They have also issued guidance on the prevention of skin injuries in
high dose interventional procedures. In order to prevent severe radiation injuries, it is
important to evaluate the entrance skin dose of patients during long irradiation periods.
Eye lens is another organ at risk during neuro-interventional procedures, since during
these procedures patient’s eye lenses are frequently placed within the radiation field and
risk of lens opacity and cataract formation, especially among young patients, patients
with visual impairment, and patients who required prolonged neuro-interventional
procedures are higher. Table 2.1 shows threshold doses for different tissue reactions of
skin and eye lens summarised from the literature. Early skin reactions (early erythema)
can be observed after 2 Gy (Wagner, 1998), which can be encountered 2-24 hours after
the irradiation. There is no definite threshold dose for skin cancer, but the skin cancer

generally occurs after 15 years from the radiation.
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Table 2.1 Threshold doses for inducing various tissue reactions in skin and eye.

Fluoroscopy time (in min) to reach threshold at:

Usual dose rate of 20

High-dose rate of 200

Effect Approximate threshold Time of onset of the effect . -1 . -1
mGy.min mGy.min
absorbed dose (Gy) @ rad.min™) (20 rad.min™)
Skin®
Early transient erythema 2 2- 24 hours (hours °) 100 10
Temporary epilation 3 ~ 3 weeks 150 15
Main erythema 6 ~ 1.5 weeks 300 30
Permanent erythema 7 ~ 3 weeks 350 35
Dry desquamation 14 (10 %) ~ 4 weeks 700 (500 °) 70 (50°)
Invasive fibrosis 10° N/A 500° 50°
Dermal atrophy 11 > 52 weeks (14 weeks °) 500 (552°) 50 (55.2 %)
Telangiectasia 12 > 52 weeks 500 (600°) 50 (60°)
Late erythema 15 8-10 weeks (6-10 weeks ) 750 75
Moist desquamation 18 (15°) > 4 weeks 900 (750 °) 90 (75°)
Dermal necrosis >12(18") > 52 weeks (> 10 weeks ©) 750 (900 °) 75 (90 °)
Secondary ulceration 24 (20 > 6 weeks 1200(1002 ") 120 (100.2")
Skin cancer N/A > 15 years N/A N/A
Eye’
Lens opacity (detectable) > 1-2 (0.5-2%(0.5) > 5 years > 50 to eye > 5 to eye
Lens/ cancer (debilitating) > 5 > 250 years > 250 to eye > 25 to eye

a) (Valentin, 2000)
b) (Wagner et al., 1994)

c) (Mettler, et al., 2001; Lee et al., 2003)

d) (Valentin, 2007)

e) (Stewart et al., 2012)



2.7. Dose Metric Parameters

Different dose metric parameters have been established to evaluate patient’s skin
dose during interventional procedures. In general, they can be divided into the indirect
and direct dose measurement methods (Geise & O'Dea, 1999; Balter et al., 2002). Under
the umbrella of the indirect dose measurement method, dose metrics that are often used
are, fluoroscopic time (FT), kerma-area-product (KAP), dose level at the interventional
reference point (IRP), and peak skin dose (Balter et al., 2002; Jaco & Miller, 2010). As
for the direct dose measurement methods, some type of radiation dosimeter would be

required.

2.7.1 Indirect Dose Measurement Methods

2.7.1.1. Interventional Reference Point

Reference dose or originally called cumulative dose was first introduced by the
International Electrotechnical Commission (IEC) in 2000 (IEC, 2000). In this dose
measurement approach, cumulative air-kerma at a fixed point in space between the x-
ray tube and the image receptor, which has a highest possibility of positioning the
patient’s skin during a clinical procedure, is presented as a patient’s maximum skin
dose. This point is called the Interventional Reference Point (IRP) and it is fixed relative
to the x-ray tube and is independent to the patient variation. The IEC’s definition of the
IRP in C-arm fluoroscopy system is located 15 cm from the isocentre of the C-arm
toward the x-ray tube (IEC, 2000). The U.S. Food and Drug Administration’s (FDA)
definition of the reference dose is to measure accumulated entrance air-kerma at the 30
cm in front of the image receptor C-arm for fluoroscopy systems (FDA, 2009).

Since 2006, the FDA has issued a criteria that every fluoroscopy unit sold in the USA

should be able to calculate, display, and record reference dose (FDA, 2005). The
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cumulative reference dose is displayed in real-time on system monitors during the
clinical procedures and has been used as an indicator for the patient’s total skin dose for
the clinical procedure. The IRP is fixed relative to the x-ray tube as it is always at a
constant distance from the isocentre, which may represent a position on the patient’s
skin or a point inside or outside of the patient’s body (Figure 2.5). The IRP rarely
represent the exact location of the patient’s skin over clinical procedures. Using
accumulated doses at IRP locations tends to be higher than actual peak skin doses and
consequently overstates the radiation risk to the patient (Miller ef al., 2003).

Calculating the patient’s entrance skin dose (ESD) from reference dose demands to
consider the actual x-ray source to skin distance (SSD), exposure field size at the
patient’s skin location (FS,), attenuation of treatment couch and mattress, tissue
backscatter factor (BSF) for the field area at the SSD, and considering of mass—energy

absorption coefficient ratio of tissue to air (Eq. 2.13) (McParland, 1998)

ESD = K, (SSD) x BSF(FS,) x (“’% Lissue Eq.2.13

air

where K. . (SSD) indicates the collision kerma in the air at a defined distance from

the x-ray source (SSD), BSF(FS)) is the tissue backscatter factor for a specific exposure

field size (FS;), and (g)gif:“e is mass—energy absorption coefficient ratio of tissue to air.
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Figure 2.5 The IRP positions (IEC method) during a clinical procedure, which can be

placed inside, outside, or on patient’s skin.

2.7.1.2. Kerma Area Product

The kerma-area-product (KAP) is air-kerma at a point along the central axis of the x-
ray beam, multiplied by the exposure field size at that point (mGy.cm?”). Exposure field
size increases as the square of the distance and the radiation dose decreases as the
square of the distance from the x-ray tube. Therefore, the two parameters cancel each
other out resulting in independency of the KAP to distance between x-ray to the
patient’s skin. The KAP is used to measure the total energy absorbed by the patient;
therefore, it is a good dose metric for approximating stochastic risk during a clinical
procedure (Miller et al., 2010; Gupta ef al., 2013).

KAP can be determined by calculation or using a transmission full-field ionisation
chamber placed between the collimators and the patient’s body. KAP provides no

information regarding the radiation dose distribution over the patient’s body. The same
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KAP is observed with small field size and high radiation dose with large exposure field
size and low radiation dose (Figure 2.6a). In order to reduce the uncertainty of patient’s
skin dose normally a nominal exposure field size is used for typical procedures.
Calculating the patient’s ESD from KAP requires taking into account the actual SSD
and exposure field size on the patient’s skin. The actual exposure field size can be
calculated using the inverse square law to convert the exposure field size generated at
the image receptor distance to the actual exposure field size on the patient’s body.
However the KAP dose metric has shown to have reasonably high correlation with
maximum skin dose for a large group of patients; other hand, it presented a poor
correlation for patient’s dose during an individual procedure (Fletcher et al., 2002;

Miller et al., 2003).

2.7.1.3. Time

Fluoroscopy time is one of the common dose metric methods used to estimate
patient’s dose during fluoroscopy guided interventional procedures. The fluoroscopy
time has been known to be a poor patient’s dose indicator, since in this method, there is
the total lack of information regarding the fluoroscopy dose rate (Figure 2.6b) and dose
due to other fluorographic imaging (acquisition imaging techniques) are not taken into
account. In addition fluoroscopy time does not provide any information about patient’s

skin dose distribution.
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Figure 2.6 The uncertainties associated by estimation of the patient’s skin dose using a)

KAP and b) fluoroscopy time metrics (adapted from (Jaco & Miller, 2010)).

2.7.2. Direct Dose Measurement Methods

2.7.2.1. Radiochromic Film

Various types of film have been widely used to evaluate the patient’s dose for
diagnostic and interventional x-ray procedures. Dosimetry using film provides detailed
indications of the location and amount of the patient’s maximum skin dose and
distribution of radiation dose over the patient’s skin. Vano ef al., (2001) investigated the
patients’ maximum skin doses (MSD) during 26 coronary angiography and 7
percutaneous transluminal coronary angioplasty (PTCA) procedures by using
radiographic slow film and studied the correlation of MSD values with DAP and
cumulative dose (total AK) measured by an ion-chamber (Vano et al., 2001). In this
study the range of the maximum patients’ skin dose was reported 107-711 mGy, which
showed no correlation with DAP (27.3-370.6 Gy.cm?®) and estimate cumulative skin
dose values (110-3706 mGy). This study found that the DAP and total AK at the
estimated level of the patient’s skin are not reliable indicator for actual radiation dose

received by the patient’s MSD.
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As mentioned earlier one of the unique advantages the film dosimetry is its ability to
provide high-resolution 2D dose distribution information. This advantage enabled
Schueler and his colleagues to study the difference between patient’s skin dose
distribution during a 3D rotational angiography and digital subtraction angiography
(DSA) (Schueler ef al., 2005). This study also compared MSDs with AK values. This
study revealed that the patient’s MSD dose during a 3D rotational angiography (15
mQGy) was significantly lower than a biplanar DSA (58 mGy). In addition the study of
the patient’s skin dose distribution showed that, for both imaging techniques the MSDs
were generally located at the occipital region. The AK indicator overestimated the
patient’s MSD during the 3D rotational angiography by a factor of 2.2-2.5, because the
total AK value cumulates entire entrance skin dose during rotation and considers it as a
MSD value. AK slightly underestimated MSD during biplanar DSA, due to not
considering the contribution of the backscatter radiation on patient’s skin dose.

The patients’ MSDs during interventional neuro-radiological procedures were also
measured using Gafchromic® XR type R films (D'Ercole ef al., 2007). In this study 21
patients undergoing embolization of aneurysms procedures were participated in order to
study the correlations of MSD values with fluoroscopy time and DAP. The correlation
() of MSD with fluoroscopy time and DAP were reported to be 0.61 and 0.77,
respectively.

Having a wide operating range; for instance Gafchromic® XR-RV3 film with a
sensitive range to x-ray energies of 30 keV to 30 MeV and dose range of 0.01 Gy to 30
Gy (Appendix A), represents this film as a sufficient method for quantitative mapping of
patient’s skin dose during various diagnostic and interventional procedures. The
Gafchromic® film is a self-developing dosimeter, which can be used easily during a
clinical procedure. The limitations of film as a dose monitoring system are, it is not able

to provide real-time feedback and only can be used as a post-processing dose evaluation
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methods, not reusable, and is energy dependent, which can be an important issue
especially for fluoroscopy guided interventional radiology procedures that are always

performed with various exposure energies.

2.7.2.2. Thermoluminescence Dosimeters

A dose measurement using TLD chip provided several advantages like, having a
small physical size (1 x 1 mm? crystals) enables this detector to be used as a point dose
measurement system, reusability, ability to store accumulated dose with negligible
signal fading (< 10% per year (Kron, 1995)), practically tissue equivalent, and does not
require electrical connection to collect the radiation dose. On the other hand, this
dosimeter has some limitations like, this detector does not provide real-time dose
information and can be read only once and all signals erased throughout readout
procedure. TLDs have effectively been used as a point dosimeter to record the radiation
dose received by radiosensitive organs during various interventional radiology
procedures (Berthelsen & Cederblad, 1991; Meric1 et al., 1998; Ilgit et al., 2000;
Sandborg et al., 2010). As a point dose measuring system, it may not be placed at the
location of MSD on the patient’s body, which consequently causes an underestimation
of radiation dose for that particular procedure. Efstathopoulos et al. studied patients’
MSDs during 307 percutaneous coronary interventional procedures by using TL
dosimeters. This study recorded the MSD of 182 mGy (Efstathopoulos et al., 2004),
which was considerably lower than previous reports (Hwang et al., 1998; Putte et al.,
2000; Vano et al., 2001). One of the possible factors that might cause this discrepancy is
high dependence of measured MSD to TLDs positions, since maximum measured dose
by TLDs is not always the maximum radiation dose received by the patient’s skin.

A technique for using arrays of TLDs has been proposed to reduce the uncertainty of

miss-positioning the TLD chips. As the separation between the TLDs reduces, the
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chance of recording the patient’s MSD increases. Theodorakou & Horrocks in 2003
measured the dose received by 30 patients during coil, glue and stent embolisation
procedures using a TLD-100 chips array in order to measure patients’ MSDs and TLD-
100H for measuring the patient’s eye lens and thyroid gland doses. They reported a
good linear correlation between the posterior-anterior DAP and the MSD measured by
TLD (r*=0.86) and slightly lower correlation factor (r*=0.79) was measured for the
lateral plane DAP and the patients’ MSDs. The number of images of the posterior-
anterior and lateral plane showed good correlation with DAP (1*=0.73 and r*=0.67,
respectively). The average patient’s eye lens thyroid gland doses were reported 60 mGy
and 24 mQGy, respectively and the maximum eye dose recorded for the 30 patients was

found to be 50 cGy (Theodorakou & Horrocks, 2003).

2.7.2.3. Radiophotoluminescence Glass Dosimeters

Several papers have been published on using radiophotoluminescence glass
dosimeters (RPLDs) for patient’s dose measurement during interventional radiology
procedures (Nishizawa et al., 2003; Moritake et al., 2008; Hayakawa et al., 2010;
Takashi Moritake et al., 2011). The RPLDs provide several advantages over TLDs, such
as this detector can be read repeatedly unlike TLDs, which are reset after each reading,
and its radiolucency under fluoroscopy and acquisition imaging (Nishizawa et al.,
2003). Another merit of a RPLD is its small physical size, which can be placed in many
points of the patient’s skin surface to provide a geometric distribution of the patient’s
ESD with higher resolution in comparison with other point dosimetry systems. There
are some limitations for the RPLD to be used during clinical fluoroscopy procedures
like, the sensitivity of this detector highly dependents on photon energy and these
procedures are generally performed with a wide range of photon energies (controlled by
Automatic Dose Rate Control (ADRC) system) and the RPLD is also not able to provide

real-time dose information for operators during a clinical procedure.
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2.7.2.4. Metal-Oxide Semiconductor Field Effect Transistor Dosimeters

Metal oxide semiconductor field effect transistors (MOSFETs) are transistor
components, which have commonly been used in electronic devices and computer logic
circuits since 1960s. Holmes-Siedle in 1974 first reported the capability of the MOSFET
as a space-charge dosimeter (Holmes-Siedle, 1974) and later it was successfully used in
space dosimetry in the satellite Geos-II (Holmes-Siedle, 1994) and other orbiting
satellites (Ravotti et al., 2007). The MOSFET dosimetry system has been widely used in
medical application during radiotherapy (Consorti ef al., 2005; Qi et al., 2007; Qi et al.,
2009) and radiology procedures (Hurwitz et al., 2007; Yoshizumi et al., 2007; Einstein
et al., 2010), due to its high sensitivity, immediate dose readout, storing the accumulated
dose, reusability, and extremely small physical size. This detector also provides several
disadvantages for radiation dose monitoring during a clinical procedure, such as its
limited lifespan (200 and 70 Gy for low and high sensitive MOSFET, respectively (Peet
& Pryor, 1999)), energy dependence (sensitivity changes by a factor of 3.2 for varying
the tube potential from 50 kVp to 10 MV (Cheung et al., 2009)), temperature
dependence (50 mV for temperature change over 20 to 40 °C (Cheung et al., 2004)), and
changing the sensitivity with accumulated dose.

The MOSFET detectors have been used to measure the patient’s skin dose during
fluoroscopy guided interventional procedures (Peet & Pryor, 1999; Glennie et al., 2008;
D'Alessio et al., 2013). The criteria of a detector used for monitoring ESD during
interventional radiology procedure include: small physical size to preserve the image
quality, the ability to provide real-time feedback, linear response to wide range of the
radiation dose, simple to use, and exhibits a specific water equivalent depth (WED) for

monitoring the skin dose (0.07 mm ICRP, 1991)).
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2.8  MOSFET Design and Principle of Operation

MOSFET is a sandwich type device made up of a source (S), gate (G), drain (D),
semiconductor substrate (SB), and insulating silicon dioxide layer (Si0;) (Figure 2.7a).
The Si0O; layer is placed underneath the gate terminal and channel layer is a portion of
the silicon substrate, which places below the oxide layer and connects the source and the
drain terminals. Depending on the type of charge of the channel current the MOSFET
can be categorised to an n-channel (electron transmission) or a p-channel (hole
transmission). As Figure 2.7 depicts the p-channel MOSFET (p-MOSFET), which
consists of a negative doped (n-type) silicon substrate, two positive doped (p-type)
silicon regions are situated underneath the source and the drain terminals, and silicon
dioxide layer is located underneath the gate terminal.

The minimum gate voltage (Vg) is required to initiate a noticeable and constant
current flow (Ips) through the channel layer is defined as the MOSFET threshold
voltage (V). When the gate voltage is set to zero (Vg= 0) the detector is in “off” state
and the source-drain current only contains a negligible amount of electron-hole
recombination (Vgs < Vg and Ips ~ 0). When a small negative voltage is applied to the
gate terminal, the SiO; layer’s electrons will be depleted, but the source-drain current is
still negligible. When a sufficiently large negative voltage is applied to the gate
terminal, most of the holes carriers are attracted to the SiO,-Si interface from the SB,
source and drain regions.

The accumulated holes carriers at the SiO,-Si interface generates the conduction
channel, which allows electron current flow between the source and drain terminals
(Ips). The MOSFET detector is now in its “on” state. In this stage, Vs> Vrnand their

difference is called “overdrive voltage” (Vov= Vgs-Vrn).
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When Vps < Vgy, the transistor is in “Triode” state and the Ipg is calculated by
following equation (Eq. 2.14):

Vp

IDS = kn (VOD - TS) X VDS’ Eq 214

where £, is the transistor’s conductance coefficient.

VGS

—1 |+

Gate

: +
Source Sio, Drain

Channel

b)

Figure 2.7 a) The structure of a p-type MOSFET detector, which consists of the gate,
source, and drain terminals and Si, SiO,, and channel layer. b) The electronic circle of a

p-type MOSFET sensor.
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The ionising radiation generates electron-hole pairs in SiO, layer. For generation of
an electron hole pair in Si0, layer energy of 18 eV is required (Rosenfeld, 2006). The
electrons move toward the gate terminal and holes undergo a stochastic hopping
transport are trapped in the Si-Si0O, interface, which causes a positive charge buildup.
This positive charge buildup will considerably change the Ips and for having a constant
current flow (e.g. 50 uA) through the channel needs a corresponding negative shift in
the Vry at the gate.

In general, the MOSFET detector works on the principle of the shift in the threshold
voltage of the gate terminal (AVty). The shift in Vry corresponds to the absorbed dose
in the Si0; layer (D), Si0O; thickness (tox) ranging from 0.69 pum to 2.3 um (Ensell et al.,
1988)), and fraction of holes created that escaped recombination (f) (Eq. 2.15) (Ensell et
al., 1988)

AVry = 0.04Dt f. Eq. 2.15

By increasing the positive bias voltage to the gate, the f approaches to 1 (Rosenfeld,
2006) and extends the detector’s sensitivity and dose linear region until the hole-traps at
channel layer are saturated. After this stage the MOSFET threshold voltage doesn’t
change and the detector cannot be used any longer.

The MOSFET can be used as an active detector with a positive gate bias voltage or
passive detector without using a bias voltage on the gate terminal. While the passive
dosimetry system doesn’t need bias supply during the measurement, the dosimetry
procedure will be become more portable and easier in comparing to active detector,
whereby the detectors need to be connected to bias supply when in use. However, the
passive MOSFET detector can be utilised for a limited dose range and shows the sub-
linear dose response (Rosenfeld, 2002). One of the example of a commercialised passive
MOSFET detector is the OneDose™ MOSFET detector system (Sicel Technologies,

Inc, USA), which is a single radiation dosimetry system and is recommended to be used
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for radiation dose up to 5 Gy (Halvorsen, 2005). Having bias voltage on the gate
reduces the electron-hole recombination, increases the hole trapping efficiency, and
subsequently improves the MOSFET detector linearity over a wider dose range (Butson
et al., 1996). Different gate bias causes different threshold voltage shifts for a constant
radiation dose. As the bias voltage increases, the shift of the threshold voltage of the

MOSFET sensor rises (Figure 2.8) (Litovchenko ef al., 1990).

AV(V)

0.1 .

Dy (Gy)
Figure 2.8 Shift of the n-MOSFET sensor’s threshold voltage as a function of the bias
voltage and irradiation dose, each curve represents the sensor response for each
individual bias voltage (in V): 1 (0 V),2 (4.5V),3(8V),4 (16 V),5 (24 V), and 6 (90

V) (reproduced from (Litovchenko et al., 1990)).

The mobility of the charge carriers in the channel layer is influenced by temperature.
A study on temperature dependence of the MOSFET detector reported the threshold
voltage variation of 50 mV for temperature change over 20 °C to 40 °C (Cheung ef al.,
2004). A research on temperature dependence of the p-MOSFETs revealed that the

detector signal is altered about 0.3% per °C in the temperature range between 22 °C and

34



40°C (Ehringfeld et al., 2005). In research on micro-MOSFETs revealed that, increasing
the temperature from 20 °C to 40 °C changes the detector response up to 0.5 %
(Ramaseshan ef al., 2004). Soubra ef al. in their experiment on dual MOSFET revealed
that this detector is almost independent of temperature. These detectors use different
gate biases, which cause different threshold voltage shifts and subtracting of these
signals is an independent reading to temperature (Soubra et al., 1994).

MOSFET detector has a finite lifetime due to the accumulation of radiation dose,
which saturates the hole-traps near the Si-Si0O, interface. The lifetime threshold voltage
was reported to be approximately 24 V (Qi et al., 2007). After this threshold voltage the
detector can be annealed by UV or thermal processes (Risti¢, 2009) or by injection of
charge carrier into the gate oxide (Alshaikh et al., 2014).

MOSFET post-irradiation readout accuracy depends on the MOSFET voltage fading
and creep-up effect. MOSFET voltage fading attributes to mechanisms like, relaxation
of charges residing in deep traps of the oxide layer, diffusion of positive ions, thermal
and non-thermal annealing of trapped charges, and capacitance voltage hysteresis.
MOSFET voltage fading depends on the readout interval. To avoid “signal fading”, it is
recommended to read the detector’s signal during the first 15 minutes after irradiation
(Ehringfeld et al., 2005). When the MOSFET threshold voltage increases with
consecutive reading, is called “creep-up” effect, which depends on the time between
successive read cycles. The MOSFET detector’s threshold voltage increases due to the
residual of the injected charge of the previous measuring circuit and causing a
temporary perturbation in the charge distribution. This effect is most pronounced for
accumulated doses over 20Gy and this uncertainty can be reduced with a 1-minute wait

time after initial reading (Ramani et al., 1997).
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2.9. Chapter Summary

A review of existing literature about the measurement of the patient’s radiation dose
during interventional radiology procedures showed that much of the research in this area
have a general tendency to only evaluate the radiation dose received by the patient’s
skin and radiation dose received by other radiosensitive organs have been rarely
considered. No such studies of patient’s eye lens dose correlation with dose metric
parameters during neuro-interventional procedures have been performed. Moreover, the
contribution of the exposure parameters on patient’s eye lens dose is unclear.

During interventional procedures patient’s dose may vary widely, which indicates the
importance of in-vivo radiation dose measurement especially for radiosensitive organs
like eye lens during complex neuro-interventional procedures. As pervious sections
indicated, so far, various in-vivo dose monitoring system have been used to measure the
patient’s dose during clinical interventional procedure as post-processing dose
evaluation methods, which have not had any impact on patient’s radiation dose during
each particular intervention. Currently, there is no real-time in-vivo dosimetry system
that has been used for patient’s dose monitoring during interventional radiology
procedures. A real-time dose-monitoring system does not only provide real-time
information about the total accumulated dose in the detector, but also enables us to
study the contribution of each particular exposure on patient’s dose.

The aim of the present thesis is to study the correlation between patient’s eye lens
doses with dose metric parameters and investigate the contribution of various exposure
parameters on radiation dose received by the patient’s eye lens during neuro-
interventional procedures. Moreover, there is a need to consider the contribution of
exposure parameters on patient’s eye lens dose during neuro-interventional procedures.

To address these research gaps, the present thesis aims to introduce a new real-time

dose monitoring system in order to evaluate the patient’s eye lens dose during clinical
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interventional procedures and also study the contribution of each exposure parameter on
patient’s dose, which could provide valuable guidance for interventional radiologists
and radiographers in balancing the expected clinical benefits and radiation risks of
performing an interventional radiology procedure.

In order to avoid repeating explanation of various research equipment, which were
used through the present thesis, main equipment and their descriptions are presented in

chapter 3.
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CHAPTER 3: MATERIALS AND METHODS

3.1. MOSkin Detector

The MOSkin detector is a type of MOSFET detector prototyped and developed by the
Centre for Medical Radiation Physics (CMRP), University of Wollongong, Australia.
The MOSFkin detector was designed especially for skin dose measurements (Kwan et al.,
2008). This detector has previously been tested and found to be suitable for skin dose
measurement in radiation therapy (Kwan et al., 2008; Qi et al., 2009; Alnawaf ef al.,
2012). The MOSkin detector was designed in a new packaging structure in which the p-
MOSFET sensor with a gate oxide thickness of 0.6 um is hermetically sealed into a
Kapton pigtail strip using ‘“drop-in” packaging technology (Figure 3.1). A thin
polyamide film layer works as a moisture protector and build-up layer and gives a WED
of approximately 0.07 mm in tissue (Kwan ef al., 2008; Kwan et al., 2009), unlike the
commercial MOSFET detector, which utilises wire-bonding and an epoxy bubble
encapsulation above the sensitive region (Figure 3.1b).

The MOSkin detector response (AVry) can be recorded either manually from the
reader (Figure 3.1a) or automatically via computer software MOSPLOT?2 (version 1.0)
and FETch (version 1.0), which are the control software programmed to record and
display the detectors’ responses automatically. Dose measurements can be performed at
user-defined readout frequencies (minimum sampling rate of 1s). This feature allows
for the near real-time visualisation and monitoring of radiation exposures during
interventional radiology procedures. The MOSPLOT2 software presents a graph

showing accumulated dose as a function of elapsed time (Figure 3.2a).

38



a) Sensitive volume Sensitive volume
Epoxy bubble of MOSFET Polyamide of MOSFET

~ ,- Sensor Sensor
~, 7’

hf=h

Commercial MOSFET detector MOSkin detector
b)

..... Kapton ----p

Figure 3.1 Photo of, a) the MOSkin dosimetry system and b) schematic diagram of the
MOSFET detector with an epoxy bubble encapsulation and MOSkin detector with a

layer of polyamide film.

A separate graphic user interface, FETch, was designed to present the dose values in
a more visual form. This interface displays the accumulated dose in column bar charts
and numeric form (Figure 3.2b). With this interface, the operators are able to monitor
the radiation dose received by the patient in a more intuitive and direct manner,
providing valuable information with minimal or no distraction to the interventional

radiologist during a clinical procedure.
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Figure 3.2 Schematic of the a) MOSPLOT2 and b) FETch software. These software

display the accumulative dose trend in line and column bar charts, respectively.

3.2. Gafchromic® Film XR-RV3

Gafchromic® XR Type R (International Specialty Products, Wayne NJ) is a
radiochromic film, particularly designed for radiation dosimetry in fluoroscopy guided
interventional radiology procedures. This film comes in large sheets (35.6 cm x 43.2
cm), which can cover the patient’s skin in order to study the radiation dose distribution
during a clinical procedure. XR-RV3 film is one type of the XR-R films, which is
sensitive to wide dose and energy ranges, 0.01 Gy to 30 Gy and 30 kVp to 30 MeV,
respectively (Appendix A). The XR-RV3 is a reflective-type film (reflection
densitometry) and consists of five layers, including a white opaque polyester layer,
yellow transparent polyester layer, adhesive layer, active layer, and undercoat layer

(Figure 3.3a). XR-RV3 composes mainly of carbon, oxygen, and hydrogen with an

40



effective atomic number of about 7.3 (McCabe et al., 2011). The active layer consists of
a microcrystalline radiation sensitive monomer dispersed in a gelatin matrix. When this
layer exposed to ionising radiation, the ionisation radiation causes the polymerisation
and forms the polydiacetylene dye. The generation of the dye changes the film colour

from orange to green without any chemical processing needed (Figure 3.3b).

Yellow Polyester Layer (97 um)

Adhesive Layer (12 um)

Active Layer (17 um)

Undercoat Layer (3 pm)

White Polyester Layer (97 pm)

a) b)

Figure 3.3 a) Schematic of construction of the XR-RV3 layers (Appendix A) and b)
XR-RV3 film (yellow transparent polyester layer faced up) shows the ionisation
radiation causes the generation of the dye in the active layer and changes the film colour

from orange to green.

McCabe et al. in their study on characterisation of the XR-RV3 film showed that the
response of this film depends on beam energy and film orientation (McCabe et al.,
2011). Their energy dependence test revealed that for a 200 cGy and a 500 cGy air-
kerma exposure when the orange side of the XR-RV3 is irradiated, change of the
exposure energy from 60 to 120 kVp increased the film response by 20% and 12%
respectively. The XR-RV3 sensitivity rises with white facing orientation 4.0% at 60
kVp to 9.9% at 120 kVp compared to the orange facing orientation. The XR-RV3 has
been used widely for evaluation of radiation dose distribution and patient’s maximum
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skin dose during clinical interventional procedures (Bednarek et al., 2011; Tsai et al.,

2014; Bordier et al., 2015).

3.3. Flatbed Scanner and Image Analyser Software

It is recommended to use a flatbed scanner to read the Gafchromic® XR-R films. In
this study, the film scanning was performed using an Epson 10000XL flatbed scanner
with 48-bit RGB capability. Exposed films were scanned after 24 hours post-exposure
to allow for the optical density stabilising (Giles & Murphy, 2002). The exposed films
were scanned using reflective mode with scanning resolution of 96 dpi. Scanned images
were analysed using Imagej 1.47 software (National Institute of Health, USA).

The scanned image was split into red, green and blue colour channels. The pixel
value of the red channel (16-bit: 2'°-1= 65535 pixel) was used for image analysis. The
pixel value of the region of interest was recorded and converted to optical density (OD)
using Eq. 3.1. The mean of red channel of the exposed film (ODy) is subtracted from
mean of red channel of that film before exposure (OD;), in order to calculate the effect
of radiation on optical density of the film (ODye).

Based on calibration curve, the OD,1s used to find the amount of absorbed dose by

the film (Figure 3.4)

65535
mean pixel value

0D =logq( ). Eq. 3.1
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Figure 3.4 Block diagram showing the Gafchromic® XR-RV3 film scanning steps.

3.4. Philips Allura Xper FD20/20° Biplane System

The neuro-interventional procedures were performed using a Philips Allura Xper
FD20/20" biplane system (Philips Healthcare, Best, The Netherlands) at the University
of Malaya Medical Centre (UMMC). This suite consists of one ceiling mounted x-ray
tube and one floor mounted x-ray tube equipped with a 30 x 38 cm” dynamic flat panel
detector. This machine is equipped with different electronic rectangular field-of-views
(FOVs), which change the sensitive image detector area from 15 cm to 48 cm and
exposure tube potential varies between 40 and 125 kVp. This machine can generate five
frame rate ranges for vascular procedures (0.5fps, 2fps, 3fps, 4fps, and 6fps) and two
frame rate ranges for cardiac procedures (15fps and 30fps). The Philips Allura Xper
FD20/20® machine can apply different filtrations, 0, 0.2, 0.5, and 1.0 mm copper
equivalent, which are specified to different types of exposures. The tube voltage is

controlled by an automatic dose rate control (ADRC) system.
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The general concept of the ADRC system is to control the x-ray exposure parameters
(Table 3.1: orange colour box) during a clinical procedure, within the limits of x-ray
system. The control parameters are impacted by the interaction variables (violet colour
box), within the clinical system geometry limitations. The outcomes of the exposure
parameter changes must meet the regulations from governing societies and standard

organisations (Table 3.1).

Table 3.1 Effects of the interaction variables on control parameters and clinical

outcomes (adapted from (Gislason-Lee ef al., 2011)).

Control parameters (units) Interaction Clinical/Technical
parameters outcomes
Tube potential (kVp) Patient thickness Image quality
Filtration (mmAl) Contrast medium Patient dose
Tube current (mA) Detail thickness
X-ray pulse duration (ms) Gantry angle
Detector dose (kerma) Grid/air gap
Frame rate (fps) Scatter/primary

x-ray field size

Source-image distance
(SID)

Under limits of

Tube/ generator System geometry IEC standards
[Power (W) and heat (°C)] FDA regulations
Local philosophy
[diagnostic reference
levels (DRLs)]
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The ADRC system seeks to attain optimal patient’s dose and image quality for each
EPX (Examination, Patient-type and X-ray operator) individually. Each user selectable
patient type (weight and age) has its own predefined estimated patient thickness and the
system also can calculate the patient thickness from the prior fluoroscopy run, based on
its exposure parameters, added filtration, detector output (digital pixel intensity), and
SID. According to the estimated patient thickness, the peak tube voltage and filtration
were automatically selected. The peak tube current and x-ray pulse duration were
selected based on tube voltage and acquisition or fluoroscopy exposure modes are
started (Figure 3.5a).

Next, according to the measured detector output after each frame and based on each
EPX require detector output, the ADRC calculates the difference between needed and
measured detector outputs and updates the exposure parameters in the next x-ray pulse
(Figure 3.5b). A detailed description of the ADRC system and its algorithm for
optimising exposure energy, tube current and pulse duration can be found in (Gislason

etal., 2011).
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Figure 3.5 Mechanism of ADRC performance to achieve highest image quality with
optimum patient’s dose by adjusting the (a) initial exposure parameters, which were
obtained based on estimated patient’s thickness to (b) optimal exposure parameters
based on comparing the requested and measured detector output (adapted from

(Gislason-Lee ef al., 2011)).

3.5. Phantoms

3.5.1. Gammex 457 Solid Water®

Gammex 457 Solid Water” is particularly designed to simulate the absorption
characteristics of water very closely over a wide-ranging photon energies. Solid Water®™
is able to achieve calibration within 1% of the real water (Appendix B). Solid Water”
phantoms have been used widely by medical physicists for depth dose measurements,

relative ionisation calibration, and absolute calibrations for years. The density of the
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Solid Water® is 1.04 g.cm'3 and comes in 20 x 20 cmz, 30 x 30 cmz, and 40 x 40 cm?
slabs with various slab thicknesses of 0.2 to 6.0 cm.
In this study a set of Solid Water® phantom (30 x 30 cm?) with various slab thickness

(0.2 to 5.0 cm) was utilised.

3.5.2. ATOM® Dosimetry Phantom

An ATOM" female anthropomorphic dosimetry phantom (model 702; CIRS,
Norfolk, Va) was used to simulate a patient’s body during the experimental exposures.
This phantom has a 160 cm tall and 55 kg weight and designed with traditional 2.5 cm
thick sections.

The ATOM® anthropomorphic phantoms imitate the human organs with four tissue
equivalent materials for bone, soft tissue, brain, and lung. These phantoms have age
series from newborn to adult, since the human bone density changes considerably with
age. Therefore, for more accurate dose measurement, the bone simulated material in
ATOM" phantoms are formulated based on proper bone composition of each age. This
phantom provides the possibility of radiation dose measurement using various dosimetry
systems, like TLDs (chips, rods, bars, and cubes), MOSFETs, Landauer OSLDs (Micro
Dot and nanoDot), and ion chambers and diodes as customised accessories. ATOM®™
phantoms are constructed of computerised imaging reference systems (CIRS) exclusive
tissue equivalent materials made by various resins and polymer based materials. Based
on manufacturer report on radiation property of the ATOM® phantom, the linear
attenuations of the simulated soft tissue and bone are within 1% of actual attenuation

and linear attenuations of the simulated lung is within 3% (Table 3.2) (Appendix C).
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Table 3.2 Linear attenuation coefficients (cm™) for different tissue substitute materials
used in the construction of the ATOM®™ phantom (retrieved from the ATOM® phantom

manual, Appendix C).

Average Soft Tissue Average Bone Tissue  Average Lung Tissue  Average Brain Tissue

keV Reference* ATOM® Reference* ATOM® Reference* ATOM® Reference* ATOM®

40 0.2679 0.2678 0.7884 0.7887 0.0537 0.0531 0.2791 0.2791
60 0.2087 0.2091 0.4244 0.4242 0.0410 0.0414 0.2135 0.2138
80 0.1871 0.1876 0.3251 03248 0.0365 0.0372 0.1902 0.1907

100 0.1742 0.1748 0.2822 0.2819 0.0339 0.0346 0.1767 0.1772

* Reference: (Snyder et al., 1974).

3.6. Energy Dispersive Spectroscopy on the Scanning Electron Microscope

Energy Dispersive x-ray Spectroscopy (EDS) is a chemical microanalysis system. In
this system electron bombardment is performed on the predefined region of interest of
the Scanning Electron Microscope (SEM) image, which generates characteristics and
bremsstrahlung x-rays as a result of inelastic interaction of the electron beams with the
sample atoms. More information on electron interaction with matter can be find in
chapter 2, section 2.4. An EDS system comprises of several parts, including a radiation
detector (made of lithium drifted silicon (Si(L1)) (Jorge, 1968), high purity germanium
(HpGe) (Pehl et al., 1972), or silicon drift detectors (SDD) (Gatti & Rehak, 1984)), an
amplifier, and a digital pulse processor connected to a computer . The EDS can separate
emitted x-rays from the specimen based on their energy levels. The elemental
composition of the medium is determined based on the fundamental principle that each
element has unique peaks on its emitted x-ray spectrum. The EDS system detects and
measures the relative abundance of x-rays emitted from a sample after bombarding with
high-energy electron versus their energy beams (Ngo, 1999; Hafner, 2006). This

information is used to identify the elemental composition of the sample and their relative
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proportions (for instance atomic weight%). In this research, the elemental compositions
of samples are examined using an electron microscope (Quanta FEG 650; FEI,

Hillsboro, OR, USA) at 30 keV electron beam.

3.7. Photon Cross-Section Database, XCOM

Photon cross-sections for a component or mixture can be calculated by summing up
the photon cross-sections for all their atomic constituents. This numerical work is
complicated and it became problematic by the fact that photon absorption cross-sections
and total attenuation coefficients are discontinues at absorption edges. This problem
needs to be tackled by additional interpolations for the photon energies above and below
all the absorption edges for all the atomic elements. A convenient alternative approach
to manual calculation of photon cross-sections, is utilizing computer calculation. XCOM
is a web database was developed by Berger & Hubbell in 1999, which provides photon
cross-sections for photoelectric, scattering, photoelectric absorption, and pair production
(NIST, 1999). This database can be used to calculate total attenuation coefficients of any
elements, compounds, and mixture (Z < 100) for a wide range of photon energy range (1
keV to 100 GeV) with a personal computer (Berger & Hubbell, 1987). The photon
cross-sections for various elemental (Henke ez al., 1982; Plechaty ef al., 1978) and some
compounds and mixtures (Hubbell, 1969; Veigele, 1973) were tabulated in the XCOM
database (NIST, 1999).

In this program, the partial and total mass interaction coefficients of components are
calculated as a result of the corresponding quantity for constituents cross-sections times
the number of target molecules per unit mass. The weighting factor is the fraction of
constituents’ weights, which for most of the compounds and all mixtures need to be

defined by the user.
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The XCOM program provides partial photon cross-sections for various photon
energies, like incoherent and coherent scatterings, photoelectric absorption, and pair
production and also reports total mass attenuation coefficients of the medium (cm”.g™).

Different studies have studied the accuracy of XCOM software by comparing the
linear attenuation coefficients derived from its calculation and those derived from
measurement and Monte Carlo simulation. Hill ef al. in their research reported the linear
attenuation coefficients of the solid phantoms and Perspex based on XCOM calculations
were 2% and 4% greater than those derived from Monte Carlo simulation. This study
showed these disagreements are slightly larger between the XCOM data and
measurement findings, up to 3% and 7% for solid phantoms and Perspex, respectively
(Hill et al., 2008).

Reliability of the XCOM software has been studied for higher photon energies as
well. Kaewkhao et al., (2010) in their research measured the mass attenuation
coefficients of bismuth oxide (Bi,03) and barium oxide (BaO) shielding materials at 662
keV, and compare with the theoretical values calculated by XCOM software. This study
showed an average difference of about 5% between experiment and XCOM values
(Kaewkhao et al., 2010). Tuscharoen et al., (2010) reported the total mass attenuation
coefficients of various types of barium-borate-flyash (BaO:B,0;:Flyash) glass shields
(with different ratios of BaO, 45-70% of the component weight) based on experimental
and XCOM calculation findings at 662 keV. This study showed a good agreement
between the experimental and the XCOM values, within relative deviation of 0.03 to

1.42 % (Suparat et al., 2011).
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3.8. Mass Balance Technique

In this study the physical density of different samples (in chapter 7 and chapter 8)
were measured based on the theory of the buoyant force using a mass balance technique
(Sartorius Analytical Balance, BA110S, Gottingen, Germany) (Figure 3.6).

In this theory specific gravity (SG) of the fluid or substance is defined as the ratio of
the density of the substance to the density of water (density and SG of the 4°C water is

equal to 1 g.cm™) (Eq. 3.2)

Substance weight in air— SGyater

SG = . Eq.3.2
substance Substance weight in air—Substance weight in water !

In this method the substance’s weight in the air and inside the water (4 °C) are
measured. The loss of substance’s weight is equal to the weight of the water displaced,

which based on the water density (1 g.cm™) is equal to sample’s volume. Therefore, the

Substance's weight in air _ g )

Equation 3.2 shows the density of the substance as well ( Fro pra——————

Figure 3.6 Photo of the analytical balance (Sartorius Analytical Balance, BA110S,

Gottingen, Germany).
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3.9. 3D Printer

The 3D printing system was invented by Charles Hullin in 1986 and has been used in
automobile and aerospace industry (Hull, 1986). The 3D printing principle is based on
creating a 3D objects through deposition of different types of materials (like powder or
polymer based materials) in 2D layers, which offers many advantages, like ability of
fabrication of objects with multifaceted internal and external structures, ability to
modify the object design and material to meet the costumer’s needs, and requires less
space in compare to traditional manufacturing. The 3D printing technology has been
utilised widely in manufacturing industries and its application in healthcare is
progressively growing.

Currently the 3D printing technology plays a growing role in various industries, like
jewelry, and fabrication of batteries. The 3D printers have been used widely in medical
field as well, like in tissue engineering (Jung et al., 2015; Yuan ef al., 2015; Zhang et
al., 2015) and bioprinting stem cells (Datar ef al., 2015; Faulkner-Jones et al., 2015;
Ouyang et al., 2015). Using the patient’s imaging data, like computer tomography (CT)
and magnetic resonance (MR) images, to generate 3D models of the patient’s organs
enables physicians to fabricate custom implant and prosthesis (Liacouras et al., 2011),
anatomical model for training purposes (Waran et al., 2012; Gur, 2014; Naftulin et al.,
2015), anatomical model of the complicated pathologies for treatment or diagnostic
purposes (Tam et al., 2012), and bioprinting.

Bioprinting is 3D printing based technique, which has been used to produce living
organs for transplantations. This technique has been used to fabricate various tissues
like bone (De Coppi ef al., 2007; Comesana et al., 2011; Asadi-Eydivand et al., 2016),
cartilage (Cui et al., 2012; Jung et al., 2015), and skin (Skardal et al., 2012) and
production of some functional organs, like kidney, liver, and some other organs is

currently being researched (Murphy & Atala, 2014).
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In this study a 3D printer (ZPrinter 450®, Z Corporation, Burlington, MA, USA) was
utilised to construct an anthropomorphic head phantom, in order to print the human
skull based on the CT images of a male patient following a standard head and neck
imaging protocol. Assembling of the printed skull and other fabricated head organs, like
brain and eyeballs, resulted a full head anthropomorphic phantom, which will be

comprehensively explained in chapter 8.
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CHAPTER 4: CHARACTERISATION OF THE MOSKIN RADIATION

DOSIMETER AT KILOVOLTAGE PHOTON ENERGIES

4.1. Introduction

The MOSFkin detector has been characterised for various factors affecting its response
for megavoltage photon beams and has been used for patient dose measurements during
radiotherapy procedures. However, the characteristics of this detector in kilovoltage
photon beams and low dose ranges have not comprehensively been studied. The purpose
of this chapter therefore was to characterise the MOSkin detector in the kilovoltage
photon energy range, in order to determine its suitability for in-vivo entrance skin dose
measurements during interventional radiology procedures (research objective 1). In this
chapter the MOSkin detector responses in terms of changing radiation energy, field size,
exposure angle, source to surface distance (SSD), dose rate, and percent depth dose

(PDD) under various diagnostic beam qualities were investigated.

4.2. Literature Review

MOSkin detector has been characterised in megavoltage photon beam. MOSkin’s
angular dependency was studied under 6MV photon beam (Kwan ef al., 2008), which
showed a variation of £2% in MOSkin sensitivity over 360° azimuth axis. Comparison
of the MOSkin, Attic ion chamber, and RADFET detector responses at surface of Solid
Water® phantom relative to dose at Dy using 10 x 10 cm? exposure field of 6 MV,
when the exposure angle varied from 0-75° revealed that, MOSkin response has very
good agreement with the Attic chamber (18.3+0.7% and 16% of the Dpax, respectively)
and RADFET detector showed higher response (35.8 = 2%), due to RADFET’s epoxy
encapsulating layer on top of the its sensitive region. MOSkin characteristics were

studied using 'Ir radioactive source (Kwan et al., 2009). This study showed that
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MOSkin detector has a small angular dependency (<2%), excellent dose linearity (r*=1)
for a dose range of 5 to 200 cGy, and a high reproducibility range (<3%).

Later on, the MOSkin detector sensitivity for megavoltage radiation (6MV) was
reported, to be 2.63 + 0.01 mV.cGy™ and this study revealed MOSkin sensitivity has
very good reproducibility for low dose exposure up to 10 Gy (within 1%) and for higher
doses reproducibility its sensitivity varies up to 2%. The MOSkin detector showed low
dependency to exposure angle, within +2.5% for the azimuth axis and between —2.5%
and +4% for the polar axis (Hardcastle et al., 2010).

Qi et al. 2011 found that MOSkin sensitivity variation is almost independent to
exposure SSD (<0.4%) in 6 MV photons. They found that MOSkin has considerably low
dependency to exposure field size smaller than 20 x 20 cm?, within 1.0% and its
dependency to exposure angle is minimal to be within 2% over 360°. The PDD
measurement showed that the MOSkin detector response is with a good agreement with
ion chamber, within 2.5% for depths up to 15.5 cm and within 3.5% for depths of 16.5
to 19.5 cm (Kwan et al., 2008; Qi et al., 2011).

Characterisation of the MOSkin detector was also performed for diagnostic beam
energy. Lian ef al. in 2011 based on Monte Carlo simulation reported that using 70 um
polyamide film on top of the MOSFET sensor provides considerably better energy
response in compared with 20 um, in the energy range of 15-300 keV. The 70um
polyamide film MOSkin’s energy response dropped dramatically in radiation energy
lower than 50 keV, which led to a plateau in the energy range of 50-300 keV. The study
of percentage depth dose of the MOSkin detector was carried out by comparing
simulated MOSkin response with simulated water response under a 100 kVp, which
showed good agreement at shallow depths less than 15 mm, to be within +3% and
beyond 15 mm water depth, the MOSkin generally under-responds up to a maximum of

23% at water depth of 60 mm. Similarly for a 150 keV, simulated MOSkin showed good
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agreement at shallow depths less than 20 mm with simulated water response, to be
within £3% and beyond 20 mm the MOSkin under-responds by about 8% (Lian et al.,
2011).

Attempts to experimentally study the MOSkin percentage depth dose has been
performed by Lian ef al. (2013) using 150 keV, benchmarked with the Markus ion-
chamber. The measurement showed at depths larger than 80 mm in Solid Water” the
MOSkin detector under-responds in compared to Markus chamber and the average
agreement between them was 3%. However, at depths less than 80 mm MOSkin detector
over-responds in compared to Markus chamber, with a trade-off uncertainty of +3 mGy

at 20 mm depth (Lian ef al., 2013).

4.3. Materials and Methods

The MOSkin detector calibration and dependency on radiation energy were carried
out under RQR standard radiation qualities (IEC 61267 (IEC, 2005)) in free-air-
geometry (Fig. 4.1). The free-in-air geometry was achieved by placing the detectors at
an elevated platform made of styrofoam. The radiation beams were generated by a Y-
TU 160-D02 x-ray machine (COMET AG, Flammat, Switzerland), at the Secondary
Standard Dosimetry Laboratory (SSDL) of the Malaysian Nuclear Agency. Table 4.1

shows the parameters of the various RQR standard qualities.
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Figure 4.1 Calibration and energy dependence measurements setup under RQR

standard radiation beams.

Table 4.1. RQR Standard Radiation Qualities.

Radiation = Tube potential Effective Added filtration ~ Half Value
beam quality (kVp) energy (keV)* (mmAl) Layer (mmALl)
RQR3 50 27.0 2.7 1.8
RQR4 60 29.2 2.8 2.1
RQRS5 70 31.6 3.1 2.5
RQR6 80 34.0 3.2 3.0
RQR7 90 36.0 3.4 3.4
RQRS 100 38.6 3.7 4.1
RQRY 120 42.7 4.0 5.1

* Effective energies were obtained from the NIST website (NIST, 2010)
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The MOSkin detector linearity and reproducibility, angular dependency, field size,
PDD in Solid Water® phantom, dose rate, frame rate and source to surface distance were
studied using a clinical C-arm fluoroscopy unit (Philips Exper Allura FD20/20% x-ray
unit, Philips Healthcare, Amsterdam, Netherlands) at the University of Malaya Medical
Centre (UMMC). Characterisation procedures under the clinical x-ray unit was carried
out using a 30 x 30 x 12 cm’ water equivalent plastic phantom (Gammex 457, Gammex,
Middleton, WI, USA) and the x-ray tube was positioned at gantry angle of 180°,
perpendicular to phantom surface (Figure 4.2a). The detector was characterised for an
80 kVp photon beam (effective energy 42.76 keV) using exposure acquisition mode
(3fps). Imaging field of view (FOV) or magnification was fixed at 48 cm, flat panel
detector was placed at 120 cm from the tube (SID) and field size of 10 x 10 cm? was
used. This setup is henceforth called the “standard setup” (Figure 4.2a). The MOSkin
detector was placed in face-up orientation toward the x-ray tube unless otherwise stated.
The characterisation procedures under RQR standard radiation qualities were
benchmarked against a 30 cm’ parallel plane ionisation chamber (model 233612, PTW,
Freiburg, Germany), while measurements under the clinical x-ray unit were
benchmarked against a 0.055 cm’® Markus parallel plane ion chamber (model 23343,
PTW, Freiburg, Germany). All measurements were repeated three times and the
mean + 1 standard deviation (1 S.D.) of the results were reported. Effective energies

were obtained from NIST website.
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Figure 4.2 Characterisation setups with C-arm x-ray tube fluoroscopy unit, a) “standard

setup and b) measurement setup for angular dependency test.

Two types of uncertainties in the analysis of the MOSkin characteristics results. The

MOSkin reader shows the threshold voltage change with uncertainty of +1 mV, and
immediate reading of the detector after the end of irradiation can generate voltage creep-
up up to £4 mV (Kwan et al., 2008). The creep-up voltage depends on the time between
successive readouts, which peaks 10 sec following the end of irradiation and this

uncertainty can be reduced with a 1-minute post-irradiation wait time (Ramani ef al.,
1997).

The significance of these uncertainties is dependent on the total dose delivery to the
MOSkin detector and it is negligible during high dose delivery, when the threshold
voltage change is large. In this research, the dose delivered to the detector was in the
lower range; therefore these uncertainties should be taken into account in our results.
Furthermore, a 1-minute post-irradiation wait time was instituted. A study on

temperature dependence of the MOSFET detector reported the threshold voltage

variation of 50 mV for temperature change over 20 to 40 °C (Cheung et al., 2004).
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To avoid the temperature effect on MOSkin detector reading, the MOSkin detector
was placed on styrofoam or Solid Water® phantom inside of the measurement room for
about 5 minutes before starting the measurement for temperature equilibrium. At the

same time, the ambient temperature was continuously monitored.

4.3.1. Calibration

The MOSkin detector was calibrated under RQR7 beam quality (effective energy
36.1 keV) and exposure fixed at 140 mAs. The detector was placed on a styrofoam
board at SSD of 100 cm and field size of 13 c¢cm diameter. The PTW ion chamber
measurements were corrected for temperature, pressure and energy and reproducibility

of the PTW detector was measured to better than 99%.

4.3.2. Energy Dependence Measurement

Semiconductor detectors are known to be energy-dependent, particularly in the kV
beam energy range. The high atomic number (Z) of the detector sensitive volume
(silicon oxide, Z = 14) is expected to over-respond at low kV energies due to
photoelectric absorption effect. This study was carried out to investigate the magnitude
of the energy dependence of the MOSkin detector for the beam energy range commonly
used in diagnostic radiological procedures. The MOSkin energy dependency was studied
for the beam energy range of RQR3 to RQRY (effective energy 27.0 to 42.7 keV). The
exposure was fixed at 140 mAs. The MOSkin detector was placed at SSD of 100 cm and

field size of 13 cm diameter was used.

4.3.3. Dose Linearity and Reproducibility Measurements

Automatic Dose Rate Control (ADRC) was used to control the clinical x-ray tube
output. ADRC controls the light output of the image receptor by adjusting kVp and/or
mA of the x-ray tube and this adjustment follows one of the pre-programmed kVp-mA

curves (Dendy & Heaton, 2011). The small size and design of the MOSkin detector does
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not alter the ADRC parameters when it is in the beam and exposure parameters remain
constant. In this study MOSkin detector was set up as per “standard setup” and the
sensitivity of the MOSkin detector was studied for the dose range of 2 cGy to 213 cGy.
The MOSkin’s response was benchmarked against the Markus chamber. Any deviation
in exposure time and/ or mAs were corrected based on exposure parameters recorded
from the console (mAs, number of images, and KAP). Reproducibility of the MOSkin
detector was assessed based on the mean of the standard deviations for three sets of

measurements.

4.3.4. Field Size Dependence Measurement

Field size dependency is an important factor for point dose recording during
interventional radiology procedures since multiple field sizes are often used within a
treatment procedure. ADRC system adjusts the tube output to maintain the image
brightness constant for different exposure field sizes. As the exposure field size
decreases, the tube current increases and subsequently the exposure dose increases. The
MOSkin was set up as per “standard setup” at SSD of 70 cm with selected field sizes

from 5 x 5 to 20 x 20 cm®.

4.3.5. Depth Dose Measurement

MOSkin and Markus detectors were initially set up as per “standard setup” followed
by placement at different depths in a phantom. For all depth dose measurements, the
detectors were placed along the beam central axis separately to minimise the uncertainty
caused by the detector positioning. Depth dose measurement was tested for 0 to 35 mm

depth from the surface of the Solid Water® phantom.
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4.3.6. Source to Surface Distance Dependence

The MOSkin detector was setup as per “ standard setup”. The MOSkin detector was
placed at SSD of 90 cm with exposure field size of 10 x 10 cm” then by moving the
couch towards the x-ray tube; detector response at different distances (70 to 90 cm) was

studied. MOSkin detector dose rate dependence was also evaluated in this section.

4.3.7. Frame Rate Dependence

The Philips Allura Xper FD20/20® system provides two modes of frame rate for
angiography procedures, i.e. cardiac and vascular modes. The vascular application
allows operators to select acquisition exposures with frame rates of 2, 3, 4 and 6 fps
while the frame rates of 15 and 30 fps are for cardiac application. In this study, MOSkin
detector was setup as per “standard setup” and both application types were used to study
the dependence of the MOSkin detector to exposure frame rate. The exposure
parameters were recorded from the console, kV, mA, ms and filter. The effective
energies (keVs) were calculated based on measured HVLs using an Unfors detector

(Unfors Raysafe AB, Billdal, Sweden).

4.3.8. Angular Dependence Measurement

The C-arm x-ray tube in head-end position can rotate from 120° Left Anterior
Oblique (LAO) to 180° Right Anterior Oblique (RAO) and it cannot cover the entire
range (Figure 4.2a). Due to this limitation, the Solid Water® phantom was placed at the
edge of the patient support couch (Figure 4.2b) at SSD of 81 cm (isocentre of rotation).
The MOSkin detector was placed in the centre of the surface of the Solid Water” at the
central axis.

The C-arm x-ray tube was rotated from 30° RAO to 150° RAO with 20° intervals and
the angular response of the MOSkin detector was assessed for face-up and face-down

orientations. Other exposure parameters followed the “standard setup”.
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4.4. Results and Discussion

4.4.1. Detector Calibration

The temperature and pressure correction factors were applied to the PTW ion
chamber responses and the readings were used to obtain the sensitivity of the MOSkin
detector.

The threshold voltage change, AVy, is proportional to the irradiated dose. The

detector sensitivity is defined as (Eq. 4.1)

Sensitivity = Dose (cGy)’

Eq. 4.1

The sensitivity of the MOSkin detector for RQR7 beam quality (effective energy 36.1
keV) photon beam was measured to be 11.56 + 0.36 mV c¢Gy '. Previous research
reported that the sensitivity of the MOSkin detector for 150 kVp x-ray beam (effective
energy 64.8 keV) is about 6.70 mV cGy', which was measured using EBT 2 film (Lian
et al., 2013). The sensitivity of MOSkin detector in megavoltage beam energy was 2.63
+ 0.01 mV c¢Gy ' (Hardcastle ef al., 2010). The higher sensitivity measured at lower
beam energy is due to the increasing dominance of photoelectric absorption and
consequently increasing response of the MOSkin detector at low energy. Lifetime of
MOSkin detector can be calculated by knowing the initial voltage of the MOSkin
detector (~10V), the sensitivity and its maximum threshold voltage (~24V). When used
under diagnostic beam energy, the detector lifetime is approximately equivalent to 12

Gy of radiation exposure.

4.4.2. Energy Dependence

Figure 4.3 shows the MOSkin detector’s response, normalised to RQR7 beam quality.
As expected, the MOSkin detector showed enhanced response at lower beam energies.
The detector over-responded by a factor of 1.15 at 50 kVp (effective beam energy 27.0

keV). At 120 kVp (effective beam energy 42.7 keV), the detector under-responded by a
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factor 0.86. However, for the tube potentials that are commonly used in interventional
radiology procedures (70 to 100 kVp), the detector response varies within = 5%. The
ratio of mass energy absorption coefficient of silicon (Si) to air was defined as (Eq. 4.2)

Eemysi

Ratio of mass energy absorption coefficient = (ufn) —, Eq. 4.2
——Jalr
p

where (”%)si and (H%)air are mass energy absorption coefficients of Si and air

respectively. The measured ratio was normalised to 1 at 36.1 keV. As Figure 4.3
illustrates, the change of the MOSkin detector’s sensitivity for different effective beam
energies shows the same behavior with the ratio of mass energy absorption coefficient
of Si to air taken for effective photon energy of the x-ray spectra. This comparison does
not take into account the change of recombination of electron-hole pairs in the gate of
the MOSFET with decreasing photon energy (Kron ef al., 1998). The ratio of mass
energy absorption coefficient of the Si to air has the same trend with the ratio of Si to

water.
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Figure 4.3. Energy dependence of the MOSkin detector for diagnostic energy range,
under RQR standard beam qualities. The average standard deviation of three

measurements is presented.

4.4.3. Dose Linearity and Reproducibility
The MOSkin detector showed linear response with the amount of delivered dose (2-
213 cGy) measured by Markus ion chamber, over 0.99 (Figure 4.4). The reproducibility

of the MOSkin measurements was found to be better than 94%.

65



2500 T

2000 A

R?=0.999

-

()]

(=]

S
|

1000 1

Delta Voltage (mV)

500

0 50 100 150 200
Dose (cGy)

Figure 4.4. Linearity of the MOSkin detector benchmarked against the Markus ion

chamber. Average standard deviation of this measurement was + 2 mV.

4.4.4. Field Size Dependence

The ADRC controls the brightness of image for different exposure field sizes by
adaptation of the mAs. Smaller exposure field size has higher beam exposure (mAs).
For this experiment, the tube potential remained constant throughout the measurement at
80 kVp (effective beam energy 42.76 keV) and beam exposure changed from 61 to 8
mAs for 5 x 5 to 20 x 20 cm?” exposure field size respectively. Figure 4.5 illustrates that

the MOSkin detector is independent of field size variation (within = 1%).
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Figure 4.5. The field size effects on detector response placed on surface of the Solid

Water® phantom. All the readings are normalized to field size of 10 x 10 cm?.

4.4.5. Depth Dose Data

The percentage depth dose response of the MOSkin detector was tested previously,
which showed good agreement with the Markus ion chamber under a 150 kVp (effective
energy 64.87 keV). This study reported that, for depths of less than 80 mm, the MOSkin
detector showed over-response compared with the Markus chamber (Lian et al., 2013).
Figure 4.6 shows the percentage depth dose curves for MOSkin and Markus ion
chamber. The detector’s responses were normalised to its response at the surface of the
Solid Water™ phantom. MOSkin detector appears to be in good agreement with the
Markus chamber, within = 3%. The largest deviation between the MOSkin and Markus
detectors’ responses was 4% at 2 mm. These results are in good agreement with earlier
study findings, while the MOSkin detector for this study was calibrated and measured

for lower effective photon energy of 42.76 keV.
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Figure 4.6. Depth dose in Solid Water” for FSD of 10 x 10 cm®. All the readings are

normalised to the surface dose (100%).

4.4.6. Source to Surface Distance Dependence

Figure 4.7 shows the dose measured by MOSkin and the Markus chamber corrected
for inverse square law. MOSkin showed good agreement with the Markus chamber
measurements (+ 1%). The error bars increased with increasing distance due to lower
dose delivery to the detector, consequently effects of reader and voltage creep-up
uncertainties become noticeable. The SSD parameter is an important feature for
interventional radiology dosimetry, because x-ray tubes are continuously rotating
around the patient during interventional radiology procedures. Depending on the
location of the patient’s body, the x-ray tube is placed at different distances from the
body surface. FDA has expressed concerns about SSD in fluoroscopic procedures and
has suggested using SSD of 38 cm as a threshold for stationary fluoroscopes and 30 cm
for mobile fluoroscopy units (Haynes et al., 2013). Figure 4.7 also shows the relative

response of the MOSkin and Markus detectors, normalised to their ratio at 1.2 mGy.s™
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dose rate. MOSkin detector shows very low dependency to exposure dose rate (less than
1%).

Dose rate (mGy.s™)
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Figure 4.7. Source-to-surface distance and dose rate dependence of the MOSkin

detector for a 80 kVp x-ray beam with exposure field size of 10 x 10 cm’.

4.4.7. Frame Rate Dependence

Table 4.2 shows the different frame rates available on the Philips Allura Xper
FD20/20® system, group under cardiac and vascular applications. Note that switching
from the high frame rates to the low frame rates, the system automatically adjusted the
tube potential (filtration) and dose rate. Figure 4.8 shows that MOSkin detector has low
dependence on frame rate and dose rate variation (within & 3%). This variation is within

the uncertainty due to energy dependence of MOSkin detector.
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Table 4.1. Effective energy and dose rate value for different frame rates of cardio and vascular applications, controlled by ADRC system.

Application Frame rate Tube potential Added filtration HVL Effective energy *  Dose rate
types (fps) (kVp) (mm) (mmALl) (keV) (mGy.s'l)
Vascular 2 83.50 0.1 Cu+1.0 Al 5.07 42.54 1.68
3 83.48 0.1 Cu+1.0 Al 5.09 42.61 1.99
4 83.45 0.1 Cu+1.0 Al 5.07 42.54 2.53
6 78.64 0 3.22 34.84 3.68
Cardiac 15 70.84 0 2.57 31.55 0.58
30 70.93 0 2.58 31.60 1.19

* Effective energies were obtained from NIST website (NIST, 2010)
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Figure 4.8. MOSkin detector frame rate and dose rate dependence of vascular and

cardiac applications.

4.4.8. Angular Dependence

The angular dependence of the MOSkin detector is presented in Figure 4.9. The
variation in the readings for the azimuth axis was within + 5%. The lowest drop in
sensitivity happened in -60° face-up and maximum sensitivity was obtained for 0° face-
down. The MOSkin detector has different WED in face-down and face-up orientation
(inherent anisotropy) on the surface of the phantom. This detector has a thicker build-up
layer due to the silicon substrate in case of face-down orientation (see Figure 2.7a in
chapter 2), which produces more secondary electrons and subsequently causes dose
enhancement at sensitive volume of the MOSkin. Hence, the MOSkin detector shows
higher sensitivity in a face-down orientation relative to a face-up orientation. As Figure
4.9 shows, the MOSkin detector’s sensitivity decreases with increasing exposure angle.
This change in the MOSkin detector’s sensitivity is due to the intrinsic angular

dependence of MOSkin and the effect of backscatter radiation. Published reports about
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angular dependency of the MOSkin detector for 6 MV x-ray field reported that this
detector has very low intrinsic dependency on exposure angle (Kwan et al., 2008; Qi et
al.,2011) and the minimum angular dependency for this detector was measured for dual
MOSkin within + 2.5% in the azimuth axis under charge particle equilibrium condition

(Hardcastle et al., 2010).
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Figure 4.9. The azimuth angular dependence of the MOSkin detector. The MOSkin

response was normalised to the 0° value in face-up orientation.

4.5. Chapter Summary

In this chapter, the MOSkin detector was characterised under diagnostic beam
energies in attempt to address research objective 1. The dose linearity, reproducibility,
depth dose measurements were performed. The detector’s response with variation of
beam energy, field size, source-surface distance, frame rate, and beam incidence angles
were also investigated. This chapter demonstrated that the MOSkin detector is suitable
for monitoring skin dose during interventional radiology procedures, taking into
accounts the various uncertainties and limitation of the detector. Skin dose is an
important issue for patient radiation safety during interventional radiology procedures,

MOSkin detector with WED equal to 0.07 mm, small physical size and high spatial
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resolution for depth dose measurement is a suitable detector for in-vivo skin dose
measurement.

The limitation of this system is that MOSkin as a point dosimetry system may not be
placed at the location where the skin experiences the most intense radiation dose.
Hence, they may underestimate the MSD during interventional radiology procedures.
For this purpose, a 2-dimensional dosimeter such as film would still provide the best
solution. Compared to other commercially available dose tracking system, which
predicts 2D dose distribution of patient via parameters from the fluoroscopic machine,
this system does not provide 2D dose distribution information. Nevertheless, this system
is a real-time dose tracking system using actual direct dose measurement. Similar to
other dose tracking systems, this system also enables interventional radiologists to
balance the expected clinical benefits and radiation risks of performing a procedure.

Using multiple MOSkin detectors simultaneously to measure dose at selected region
of interest or radiosensitive organs such as eye lens would still be useful in providing
insights to the radiation dose received by these organs.

A new application for MOSkin as a real-time dosimetry system in measurement of
radiation dose received by the patient’s eye lens during neuro-interventional procedures

will be considered in the following chapter.

73



CHAPTER 5: REAL-TIME PATIENT’S EYE LENS DOSE MONITORING

DURING CEREBRAL ANGIOGRAPHY PROCEDURES

5.1. Introduction

Long radiation exposure during complicated fluoroscopy guided interventional
radiology procedures may expose patients to tissue reactions. Skin injuries are the most
common clinical effects (Wagner ef al., 1999; Mooney et al., 2000), while lens opacity
and cataract formation are the main delayed ocular complications and usually appear
after 10-20 years unlike skin reactions, which are visible after about 2 weeks.

The purpose of this chapter is to investigate research objective 2 in order to
demonstrate a new real-time dose monitoring system for determining patient’s eye lens
dose during neuro-interventional procedures, and research objective 3, to evaluate
correlations of the patient’s eye lens dose with dose metric parameters, like KAP, FT,

and AK of the frontal (AKy) and the lateral tube (AKy).

5.2.  Literature Review

Since the radiation dose received by the human organ/tissue is not directly
measureable during a clinical procedure, the International Commission on Radiation
Units and Measurements (ICRU) in 1990 defined a set of personal dose equivalents,
Hp(d), in order to conservative estimate the equivalent dose received by different
human organs/tissues. The equivalent dose quantity was described earlier in chapter 2,
section 2.5.2. The personal dose equivalent was defined based on point dose determined
in ICRU-sphere soft tissue equivalent phantom (with a 30 cm diameter and a density of
1 g.cm™) at a defined depth of d. For lens of the eye and skin, depths of 3 mm (Hp(3))
and 0.07 mm (Hp(0.07)) are employed, respectively (ICRU, 1993). The eye lens dose
measurement requires a calibrated detector at 3 mm water equivalent depth. In the

absence of this detector, ICRP in 2007 states that a calibrated detector for skin dose
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measurement (Hp(0.07)) can be also used to record the radiation dose received by the
eye lens (ICRP, 2007).

One of the earliest studies on evaluation of patient’s eye lens dose during neuro-
interventional procedures was performed on 5 patients who underwent intra-cerebral
arteriovenous malformations (AVMs) procedure (Berthelsen & Cederblad, 1991). In
this study thermoluminescent dosimeters (TLDs) were used to measure the absorbed
doses in the different points of the skin and eyes of the patients. This study reported eye
doses of 22 to 139 mGy, which were considerably lower than assumed threshold dose
for lens opacities at that time (over 2000 mGy). Later in 1998, evaluation of patient’s
eye lens dose was considered for patients who underwent diagnostic and treatment of
the lachrymal drainage system (Meric1 et al., 1998). In this study the diagnostic
procedures were performed using frontal tube and treatment procedures were performed
using frontal and lateral tubes. For this reason, there was no significant difference
between patients’ left and right eyes during diagnostic procedures; however, for
treatment procedures the untreated eyes received considerably higher doses than treated
eyes, due to its closer proximity to the lateral tube. This study reported that the average
of patients’ eye lens doses received during diagnostic and treatment procedures were 1.1
mGy (0.39-2 mGy) and 38 mGy (14-66 mGy), respectively.

Effect of the lateral tube on considerable difference in radiation dose level at patient’s
eyes was also reported for 10 patients who underwent fluoroscopically guided
transluminal balloon dilation as well (Ilgit ez al., 2000). This study reported the average
of the radiation doses at untreated eyes was eight fold higher than average of the
radiation doses received at treated eyes (38.5 mGy and 4.6 mGy, respectively). A study
on 30 patients having undergone cerebral embolization reported the average patients’
right eye doses was 60 mGy with maximum dose of 500 mGy, which were considered

lower than threshold for detectable opacity formation (1000 or 2000 mGy (Wagner &
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Archer, 1998)) at that time (Theodorakou & Horrocks, 2003). Moritake ef al. studied the
radiation dose distribution over the patient’s head during 28 therapeutic neuro-
interventional procedures (Moritake et al., 2008). This study showed that patients’ right
eyes received higher dose than left eyes, 380 + 593 mGy (7-2079 mGy) and 79 £+ 173
mQGy (5-913 mGy), respectively because the lateral x-ray tube was placed on the right
side of the patient during examinations and right eye may exceed the threshold dose of
eye lens opacity formation (500- 2000 mGy) suggested by the ICRP in 2007 (ICRP,
2007). Study on patient’s eye lens dose during neuro-interventional procedures,
including diagnostic, coiling, and embolization, revealed that the average doses to the
patients’ eye lenses (left eye) were 7.8 mGy (diagnostic), 51 mGy (coiling), and 71
mGy (embolization), which were considerably higher than radiation doses recorded at
patients’ right eyes. The maximum eye lens dose of 515 mSv was recorded for a coiling

procedure (Sandborg et al., 2010). A summary of all these studies is given in Table 5.2.

5.3. Material and Methods

5.3.1. Patients

The real-time monitoring of eye lens dose was carried out on 35 patients, 24 female
patients (45 £16.9 years) and 11 male patients (age 46 £16.8 years), comprising 19
diagnostic angiographies, 8 treatments of cerebral aneurysms, and 8 embolizations of
AVMs. The same interventional radiologist and radiography team performed the neuro-

interventional procedures from March 2013 to March 2014.

5.3.2. X-ray Equipment

The neuro-interventional procedures were performed using the Philips Allura Xper
FD20/20" biplane system (Philips Healthcare, Best, The Netherlands) at the University
of Malaya Medical Centre (UMMC). The specification of the Philips Allura Xper

FD20/20” biplane system can be found in Chapter 3, section 3.4.
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5.3.3. Data Acquisition

For all the neuro-interventional procedures, the lateral x-ray tube was positioned on
the left side of the patients’ heads throughout the treatments. According to a survey on
routine exposure parameters during 53 neuro-interventional procedures, which will be
extensively presented in chapter 6, subsection 6.4.5, in 73.7% of the projection times,
the frontal tube projections were acquired in the posterior-anterior direction (10° RAO-
10° LAO) and in 93% of the time the lateral tube direction was changed from 70° RAO
to 90° RAO. Therefore, the lenses of the left eyes were constantly exposed to the
primary x-ray beam from the lateral x-ray tube. The difference between radiation dose
received at left and right eyes during cerebral angiography procedures was studied in a
pilot study on two patients, which revealed that radiation dose delivered to the left eye
region is significantly higher (~5 times) than the dose delivered to the right eye. For this
reason, in this study we focused on the measurement of the dose delivered to patients’
left eye. The study of the patients’ eye lens dose was implemented using MOSkin
detectors. The MOSkin detector radiation characteristics have been well documented in
chapter 4. The patients were asked to keep their eyes closed during the treatment
procedure. Two MOSkin detectors were positioned on the patient’s left outer canthus
(LOC) and left eyelid (LE) (Figure 5.1a). This detector is not visible on the displayed
image and does not interfere with the treatment procedure (Figure 5.1b). The MOSkin
detectors were placed on the patient’s body for at least 5 minutes to allow for the
detectors to equilibrate with the patient’s body temperature before commencing the
measurement. MOSkin dosimetry system equipped with acquisition laptop using FETch
software was placed in front of the interventional radiologist and the radiographer
during treatment procedures (Figure 5.2). Exposure parameters were recorded from the
console. Measured doses were compared with exposure parameters such as FT, KAP,

AKFr and AK;.
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Figure 5.1. (a) The MOSkin detectors were positioned on the left eyelid and left outer
canthus regions during neuro-interventional procedures. (b) This detector is almost

invisible on the displayed image.
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Figure 5.2. (a) FETch display showing the accumulated dose values in column bar
charts. (b) MOSkin dosimetry system was placed at treatment room and accumulated
dose values were displayed using the FETch software in front of the interventional

radiologist and the radiographer during treatment procedures.

5.3.4. Statistical Analysis
Regression correlation tests were carried out to determine the relationships between
the MOSkin response and total fluoroscopic time, KAP, AK; and AKy. All analyses

were carried out using SPSS (version 16, SPSS, Chicago, IL).
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5.4. Results

5.4.1. Patient’s Eye Lens Dose

The average dose received at the outer canthus and eyelid regions showed that the
radiation dose received at the outer canthus region was significantly higher than the
dose received by the eyelid region (Table 5.1). The range of the AK for each tube and,
consequently, KAP for AVM procedures was higher than for other procedures. Due to
higher dose delivery in AVM procedures, patients received higher dose at the outer

canthus and eyelid locations (Figure 5.3 and Table 5.1).
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Figure 5.3. The boxplot shows the median and distribution of the dose delivered to the
outer canthus and eyelid areas for each treatment procedure for the 35 participating
patients, comprising 19 diagnostic angiographies, 8 treatments of cerebral aneurysms,

and 8 embolizations of AVMs.
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Table 5.1. Exposure parameters and dose delivered to LE and LOC areas, averages, medians, and 95th percentiles.

KAP (Gy.cm”) AKr (mGy) AKy (mGy) FT (min) LE Dose LOC Dose
(mGy) (mGy)

Angiography
Average 178.8 512.1 302.3 7.2 155.0 267.8
Median 154.9 430.9 264.0 6.5 137.9 218.2
95% 385.5 893.5 716.9 12.4 353.4 648.8
Aneurysm
Average 211.7 1060.5 516.0 18.2 168.4 393.0
Median 196.6 997.5 388.8 12.4 157.1 294.9
95% 342.1 2139.2 1125.6 44.6 268.8 809.4
AVM
Average 314.8 1513.5 705.3 13.7 308.4 612.3
Median 238.6 855.4 439.4 8.4 278.6 374.9
95% 649.8 4193.3 1664.2 32.2 524.7 1441.4

KAP indicates kerma area-product; AKg, air-kerma for frontal tube; AKy, air-kerma for lateral tube; FT, total fluoroscopic

time; LE, left eyelid; LOC, left outer canthus.



Figure 5.4 shows the correlation between the exposure parameters and received dose
at LE and LOC. There is a strong correlation between accumulative KAP and dose
values at LE and LOC regions (LOC: R*=0.78 and LE: R>=0.68) (Figure 5.4a).
Moderate correlations were observed between total fluoroscopic time and dose at LE
and LOC (LOC: R’=0.52 and LE: R’=0.40) (Figure 5.4b). The accumulative AK for
lateral and frontal tubes shows a strong correlation with measured dose at LOC (AKy:
0.93 and AKg: 0.78) (Figure 5.4c,d) but a weak correlation with measured dose at LE

(AKy: 0.28 and AKy: 0.10) (Figure 5.4c,d).
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Figure 5.4. Correlation between the measured dose to left outer canthus and left eyelid

regions to (a) KAP, (b) FT, (c) AKy and (d) AK.

5.4.2. Study of Exposure Parameters

Figure 5.5 shows the accumulated dose trend at LOC for a particular AVM case,
highlighting the unique capability of the MOSkin dosimetry system. Using the MOSkin
detector, we can study the trend of the patient’s accumulated dose during an
interventional radiology procedure. By matching the MOSkin detector response and
exposure time from the console we can correlate the dose measured by the MOSkin
detectors with the machine exposure parameters, thereby understanding their
contribution to the patient’s received dose.

The system not only enables us to record real-time patient’s dose, but also enables us
to investigate the contribution of each exposure to patient’s dose in terms of exposure
parameters (kV, mAs, exposure angulation and rotation and number of frames) (Figure
5.5) or exposure types (Fluoroscopy, DSA, cine and road mapping) (Figure 5.6). From

Figure 5.5, it was found that the sharp increments in the detector threshold voltage were

83



due to high dose rate DSA acquisition technique. For this particular AVM procedure,
the DSA contributed to 94% of the total dose to eye lens followed by road mapping
(4.7%), cine trace (0.05%) and fluoroscopy (0.08%). This information (Figure 5.5&
Figure 5.6) is important for post-procedure analysis for future dose minimisation
strategies and can be utilised for the interventional radiologists’ training as well.

The contribution of each exposure parameters on patient’s dose will be investigated

in chapter 6.
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Figure 5.5 The accumulated dose trend line at LOC for an AVM procedure. From the

real-time response pattern of the MOSkin detector, it is possible to investigate the dose

delivered to the patients. The temporal dose pattern allows us to evaluate the

contribution of each exposure to dose delivery to the patient’s eye. Two particular

exposures were labeled in this graph, d; is dose before exposure and d, is the dose after

exposure. The increment dose (Ad) indicates the absorbed for this particular exposure.
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Figure 5.6 The dose delivered to the patient’s LOC depicted as contribution of different

types of exposure (e.g. fluoroscopy, road mapping, DSA and Cine Trace).

5.5. Discussion

Different techniques have been recommended to reduce radiation dose during
interventional radiology procedures, such as using pulsed mode fluoroscopy exposure,
shortening the exposure time, increasing distance between x-ray source and patient,
reducing distance between image receptor and patient, minimising the magnification,
maximising collimation, using last image hold technique, changing C-arm angles and
using low frame rate exposure (Miller ef al., 2003; Church et al., 2008).

Applying these strategies and using a direct dosimetry system can significantly
improve patient radiation safety during interventional radiology procedures. Direct dose
measurement is not feasible for all interventional radiology procedures; for this reason,
the dose metric parameters (FT, KAP, AKrp) are regularly monitored and recorded. To

prevent skin injuries, a certain threshold level has been suggested for each parameter,
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for instance FT 40-60 min, KAP 500 Gy.cm?, IRP 5 Gy and maximum skin dose 3 Gy
(Stecker et al., 2009). While these parameters are mostly recorded after each
interventional radiology procedure as a rough estimate about the radiation dose received
by patient, which some studies have shown that they do not provide sufficient
information during a procedure to control local skin dose to a given patient (Vano et al.,
2001; Balter et al., 2002; Balter, 2006; Jaco & Miller, 2010). The actual patient’s
entrance skin dose can be calculated from exposure air-kerma at the reference point by
incorporating table attenuation, backscatter factor, correction of actual source skin
distance (Inverse square law) of reference point to actual skin point and correction of
mass energy absorption coefficients of skin to air as was explained earlier in chapter 2
(Eq. 2.13) (McParland, 1998). Recently, automatic skin dose simulation tools were used
to estimate the entrance skin dose from the geometrical and exposure information
extracted from DICOM tags and system parameters. These software are able to map the
estimated skin dose distribution on standard and anatomical patient model phantoms
(Johnson et al., 2011; Khodadadegan et al., 2011).

In this study, KAP values showed strong correlation with doses received at LE and
LOC regions. For the cerebral angiography procedure, the patient’s eyes are frequently
exposed to primary radiation beams. This may be the main reason for observing this
strong correlation between KAP and measured dose at LE and LOC regions. In our
centre the lateral tube was always placed at the left side of the patient’s head, therefore
AKy and measured doses at LE and LOC showed strong correlation, unlike the frontal
tube, which showed a weak correlation with the measured doses.

For all cases measured dose at LOC was higher than LE. This difference can be
explained by two reasons; first, the closer proximity of LOC detector to the lateral x-ray
tube compared to LE detector and second, collimation of the radiation field. The

radiography team was well trained to minimise the irradiation dose to the left eye lens
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by collimating the radiation field of the lateral tube. With proper collimation of the
radiation field, the detector on the eyelid would be out of the direct radiation of the
lateral tube, while the detector on the outer canthus would still be in the direct beam.
The collimation effect would be significant for embolization procedures at the posterior
region of the skull, which can completely place the patient’s eyes outside of primary
beam. This finding clearly shows the importance of choosing the right location for the
point dose measurement during a non-homogenous dose distribution procedure. The
maximum eye lens dose of 1492 mGy was measured at LOC region for an AVM case,
followed by 907 mGy for an aneurysm case and 665 mGy for a diagnostic angiography
procedure.

This study showed that among the 35 patients, LOC regions of 8 patients and LE
region of one patient were found to receive higher dose than the assumed threshold dose
for cataract formation (500 mGy). Recent studies have reported the average and
maximum patient eye doses for neuro-interventional radiology procedures (Table 5.2).
Generally, therapeutic procedures are more complicated than diagnostic procedures,
which lead to longer exposure time and higher dose delivery to patients’ bodies (KAP).
Results of our study are in good agreement with earlier studies. As shown, detectors
positioned at the lateral margin received higher doses in comparison to those placed on
the eyelids or inferior and superior margins. DSA as a high frame rate and high quality
imaging technique plays a major role in patient’s dose contribution. Some studies have
tried to evaluate the effect of DSA exposure on patient dose (Casselden, 1988; Mustafa
& Janeczek, 1989). The MOSkin detector enables us to study the contribution of various
exposure parameters on patient’s dose during a clinical procedure. However, the main
objective of the patient dosimetry is to monitor the total dose delivered to the patient

body as well as the dose delivered to the radiosensitive organs.
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Table 5.1. A summary of published data on eye doses for neuro-interventional radiology procedure.

Ref. Interventional procedure Number of Detector Mean Mean Detector position Eye lens dose (mGy)
patient type KAP (Gy.cm®) Fluoroscopy Maximum Average
time (min)
(Berthelsen & Embolization 5 TLD - 59.8 Lateral margin 139 90
Cederblad, 1991)
(Merigi et al., 1998) Diagnostic 15 TLD - 0.4 Inferior and superior 2 1.1
margins
Lateral margin 150 99
Lachrymal drainage system 10 TLD - 5.6 Inferior and superior 66 38
margins
Lateral margin 294 176
(Ilgit et al., 2000) Balloon dacryocystoplasty 10 TLD - 3.9 Inferior and superior 68 38
margins
(Theodorakou & Embolization 30 TLD 106.0 14.0 - 500 60
Horrocks, 2003)
(Moritake et al., 2008) Therapeutic interventional 28 PLD - 55.6 Lateral margin 2079 380
radiology
(Sandborg et al., 2010) Diagnostic 19 TLD 54.7 6.9 Left Eyelid - 7.8
Coiling 27 TLD 121.0 32.0 Left Eyelid 515 51
Embolization 25 TLD 189.0 39.8 Left Eyelid 289 71
This study Diagnostic 19 MOSkin 178.8 7.2 Left Eyelid 394 155
Lateral margin (LOC) 665 268
Embolization 16 MOSkin 314.7 15.9 Left Eyelid 563 238
Lateral margin (LOC) 1492 502
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A real-time dose monitoring system can provide real-time information for each
particular exposure. This information can be used to study the techniques to optimise
patient's radiation safety during interventional radiology procedures, such as changing
the exposure angulation, adjusting the exposure collimation, and shortening the

exposure time when the dose at detector position is reaching to a critical level.

5.6. Chapter Summary

In conclusion, this chapter discussed research objective 2 to demonstrate the
feasibility of the MOSkin dose monitoring system as a real time, in-vivo dose
measurement system. This system was successfully used to measure patient eye lens
dose during neuro-interventional procedures. In addition, the MOSkin dose monitoring
system enables interventional radiologists to have better awareness of the patient’s eye
lens dose during clinical procedures. This chapter also provides respective findings to
research objective 3 to indicate indirect dose measurements using machine available
dose metrics such as KAP, FT, and air-kerma are not accurate indicator of the actual
dose received by patient’s eye undergoing interventional radiology procedures. This
information can only be obtained via actual in-vivo dose measurements.

In the following chapter, MOSkin detector was used as a real-time dose monitoring
system in order to study the contribution of each controllable exposure parameters, such
as exposure direction, frame rate, exposure duration, distance between image receptor to
patient’s body, and image magnification on patient’s skin and eye lens dose during a

neuro-interventional procedure.
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CHAPTER 6: AN INVESTIGATION OF THE CONTRIBUTION OF ROUTINE
RADIOLOGICAL EXPOSURE PARAMETERS TO PATIENT’S DOSE
DURING NEURO-INTERVENTIONAL RADIOLOGY PROCEDURES: A

PHANTOM STUDY

6.1. Introduction

Interventional radiologists are often unaware that skin injuries can even occur with
modern interventional units and they are not generally conscious about magnitude of
the radiation dose to the patient’s body. For this reason, many of interventional
radiologists underestimate the potential of occurrence of the skin injuries and
consequently an underreporting of the number of skin injuries during interventional
procedures is suspected. Various controllable exposure parameters could considerably
change the patient’s dose during fluoroscopy radiology procedures, such as exposure
direction, field dimension, frame rate, beam-on duration, and distance between image
receptor to patient’s body. The purpose of this chapter is to investigate the effects of
routine exposure parameters on patient’s dose during neuro-interventional radiology

procedures, which will attempt to discuss research objective 4.

6.2. Literature Review

Until the late 1980s, diagnostic procedures were classified as low dose radiation
procedures and were only linked with stochastic risks. Since the 1980s,
fluoroscopically-guided interventional radiology procedures have become widespread
and have been used effectively to diagnose and treat numerous vascular and cardiac
diseases. However interventional radiology procedures provide enormous advantages
over invasive surgical procedures, like shorter hospitalisation time, less trauma to the
patient, lower infection risk and lower treatment costs (UNSCEAR, 2010) long periods
of radiation exposure may increase the risk of deterministic effects in patients, thus

causing radiation-induced skin injuries.
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Vano ef al. in 2001 reported patients maximum skin dose during 26 coronary
angiographies and seven percutaneous transluminal coronary angiographies (PTCAs)
and compared with KAP values. Values of 107-711 mGy were reported for the
patients’ maximum skin doses, which were not in good correlation with the KAP
values (Vano ef al., 2001b). Vano ef al. in their further investigation on incidence of
skin injuries in 14 patients who underwent multiple coronary angiographies (between 4
and 14 times) and who had more than four PTCAs (between 5 and 10 times), reported
mean values of patients’ maximum skin doses per procedure were 217 mGy for the
diagnostic examinations and 391 mGy for the PTCA procedures. This study reported, a
slight clinical demonstrated radiation skin injury in one patient who had a history of 10
coronary angiographies and 10 PTCAs (estimated maximum skin dose 9.5 Gy), a slight
telangiectasia and discrete pigmentation in one patient who had a history of 14
coronary angiographies and 10 PTCAs (estimated maximum skin dose 7.3 Gy), and a
pigmentation in a patient who underwent seven coronary angiographies and six PTCAs
(estimated maximum skin dose 5.6 Gy). There was no skin injuries reported in other 11
patients (Vano et al., 2001a).

A study on patients’ maximum skin dose during interventional cardiology
procedures revealed that among 8 coronary angiography (CA) and 16 PTCAs
procedures, radiation skin dose greater than 3 Gy recorded in only one PTCA procedure
(Giordano et al., 2010). This study showed that, for coronary angiography procedures
the average and maximum skin dose values were recorded 162.5 mGy and 470 mGy,
respectively. In other hand, the average and maximum skin dose values of PTCA
procedures were reported 964.3 mGy and 3780 mGy, respectively. There was a good
correlation reported between fluoroscopy time and maximum skin dose values during
PTCAs (r = 0.80) and a strong correlation between KAP and maximum skin dose (r =

0.90).
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Vano ef al. in 2013 reported the results of a two-years follow-up program applied to
potential skin injuries during 708 interventional neuroradiology procedures (325 in
2009 and 383 in 2010). Several optimising actions were implemented during 2010,
such as decreasing the number of pulses/second, a 20-hour training course focused on
radiation protection for fluoroscopy guided procedures, and display the patient dose
information in the x-ray room during the procedure. This study showed that, however
the 2009 median values for KAP and dose level at IRP were very similar to the 2010
ones; but, the third quartile of dose level at IRP values were lower in 2010 (3.3 Gy)
than in 2009 (3.9 Gy) and number of patients needed follow-up program (total IRP
values exceeded from 5 Gy) dropped from 19 patients (5.9%) in 2009 to 11 patients
(2.9%) in 2010 (Vano et al., 2013).

During interventional radiology procedures, x-rays can enter the patient’s body from
different directions with various exposure parameters, such as collimation size and
exposure type. These changes cause an inhomogeneous skin dose distribution during a
clinical procedure, which make finding patients’ skin dose distribution complicated.
For this reason having a clear picture about the contribution of different exposure

parameters on patient’s dose is essential.

6.3.  Materials and Methods

This work included two aspects: the first part involved a survey of the exposure
parameters commonly used during clinical neuro-interventional procedures; the second
part, an analysis of the effects of these parameters on patient’s eye lens and entrance

skin dose (ESD) using an anthropomorphic tissue-equivalent phantom.

This chapter looked at 58 patients who underwent neuro-interventional procedures
operated with the Philips Allura Xper FD20/20° biplane system by the same
interventional radiologist and radiography team. The exposure parameters (exposure

time, field dimension, frame rate, angulation, rotation, etc.) were extracted from the x-
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ray machine’s computer and this data is henceforth called the “machine data”. The
machine data extracted from the Philips Allura Xper FD20/20" system provided
detailed information on exposure parameters and exposure types, which are vendor
specific. These include DSA, cine trace, fluoroscopy, fluoroscopy-mapping, cine 3D,
and fluoroscopy smart mask. In the interest of brevity, the extracted machine data were
summarised into three main exposure types, i.e. fluoroscopy, DSA and cine imaging
techniques. Fluoroscopic techniques were used for wire or catheter guiding, anatomy
visualisation and to locate sites of surgical excision. Fluoroscopy, fluoroscopy-mapping
and fluoroscopy smart mask exposure techniques were grouped under fluoroscopy

exposure.

DSA is often used as high definition dynamic imaging of contrast-enhanced blood
vessels with high quality image acquisitions. Cine imaging is a DSA-based technique
used to provide a vessel mask image for fluoroscopy-mapping (called cine trace).
Alternatively, it can produce reconstructed 3D images to enable better assessment of
vessel shape, size, and relationships with adjacent vessels (called cine 3D). The
exposure parameters (tube voltage (kV), filtration, and tube current-time product
(mAs)) in the Philips Allura Xper FD20/20 suit are controlled by Automatic Dose
Rate Control (ADRC) system. Further information about the Philips Allura Xper
FD20/20" biplane system and ADRC system were presented in chapter 3 section 3.4
and section 3.5, respectively. The ADRC system seeks to attain an adequate image
quality and adhere to standard regulations for diagnostic reference levels (DRLs) based
on As Low As Reasonably Achievable (ALARA) principle. This system controls the
image contrast to noise ratio (CNR) and patient’s dose following pre-programmed

filtration and exposure parameters (tube voltage and current-time product).
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In the second part of this chapter, the contribution of various exposure parameters to
patient’s eye lens and skin doses was investigated using an adult female phantom
(ATOM®, model 702, CIRS, Norfolk, VA). The radiation dose measurements were
performed using the MOSkin dosimetry system. The head section of the phantom up to
the shoulder was used in our study. Five MOSkin detectors were placed on the occipital
region, left and right ears and left and right eyes of the phantom (Figure 6.1a & Figure
6.1b). The Philips Allura Xper FD20/20° biplane system, equipped with one ceiling
mounted and one floor mounted x-ray tubes, was used. These provide two sequential
images from the lateral and frontal directions respectively (Figure 6.1c¢). The phantom
was placed on the patient support couch, centred at the machine isocentre (focal spot to
isocentre distance, 81 cm) with non-magnified imaging (field dimension: 48 cm) and
the flat panel detector was placed at 120 cm from the focal-spot point. The phantom
was exposed by 3fps acquisition mode (cerebral vascular application) for duration of
20s. The x-ray tube’s output was controlled by the ADRC system during measurement.
This setup is henceforth called the “standard setup”. Effects of controllable exposure
parameters (exposure time, angle, field dimension, image receptor to patient distance,

and frame rate) on ESD and eye lens dose were considered individually.

94



Flat panel detector

.....
D
~—

""" @70 sIp

] 7
33 RPaticnt //
Head /

suppory'
Air kerma-area product phantom J/ SSD
(KAP) meter ™\ /"
Collimator ﬁ-v_;—’ _____ <
Focal spot position = o ey tube Source to floor
distance
LS A A AL

Floor

Figure 6.1 (a & b) The MOSkin detectors were positioned on the occipital, left ear, left
eye, right ear and right eye of the anthropomorphic phantom and c) Diagram of

measurement arrangement under the Philips Allura Xper FD20/20® biplane system.

6.3.1. Exposure Time

The treatment outcome is the first priority in all procedures; hence, the use of long
periods of high frame rate imaging techniques may be unavoidable in complex cases.
The beam-on period for different exposure types, such as fluoroscopy, cine, and DSA
imaging was investigated using the machine date. The exposure parameters (tube
voltage and current-time product) of these imaging techniques have also been extracted

from the machine data.

The effect of the DSA exposure time on patient’s dose was studied using the
anthropomorphic phantom. In this study, the measurement was set up as per the
“standard setup” and contribution of exposure time on ESD and eye lens dose were
investigated for the frontal and the lateral tubes individually. For anterior-posterior
projections the frontal tube was placed under the couch at 0° and for lateral projection

the lateral tube was rotated to 90° from the left side of the head phantom (90° RAO)
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(Figure 6.1c). The ESD and eye lens dose were measured for various exposure times of

10s, 20s and 30s.

6.3.2. Field Dimension

When image field dimension is changed, the system adjusts the collimators to reduce
the area of exposure while automatically increasing the tube output. This is because the
ADRC system attempts to control the patient’s dose and also maintain sufficient dose
to the flat panel detectors to ensure consistent image brightness by adjusting the tube
voltage (kV) and/or tube current-time product (mAs). This is in contrast with a simple
collimation of the radiation field, where the tube voltage and current-time product were
not varied. In this study the field dimension ranges for different exposure types were
extracted from the machine data.

The contribution of imaging field dimension to patient dose was studied for both
frontal and lateral tubes. The measurement was initially set up as per the “standard
setup”. For the posterior-anterior projection (exposure angle: 0°), the field of view was
centred on the occipital region detector and for lateral projection (90° RAO); the field

of view was centred on the left eyelid detector.

6.3.3. Image Object Distance

It should be mentioned that, the machine data does not directly provide information
about image receptor to patient’s body distance, but provides information about the
source-image-distance (SID), couch to floor distance, and object thickness (Figure
6.1c). These parameters can be used to calculate the distance between the frontal tube
image receptor to patient’s body of different projection angles using Eq. 6.1 (Figure

6.2)

Image receptor to patient’s body distance =

SID — (X + Patient's thickness). Eq. 6.1
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Figure 6.2 Calculation of distance between the image receptor to patient’s body of
different tube angles using extracted exposure parameters from machine data. The x-ray

tube was plotted from 0° (#1) and a° (#2).

Source to floor distance for the Philips Allura Xper FD20/20” is 32.5 cm. Object
thickness was extracted from the machine data, which was calculated automatically for
each exposure by measuring the radiation dose at the exit of the x-ray tube and at the
surface of the flat panel detector. Subtraction of these dose levels shows the amount of

the attenuated dose by the patient’s body (assumed to be water equivalent).

The contribution of image receptor to patient’s body distance to patient’s dose was
studied using the head phantom. For this measurement, the patient support couch was
positioned at the shortest distance to the floor (57 cm). The image receptor was
positioned at different distances from the phantom surface, at 50, 40, 30 and 20 cm by
varying SID from 120 to 90 cm. Other exposure parameters were set up as per the

“standard setup”.
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6.3.4. Frame Rate

Modern fluoroscopy often uses pulsed radiation mode in order to reduce radiation
dose to the patient. The routine exposure frame rates of the DSA imaging technique
during the 58 neuro-interventional procedures were extracted from the machine data.
The contribution of the DSA exposure frame rate to patient dose was measured using
the head phantom set up as per the “standard setup” with varying frame rates, 2, 3, 4

and 6 fps.

6.3.5. Exposure Angle

The exposure angles for frontal and lateral tubes vary greatly, depending on the
interventional radiologist’s opinion according to the clinical circumstances. The routine
exposure angles for the frontal and the lateral tubes during neuro-interventional

procedures were extracted from the machine data.

To test their contribution to patient’s dose, the phantom was initially set up as per
the “standard setup”. The effect of exposure angle on the delivered dose was studied for
different projection angles for the frontal and lateral tubes (frontal tube: 60° LAO to 60°
RAO; lateral tube: 70° RAO to 170° RAO in 10° intervals). The exposure parameters

(tube voltage and current-time product) were recorded from the console.

6.4. Results

Study of the machine data for 58 clinical neuro-interventional procedures showed
that the frontal tube is used more frequently, contributing to 75.4% of the total KAP
(Table 6.1). DSA contributed the highest patient’s dose (80.9%) followed by cine
imaging (11.2%) and fluoroscopy (7.9%). In terms of total frame number, this amount
of radiation dose was delivered using DSA (5.3%), cine (8.0%) and fluoroscopy

(86.7%) (Table 6.2). Hence, DSA procedures, although used sparingly during clinical
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procedures, contributed the largest patient dose. Therefore, in this work, the DSA
acquisition mode was used in the study the various exposure parameters. In addition it
was found that, the most frequent tube energy during DSA imaging technique were

80kVp (effective energy 42.7 keV) (52.4% of all DSA exposures).

Table 6.1. Contribution of the frontal and lateral tubes in terms of their KAP, AK, and

number of imaging frames during 58 neuro-interventional procedures (%).

KAP AK Number of frames
Frontal tube 75.4 75.4 74.8
Lateral tube 24.6 24.6 25.2

Table 6. 2. Contribution of different exposure types operated by the frontal and lateral

tubes during the neuro-interventional procedures (%).

Tube DSA  Cine Fluoroscopy
KAP Frontal 79.6 11.5 8.9
Lateral 82.3 10.9 6.8
AK Frontal 76.3 12.1 11.6
Lateral 77.3 12.9 9.8
Number of Frontal 4.5 7.6 88.0
frame Lateral 6.1 8.5 85.4

6.4.1. Exposure Time

Exposure time varies widely depending on the complexity of the procedure and the
experience of the interventional radiologists. Study of the machine data showed that
fluoroscopic exposures were the most commonly used exposure type, contributing to
86.9% of the total exposure time (with median exposure time of 4s and maximum
exposure time of 192s). The fluoroscopy imaging was used with various ranges of

exposure times (Figure 6.3). DSA technique was performed with short beam-on periods
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(mean = 8.6 £ 3.4 s), making up 11.3% of the total exposure time. Cine imaging
technique had the shortest beam-on periods (mean= 2.9 + 1.9 s) and contributed to
1.8% of the total exposure time. In general, the x-ray tube current-time product (mAs)
during DSA imaging technique was considerably higher than other imaging techniques

during the neuro-interventional procedures.
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Figure 6.3 Exposure time for various exposure techniques during neuro-interventional
radiology procedures. Mean and 1 standard deviation of the tube voltage (kV) and tube

current-time product (mAs) were also presented.

The effect of DSA acquisition time on patient’s dose was studied using the phantom.
Figure 6.4 shows the dose for a range of exposure times (10s to 30s) at different
phantom locations. With the frontal tube positioned under couch, the ESD in the
occipital region was increased linearly from 3.73 cGy to 10.27 cGy (by a factor of 2.75),
however phantom eyes and ears were exposed by the exit radiation, which relatively
transfers considerably lower radiation dose (max <2 cGy) (Figure 6.4a). When the

lateral tube was placed on left side of the head phantom (90° RAO), changing the
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exposure period from 10s to 40s increased the radiation dose at left ear and left eye by a

factor of 2.76 and 2.82, respectively (Figure 6.4b).
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Figure 6.4 Exposure time effects on received dose at different locations of the phantom

delivered with the (a) frontal tube at 0° and (b) lateral tube at 90° RAO.

6.4.2. Field Dimension

From the machine data, the most common image field dimensions of the frontal and
lateral tubes for DSA, cine, and fluoroscopy exposures were found to be 37, 31 and 31
cm, respectively. The field dimensions of 48 cm and 41 cm are non-magnified images

for the frontal and lateral tubes, respectively.

Study of the field dimension contribution on patient’s showed that, when the imaging
field dimension is changed, the ADRC automatically adjusts the tube voltage (kV) and
current-time product (mAs). Changing the frontal tube field dimension from 48 cm to 15
cm increased the ESD at the occipital region by a factor of 1.94 (from 14.7 to 28.6 cGy)
(Figure 6.5a). In this measurement for smaller field dimensions (< 31 cm), the ears were
out of the exposure field of view; hence received very low radiation. Changing the
lateral tube field dimension from 42 cm to 15 cm considerably increased the left eye

dose by a factor of 4.75 (from 1.2 to 5.7 cGy) (Figure 6.5b).
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Figure 6.5 Effect of the image field dimension on x-ray tube output and exposure dose,

a) for frontal tube placed at 0° and b) for lateral tube placed at 90° RAO.

6.4.3. Image Object Distance

Measurement of the frontal tube and image receptor positions based on Eq. 6.1
showed that, the image receptor of the frontal tube was mostly placed 10-20cm away
from the patients’ bodies (52.4%), followed by 0-10cm (23.4%), 20-30cm (19.3%), and
30-50cm (4.9%). This survey enables us to gain a better understanding of the common
distances of the frontal tube image receptor to patient’s body during a clinical neuro-

interventional procedure.

The effect of image receptor to patient’s body distance variation on patient’s dose
was studied using the phantom. Variation of the frontal tube’s image receptor to
phantom surface distance from 10 to 40 cm when the x-ray tube was positioned under
the couch (0°) changed the exposure current-time product (mAs) from 28 to 61. As a

result the occipital dose was doubled (Figure 6.6).
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Figure 6.6 Effects of IOD variation on delivered dose to the detectors.

6.4.4. Frame Rate
The machine data showed that in 50.1% of cases frame rate was 3fps for DSA
exposures, which was followed by 4fps (21.7%), 2fps (17.4%), 0.5fps (9.4%), and

0.5fps (1.4%).

The effect of the DSA exposure frame rate on patient dose was studied for the frontal
tube using different frame rates, 2, 3 and 4 fps. The phantom study showed that that by
changing the frame rate from 2fps to 4fps, the ESD at the occipital region increased by

88% (Figure 6.7).
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Figure 6.7 Effect of the frame rate on exposure parameters and exposure dose.

6.4.5. Exposure Angle

Figure 6.8 shows the projections used during neuro-interventional procedures. Study

of machine data illustrated that 73.7% of the frontal tube projections were acquired in

the posterior-anterior direction (10° RAO-10° LAO) and 93% of the lateral tube

projections were acquired from 70° RAO to 90° RAO (Figure 6.9a). The tubes’

angulations frequently changed within 10° caudal to 10° cranial (frontal tube: 77.2% and

lateral tube: 100%) (Figure 6.9b).
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Figure 6.8 Diagram of the frontal tube projections; a) rotation (RAO and LAO) and b)

angulation (cranial and caudal) in relation to the patient's position.

104



The frontal and lateral tube rotations effects on radiation dose to the occipital region
and eye lens were evaluated using the head phantom. Figure 6.10a and Figure 6.10b
show the effect of frontal x-ray tube rotation on exposure current-time product (mAs)
and dose to the occipital and left eye regions. As Figure 6.10a shows, the frontal tube
exposure current-time product (mAs) has its maximum value when the x-ray tube was
positioned under the couch (0°), and its value gradually decreases by rotating the
imaging direction. This study showed that rotation the frontal tube projection from 0° to
60° RAO and 60° LAO reduces the radiation dose received by the detector at occipital
region up to 40% (Figure 6.10a).

However, rotation of the frontal tube from 0° to 60° RAO reduces the exposure
current-time product (from 28 to 17 mAs), this rotation gradually places the patient’s
left eye inside of the entrance radiation field. Consequently, changing the exposure
rotation from 0° to 60° RAO significantly increased the dose received by the detector
positioned at phantom’s left eye up to 11.4 times (Figure 6.10b).

Study of the lateral tube’s exposure angle showed that changing the exposure
direction from 70° RAO to 90° RAO increases the radiation dose to the left eye by up to
86%. The left eye dose showed a gradual rise from 90° RAO to 170° RAO, due to the

increase in the exposure current-time product (mAs) (Figure 6.10c).
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Figure 6.10 Effect of the frontal tube rotation on exposure current-time product (mAs)

and dose delivery to the a) occipital region, b) left eye, and c) Effect of the lateral tube

rotation on dose delivery to the left eye.
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6.5. Discussion

As it is well known, operators play an important role in controlling the patient dose
level during fluoroscopy guided interventional radiology procedures. In an attempt to
manage radiation dose to the patient, operators are asked to record patient dose via
available dose metric systems (KAP, fluoroscopy time, and air-kerma at the
interventional reference point) and to keep these values under the suggested threshold
level to avoid skin injuries, KAP 500 Gy.cm®, fluoroscopy time 40-60 min, and air-
kerma at the interventional reference point5 Gy (Stecker et al., 2009). The dose metric
values are recorded in the patient’s medical record. The patient’s radiation dose history
should be considered for those patients who are undergoing an additional high radiation
dose procedure or a repeated angiography procedure. Patients who have received a large
radiation dose should be followed up.

As this chapter showed, DSA imaging technique contributed the highest patient
radiation dose (80.9% of the total KAP) even though it was only used 11.3% of the total
exposure time (Figure 6.3). A study on exposure parameters during coronary
interventional procedures revealed that 66% of the total KAP is caused by digital cine
angiography, which occupies only 13% of the total exposure time (Efstathopoulos et al.,
2004). These findings show that a small change in the time for high dose-rate imaging
techniques (DSA and cine imaging) may considerably reduce the patient dose during
interventional radiology procedures.

Modern fluoroscopic suites can electronically magnify the image and provide a range
of field dimensions (magnification ranges), resulting in different dose rate levels. The
brightness gain of the image receptor decreases as the field dimension increases and the
ADRC system compensates for the blurrier image by boosting the tube exposure rate
and consequently increases the patient’s dose (Bushberg et al., 2003). Different research

groups have emphasised the importance of limiting the electronic magnification usage
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and suggested that this technique be used only when necessary (Mahesh, 2001; Vano et
al.,2001; IAEA, 2010; Chida et al., 2010).

Generally, patient dose increases when the magnification level increases (smaller
field dimension) and patient ESD is assumed to be increased by the square of the ratio of
the image intensifier diameters (Mahesh, 2001). This assumption may give an unrealistic
estimation of patient ESD. For instance, based on this assumption, when the electronic
magnification is changed from 48 cm to 15 cm field size, the patient’s ESD increases by
a factor of 10.2 ((48/15)), but our study showed that ESD (at occipital region) would
increase by a factor of 1.9 (Figure 6.5a).

Several studies have shown that closer proximity of the patient’s eye to the lateral
tube is one of the main reasons there is a considerable difference in the left and right
eyes doses (Ilgit ef al., 2000; Sandborg et al., 2010). This study showed that the lateral
tube was mostly used at 70° RAO to 90° RAO, (93% of total KAP) and for this exposure
angle range, the left eye dose increased up to 86% (Figure 6.10c). Furthermore, for
lateral tube angulations of 90°RAO to 170°, which considered as anterior-posterior
view, the exposure current-time product (mAs) steadily growths. Thus, direct x-ray
beam and higher beam intensity contributed to the increase in radiation dose to the eye
for these angles.

Early skin reactions (early erythema) can be observed after 2 Gy (Wagner, 1998),
which is four times higher than the suggested threshold dose for cataract formation (0.5
Gy (Stewart et al., 2012)). Therefore, unlike skin reactions, which are generally visible
in few hours to few weeks after irradiation, lens opacity and cataract formation appear
after several years (Table 2.1). Hence, controlling and monitoring patient eye lens dose

is essential for long fluoroscopy guided interventional procedures.
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6.6. Chapter Summary

Complex neuro-interventional procedures may incur high radiation exposures to
patient, resulting in radiation induced tissue reactions such as skin injuries and cataract
formation. Optimisation of radiation exposure techniques can help to achieve a
reasonable minimum skin dose and/or eye lens dose to the patient. In this chapter, a
detailed survey of routine exposure parameters of 58 neuro-interventional procedures is
presented. The contribution of each exposure parameter on patient’s skin and eye was
quantitatively evaluated using an anthropomorphic phantom. Although the success in
treatment 1s the first priority for all interventionalists, while other treatment risks, such
as patient radiation dose are relatively less important, this study showed that making
small changes in selected exposure parameters could help interventionalists to strike a
balance between the benefits of long interventional procedures and radiation risks for
the patients.

The findings of this study emphasized on the judicial usage of acquisition imaging
technique, stationary beam direction, and image magnification in order to reduce patient
dose during a clinical interventional procedures. As mentioned earlier, patient’s eye lens
dose is highly subjected to the lateral tube projections. However, collimation of the
radiation field of the lateral tube is the most effective method to minimise the irradiation
dose to the left eye lens, when the interventionist needs to visualise the arterial system at
anterior part of the patient’s brain for diagnosis and/or treatment practices, collimation
of the lateral tube is not possible. Therefore, the following chapter will propose an
alternative method to reduce the patient’s eye lens dose when it is positioned in direct

radiation beam of the lateral tube.
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CHAPTER 7: AMETHOD TO REDUCE PATIENT’S EYE LENS DOSE IN

NEURO-INTERVENTIONAL RADIOLOGY PROCEDURES

7.1.  Introduction

Fluoroscopy guided neuro-interventional procedure is used to visualise the arterial
system for diagnosis and treatment. Complex procedures involving prolonged radiation
exposure might exceed the threshold dose for cataract formation. These procedures are
mainly performed under biplane fluoroscopy units, whereby the lateral x-ray tube is
generally utilised at one side of patient’s head almost perpendicular to the patient’s eye.
Physical collimation is the most effective way of reducing the radiation dose to the
patient's eye lens, but in instances where collimation is not possible, an attenuator may
be useful in protecting the eyes. The purpose of this chapter is to design and fabricate
an eye protector to reduce the patient’s eye lens dose, while does not interfere with the
clinical procedure. This chapter considers research objective 5, in order to study the
radiation attenuation properties of the custom-made protector and its effects on image

quality and exposure parameters.

7.2.  Literature Review

Eye lens is one of the radiosensitive organs in the human body (Durchschlag et al.,
1999). Among the different radiological modalities, computed-tomography (CT) scans
of the head and neck (Siddle ef al., 1990; Moulin et al., 1996; Niu et al., 2010) and
fluoroscopy guided neuro-interventional procedure (llgit ef al., 2000; Moritake et al.,
2008; Sandborg et al., 2010) had been observed to pose a higher risk of cataract
formation, especially among those with visual impairment, young patients, and patients
who required multiple CT scans or prolonged neuro-interventional procedures. For CT

scans, different techniques had been suggested to reduce the eye lens dose, such as
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positioning the eyes outside the scanning region, angling of the gantry along the
supraorbital meatal line (Heaney & Norvill, 2006; Matsubara et al., 2011) and using in-
plane shields (Hopper ef al., 2001; Heaney & Norvill, 2006). Bismuth-impregnated
latex shield (F&L Medical Products, Vandergrift, Pa.) contains the heavy metal
bismuth (equivalent to 0.45 mg.cm™ lead), which was particularly designed to reduce
primary radiation dose to superficial organs, like eye lens, breast tissue, and thyroid
gland during CT examinations. The ability of the bismuth shield in reducing radiation
dose to the lens of patient’s eyes was tested during 30 routine cranial CT examinations
(Hopper et al., 2001). In this study, patients were classified into three groups: 1)
patients with eyes protected with a single thickness of bismuth shield, 2) eyes protected
with a double thickness of bismuth shield, and 3) eyes protected by a triple thickness of
bismuth shield. This study showed that, the use of single, double, and triple bismuth
shields reduced the average radiation dose up to 39.6%, 43.5%, and 52.8%,
respectively, while there was no statistical difference found between single, double, and
triple bismuth shielding in patient study. However, the review of artifacts projected into
the brain revealed that no significant artifact caused by the eye shielding were observed
into the brain region; using in-plane shielding caused significant artifact into the
superficial orbit and the lens (Hopper et al., 2001). The artifact generated by the
bismuth shield was evaluated during 127 patients underwent spiral CT scans of the
paranasal sinuses in the axial plane. This study reported the relative increase in the CT
number (HU) within the eyeball with the bismuth protection located on the patients’
eyes was 180.6+17.7 HU, 103.3£11.7 HU, and 53.61+9.2 HU in 2 mm, 5 mm, and 9
mm beneath the skin level on the axial images, respectively. The average and standard
deviation of eyeball density measured in three patients without the protection was
reported 17.97+ 3.7 HU (Hein et al., 2002). Heaney & Norvill reported that, angling

the gantry along the supraorbital meatal plane in head scanning could reduce the
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patient’s eye lens dose by approximately 88% relative to the protocols which patient’s
eyes are placed in the radiation field. In other hand, using the bismuth eye shields could
reduce the eye lens dose by up to 48% when the patient’s eyes are placed in the
radiation field and gave no significant lessening the eye lens when the gantry angled
along the supraorbital meatal plane (Heaney & Norvill, 2006). Mukundan ef al. tested
the efficiency of the bismuth shield in reduction of radiation dose under different tube
potentials, 100, 120, and 140 kVp. In this study, MOSFET detectors were used to
measure radiation dose and a double layer of the Bismuth shield was placed 1 cm apart
from the surface of the anthropomorphic pediatric phantom eyes. The average dose
reduction to the eye globe was recorded to be 41%, 42%, and 39%, at 100, 120, and
140 kVp, respectively, and radiation dose of the eye lens reduced up to 45%, 25%, and
36%, at 100, 120, and 140 kVp, respectively (Mukundan et al., 2007).

However, using the bismuth shield could considerably reduce the patient’s organ
dose; but, the incidence of streak artifacts and dramatic degradations in image quality
have been reported, when the bismuth layer is placed in contact with the patient’s
surface (Heaney & Norvill, 2006; K. Lee et al., 2010). In order to reduce the
degradation of the image quality, the bismuth shield should be placed 1 cm apart from
the patient’s body and also applying automatic exposure control (AEC) systems could
considerably help to maintain the image quality constant (Lee et al., 2010) and streak
artifacts were not noted at 2 cm and 6 cm gaps of shielding to the surface distances
(Kalra et al., 2009).

During interventional radiology procedures, unlike the CT examination, it is not
practicable to block part of the radiation beam. The suggested protector should not
significantly change the image quality and exposure parameters (kV and mAs). For
these reasons it is essential to bear in mind that, a protective layer during an

interventional radiology procedure should be able to attenuate part of the radiation
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beam in order to reduce the patient’s dose, not blocking the radiation, which causes loss

of information in patient’s image.

7.3. Materials and Methods

7.3.1. Eye Protector

In this chapter a custom-made eye protector was fabricated using polyurethane
rubber (VytaFlex“40, Smooth-On, Inc., Easton, PA.). The polyurethane rubber due to
its low viscosity can be easily poured into different mould shapes and also remains
pliable without any structural change under the stress. It is very light and its attenuation
properties can be simply modified by adding high and low density materials, like
CaCOs; and phenolic microspheres, respectively (Jones et al., 2003; Winslow et al.,
2009). The mixture of the 10 g polyurethane with 1.5 g CaCO; was stirred until evenly
mixed and left to set in a 50 mm diameter cylinder mould and the resulting eye
protector was 16 mm thick. The elemental composition of the polyurethane rubber was
analysed using a Scanning Electron Microscope (Quanta FEG 650; FEI, Hillsboro, OR,
USA) attached to an Energy Dispersive x-ray Spectroscopy (EDS) analyser. The
physical density of the eye protector was measured based on the theory of the buoyant
force. More information about SEM-EDS system and buoyant force theory can be
found in chapter 3.

The attenuation properties of the eye protector were calculated theoretically. Total
mass attenuation coefficient of the material for various photon energies (15keV to
80keV) was derived from the XCOM photon cross-section database (NIST, 1999). The
x-ray spectrum for different fluoroscopy and acquisition modes of a Philips Allura
Xper FD20/20® unit (Philips Healthcare, Best, The Netherlands) was calculated using
the SpekCalc x-ray spectrum generator program (Institute of Cancer Research London,

UK). The SpekCalc x-ray spectrum generator is a software program, which can take the
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x-ray tube specifications, like tube potential and anode angle, and produce an energy
spectrum of the generated x-rays.

To evaluate the radiation attenuation properties of the eye protector material, the
percentage depth dose (PDD) response was measured using the Philips Allura Xper
FD20/20" biplane system. Square polyurethane rubber slabs (20 cm x 20 cm) were
fabricated with different thicknesses for this measurement. The PDD responses were
measured using a 0.055cm’® Markus parallel plate ion chamber (model 23343, PTW,
Freiburg, Germany). The Markus chamber was placed inside a special slot within a
Solid Water® slab (Gammex 457, Gammex, Middleton, WI) and 12 cm thick of the
Solid Water® was used as backscattering material. The polyurethane slabs were
positioned 80cm away from the focal spot and exposed to 80 kVp (acquisition mode, 3
frame per second (3fps)) of radiation energy with a field size of 10 cm x 10 cm (Figure
7.1). As reported earlier in chapter 6, the survey of routine exposure parameters of 58
clinical neuro-interventional procedures revealed that the most frequent tube energy
and frame rate of DSA imaging technique were 80 kVp and 3fps, respectively (52.4%

and 50.1% of all DSA exposures).
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Figure 7.1 Diagram of the experimental setup of the PDD test. The percentage depth-

dose curve was obtained by normalising the Markus chamber responses at different
depth (from 1 mm to 30 mm) of the eye protector slabs (b) to its response at the surface

of the Solid Water™ phantom (a).

7.3.2. Phantom Study

The exposure parameters of a clinical aneurysm procedure were recorded and the
procedure was replayed and simulated onto an adult female anthropomorphic phantom
(ATOM, CIRS, Norfolk, VA). The effects of the eye protector on the radiation dose to
the eye lens position and dose distribution over the head and eyelid region were studied
using the Gafchromic® film (XR-RV3, ISP, Wayne, NJ).

The XR-RV3 film has been comprehensively characterised for beam qualities of 60—
120 kVp, which offered this detector as a suitable and reliable dosiemtry system for
patient’s dosimetry during interventional procedures (McCabe ef al., 2011). The XR-
RV3 film has been used widely for evaluation of radiation dose distribution and
patient’s maximum skin dose during clinical interventional procedures (Bednarek et al.,

2011; Tsat et al., 2014; Bordier et al., 2015).
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In this chapter the XR-RV3 film was calibrated for an 80 kVp photon beam
(effective energy 42.7 keV) using the Philips Allura Xper FD20/20® machine. The XR-
RV3 film was placed on a 30 x 30 x 12 cm’ Solid Water” phantom and the x-ray tube
was positioned at gantry angle of 180°. Imaging field of view (FOV) was fixed at 48
cm, flat panel detector was placed at 120 cm from the x-ray tube, and field size of 10 x
10 cm’ at the surface of the phantom was used. The calibration was benchmarked
against a 0.055 cm® Markus parallel plane ion chamber (model 23343, PTW, Freiburg,
Germany).

In order to study the radiation dose distribution over the patient’s head during the
clinical neuro-aneurysm procedure, a sheet of the XR-RV3 was cut to the geometry of
the phantom and sandwiched between the phantom’s slabs at the level of the eyes, and
a piece of the XR-RV3 was (50 mm diameter) placed underneath the eye protector
(Figure 7.2). The simulated interventional procedure was repeated with and without
using the eye protector at the surface of the phantom's left eyelid. The human eyeball
has limited rotational degrees of freedom. The medial and lateral oblique rectus lie in a
horizontal plane and have primary actions of adduction and abduction, respectively,
which allow a normal eye to rotate 45° to 50° in the horizontal plane from the primary
eye position (Tasman & Jaeger, 2001). The effect of the eye protector on reduction of
the eye lens radiation dose was studied by subtraction of the radiation dose distribution
with and without the eye protector.

The film scanning was performed using an Epson 10000XL flatbed scanner (Epson
Canada, Ltd., Toronto, Ontario, Canada) and captured images were analysed using
Imagej 1.47 software (National Institute of Health, USA). Further explanation about the

radiochromic film scanning can be found in chapter 3, section 3.3.
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Positions of the
XR-RV3 films

Figure 7.2 Photograph showing the XR-RV3 films positions, a) sandwiched within the
anthropomorphic phantom’s slabs at the positions of the eyes and, b) underneath the

protector layer at the surface of the left eyelid.

7.3.3. Effect of the Eye Protector on Captured Image and Exposure Parameters

The magnitude of interference of the eye protector on image quality of exposure
parameters was studied quantitatively and qualitatively. The visibility of the eye
protector in fluoroscopy and DSA images and its level of interference on the diagnostic
image quality were quantitatively studied by two experienced neuro-interventional
radiologists. The effects of the eye protector on image quality were also studied
quantitatively by measuring the changes of the images pixel values of the
anthropomorphic phantom at the region of the eyeball with the placement of the eye
protector on the phantom.

The effect of the eye protector on the automatic dose rate control (ADRC) was

studied using fluoroscopy (low, medium, and high modes) and acquisition imaging

techniques (0.5 fps, 2 fps, 3 fps, 4 fps, and 6 fps).
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7.4. Results and Discussion

7.4.1. Design and Fabrication of the Eye Protector

The EDS test of the polyurethane component showed the material is comprises of
carbon: 63.1%, oxygen: 19.6%, nitrogen: 10.8%, and calcium: 6.5%. The physical
density of the eye protector was found to be 1.11 g.cm™. The attenuation properties of
the eye protector were evaluated theoretically using XCOM software, comparing
against the beam spectrum of the fluoroscopy procedures. The component total mass
attenuation for photon energies of 15 keV to 80 keV was calculated using XCOM
software (Figure 7.3a). The mass attenuation coefficient of the eye protector dropped
dramatically from 2.9 cm”.g" at 15 keV to 0.33 cm®.g”" at 40 keV followed by a plateau
for higher photon energies. This showed that the eye protector could be efficiently
utilised to absorb soft x-rays. Figure 7.3b shows the energy spectrum for selected
commonly used fluoroscopic and acquisition modes. The ADRC system automatically
applies various filtrations for the different exposure modes, resulting in the filtration of
some of the lower photon energies. Despite the inherent filtration and additional
filtration added by ADRC system, the beam spectrum still contained some portion of

low-energy x-rays, which will be absorbed in superficial tissues, like skin.
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Figure 7.3 a) The total mass attenuation coefficient of the eye protector for low photon
energies and, b) x-ray spectrum generated using the SpekCalc x-ray spectrum generator
for different fluoroscopy and DSA exposure modes using the Philips Allura Xper

FD20/20% unit.

Figure 7.4 shows the result of the eye protector PDD test. Radiation doses at
different thicknesses of eye protector material were measured using the Markus

chamber. This study showed that at the thickness of 16 mm, the eye protector
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attenuates 20% of the radiation. Based on the attenuation rate of the eye protector
medium and effect of this material on images, a judicious decision was taken to

propose 16 mm of the polyurethane mixture as a patient’s eye protector during neuro-

interventional procedures.
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Figure 7.4 Radiation dose penetration through the polyurethane rubber at different

depths using an 80 kVp photon beam (effective energy 42.7 keV).

7.4.2. Effect on Dose Distribution

The XR-RV3 film was calibrated for 80 kVp photon energy using the Philips Allura
Xper FD20/20® machine, which showed increase of the XR-RV3 film optical density
perfectly fitted on a second-degree polynomial curve (Figure 7.5). The average and
standard deviation of the coefficient of variations of the XR-RV3 film pixel values for

different dose ranges (1.3 c¢Gy to 140 c¢Gy) was found to be 0.25% and 0.02%,

respectively.
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Figure 7.5 The calibration curve of the Gafchromic® RV-RV3 film for 80 kVp photon

beams.

Figure 7.6 shows the photograph of the anthropomorphic phantom cross-section and
the 2D dose distribution of the radiation dose over the patient’s head with and without
the eye protector. The subtracted radiation dose distribution with and without the eye
protector revealed that, the eye protector could reduce the eye lens dose up to 62.1%
(from 93.6 to 35.5 cGy) (Figure 7.7c). However the effect of eye protector is highly
depends on location of the lens, due to limited horizontal rotation of the eyeball (about
45° from the primary position (Tasman & Jaeger, 2001)), the eye protector could

efficiently reduce the radiation dose throughout region (over 10%).

122



.

Figure 7.6 Photograph showing the cross-section of the anthropomorphic phantom

with the eye protector placed on the left eye lens (a), scanned images of 2D dose

distribution measured using Gafchromic® XR-RV3 films without (b), and with the eye

protector (c).
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Figure 7.7 The radiation dose distribution over the phantom’s left eye (22mm in

diameter) without (a) and with (b) the radiation protection layer. The subtracted image

of the radiation dose distributions over the eyeball with and without using the eye

protector layer, which shows the dose reduction in colour bar, based on dose unit (cGy)

and percentage of dose reduction (c). The eye lens physical size was sketched with 4.0

mm in thick and 9.0 mm in length (Valentin, 2002).
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Figure 7.8 clearly shows that there is a high dose gradient across the eyelid, which is
contributed largely by the direct incident beam from the lateral x-ray tube. Study on the
effects of the protective layer on the eyelid showed this protector considerably reduced
the maximum eyelid dose by up to 23.3% (from 115.1cGy to 88.2cGy) and also reduced
the entrance radiation dose to the left eye by up to 57.1% (from 70cGy to 30cGy).

One may note that although based on the PDD study, the 16 mm eye protector was
able to reduce radiation dose by 20%. However, the dose reduction measured in a
simulated clinical case showed a higher dose reduction (57.1%). This may be explained
by the fact that the eye protector was mostly attenuating the incident beam from the
lateral x-ray tube. Therefore, when placed on top of the patient’s left eyelid, the lateral
beam traverses a larger distance through the eye protector (~ 29 mm) before reaching

the patient eyelid (Figure 7.9).
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Figure 7.8 The radiation dose distribution over the left eyelid without (a) and with (b)
the radiation protection layer. The radiation dose profiles with and without the eye

protector (c).
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Figure 7.9 The attenuation range of the lateral tube radiation by using the protector
later, a) when the radiation is perpendicular to the protector and b) when the radiation

comes from the side.

Further investigation into the rotation and angulation of the x-ray tubes for the
clinical aneurysm procedure revealed that the frontal tube was most frequently utilised
at 0° (under the treatment couch) and a certain angle at right side of the patient’s head
(37° left anterior oblique (LAQ)). The lateral tube was constantly positioned at left side
of the patient’s head (90° right anterior oblique (RAO)) throughout this procedure
(Figure 7.10a). Both frontal and lateral tubes angulation (Cranial (CR)-Caudal (CA))
did not change considerably and been positioned repetitively at 0° (Figure 7.10b).
These findings are in a good agreement with our earlier study on survey of the 58
neuro-interventional procedures, which were presented in chapter 6, section 6.4.5.

These findings explain the dose distribution measured by the film during the
aneurysm procedure (Figure 7.6), which shows higher dose levels at occipital and left
side of the phantom’s head. The average and standard deviation of the tubes potential
of the fluoroscopy imaging were found to be 78.7+3.5 kVp and 74.9+2.3 kVp for the
frontal and lateral tubes respectively. The frontal and lateral beam energies during
acquisition imaging (DSA) were changed within 84.944.9 kVp and 82.6£2.9 kVp,

respectively.
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A Frontal tube A Frontal tube
X Lateral tube X Lateral tube

Figure 7.10 Diagram of the frontal and lateral tube rotations (a) and angulations (b)

during the aneurysm procedure.

7.4.3. Effect of Eye Protector on Image Quality and Exposure Parameters

The eye protector could be seen faintly on the fluoroscopic images (Figure 7.11), but
was completely invisible on the DSA images due to image subtraction (Figure 7.12).
For qualitative evaluation, the two interventional radiologists rated the interferences of
the eye protector's shadow on the fluoroscopy image as minimal and would not
interfere with their clinical performance. The effects of the eye protector on
fluoroscopy images were also studied quantitatively. This study revealed that the eye
protector increases the image pixel value (0-255) up to 11.97 + 1.48 (4.69% + 0.58%).
The eye protector did not alter the tube potential (kV) but did slightly increase the tube
current (mA) during fluoroscopy imaging and tube current-time product (mAs) during
DSA imaging. The maximum increase in the tube current during fluoroscopy imaging
was 0.4 mA (3.7%) and maximum increase in the tube current-time product during

DSA imaging was 4 mAs (8%) (Table 7.1).
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a) b)
Figure 7.11 Effect of the protector layer on fluoroscopy images from the frontal and

lateral tubes of the phantom head without eye protector (a) and with eye protector (b).

E)/e protector position

Figure 7.12 Effect of the protector layer on DSA images during a clinical cerebral
angiography procedure from the frontal (a) and lateral (b) tubes with eye protector on

the left eyelid.
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Table 7.1 Effect of the protector layer on exposure parameters during fluoroscopic and

DSA imaging techniques.
Exposure type Mode Frontal Lateral
kV mA kV mA
Fluoroscopy Low With 83 12.1 80 4.9
Without 82 12.1 80 5.0
Medium With 75 15.6 67 11.1
Without 75 15.1 67 10.8
High With 74 10.7 66 6.3
Without 74 10.3 66 6.3
kV mAs kV mAs
DSA 1fps With 85 16 85 5
Without 85 15 85 5
21ps With 80 54 80 16
Without 80 50 80 16
3fps With 85 39 85 12
Without 85 36 85 12
41ps With 85 16 85 5
Without 85 15 85 5
6fps With 80 22 80 6
Without 80 22 80 6

7.5. Chapter Summary

This chapter illustrated the design and fabrication process and testing of an eye

protector for patients undergoing neuro-interventional procedures (research objective

5). Complex neuro-interventional procedures are commonly performed using biplane

angiography units. This could result in unintended radiation dose injury to the eye lens.

Collimation of the lateral tube is the most effective method to reduce radiation dose to

patient eye lens. In the situation where the application of collimation is not possible, a

protective layer that serves to attenuate direct radiation beam can be useful to reduce
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the radiation dose to the eye lens. In this chapter, a custom-made eye protector was
fabricated to achieve this purpose. This chapter showed that, the presence of the eye
protector has minimal effects on the ADRC exposure parameters and image quality but
was effective in attenuating the direct radiation exposure from the lateral tube and
thereby reducing the eye lens dose.

In this chapter, impacts of the eye protector on patient’s eye lens dose were only
tested for a randomly selected aneurysm procedure, which can be considered as one of
the limitations of this study. Moreover, the commercially available anthropomorphic
phantom do not have a particular design for eyeballs and generally consider human
eyeball as a homogenous organ with the same attenuation properties with soft tissue,
which can potentially cause an additional uncertainty for this study and also former
researches those have performed with anthropomorphic phantoms to address the
radiation dose received by the patient’s eye lens dose. For this reason, the necessity of
further study on this issue was felt, in order to design and fabricate an anthropomorphic
phantom comprising different parts of the human eyes and organs with closer
attenuation properties to actual structures than current anthropomorphic phantoms. The

finding of this research will be presented in the following chapter.
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CHAPTER 8: ASSESSMENT OF PATIENT’S EYE LENS DOSE USING A

CUSTOM-MADE ANTHROPOMORPHIC HEAD PHANTOM

8.1. Introduction

Anthropomorphic phantoms have been used widely in radiation dosimetry studies.
These phantoms are constructed from different tissue-equivalent materials, modeling
actual organs physical shapes and also attenuation characteristics. In commercially
available anthropomorphic phantoms such as RANDO® (Alderson Research
Laboratories Co., Stanfora, CN) and ATOM®™ (model 702; CIRS, Norfolk, Va) there is
no particular design for the eye and it is considered as a homogenous organ with the
same tissue substitute with soft tissue, which cannot be a precise representative of actual
human eye.

The purpose of this chapter therefore was to address research objective 6 to design
and fabricate a custom-made anthropomorphic phantom, which provides greater options
for dosimeter placement at different depths of the eyeball. The phantom will be used to
evaluate patient’s eye lens dose during fluoroscopy guided neuro-interventional

procedure.

8.2. Literature Review

In general, phantoms used in diagnostic radiology can be categorised based on their
functions and applications into two classes as imaging or dosimteric (White, 1993; Jones
et al., 2006). Imaging phantoms are primary tools to assess image quality in order to
optimise acquisition protocols, resulting in concomitant decreases in radiation dose to
the patients. Dosimetric phantoms are used to assess absorbed dose in the patient’s body
during a clinical procedure. The dosimteric phantoms are generally constructed with
several tissue substitute materials, which are mainly chosen based on patient’s

characteristics, like gender and age. White in 1993 reported the change of the various
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tissue compositions (water, protein, lipid, etc.) with age for fetus to adult male and
female patients (White, 1993). This study clearly indicated the importance of
considering age and sex in construction of dosimteric phantoms.

Keinbock has initiated the search on tissue-equivalent materials in 1906 by proposing
water as a substitute material for human muscle. Since that time, various materials have
been proposed for construction of body phantoms, like epoxy resins (White et al., 1977),
polyurethane (Griffith et al., 1979), polystyrene (White, 1978), and polyethylene
(Hermann et al., 1985). The International Commission on Radiation Units and
Measurements (ICRU) report 44 listed down radiation characteristics, mass and electron
densities, and elemental compositions of 62 tissue-equivalent materials (Griffiths, 1989).

Jones et al. in 2003 presented a series of tissue-equivalent materials to specifically
mimic newborn soft tissue, bone tissue, and lung tissue using epoxy resin base materials
(Jones et al., 2003). Phenolic microspheres and various fillers were utilised in order to
adjust their mass densities and x-ray attenuation coefficients, respectively. The test on
tissue equivalency of the fabricated newborn tissue-equivalent materials showed yield
estimates of absorbed dose at depth (4 cm) to within 3.6% for soft tissue, 3.2% for bone
tissue, and 1.2% for long tissue in correspond to the doses assigned to reference
newborn tissues reported by Oak Ridge National Laboratory (ORNL). This study was
followed by a new method for construction of a tomographic physical phantom for
newborn patient based on patient’s CT image set, using the corresponding tissue-
equivalents of newborn organs (Jones et al., 2006). In a new attempt at anthropomorphic
phantom construction urethane-based compounds, combined with CaCO;3; and poly-fil
polystyrene micro beads, were used to mimic the human soft-tissue and lung,
respectively. The polyurethane based materials were chosen to improve phantom’s

pliability and durability under the stress and also is constructed in a 5 mm slice thickness
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in order to offer easier dosimeters accommodation for in-vivo patient’s dose
measurement (Winslow et al., 2009).

There are several commercial anthropomorphic phantoms, which are fabricated from
various tissue mimicking materials, represent the anatomical shape of human organs and
provide similar attenuation characteristics to those of real human organs for radiation
dosimetry purposes according to their age and gender categories. Evaluation of the
organ doses using an anthropomorphic phantom provides several advantages over
computational methods, since during a clinical procedure the photon energy spectrum
and irradiation geometry are varied continuously, which make computational methods
very complicated. The anthropomorphic phantoms mainly imitate the human organs
with three tissue equivalent materials for bone, soft tissue, and lung.

One of the common limitations of all anthropomorphic phantoms is, in these
phantoms there is no particular design for phantom eye lens and in general the eyeball is
considered as a homogenous organ with same tissue substitute with soft tissue. The
ICRU in 1989 reported the eye lens and soft tissue mass attenuation coefficients
(Griffiths, 1989). The comparison between mass attenuation coefficients of the eye lens
and soft tissue showed that although there is a negligible difference (less than 1%) for
beam energy over 100 keV, the difference between their mass attenuation coefficients
nonetheless become noticeable (over 22%) in lower energies than 10 keV (Figure 8.1).

Of particular interest for this chapter is the use of anthropomorphic phantoms for
measuring radiation dose at the patient’s eye lens. This chapter also proposes to use
three-dimensional (3D) printing technique to construct a custom-made anthropomorphic
head phantom for radiation dosimetry purposes, allowing the fabrication of precise

anatomical shapes and suitable radiation attenuation characteristics.
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Figure 8.1 The mass attenuation coefficients of the human eye lens and soft tissue based

on the ICRU44 report (Griffiths, 1989).

8.3. Material and Methods

In general this chapter includes four steps. The first step is the study of the
attenuation properties of the various organs in the human head based on measurements
and published data in reference books (e.g. (Griffiths, 1989)). The second step,
investigates attenuation properties of the various tissue substitute materials based on
their elemental compositions, CT-numbers, physical densities, effective atomic number,
and mass attenuation coefficients.

The third step is the fabrication of an anthropomorphic head phantom using new
tissue mimicking materials and last step is using this phantom for evaluation of patient’s

eye lens dose during a neuro-interventional procedure.
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8.3.1. Determination of the Properties of the Human Eye Lens

The CT number of human eye lens was determine by evaluating a sample of CT
images of 13 patients who underwent CT examination procedures were considered in
order to evaluate CT-number of various human organs, like brain, skull, and eye
(cornea, lens, and vitreous humor). All cases were examined under head and neck
imaging protocol (120 kV) using a dual energy CT-scanner (SOMATOM Definition,
Siemens Healthcare, Forchheim, Germany) at the University of Malaya Medical Centre
(UMMC). The extracted DICOM images were studied using an open source medical
image processing software, OsiriX version 5.7.1 (OsiriX Medical Imaging Software;

http://www.osirix- viewer.com).

8.3.2. Determination of the Properties of tissue substitute materials

Selected tissue substitute materials were evaluated in terms of their CT numbers,
elemental compositions by relative weights, physical densities, effective atomic
numbers, and their linear attenuation coefficients ().

Polyurethane rubber (VytaFlex 40, Smooth-On, Inc., Easton, PA, USA) mixed with
different ratios of calcium carbonate (CaCO;3) was studied as a substitute material for
different parts of the eye. Calcium sulphate hemihydrate (plaster of Paris; CaSO4-2H,0)
was evaluated as a bone tissue-equivalent substitute, and polyacrylamide component
was tested as a substitute material of the brain. CT-number of each sample was obtained
using the SOMATOM Definition CT-scanner using the head and neck imaging protocol
(120 kV).

The elemental composition by relative weights of all materials were analysed using a
SEM-EDS machine (Quanta FEG 650; FEI, Hillsboro, OR, USA) at 30 keV electron
beam. The XCOM photon cross-section database (NIST, 1999) was used to obtain the
mass attenuation coefficient of the materials. Furthermore, density of each component

was measured based on theory of the buoyant force using the mass balance technique.
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The linear attenuation coefficient (4, cm™) of each material was calculated by

multiplying the mass attenuation coefficient (%, cm”.g") to the substance’s density (p =

g.cm™).

The pu of each component was verified by an experimental measurement. The
experimental measurement was carried out using a technetium-99m radionuclide (Tc¢”"™)
as a mono-energetic source (gamma rays: 140.5 keV, 98.6%) and photons were counted
by a gamma camera (BrightView SPECT; Philips Nuclear Medicine, Milpitas, CA,
USA) (Figure 8.2). The transmitted photons were counted for 60 s for each
measurement. The distance between radiation source and image detector was fixed to 70
cm and energy window of gamma camera set to = 5% of the main photon energy (140.5
keV) in order to remove low energy scattered photons from the total number of counts.
Each tissue substitute material was fabricated in the form of slabs with dimensions of 10
x 10 cm” with various thicknesses and the linear attenuation coefficient for each material
was calculated using the Bouger—Lambert—Beer law following the equation below (Eq.
8.1) (Johns & Cunningham, 1983)

[ =1,e™**, Eq. 8.1
where /, is the initial photon intensity, / is the intensity of the photon after passing
through medium, x is the thickness of the attenuator, and p is the linear attenuation

coefficient for that particular material. These results have been compared with a

reference report of ICRU44.
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Figure 8.2 A block diagram of the measurement setup using TC*™, lead container,
Styrofoam, varying thicknesses of phantom materials, and the gamma camera. This
study shows the attenuating property of each sample by considering the transmission

rate of the gamma rays passing through the slabs.

The effective atomic number, Z., generally reflects x-ray and gamma ray interactions
with matter, which is used for dosimetric properties. The Z,can be calculated using
different approaches like single value XMuDat computer program (Nowotny, 1998).
This method produces a single value for a component effective atomic number based on

the following formula (Eq.8.2)

Zefr = "i/flx (Z\™) + Lx (™) + fax (Z3™) + -, Eq. 8.2
where f,1s the weight fraction contributions of each element in the composition and
Z, 1s the element atomic number. The m is a constant, which is generally set to 3.6 for
components with Z,4< 6 and 4.1 for components with Z.,>6 (Jackson & Hawkes,
1981). The same concept has been used by Khan et al. in 1994, which based on their

practical findings proposed m= 2.94 for calculation of the Z.¢ of a composition (Khan &
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Gibbons, 1994). A single number cannot precisely represent the effective atomic number
of a material, since this parameter highly depends on photon interaction cross-section
per atom (o;) and its corresponding photon energy (Eq. 8.3) (Manohara et al., 2008)

i fioi

fioi
27(;—]_)

Zefr =

XA
= P,
z}%é—j’xﬁ) j

Eq. 8.3

where o; 1s the total photon interaction cross-section per atom and is proportional to

its mass attenuation coefficient (g; = A (E)i). The f; is elemental fraction in the
Na p

compound, u is linear attenuation coefficient, p is density, A is atomic weight, Z is
atomic number, and N, is the Avogadro constant (Manohara et al., 2008). The mass

attenuation coefficients (%)l- and interaction cross-sections (o;) were obtained from

XCOM computer program available online from the NIST website (NIST, 1999).
Effective atomic number (Z.;) of each substances and different human organs (based on
their elemental compositions reported by ICRU44) were calculated based on the

components elemental photon interaction cross-sections for 140.5 keV photon beam.

8.3.3. Fabrication of an Anthropomorphic Head Phantom

This step comprises of two stages, first, evaluation of average physical size of human
eye’s compounds (eyeball, eye lens, vitreous humor, and cornea-anterior chamber) for
13 patients. The second stage was to fabricate an anthropomorphic phantom using

suitable tissue substitute materials.
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8.3.3.1. Bone Tissue-Equivalent Substitute

The bone tissue-equivalent substitute used was the calcium sulphate hemihydrate
(plaster of Paris; CaSO4-0.5H,0). Plaster of Paris has been widely used as a bone tissue
equivalent phantom for in-vivo bone lead measurement for over two decades
(Somervaille et al., 1988; Todd, 2000; Nie et al., 2011).

Construction of the skull was carried out using a 3D printer (ZPrinter 450%, Z
Corporation, Burlington, MA, USA). 3D printer is able to create 3D model from
DICOM image. In this study a physical model of a human skull was printed using a high
performance calcium sulphate hemihydrate powder (ZP*151) based on the CT scan of a
60 year old male patient. The 3D-printed phantom was sprayed with a fine mist of salt
water (magnesium sulphate heptahydrate) to seal and strengthen the printed structure

(sealing process can be found at (3DSystems, 2013a)).

8.3.3.2. Tissue-Equivalent Substitutes of Eye’s Compartments

The polyurethane rubber mixed with CaCO; powder was used to fabricate different
parts of human eye. The idea of using mixture of the polyurethane and CaCOs as a
substitute material for human soft tissue has been proposed by Winslow and his
colleagues in 2009 (Winslow et al., 2009).

Study on 13 head-neck CT-scans helped us to investigate the actual physical shapes
of different sections of the human eyes (cornea-anterior chamber, lens, and vitreous
humor). Each section of the eyeball was fabricated individually according to the average
physical dimensions found from the patients’ CT images. For the eyeball (vitreous
humor), a plastic ball with 2 cm diameter was used as a mould. The mixture was left to
set resulting in a 2 cm eyeball. For other eye sections proper polyurethane mixture and

suitable moulds according to their physical shapes have been utilised.
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8.3.3.3. Brain Tissue-Equivalent Substitute

The brain was made using polyacrylamide. Polyacrylamide is the most popular
material for construction of thermal phantom especially high intensity focused
ultrasound (HIFU), due to its high melting point, high formability, optical transparency,
and wide range of electrical, thermal, and acoustical properties (Dabbagh et al., 2014a).
The acrylamide-based polymers have also been used for ultrasonic elastography (Ling et
al., 2010), needle—tissue interaction (Datla et al., 2014), and for simulation of human
soft tissue in radiofrequency and microwave frequency ranges (Bini ef al., 1984;
Surowiec et al., 1992).

In this study, the polyacrylamide was utilised to fabricate a substitute tissue for
human brain. The main reasons for using polyacrylamide as a brain substitute material
rather than using polyurethane even having almost the same CT-number and attenuation
property, were its high uniformity and fast hardening (shaping) process. Polyurethane
showed slightly inhomogeneity eventually for big samples and the drying process of the
inner layers of this component for large size samples is considerably slow. The brain
substitute  material was made using 0.2 g ammonium persulphate,
Tetramethylethylenediamine, 0.04 g N-N- Methylenebiascrylamide, and 6 g acrylamide-
monomer dissolved in 100 mL water. This phantom has been recently introduced as a
thermal phantom for hyperthermia and thermal ablation procedures (Dabbagh et al.,
2014b). The 3D printed skull was used as mould for making a brain. The cranial cavity
was filled by the polyacrylamide and was left to set for a few minutes. Polyacrylamide is
generally a water-based polymer, which needs to be sealed to avoid water evaporation.

The brain phantom was removed from the skull and sealed with a thin plastic sheet.
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8.3.4. Evaluation of Patient’s Dose

The application of the fabricated phantom was tested using the Philips Allura Xper
FD20/20® biplane system in order to explore the radiation dose distribution over the
patient’s eye when a perpendicular radiation beam exposes the patient’s eyeball. The
radiation dose was measured using the Gafchromic® XR-RV3 film. The head phantom
was positioned on the treatment couch and the frontal x-ray tube was positioned at 0°
(posterior-anterior projection) and 180° (anterior- posterior projection) in order to study
the radiation dose penetration throughout the patient’s eyeball. The XR-RV3 films (with
area size of 8 mm x 8 mm) were placed on selected positions to measure entrance and
exit dose of the cornea, exit dose of the lens, and the radiation dose level at the retina
position (Figure 8.3). The phantom was exposed with 80 kVp exposure beam (effective

energy of 42.7 keV) using a 3fps acquisition mode imaging technique for 30 s.

Anterior-Posterior
projection

- 2 mm
/T?ns - 4.5 mm
Detector L u
positions )
Vitreous humor
11.5 mm

Posterior-Anterior
projection

Figure 8.3 Diagram of the XR-RV3 films positions at defined depths of the eyeball and

directions of x-ray projections.
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8.4. Result and Discussion

8.4.1. Properties of the Eye Lens

It was found that the lens is denser than other parts of the eyeball (Figure 8.4 & Table
8.1). The polyurethane rubber was used as substitute for the eye components.
Polyurethane was mixed with various ratio of the CaCOs, in order to achieve different
CT-number levels. In the first stage the CT-number of each medium was investigated.
As expected as the weight of the CaCO; increases, the CT-number of the medium

increases linearly (Figure 8.5).

Table 8.1 The average and standard deviation of 13 patients’ organs CT-numbers,

including different parts of human eyeball, brain, and bone.

Age CT-number (HU)
Lens Vitreous  Cornea-anterior Brain Bone
chamber
47.5+11.3 102.1+10.4 10.1+4.5 31.714.2 37.3+4.5 983.7+254.4

-

- . P 4
NOT FORMERICALUSAGE

Figure 8.4 The cross-section view of a CT image of a patient’s head displayed by the

OsiriX software.
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8.4.2. Properties of tissue substitute materials

In the second stage, the SEM images of different samples were taken (Figure 8.6) and
EDS test was performed to evaluate the elemental composition of the each sample
relative to their physical weight (%) and atomic weight (%) (Table 8.2). The elemental
distribution maps were also recorded for each sample (Figure 8.7). The Z. of each
component and different human organs based on the components elemental photon
interaction cross-sections of a 140.5 keV photon beam were calculated based on Eq.8.3
(Table 8.2). This study showed that the polyurethane compositions have slightly higher
Z. in compared with the effective energies of the eye lens and soft tissue.

In addition, the elemental compositions of different mediums were fed into the
XCOM photon cross-section database and this software calculated the mass attenuation
coefficient of each particular sample for various energy ranges. Figure 8.8 shows the
mass attenuation coefficient of four polyurethane samples (mixed with 0.75 g, 1.5¢g,2 g,
and 2.5 g of CaCOs powder). The comparison between mass attenuation coefficients of
the polyurethane samples mixed with 0.75 g and 2.5 g CaCO; showed that although
there is a negligible difference (less than 1%) for beam energy over 100 keV,
nonetheless become noticeable in lower energies (over 15%) for energy less than 50 keV

(Figure 8.8).
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Figure 8.6 a) the SEM image of the polyurethane mixed with 2g CaCOs. b) Displays of
the EDS result, elemental spectrum and its corresponding elemental composition

(weight%).
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Figure 8.7 The distribution of elemental compositions of the polyurethane mixed with

2g CaCOj; (oxygen (O), nitrogen (N), carbon (C), and calcium (Ca)), which can be used

to visually evaluate the homogeneity of the elemental spreading over the sample

medium.
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Figure 8.8 Mass attenuation coefficient of the polyurethane samples.
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Table 8.1 The elemental compositions of the tissue substitute materials and human organs, measured physical density, and calculated the effective atomic

numbers for each component or organ

Elemental composition (atomic %) Specific Effective

gravity atomic

CaCO; %weightin (g.cm™) number

mixture (weight in N C 0] Ca H Na Mg P S Cl K Fe Zn (140.5

20g polyurethane) keV)

3.61%  (0.75g) 071 017 012  0.01 ’ - - - - - - - - 1.043 7.03

6.97% (1.5g) 069 016 013 0.0l ) - - - - - - - - 1.069 7.16

9.09%  (2.0g) 070 0.6 013 0.1 ) - - - - - - - - 1.080 7.18

11.11% (2.5g) 070 017 012 0.2 ' - - - - - - - - 1.098 7.9

Plaster of Paris - - 0.545  0.227 0.045 - - - 0.182 - - - - 1.512 12.56

Polyacrylamide 0.012  0.026  0.845 - 0.111 - - - 0.005 - - - - 1.037 7.21

Eye lens compositions

ICRU44™" 0.057  0.195 0.646 - 0.096  0.001 - 0.001  0.003 0.001 - - - 1.070 6.93

Brain compositions

ICRU44 0.022  0.145 0.712 - 0.107  0.002 - 0.004 0.002 0.003 0.003 - - 1.040 7.07

Soft tissue compositions

ICRU44 0.034  0.143  0.708 - 0.102  0.002 - 0.003  0.003 0.002 0.003 - - 1.060 7.08

Bone compositions

ICRU44 0.042  0.155 0.435 0.225 0.034 0.001 0.002 0.103 0.003 - - - - 1.920 11.54

Liquid water

ICRU44 - - 0.888 - 0.112 - - - - - - - - 1.000 7.22

94!

* Not-detected element by EDS (Hydrogen),
** However the Plaster of Paris powder’s density is 2.6 — 2.7 g.cm™ (3DSystems, 2013b), but the density of this powder when printed by 3D printer was

found to be 1.512 g.cm™, which was found by dividing the measured weight of 5 X 5 x 1 cm’ printed block of the Plaster of Paris in its volume,
**% JCRU44: (Griffiths, 1989)



The linear attenuation coefficient of each substance was calculated by multiplying the
sample’s mass attenuation coefficient to its measured density. The linear attenuation
coefficient of each sample was also obtained by experimental measurement using Tc*™™
as a mono-energetic source and a gamma camera. The experimental measurement was
only performed for the polyurethane samples (mixed with 0.75g, 1.5g, 2g, and 2.5g of
CaCOs powder). This study showed that the linear attenuation coefficient values derived
from the measurement are slightly greater than the values derived from the XCOM. As
Figure 8.9 shows the measured linear attenuation coefficients for 140.5 keV photon
beam agree with the calculated values to within 3%, with the standard deviation of less
than 1.0%. This finding is in a good agreement with previous research by Hill ez al., in
2008, which reported the disagreements of 3% and 7% between XCOM data and
measurement findings using Tc””™and gamma camera machine for solid phantoms and
Perspex, respectively (Hill et al., 2008).

This level of agreement is considered acceptable due to some expected variations as,
first, during the measurement using gamma camera the radiation source is not totally
mono-energetic, since the energy window of +£5% (about 135.5 to 145.5 keV) was

utilised for the scintillator crystal and Tc”™

as mentioned earlier emits gamma rays of
other energies as well that may be collected by the energy window applied during the
measurement, which are not included in XCOM calculations. The level of disagreement
between the measured and calculated mass attenuation coefficient dropped to less than
2% by considering the exposure beam of 135.5 keV in XCOM calculations and up to 5%
when the photon energy is set to 145.5 keV (Figure 8.9). The second reason, the SEM-
EDS tested the elemental compositions of a very small area of the samples (less than 0.2

mm x 0.2 mm), which rises the inhomogeneity uncertainty, and the last possible reason,

the lead container used to hold the radionuclide and also lead collimator could also

146



generate the secondary x-ray beam, which can contaminate the radiation beam emitted
from the x-ray source during the experiment.

As Figure 8.10 shows the result of the SEM-EDS test is highly related to the region of
the sample, which is taken for this test. The CaCOs powder does not dissolve in the
polyurethane mixture, which increases the potential of the inhomogeneity uncertainty
especially when a small area of the sample (~ 0.2 mm x 0.2 mm) is considered to
represent the characteristic of the whole medium and elemental composition become
very subjective to the selected area. In spite of the fact that the CaCO; powder was tried
to mix well with the polyurethane composition, as it is clear from one of the SEM
images, there is a higher concentration of the CaCOj; powder in the centre and left-down
corner of this sample (Figure 8.10). If this region is selected within the EDS’s region of
interest, due to higher existence of Ca in this region, the mass attenuation coefficient can
be significantly changed. In order to minimise this uncertainty in this study, for each
polyurethane material, evaluation of the samples elemental compositions were repeated

three times from different parts of the samples surfaces.
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Figure 8.9 Comparison of the measured and calculated linear attenuation coefficients
for different ratios of CaCO3; mixture with polyurethane under 140.5 keV photon energy

beam.
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Electron Image 18

Figure 8.10 The SEM image of one sample of the polyurethane rubber mixed with 2.5¢g

CaCO; powder.

The study on the linear attenuation coefficients of the eye lens for low energy photon
beams (ICRU44) and linear attenuation coefficients of 2.5g CaCOs; mixed with the
polyurethane derived from the measurement showed high agreement among them for
140.5 keV, which supports the idea of using this composition as an eye lens mimicking
medium (Figure 8.11). This finding is in a good agreement with the CT-scan result,
which showed that the CT-number of the polyurethane composition mixed with 2.5g
CaCOs; (123 HU) is slightly higher than the average measured CT-number of human’s
eye lens (102.17 + 10.44 HU). This difference can be justified by considering
possibility of the CT-number averaging of the eye lens including the adjacent parts, due
to the small physical size of the human lens. The evaluation of the maximum eye lens
CT-number for each one of the 13 patients showed that the CT-number of the human
eye lens using 120kVp scanning photon energy can reach to 117 HU (with average and
standard deviation of 105.38 + 10.56 HU). Although the physical density of the

polyurethane composition mixed with 2.5g CaCOs (1.098 g.cm™) is higher than physical
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density of the lens reported by ICRP44 (1.07 g.cm™) (Table 8.2), ICRP23 reported that
the density of the human eye lens increases with age (from 1.034 g.cm™ at 20 years to

1.113 g.cm™ at 90 years) (Snyder ef al., 1974).
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Figure 8.11 Comparison of the measured linear attenuation coefficient of the
polyurethane sample (mixed with 2.5g CaCOs) with eye lens linear attenuation

coefficient reported by ICRU44 for beam energy of 140.5 keV.

8.4.2. Fabrication of an Anthropomorphic Head Phantom

Study of the attenuation properties of different mixture of the polyurethane and
CaCOs (first part of this chapter) showed that, these compositions could be used as
substitute parts of actual human eye. This study revealed that the polyurethane mixed
with 2.5g CaCO; (11.11% CaCO; in the mixture) has a close attenuation range in
compared with eye lens reported by ICRU44. Furthermore, it has been found that
mixture of 0.75g CaCO; (3.61% CaCOj; in the mixture) and 1.5g CaCO3(6.97% CaCOs3
in the mixture) are suitable to mimic the vitreous humor and cornea, respectively. These

compositions were selected based on their close CT number with actual organs and
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further investigation (comparison their mass attenuation coefficients with actual vitreous
humor and cornea) was not possible to consider, due to lack of targeted reference tissue
compositions for these organs. In the second part of this chapter segmentation of the 13

cases’ eyes were performed using the OsiriX toolkit (Fig. 8.12, Table 8.3).

1 u
< 5
2
a) C) v
3

6

1 YA TN
b) d !

Figure 8.12 a) the segmentation of an eye lens in transverse view and b) sagittal view, c)

transverse view of eyeball and d) cornea.

Table 8.3 The average and standard deviation of physical dimensions of the human eye
lens, vitreous humor, and cornea. The number 1 to 7 corresponded to the dimensions

labeled in Figure 8.12.

Eyeball Eye lens dimension Vitreous humor Cornea & anterior cavity
Diameter (cm) (mm) (mm) (mm)
1 2 3 4 5 6 7

21.9+1.1 44+06 8.1%+0.6 83+0.8 158*1.1 222409 2.1+0.4 9.240.8

Three different types of plastic moulds have been used to fabricate the eyeball,
cornea, and lens in their corresponding physical size. The polyurethane mixtures were
left to completely set for about 24 hours and later on removed from the moulds and they
were fixed together to form the complete eyeball phantom (Figure 8.13a). The calcium
sulphate hemihydrate (plaster of Paris; CaSO4:2H,0) was used a bone tissue-equivalent
substitute and construction a 60 years old male patient’s skull using a three-dimensional

(3D) printer (Figure 8.13b). Lastly the brain organ was fabricated using the
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polyacrylamide component. The 3D-printed skull was filled by the polyacrylamide
composition and left to set for a few minutes and after forming was sealed with a thin

plastic sheet to avoid water evaporation (Figure 8.13c¢).

Figure 8.13 Schematic of the fabricated phantom, a) the eyeball (contains lens, cornea,

and vitreous humor), b) the 3D printed skull, and ¢) the brain.

8.4.3. Evaluation of Patient’s Dose

As Figure 8.14 shows the fabricated phantom can effectively be used to study the
radiation dose distribution over the patient’s eyeball, which is an inhomogeneous organ,
consist of one of the most radiosensitive organs of the human body: eye lens. This
phantom enables us to quantify the radiation dose received by different organs in the
patient’s head without the limitation of the radiation detector positioning. The radiation
detector can be easily inserted at different level of the patient’s eyeball, patient’s brain

and the radiation dose received at different location of the patient’s skull is achievable.
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Figure 8.14 Penetration of the (a) anterior- posterior and (b) posterior-anterior radiation
beams through the fabricated eyeball were measured using XR-RV3 film. The radiation
doses at different level of the eyeball organ were normalised to measured dose at the
surface of the cornea, and surface of retina for anterior- posterior and posterior-anterior

projections, respectively.

152



8.5. Chapter Summary

In this chapter a custom-made anthropomorphic phantom was designed and
fabricated using suitable tissue-mimicking mediums for evaluation of the radiation dose
distribution over the patient’s eye during clinical diagnostic procedures (research
objective 6). This chapter investigated the radiation properties of the different tissue
substitute materials in terms of their elemental compositions, physical density, effective
atomic number, and linear attenuation coefficients through calculation and experimental
measurement. This study revealed that polyurethane and polyacrylamide are
considerably suitable to mimic the human’s soft tissue including different part of the
eyeball and brain, respectively. Using the polyurethane enabled us to fabricate different
parts of the eyeball, such as cornea, vitreous humor, and lens. The polyurethane rubber
provides several advantages in fabrication of an anthropomorphic phantom, such as its
low viscosity makes it easy to pour this composition into moulds of various shapes,
which after curing can easily be removed from the moulds. Furthermore, the
polyurethane rubber showed very high homogeneity especially for small size samples
and perfectly pliable that makes it unbreakable under stress or applying force. Having a
flexible structure provides greater options for dosimeter placement at different regions
of the phantom, which enables the phantom users to study the radiation dose received by
various organs during a clinical procedure. The use of 3D printing technique in printing
the skull of the phantom also demonstrates the great potential of this technique in

manufacturing phantoms that are more realistic geometrically.
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CHAPTER 9: CONCLUSION AND FUTURE WORK
9.1. Thesis Conclusion

9.1.1. Characterisation and New Application for the MOSkin Dosimetry System

In the chapter 4, the characterisation of the MOSkin detector in kilovoltage photon
beams has been fully investigated. This study found that MOSkin detector has good
reproducibility (94%) and dose linearity (99%) for the dose range of 2 to 213 c¢Gy. The
sensitivity did not significantly change with the variation of SSD (%1%), field size
(£1%), frame rate (£3%), or beam energy (£5%). The detector angular dependence was
within +5% over 360° and the dose recorded by the MOSkin detector in different depths
of a Solid Water® phantom was in good agreement with the Markus parallel plate
ionisation chamber to within +£3%.

Chapter 5 demonstrated the application of the MOSkin dosimetry system in the real-
time patient’s eye lens dose monitoring during neuro-interventional procedures. The
properties of the MOSkin dosimetry system for monitoring the patient eye lens dose
during interventional radiology procedure include its small physical size, which
preserves the image quality, ability to track the dose in real-time, linear response to the
wide dose range, low angular and energy dependencies, ease of usage, and shallow
effective depth were found to enable the MOSkin dosimetry system to be used for
monitoring the radiation dose received by the eye lens. A study on 35 patients who
underwent neuro-interventional procedures (comprising diagnostic angiographies,
treatments of cerebral aneurysms, an embolizations of AVMs) revealed that available
dose metrics parameters, such as KAP, FT, and air-kerma, are not accurate indicator of
the actual dose received by patient’s eye lens undergoing interventional radiology
procedures. The MOSkin dose monitoring system enables interventional radiologists to

have better awareness of the patient’s eye lens dose and skin dose during clinical
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procedures, which can provide radiologists with information needed to adjust the

clinical procedure to control the patient’s eye lens dose.

9.1.2. Contribution of the Exposure Parameters on Patient’s Dose During Neuro-
Interventional Procedures

From the study on the routine exposure parameters during neuro-interventional
procedures in Chapter 6, it was found that DSA imaging technique contributed the
highest patient dose (80.9%) and in terms of total frame number fluoroscopy imaging
contributed the most (86.7%). The frontal tube was used more frequently, contributing
to 75.4% of the total kerma-area product (KAP) and was usually placed under couch
(73.7%). For this exposure direction, the occipital region received the highest dose. The
occipital dose decreased by up to 40% with increasing exposure obliquity (0° to 60°
RAO and 0° to 60° LAO) and increased by a factor of 1.94 with increasing
magnification (48 to 15 cm). Changing the image to object distance (I0OD) from 10 to 40
cm also increased the occipital dose by a factor of 2.0. This study clearly demonstrated
that knowledge of the effects of exposure parameters on patient dose is a key factor for
improving patient radiation safety, which helps interventional radiologists considerably

in keeping the patient dose under the threshold dose levels for tissue reaction effects.

9.1.3. Radiation Protection of the Patient’s Eye Lens for Neuro-Interventional
Procedures

Complex and prolonged neuro-interventional radiology procedures using the biplane
angiography system increase the patient's risk of radiation-induced cataract. Physical
collimation is the most effective way of reducing the radiation dose to the patient's eye
lens, but in instances where collimation is not possible, an attenuator may be useful in
protecting the eyes. Chapter 7 demonstrated the design and fabrication of a new eye

lens protector in order to reduce the radiation dose to the patients’ eye lens during
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neuro-interventional procedures. This study showed that eye protector reduced the
radiation dose by up to 62.1% at the eye lens and was faintly visible in the fluoroscopy
images and increased the tube current by a maximum of 3.7%. It is completely invisible

in the acquisition mode and does not interfere with the clinical procedure.

9.1.4. Fabrication of an Anthropomorphic Phantom to Evaluate Eye Lens Dose

The commercial available anthropomorphic phantoms are generally constructed from
three different tissue-equivalent materials for bone, soft tissue, and lung, mainly
assembled in certain axial slices thickness (for instance 2.5 cm for RANDO® and
ATOM" phantoms), and there is no particular design for phantom eye and it is
considered as a homogenous organ with same tissue substitute with soft tissue. Due to
these limitations, in this study a custom-made anthropomorphic phantom has been
fabricated, which provides greater options for placement of the dosimeters and
constructed from more similar tissue substitute materials to human eyeball.

From the results of various tissue substitute materials studies in chapter 8, it was
found that the polyurethane based materials are suitable to mimic different parts of the
human’s eyeball, including cornea, lens, and vitreous humor. The mixture of 20g
polyurethane rubber with 3g CaCO; provides extensively close attenuation range with
eye lens. The polyurethane-based materials provides several advantages, like low
viscosity, which makes it easy to pour this composition into moulds of various shapes,
easily be removed from the moulds, high homogeneity, and perfectly pliable that
provides more options for dosimeter placement. In this study the polyacrylamide has
been used as a brain substitute material, which offers extremely high homogeneity for
fabrication of large organs like brain, low viscosity, and considerably similar attenuation
properties to the soft-tissue and brain. As chapter 8 showed, the 3D printing
technologies can be used to fabricate anthropomorphic phantoms. This study showed

that the calcium sulphate hemihydrate powder (ZP®151) used as one of the raw
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materials in common 3D printing process, has quite similar attenuation properties with
human bone and can be used to fabricate the bony structures like skull. This method
enables us to fabricate the anthropomorphic phantom with extremely high accuracy of

the physical shapes based on the patient’s CT-images.

9.1.5. Research Contributions
The research has contributed to the field of radiation dosimetry in interventional
radiology procedures in the following ways:

1 Characterised the MOSkin detector in kilovoltage photon beams and
proposed this detector as a suitable dosimetry system for monitoring patient’s
skin dose during interventional radiology procedures.

2 Tested and demonstrated MOSkin dosimetry system as a suitable tool for
patient’s eye lens dosimetry and for assessment of exposure parameters
contribution on patient’s eye lens dose.

3 Presented a comprehensive evaluation of the exposure parameters
contributions on radiation dose received by the patient’s skin and eye lens
during neuro-interventional procedures. This can be taken as a general
guideline for interventional radiologists and radiographers to improve
patient’s radiation safety in their daily practice.

4 Introduced and tested a new eye lens protector as an in-field radiation
protector. This eye protector helps to considerably reduce the patient’s eye
lens dose during neuro-interventional procedures with minimal effects on the
exposure parameters and image quality.

5 Introduced a custom-made anthropomorphic head phantom using 3D printing
technology, constructed from more similar tissue substitute materials to
human eyeball. This phantom assists in performing reliable and accurate

patient’s eye lens dose measurements during a clinical diagnostic procedure.
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9.2.  Future Work

One of the main purposes of this research was to develop a new in-vivo single point
dose-monitoring tool in order to evaluate the patient’s eye lens dose in real-time for
neuro-interventional procedure using the MOSkin dosimetry system. To study the
maximum dose delivered to the patient’s skin during these procedures a further research
should be conducted to utilise a two-dimensional arrays of the MOSkin detectors, which
can provide radiation dose distribution information over the patient’s skin. This system
would enable interventional radiologists to balance the expected clinical benefits and
radiation risks of performing a procedure to the patient’s skin.

This study has proposed to use a new type of the eye protector for patients
undergoing neuro-interventional procedures to reduce the dose delivered to the eye lens.
Future work will comprehensively evaluate the effect of the physical shape, and
elemental composition of the eye protector on radiation dose distribution over the
patient’s head, quality of the image, and change of the exposure parameters. Smaller
size of the eye protector with higher atomic density can considerably change the
patient’s radiation dose and corresponding lessen the protector impact on patient’s
image and exposure parameters during a clinical procedure.

By performing more research on available raw materials in 3D printing industry and
evaluation of radiation properties of a wider range of materials, it is possible to find
suitable tissue substitutes for various organs like soft-tissues, eye, brain, and lung, which
enable us to print the whole phantom in one run. Application of the 3D-printing
technology in fabrication of anthropomorphic phantom for dosimetry purposes has not

been developed yet and more works needs to be done in this field.
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