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Abstract

Many thermodynamically stable coordination compounds have bgethesizedusing
rhenium, a chemically versatile transition me@bme of thesehenium complexes have been
studiedfor utilization in nuclear medicine. Howevemany of their applications imedical
imagingremain relativelyunexploredand require further investigation.

A comprehensivestudy was conducted in preclinical and clinicalrdy equipment to
examine the use of rhenium as a contrast agent 4@yXmagng. Usually,there is a tradeff
between imge quality andadiationdose This experimental work, along with theoretical Monte
Carlo calculations showed that it is feasible fwreserveimage quality and minimizeadiation
dose simultaneouslywhen arheniumbased formulations utilized This research provide
thoroughe vi dence of r hieXrrayjunmagire. usef ul ness

Another application of rhenium was evaluated by producing a radiopaque, biodegradable
electrospun scaffold containing doenium compx. Typically, catheterizations are performed
under Xray imaging guidance, but most catheters are radiolucent. Afbatingcatheterswith
this scaffold they becamestrongly radiopaqueEven a thin rheniuatloped coating has the
potential of enhancing the contrast during catheterizations, whight be helpful in placing
catheters more rapidly and precisely.

Not only large medical devices, but also microsizadiers can be made radiopagy An
issuewith embolic microspheres is their lack of contrast.ifiprovetheir visibility, potentially
toxic contrast agents are -edministered in Xay imagingguided embolotherapy. Using a
microfluidic technology, radiopaqubiodegradable microspresmade of a custoraynthesized
polymer containing a rhenium complesere produced. Uponincreasg t he pol ymer 6s
concentrationthese microspheresuld beutilized in embolotherapy

Rheni umds r®Rdisaimseait amule emitter and can thus be exploited in
another imaging modality: single photon emission computed tomography (SPEGE)
biodistribution ofmicrospheres labeled witff’Re was evaluated ia hepaobcellular carcinoma
bearingrat model Althoughchallenging inclinical practicetheradiationdoses to theumor and
the healthy liver tissuavere calculatedTheradiationdose from thé emissions yields these
A i ma g enehodple@sheranostic, with quantifiable cancer radiotherapeutic potential.

This work established thioundationsto guide further research on the development of

biodegradable devices doped with rheniumnie@dicalimaging.



Lay Summary

This studyaimed to provide evidena&f the usefulness ofhenium, a transition metal, in
medicalimaging.

We showed that rhenium fally visible in X-ray images This property was exploitelly
making a rheniuntdoped coating for catheters. A thin layer of this material made the catheters
visible underX-rays, which has the potential of helping physicians in moving them inside the
body.

Also visible under Xrays, microspheres which aretiny submillimeter beads,were
produced using aheniumdopedp ol y me r . These Ai mageabl ed micr
emboldherapy amedicalprocedure where microspheres adninisterednto patientgo block
a t u blood Essels.

Similar microspheres were then bound to radioactive rhenium. The radiation emitted by
these microspheres can kill cancer cells, but it can bésusedto track the location of the
microspheres in the body.

Through this work, new applications of rheniwaresuccessfully identified.
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Chapter 1

Introduction

1.1 Overview of the Dissertation

The researcldescribed on this dissertation centers aratnetium(Re), a transition metal
with atomic numberd) of 75. Since its discovery in 1925, rhenium has been recognized as a
chemically versatile elementwith rich coordination chemistry A wide range of
thermodynamically stableonradioactive and radioactiveoordination compounds of rhenium
have beersynthesizednd characterized.he utilization of some of these rhenium complexes in
nuclear medicine haalreadybeeninvestigated, particularly of complexes*8Re (a mixed
and[ -emitting radioisotope of rhenimThere might be many more applications in medical
imaging for rhenium complexes and this dissertation aims to establish a few more.

The development of contrast agents feray imaging,or X-ray contrast agents (XCAS), is
a field of research th&iasrecentlygarneredh lot ofattention Before radiographic examinations,
XCAs are administered to patients to improve visualization of internal body structures, which,
with the exception of bone, lack sufficient contrddbst XCAs are currentlymade of iodingl,

&= 53). However X-ray attenuatiorran be further increased withe use higho elements. e
X-ray attenuation islependent on thatomic numbemlnd the densityThus, ligh-& elements
have extensivelybeeninvestigatedin the search ohew XCAs. The majority of studies have
focused on theise ofgold (Au, @ = 79), but the following elementshave also been examined:
bismuth (Bi,® = 83), tantalum (Tag = 73), ytterbium (Yb@ = 70), and gadolinium (G w=
64). Despite its high atomic number, little is knowhoutthe potentialtilization of rhenium in
X-ray imaging.

In this dissertationthe X-ray attenuation of rheniumwas thoroughlyinvestigated Upon
demonstrating thesefulnes®f rheniumin X-ray imaging the following medical devices were
producedusing biodegradable and biocompatible polymers dopedneitiradioactiverhenium
complexes 1) aradiopaque elémspun scaffoldand 2)a sample ofadiopaque uniformhgized
microspheregMS). As a result ofthe success with the preparationsafedefinedMS with a
narrow size distributiomadioactiveMsS labeled witha **®Re complexwere also producedhese
MS can be imaged by single photon emission computed tomography (SP&QCiggdical
imaging modality which detectsphotonsThef  particles emitted by?*Re have a higkenergy
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and thus cause damage to tlexyribonucleic acid (DNAyhenthey are absorbed by the cells,
resulting in programmed cell death or apoptosis. In other words, they have a high cell killing
power, vyielding thee Ai mageabl eodo (i.BlS simultareousiyn diagriostic and
therapeutic) with quantifiable radiotherapeutic potential cancer Specific applications were
proposed for all of these newly developed medical devices.

The general objective of this dissertation is to provide the framework for the incorporation
of nonradioactive and radioactivdieniumcomplexesnto polymerbased devices fanedical

imaging The foundations of this work rely ghe followingthreeaims:
Aim 1

To evaluatehe potential usef rheniumin X-ray imagingby assessingmage quality and

absorbedlose
Aim 2

To incorporate a radiopaque componento otherwise radiolucent catheters by coating

them with an electrospun scaffold doped witihe@nium complex.
Aim 3

To prepare characterize, and imagmiformly-sized MS thatl) aredoped with a rhenium
complex(i.e., ReMS) and 2)arelabeled with &**Re complexi.e., ®**ReMS).

Herein, tleseaims areaddresseth the followingresearctchapters
Aim 1  Chapter 2: Investigation of the-Ray Attenuation of Rhenium
Aim 2 Chapter 3: Developmenand Imaging oRadiopaque Electrosp@®raffolds
Aim 3  Chapter 4Developmentind Imaging oRadiopaque and RadioactiMicrospheres

The rest of this introductory chaptgrovides some general background dlme topics
which are commoracross thehree researchchapters specifically the relevantchemical and
radioactive properties of rhenium atite state of the art in the development of XCA%he
necessarybackground related to each of the aforementiospdcific aims and a detailed
description of themethodsis then given in the respective research chapiérs. concluding
chapteroffers anoverall analysis of theapplications of thework described in theesearch
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chaptersfocusingont hi s r signiicanceartd éamtributionstrengths and limitations, and

future directions.
1.2 Chemical and Radioactive Properties of Rhenium

Rheniumis a high- silvery-white transitionmetal with atomic mass of 186.Ra. In the
periodic table, it is locateioh the thirdrow of Group VII.Rheniumoccurs naturally as a mixture
of two isotopes*®®Re (37.46), which is stableand**'Re (62.6%) whichis unstablebut has a
very long halflife (41.2x10 years) More than 25adioisotope®f rhenium have been identified
[1-3]. Among all of them!®Reis of special interest in nuclear medicine.

1%8Re decays tohe stable osmium isotop&"Os with a halflife of 17.0h by emission of
I particles with a maximum energy of 2.12 Meaking'®**Relabeled radiopharmaceuticals
suitable for radiotherapy. Thel  emissions have a relativegmall penetratiordistancein
tissue: 11.0nm (maximumdistancg and 3.8 mm (meadistancg. At the same time, 155 keV
photons are emitted with an abundance of6%® allowing for in vivo imaging of the
biodistribution of'®Re-labeled radipharmaceuticals by SPECT for utilizatiom persmalized
dosimetrycalculations Table 1.} [4]. A convenient and cosgffective methodo produce®*Re
is in a generatoby the decay of® W, a radioisotope of tungsten with a ki€ of 69.4 days.
The *8W/*®Re generatois a longterm (at leas# to 6 months)continuous sourcef no-carrier

added®®Re (i.e., essentially free from stable isotopes of rhenj&ri).

Table 1.1. Energyof Most Abundant **®Re Emissions'®Re is a mixed] and; emitter and can thus hesed for
therapy and diagnosimaking it a true theranostic radioisotope.

Energy Yield

RS (keV) (%)
2,120 (Maximum)

! 760 (Mean) 100

155 15.6

478 1.1

r 633 1.4
829 0.4

X-Ray (k) 617 63 3.8
X-Ray (K ) 717 73 1

Interestingly, rhenium and technetium are congeners with similar chemical prof&#ies
Many wellcharacterizedadioactive complexes of technetium, specifica!Tc complexesare

presently availabléecause ofhe popularity of *™Tc-labeled radiopharmaceuticals in medical
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imaging [10-15]. Due to the similaritiesin size andgeometryof complexes of these two
elementsthe same ligands used to bind technetium can be used to bind rj&6ta8)j. This
has ultimately led to the synthesis of a myriad of Amdioactive andradioactive rhenium
complexes [20-25]. In this dissertation [ReOCI(MePOj] (a nonradioactive rhenium
phosphinophenolate complex) will heilized in the study described i€hapter 3, whereas
[Re(CO}]* and [*Re(CO}Y* (nonradioactive and radioactiverhenium(l) tricarbonyl
complexes) will beutilized in the studies described in Chapter 4.

Rhenium is a chemically versatile element which €ast in oxidation statefsom -1 to +7
[26]. Comparedwith their technetium analogues, rheniwomplexes are thermodynamically
more stable in their higher oxidation states. iRgtance rhenium complexes oxidizi@ vivo to
perrhenate (Ref). This transformation occurs because perrhenate features rhenium in the
oxidation state of +7which isr heni umoés pref er[826.dThioig iquteat i on
advantageous for biological applications becatlhee pharmacokinetics of perrhenate is well
understoodit is taken up avidly by thénhyroid, retained there with a biological hdife of 12 h
and finally excreted via the kidney27-29]. This biodistributionprofile has also been reported

by Hafeliet al aftermaking*®®*®ReQ, andinjectingit into mice[30].
1.3 Medical Imaging and X-Ray Contrast Agents

Briefly, medical imaging aims to create images of the internal structures of the body to
diagnose diseases and monitesponse to treatmemAmong all different imaging modalities
available, Xray imagingis by far the most commonly utilizeldecause it lma good spatial
resolution (50 to 200 m) andis one of the fastest imaging procedures to comkieund 1 s
for almost any modern equipm&iB1]. X-ray imaging is based on the principle that photons are
attenuated when they pass through the body. FheyXattenuation is meared by a detector to
createtwo-dimensional (2D) and/or threimensional (3images.

The mostpopular X-ray imaging technique is planar-rdy imaging (or projection
radiography), where 2D images are acquired on fduxrently, he term digital radiography is
preferred when photons are detected electronifaHly Fluoroscopyis another extensively used
techniquegspecially inX-ray imagingguided catheterizati@because it produces rei@the 2D
images.First introduced in the 1970spmputed tomography (CPlays a mainstay role in the

staging and imaginguided intervention of various diseasksa common CT configuratiohe



X-ray tube and the detector (specifically, an array of detectors) rotate around the patient in a
synchronized fashion in order to build a 3é&asetT he gant r y -shapedpdntefthB donut
scannemwhich houses the Xay tube and the detector, gitioned opposite to each othéost
modern scanners have as many as 320 rows of detectors and operate in a helical fashion. This
means that the Xay tube and the detector continuously rotate while the patient is constantly
moved out of the scannérhrough mathematical algorithms, tloataset iseconstructed as 3D
image[33,34].

CT has garnerenhuchattertion due to the development of mie@I ( CT), which allows
the assessment of micstructures with high spatial resolution 50 * m). This technique has
been particularly useful ithe analysis of bone and vascular structures in both research and
preclinical studies[35-37]. Anothervariationof CT popular inimplant dentistry is cone beam
CT (CBCT) which is simply a compact andsfar version of CT. The time needed to complete a
scan is reduced in CBCT through the utilization of a divergent,-sbaped Xray beam instead
of a narrow, farshaped Xray beam, used in C[B8-41].

All X-ray imagingtechniques require these of XCAsto enhance visualization of tissues
and organs. The majority of XCAs aelutions ofiodinatedcompoundswhich are administered
to patientsbefore radiographic examinationga intravenousor intraarterial injections Some
XCA used for imaging of the gastrointestinal tract anewever, prepared with barium
compoundgspecifically barium sulfate, or Ba3)d42]. The evolution in the structure of iodine
based XCAs(I-XCAs) moved frominorganic iodine (specifically sodium iodider Nal) to
organic moneg di-, and triiodinated compounds, from lipophilic to hydrophilic compounds,
from ionic to norionic compounds, and more redgntfrom mononers to dimers (Figure 1.1).
These modifications aimed: 1) increase the number of atoms of iodm¢he compoundand
2) reduce the indence of adverse effects associated wituse of $XCAs.
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Figure 1.1. lodineBased XRay Contrast Agents.The chemical structures of representati60As are shown:
uroselectan A (an ionic moriodinated monomer), uroselect8n(an ionic biiodinated monomer), diatrizoate (an
ionic tri-iodinated monomer), iohexol (a ndonic tri-iodinated monomer), iopromide (a ramic tri-iodinated
monomer), iopamidol (a neienic tri-iodinated monomer), and iotrolan (a Riemic hexaiodinated dimer).

A clinical issue withl-XCAs is that theyarerapidly excreted by thkidneys, requiringhe
administration of repeateldrge doses to achieve ledively good contrastWhile the dose of
iodine is usually only up t® 3 g in lumbar, thoracic, cervical, and columniadiographic
examinationg43,44], it could be as high &s30 g in coronary CT angiograplp5] and 100 g
in angiography andangioplasty[46]. Moreover |-XCAs have been linked to a number of
adverse effectwith an estimated incidence between 1 and 2% Adverse effects can range
from mild reactions, such as itching and emesis, to eveihligating emergencie€ommon
severe adverse effedtsclude hypersensitivity reactions, thyroid dysfunctjamaphylaxis, and
nephropathygometimes referred s contrast mediemduced nephropathy, a common condition
in patients with prexisting renal impairmenf8-5Q].

In addition to the welteported toxicity of IXCAs, iodine attenuates highVp X-rays
( 80 kVp) less than other elements and, as a consequence, images exhibit less contrast and are
noisier[51,52]. The X-ray tube potential is the {tage applied to the Xay tubein radiographic
examinations,reported in units ofkVp (i.e., kilovoltage peak). Mostscansare performed
between 24(e.g., mammographyand 140 kVp(e.g., chest CT]53]. The suboptimal Xay
attenuation of iodine is particularign issuewhen imaging averaggized and large patients,
which is typically done at 100 to 140 k\p4-56].

Consideringhe abovementioned problemsnaactive field of research is the development
of iodinefree XCAs. As a rule, materials with greater atomic numbed densityexhibit a

higher Xray attenuationMore precisely the X-ray attenuation is dependent upon the atomic
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number raised to the third powr7]. Hence research has predominantly focused on replacing
iodine (& = 53) with elements with a greater atomic number. Over the last few ysareral
nanoparticles (NPs) loaded with higielements have been developed for this applicatioich
have two additional advantages oVeXCAs: they have dighercirculation halflife and easily

contain a larger numbeif radiopaque aton$§].
1.3.1 Development of %Ray Contrast Agents with High-t Elements

Among all the elements withn atomic number greater than iodineldy(® = 79)took the
leading role in the development of iodifree NRbased XCAsOne of theadvantage of gold
NPs (i.e., AuNPs) is that they have been investigated for many years forbathezdical
applications(e.g., photoacoustic imaging, photothermal ablatiand DNA detection)33].
Historically, gold salts were first utilized in the 1940s for the treatment of rheuneaatbidtis,
showing minimal toxicity[59]. More recently AuNPs have been shwn to exhibit good
biotolerability (Median Lethal Dose, dtDso = 3.2 g of gold per Kg[60-62]. Through both
phantom andanimal studies, manyresearchgroups have examinetthe X-ray attenuation of
AuNPs of various sizes, between 2 and 20 firese studies have shown that gold exhibits a
better X-ray attenuation than iodinat the same concentratid®2-65]. Not only perfectly
spherical AuNP&ave been desloped but alsoawide number ofgold-containing nanostructures
with different shapesincluding nanorods, nanoclusters, nanoshells, nanocages, nanocubes, and
nanoprisms. Fosome of these nanostructures, anistaties have been conducted to appraise
their biodistribution showing an increased circulation kifé compared to-XCAs (and thus,
prolonged contrast enhanceme|ié-68].

A limitation of gold is that it is more expensive thaoding which might hinder the
utilization of AuNPs in clinical practicélherefore, other elements, like bismuth< 83), have
also been explored. Bismuth has the advantage of decomposumgo to small and renally
clearable Bi(lll) species as a result of its tendency to oxidize and hydrolyze in(weatet does
not accumulate in the bod§9]. Examples obismuth NPs (i.e BINPs) under investigation are:
ultra-high payload BINP9H70], bismuth glyconanoparticles (BiGNP§J1] and bismuth(lll)
sulfide (BbS3) NPs[72,73]. Tantalum (= 73) is another element which has garnered attention
as an XCA egecially upon reactiorwith oxygen to form tantalurpentoxide(or Ta0Os). The

use of tantalunpentoxideas an XCA was actually reported many years ago in bronchography,



after delivery as a powder aerosol via the tra¢iidh Some of the advantagestbfs compound
are its chemical stability, high solubility in water, and biocompatibif@yrrent efforts revolve
around the production of NPs comprised of a core made of tantsuatoxidg]75,76].

Elements of the lanthanide series, such as ytterbiim 70) and gadolinium & = 64),
have also been explored in the development obbised XCAJ77]. Interestingly, lanthanides
are exellent contrast agents fanagnetic resonance imaging (MRI}J8,79]. Therefore, a
ongoing field of researchrsithe production of NPs loaded with a mixture of lanthanides for
multimodal imagingthat is, contrast agents for bothrXy imaging and MRI. In this regard, NPs
containing mixtures of ytterbium/erbium [80] and ytterbium/thulium [81] are under
development.

While mucheffort is ongoingto develop iodindree XCAs, mainlyl-XCAs are routinely
employedin medicalproceduresA few caseswill be exploredin this dissertation. Fagxample
[-XCAs arecommonlyadministered irX-ray imagingguided catheterizationdloving caheters
inside the body requires knowledgetbé exact location and orientation of ithdistal tipat all
times. Sincanost catheters are radiolucéne., transparent to -Xays) 1-XCAs areusedto help
physicians advance the catheters through the blood vedsel€hapter 3, reducing the
radiolucency of catheters with rhenium will Isudied. Another example isni embolization
thermapy, or embolotherapy, wheMS are administered through a catheterdbstructa blood
vessel. Embolic MS have been found to be usefabturol andbr prevent bleeding, eliminate
abnormal connections between arteries and veins, treat aneurysnmesyeantlockthe blood
supply to tumorsSince MS are naturally radiolucent, they are blendwat po adninistration
with 1-XCAs, which act as a surrogaté the location of the MS in the body. Unfortunately,
visibility diminishes soon after injection due to XCA washout, leaving the final location of the
MS unknown.This case will be explored in Chapter 4.

Despite thehigh atomic numbenf rhenium (& = 75), its potential utilization in Xray
imaging has only been reported in a fescentmanuscripts by Krasilnikovat al [82-85).
Interestingly, the effect of the-Kay beamds me amay ateneatianyf rkemumt he X
has not been studied in depth. This is precisely the aim dbitbeving chapter, whsh describes
a studyconducted to compartbe X-ray atenuation of rhenium and iodirwer a wide range of

experiment conditions.



Chapter 2

Investigation of the X-Ray Attenuation of Rhenium

The objective of this chapter is to provide evidence of the potential utilization of rhenium
in X-ray imaging To accomplish this, atudy was conducted to compare theay attenuation
of solutionscontaining rhenium and iodine. The comparison focusethemvaluationof the
image quality, which waassessedxperimentallyusingpreclinical and clinicabquipmentand

theabsorbedlose, which wasstimatedor a clinical equipmentisingMonte Carlo
2.1 Background

Since their discovery in 1895 biRdntgen, the nature of -kays has been extensively
investigatedand many of their properties have been unraveled, making possible their utilization
in medical applicationsX-rays are a form of electromagnetic radiataomd thusexhibit wave
like and parttle-like properties, whereby interactions are collisional in naf86. Although
originally named to underline the fact that the origin of their energy was unknown, our
understanding of the mechanismstloé production of Xaysand their interaction with matter
has been greatly enhanced over the last cef@rfy Thesemechanismsrein explainedin the
next sectionFurthermorgimportantparameters toescrbe image quality andbsorbediose in
X-ray imaging are defined.

2.1.1 X-Ray Production and Interaction with Matter

Modern X-ray instrumentshave a very complex circuibut they all rely on arX-ray tube
that operates under the same princigéghe onet h a t ultimately | ed t
Figure 2.1 showsa conventnal X-ray tube, which basicallgonsists ofa glass enclosuréhat
has leen evauated to high vacuumitBatedl to 2 cm apart from each other, two electrodes, the
cathode and thanode, a& found inside the Xay tube.The cathode consists offdamentmade
of tungstenwhich emts electrons when it is heatethe anode consistof a thick copper rod
with a targetocated at the edg@sually a small piece of tungs)eAn X-ray generator provides
the source of electrical voltage to energize the)Xtube.This is accomplished byonnecting
high-voltage cabledo the electrodes The circuit is completed by connecting the tungsten

filament with a lowvoltage power sourcesing a separate, isolated calie].
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Figure 2.1 X-Ray Tube.The main elements of the-bay tube are the electrodes, located inside the enclosure made

of glass. Other representatipear t s ar e t h e, whichtishmadd efGungstéand tkeraeordte 6s r od an«
target, which arenade of copper and tungsten, respectively. A small window made of beryllium is placed on the
trajectory of the Xray beam to maximize flux transmission.

A sequence of specific events is required in ordgréaluce Xrays First, an Xray tube
potential isapplied between thecathode and the anodéetfween24 to 140 kVp in most
radiographic examination$3]). Upon activation electronsare emitted from the filamenand
accelerated towasdthe anode achievinghigh velocities before striking the targéext, the
electrons interact with the target by one of ahfberert mechanisms that lead to the propagation
of electromagnetic radiation in the forof X-rays. These mechanismare Bremsstrahlung
emi ssions (from the German fAbStmakkindwngavhi whi an
Aradi ati ono; i . e. b r a k-ray rgdiatioa.Fdnallg, photonsemergen d ¢ h
through a thin windowsually made of berylliumlocatedin the Xray tube to maximize flux
transmissiorj88].

The Bremsstrahlung emissions ageneratedy the suddeross of velocityof the high-
speed electronat the targetin general when electrons pass near theclei of the atoms of the
target they are deflected fromtheir path by the action o€oulomb forcs. This phenomenon
results in partial or complete lossthiee | ect r o n s 6 , wichistheircanvedea eto g y
photons Since the electrons may undergo one or nBremsstrahlung interactions and these
interactions may result in differential losses kifietic energy, the photonsiight have any
energy up to thenitial energy of the electronsyvhich corresponds to the-bay tube potential
supplied57,88].

The characteristic Xay radiation is produced whetectrons interact with the ats of the
target by ejecting an electron from one of éhe o mriessshellsThis process creates a vacancy

in the shell which is then filled by an electron from one of the outer shélis.energy released
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when one of th electrons falls down to fithe vacancy is converted into photor@ontrary to
Bremsstrahlung interactions, characteristicay radiation ighusreleasedat a discrete energy
whichis characteristic of the atom question[57,89].

Theenergy of each photdftt is typically expressed ikeV (i.e.,kiloelectron volt 1 keV =
1.6x10°J),whereQi s t he Pl anck®3s)andchst ahe pBo6®@OsS fr
photonstransfer their energy to the medium (e.g., tissuand organsby interacting with
electronswhich then transfer engy to the medium through atomic excitations and ionizations.
The interactions between photons and electmotsir through variousnechanismssuch as
photoelectric effect, Compton effect, Rayleigh scattering, and graiduction The greater
contributionto the attenuationof the X-ray beamcomes from the photoelectric effect and the
Compton effecf89]. These two phenomena are illustrated in Figu2e 2.

The photoelectric effect refers to the interaction betweemeidentphoton and an inner
shell electrorwhich has a binding energy less than the energy of the incident photoftXi.e.,

O, whereO is the electron shell binding energiuring this processthe entire energy of the

incident photon is transferred to the electron, which results in the ejection of the electron from its
shell The energy of the ejected electroknown as photoelectron, is equal:t€x i ‘O . The
photoelectric e#ct usually involves an electron of the K shell, which is the closest shell to the
nucleus. The vacated shell is subsequently filled by an electron from an upper shell, such as the

L shell. This causes the release of characteristita)X radiation with enegy equal to the

difference in binding energies between the electron shell with the initial vacancy (i.e., the
Afacceptoro electron shell) and the electron s
shell)[89,90].

In the Compton effecthe energy of the incident photon is much greater than the binding
energy of the electron (i.e¢t¥ | 'O). During this process, thimcident photon transfers a
fraction of its energy tdhe electron and is scattered at angle— The electron, on the other
hand, is scattered at an angleFor illustrativepurposes, it is useful to imaginiee electron at
the origin of a coordinate system where the incident photon is directed in the positive direction
along thewaxis. The scattered photon can travel in any dire¢twith —taking values between
0 and 180 relative to thewaxis (i.e., the trajectory of the incident photomje scattered
electron known as recoil electrorran only travel forward, with adopting values between 0
and 9@ relative to the to theraxis[89,90].
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Figure 2.2. Photoelectric Effect and Compton Effect.The cartoondepicts an illustrative summary of the most
common types of Xay interactions with matter. The photoelectric effect results inctimplete transfer of the
energy of the photon to the electron (or photoelectt@ohversely, intie Compton effecthetransfer of energy is
shared between the phof@tattered at an angle and theelectron scattered at an angleand specifically known
as recoil electrorf-urthermore, @me photons may traverse the mediwthout any interaction.

The aforementioned mechanismaduce the intensityf the incident Xray beamby
removing photonssia absorption or scattering eveniBhe attenuation of the -xay beam is
schematicallydepictedin Figure 23. The following equation shows thttere isan exponential
relationshipbetween the intensities of the incidemdathe transmitted Xay beamspassing

through a materiaf thicknessa
“Cw =0Q (Equation 2.1)

where* is the linear Xray attenuation coefficient.HE thickness of thenaterialis usually
given in cm, so the linear Xay attenuation coefficientwhich represents the probability of
attenuation per centimeter of the materiahs units of cm. The linear Xray attenuation
coefficientdepends on the ergy of the photons as well as on #itemic number and thaensity

of theattenuatorThe dfferences in the contrast images acquired in radiographic examinations
are caused bythe differences in the linear -Xay attenuation coefficient of the tissues being
scanned. In other words-ray i mage s a roé thefispedighlys \@arying linear Xay

attenuation coefficier{9Q].
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Figure 2.3. X-Ray Beam Attenuation. (A) Schematiof the attenuation of an-¥ay beam after exiting the-Ky

tube. The number of photons in the incidentry beam is reduced after passing through the attenuator via
absorption or scattering eveni. collimator is found in most Xray equipmentso that only photons traveling
parallel to a specified direction are allowed throu@®) The attenuation of the incident -Kay beamoccurs
exponentiallyaccording to the equatioidw ="0Q , where' s the linear Xray attenuation coefficient

To suit the needs of specific applicationse incident X-ray beam can be modified by
varying the following userselectable parameters:rdy tube potential, current, exposure time,
andamount of filtration(i.e., thicknesses of the filtgrs

As the Xray tube potential is increased, both the photon count and the photon energy are
increased88]. This isexemplified graphicallyn Figure 24, which depictsthe X-ray spectra at
50 and120 kVpin the presence of a 0.6 mm thick copper shgasically, when aiX-ray tube
potentialof 120 kVp is supplied to the -Kay tube photons with a continuous distribution of
energies up to 120 keV are produced. At 50 kVp, however, only photonemeéthies up to 50

keV are generated.
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Figure 24. Effect of the X-Ray Tube Potential on the XRay Spectra For a specific Xray beam, lie X-ray
spectrumcan be shown as a graph wh#re photon counis on thewraxis and the photon enerdy on thedraxis.

The mean energy of the-bay beam occurs at the peak maximum of the curve. The maximum energy which the
photons can potentially have is equal to thea}{ tube potentialThe low photon count below 20 keV is due to
filtration of the X-ray beam witha 0.6 mm thick copper sheet.

The current, irmA (i.e., milliamperg, and the exposure time, s (i.e., millisecongalso
have an effect othe photon count, but they do not change the photon enEhgycurrentis
defined as th@umber of electrons traveling between the electredes result of an applied-X
ray tube potentialThus, itdetermines the number of photons produatd fixed exposure time
The exposure time is the duration of each irradiation, generally alwayakspbrt as possible.
Thesetwo parameterare oftentimes givesimply asthe currenOexposure time product, mAs
(i.e., milliamperesecond [88].

The sources of filtratiorreducethe ploton count andncreasehe mean energgf the X
ray beamby removing lowkeV photons However theydo not change the maximum eney
the X-ray beam which isspecific of eachX-ray tube potentia]91,92]. In other words as the
sources of filtrationincrease, the Xay beam becomes proportionally richer in RigV
photons. This phenomenon is known as beam hardamidgt increases thgenetrability of the
X-ray beam (i.ethe distance the photons travel in matf6694].

The sources of filtration can be classified as either inherent or additidhal.inherent
filtration consists of all the materials that the photons eneow# they exit the Xay tube, such
as theX-ray window made of berylliumAlso, aluminum(Al, &= 13) sheetswith thicknesssup
to 1 cmare usuallyfoundin mostinstruments The additional filtrationncludesall the materials

which are placed between therdy tube andhe detectqrsuch as aluminum armbpper(Cu,
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= 29 sheetsThese materials are placed in the direct path of thayXeam, close to the-bay
tube.Thebody also acts as a source of additional filtraf@h92].

We conducted atudywhere rheniumand iodinebased samples were scanaéd wide
range of Xray tube ptentials,between 50 and 220 kywith increasing thicknesses obpper
sheets between 0 and 1.6 mnihe current andhe exposure timavere chosernto avoid
saturation othe detector with photon$. the detector is saturated, extremely bright images are
produced. Nonetheless, if not enough photons reach the detector, then image noise is increased.
For each scan, the quality of the images was evaluated to comparedhieakenuation of the
samplesUsually, there is a tradeff between image quality anddiation doseln the clinical
setting, therefore,the optimization of the settings of radiographic examinations also requires
considerations of radiation dof@5,96]. In this study, we estimated thadiationdose in a few
clinical relevant scans (in terms of-rdy tube potential and amount of additional filtration).
Some important terminology regardiimgage qualityandradiationdose isprovided in the next

section.
2.1.2 Assessment ofmage Quality and Radiation Dose

As explained in the previous sectiomagesare created by the detectiontbé transmitted
X-ray beam Radiopacity or radiodensityjs the abilityof materials ofinhibiting the passage of
photons Radiolucency on the other hands the inability ofmaterials ofobstructing the passage
of photons (i.e.jt refers to materials which are transparent toa}9. On images, adiopaque
materials (e.g., bongppear whe, whereas radiolucemhaterials(e.g., air)appear blackThe
images areghus made of pixelswith various shades of grey. The tonal value of each pixel,
referred to as pixel intensity, is associated with a grey \alle

The quality of the imageis quantified in terms of their contrast and noi€entrast is the
result of the differential Xay attenuatiorof tissues and organs. Noise refers to the random
fluctuations across the images that affect the detection of seacwith low contrasf95]. A
parameter of image quality which takes into account thesedfwitionsis the contrastto-noise
ratio © 0 )Y The contrast iscalculated ashe difference between the mean pixel intensity of
materialof interestand the mean pixel intensity of the backgrounlde roiseis equal tothe
standard deviation of the mean pixel intensity of the backgr¢@8ld These two concepts are

exemplified graphically in Figure 25. A useful imagerequiresstructures of interesto be
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distinguished against the backgroumtded 0 ¥ typically calculated considering water or air as
the backgroundbut water is preferred because it has a similaayattenuation than soft tissue
[99-101]. For our studythed 0 % of our rheniumand iodinebased samples were calculated
relative to water usingquation 22.

Mean Pixel Intensity
of a Material of Interest

Contrast

Pixel Intensity (Grey Values)

Mean Pixel Intensity Distance
of the Background

Figure 25. Contrast and Noise.The graph shows the variation in tipey valuef the pixels acrosa material of
interestsurrounded by backgroun@enerally, igh noise may still allow differentiation of various structures within
a single image provided the contrast is significantly greater than the noise.

00 ¥—— (Equation 2.2

where-§s the mearpixel intensity,, is the standard deviation of theeanpixel intensity,andQ
represents materialof interest. The same definitions apply for 3D images, which are made of
voxels. The only difference is that the term pixel intgnisi replaced with voxel intensity.

The Hounsfield scale is also commonly utilized to quantify the contrast, particularly in CT.
On this scale, the attenuation of a material of interest is reported in Hounsfield units (HU). The
Hounsfield scale is a linear transformation of the lineaiay<attenuation coefficient that takes as
a reference the attenuation of air and wéEguation 2.3

Attenuation = 1,006 (Equation 2.3)

where* is the linear Xray attenuation coefficierand ‘Qepresents a material of intere$he

Hounsfield scale is set by defining the attenuation of water as 0 HU and the attenuation-of air as

16



1,000 HU. In general, soft tissues range betw&60 and 100 HU and bones range between 400
and 1,000 HY10Z.

The quality of an image and the anatomical detail seen within it depend on the
characteristicof the equipment and th¥-ray tube potentiabpplied (and thus, the photon
energy) The equipment, for instance, has an effect on the resaluticgharpness, of the image
(i.e., theability to differentiate between two structures located at a small distance apart). In
generalthe use of a higher Xay tube potential will improve the glity of the image within
certain limits, but will give the patient a highediationdose[95,96]. Hence,it is important to
recognize the level of image qualityat isrequired to make an accurate diagnosis and determine
the settings that provide that level of image quality with the minimadiationdose.

The first step in the absorption of-rdys is the production of photoelectrons (via the
photoelectric effey and recoil electrons (via the Compton effect) Thereforaays are
indirectly ionizing radiation. In other words, they do not produce biological damage themselves,
but when photons are absorbed in the material through which the pass (e.qg., tisargaras)d
they give up their energy to produce fastving charged particle$he absorbed dose dgfined
asthe mean energy taken up by tissuend organger unit masstypically reported in Gy (i.e.,
gray)[103.

Another quantity of radiation dose iset entrance surface dosghich is thedose at the
point wherethe X-ray beam enterthe body. The entrance surface dose, which is estimated
through computational modeling (e.g., Monte Cdr®4)]), takes into consideration thear-
kerma andhe backscattered radiatiqd05. The airkermais the mean energy deposited in air
per unit mass, also reported in Gy. Generally, thé&eima isconsidered a good indicator of
radiation rsk when different settings and techniques are compared because bt casily
measured witlan ionization chambdd.06,107).

2.2 Materials and Methods

As mentioned in Chapter 1, thfferential X-ray attenuation of various high elements
and iodinehas beemxtensivelyinvestigatedThe following general suggestions have been made
for designing studies aimingy compare the Xay atenuation of radiopaquelements:1) the
concentrations of the radiopaque elemestiisuld beequalized, 2}he tested compourssshould

be dissolved in the same solvent, anda3yide range of Xray tube potentialshould be
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evaluated[108. Herein, we scanned series offhenium and iodinebased solutions with an
equimolar concatration of rhenium and iodirfeom 50 t0220 kVp.

Most equipment can only operate on a leditrange of Xray tube potentialsTo scan the
samplesfrom 50 to 220 kVpwe thus had to usdifferent instruments (and techniqueg)he
samples were scanned from 50 to 120 kVp usimyealinical* CT scanner (eXplore CT120,
TriFoil Imaging; ChatsworthjJUSA). They were then imageat much higher Xay tube
potentials, from 120 and 220 kVpsing aSmall Animal Radiation Research Platform (SAARP;
Xstraht Walsall Wood, UK. This instrument can operate in two modeéBCT and planar Xay
imaging (both of tbm usedin our study. These twoinstruments are utilized for research and
preclinical applications only. We weadsointerested irusingclinical equipment, so the samples
wereirradiatedagainfrom 50 to 120 kVp in a clinical Xay camergMultix X-Ray, Siemens
AG; Munich, Germanyjor digital radiography.

In sumnary, the samples weimagedby * CT, CBCT, planar Xay imaging, and digital
radiography.The image quality was assessed by calculating6tiie & of the rheium- and
iodine-based solutions using data acquired with all these technitpsgsy Monte Carlo, e
absorbed dose was estimateda few clinically relevant exposures.

2.2.1 Preparation of Rhenium- and lodine-BasedSolutions

A seies of rhenium and iodine-based samples were prepared usingnmamercially
availableammonium perrhenat¢Sigma Aldrich) and iohexol (Omnipagtte 300 mg of | per
mL; GE Healthcare)which is a clinically used iodireased XCA (see Figure 1.IJhe mole
percent rhenium content in ammonium perrhenate is 69.4% and the mole percent iodine content
in iohexol is 46.3%Wsing serial dilutions,dutionswith concentration®f rheniumandiodine
of 50, 100, and 206M were prepared

2.2.2 Imaging of Rhenium and lodine-BasedSolutions
2.2.2.1 Micro-Computed Tomography

The rheniurmm and iodinebased solutions werpipetted intomicrocentrifuge tubesThe
volume of each solution was 1 mIwo additional microcentrifuge tubes withater and air
were prepared The microcentrifuge tubes with the samplssre inserted in an enhanced
resolution phantom (mMCTP 610, Shelley Medical Imaging Technologie@sdon, Canada
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where they were arranged a concentric circléFigure 2.6). This phantom is made dfiree
poly(methyl methacrylate) (PMMA or Plexiglaf) plates contained in a cylindrical
polycarbonaténousing The thickness of each plate is 1.3 cm, thengdoywiding a totafiltration

of 3.9 cm of PMMA. The phantom wasilized just to support the microcentrifuge tubes during
the scan$109.

PMMA

Plates

Polycarbonate
Housing

Figure 2.6. Enhanced ResolutionPhantom. The phantonis constitutedof three PMMA platesontained in a
cylindrical polycarbonate housing with a diameter of 4.4 Thre phantom provides tatal filtration of 3.9 cm of
PMMA. Model and ManufacturemCTP 610 Shelley Medical Imaging Technologi@isondon, Canada)

The samples were imaged usingpeeclinical * CT scanner (eXplore CT120, TriFoll
Imaging Chatsworth, USA (Figure 2.7). According to the manufactuers s pec,ithei cat i
scannerhas an inherent filtratiomf 1 mm of aluminumand 0.15 mm of berylliumwhich
corresponds to the -Kay window As additional filtration, a 0.6 mm thick coppeheetwas
placed between the phantom and thea}{ tube.The samples were scanned at 50 kVp (80 mAs
and 125 ms), 80 kVp (60 mA and 125 mend 120 kVp (40 mA and 63sh To evaluate the
effect of increasing the amount of additional filtration on image quality, the 120 kVp scan was
repeated placindg.2 and 1.6 mm thick coppesheetsbetween the phantom and thera§ tube.

Table 21 summarizes the setting$ all thescans.
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Figure 2.7. Preclinical Micro-Computed Tomography Scanner.The scanner can imaggamples and small
animalsfrom 50 t0120 kVp with a resolution between 25 and 100. The instrument is fully shieldedlodel and
Manufactuer: eXplore CT120, TriFoil Imaging (Chatsworth, USA) Location: Centre for HighThroughput
Phenogenomics (CHTP) at the University of British Columbia (UBCYancouver, Canada

Table 2.1. Settings for Micro-Computed Tomography. The samples were scanned at 50,8 120 kVpusing a
preclinical* CT scaner (eXplore CT120, TriFoil ImagingChatsworth, USA)The currentand the exposure time
werechosen to avoid saturation of the detecidre spatial resolution of the images after reconstruction®@aam.

Scan X-Ray . .Amoun.t of . Current Exposure Curr_ent JEXposure
D Tube Potential  Additional Filtration (MA) Time Time Product
(kVp) (mm of Cu) (ms) (mAs)

X01 50 0.6 80 125 10

X02 80 0.6 60 125 7.5

X03 120 0.6 40 63 2.5

X03 120 1.2 40 63 2.5

X05 120 1.6 40 125 5

The scans were performed with a rectangular field of view (FOV) with length and width of
8.5 and 5.5 cm, respectively. The acquisition consisted of 1,440 projections per scan. The
scanner was operated in a staptshoot mode which means that the gantry takes two
projections, rotates, pauses for the duration of adpfimed step delay, takes the next two
projections, rotates, and so ofhe step delay isaddedto cool the anode duringcquisition
because excessive heating in thedmnoauses the scan to stop before completion. A step delay
of 3 s was sufficient for the 50 and 80 kVp scans. The 120 kVp scans generate more heat and
thus a step delay of 7 s was required.

MicroView (Parallax Innovations; llderton, Canada), an image psiog software

installedi N t he s c anwas usédsto reconsipidetiagans3D image with a matrix
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size of 1455 x 1455 andspatial resolutiorand a slice thickness 50 * m. For each 3D image
this softwarewas also utilized to measure the mean voxel internsityeach samplen a
cylindrical volumeof-interest (VOI) with diameter and height of 50 pixelfie 0 U ¥ of the
rhenium and iodinebasedsolutionswere calculated relative to watesing Equatior2.2 The

analysis was conducted in triplicate.
2.2.2.2 ConeBeam Computed Tomography

For this study, only the rheniunmand iodinebased solutions with a concentration of 200
mM wereimaged The solutions were scanned plastic microcuvettes The volume of each
solution was 1 mLAdditionally, two microcuvettesvith water and air were included all the
scans.

The samples werenagedusing the SAARP (Xstrahl; Walsall Wood, UK) in CBCT mode.
The SARRP is a research and preclinical platfowhich can opetta between 50 and 225 kVp
and isthus useful for both imaging (40 kVp) and therapy (140 kVp). For instance, the
utilization of the SARRP for imagguided radiotherapy has been reported in mide111].
Herein, we usgéthe SARRP to scan the samples between 120 and 220rk€épnstrument has a
platform where thesamplesvere placed in a straight line. A picture of th@in components of
the SARRP is shown iRigure2.8. The only source of inherent filtration in the instrument is the
X-ray window, made of 0.15 mm of beryllium. As additional filtration, e&0rim thick copper
sheetwas placed between the samples and thayXube. The samples were scanned at 120 kVp
(150° A), 160 kVp (50° A), and 220 kVp (50 A). The 220 kVp scan was repeated usingd® 0.
mm thick coppesheetas additional filtrationThe acquisition consisteaf 360 projections per
scan. The gantry was moved around the sample platform at an angular speed of'6Adeg s

summary of the settings of all the scans is shown in Table 2.2.
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Figure 2.8. Small Animal Radiation Research Platform.The pictureshows theSARRFO s ( a) dsampkect or ,
platform and(c) X-ray tube which can operate at up to 220 kVlthough it was @velopedin John Hopkins
University, the SARRRSs currently commercialized by XstrafWwalsall Wood, UK)[117. Location: Department of

Medical Physics at the BC Cancer Agemtyancouver, Canada

Table 2.2. Settings for Cone Beam Computed Tomographylrhe samples wergcanned at 120, 160, and 220 kVp
using the SAARP (Xstrahl; Walsall Wood, UKJhe current waschosen to avoid saturation of the detecidre
spatial resolutiomf the images after reconstructisas320‘ m.

X-Ray Amount of

Tube Potential Additional Filtration Cllirer:
) (mm of Cu) (HA)
X06 120 0.15 150
X07 160 0.15 50
X08 220 0.15 50
X09 220 0.45 50

Muriplan, an image processing software developed by Xstrahl (Wal&add, UK) and
installed in the SARRPO&s ¢ o mas3D imagesitweansatrixu s e d
size of 1024 x 1024 andspatial resolutiomnd a slice thickness 320° m. A quantitative VO{
based image analysis was performed to calcute® 0 % of the rheniumand iodinebased
solutions. For thisjmageJ, an opesource program developed by the iNaal Institutes of
Health (NIH; Bethesda, USAyas used toalculate thenean voxel intensities of the samples in
cylindrical VOIs with dameter and height of 50 pixelBhe analysis was performed in triplicate.

2.2.2.3 Planar X-Ray Imaging

The sampleswere imagedagain between 120 and 220 kWging the SARRP, but the
instrument 6s mode way snagnpSamegtiead inhe scanp toadncéed by X
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CBCT, only the rheniumand iodinebased solutions with a concentration of 200 mM were
imaged The solutions were irradiated microcuvettes. The volume of each solution was 1 mL.
Two microcuvettes with water and airere included in all thexposuresThe samples were
arrangedn a straight line30 cm away from thé&X-ray tube A 0.1 mm thick coppesheetwas

used as additional filtratio.able2.3 shows the settings of all te&posures

Table 2.3. Settings for Planar X-Ray Imaging. The samples werémagedbetween 120 and 220 kVp using the
SAARP (Xstrahl; Walsall Wood, UKAII the exposures wersuccessfully performed with a current of 0.5 mA.

X-Ray Amount of Current
ScanlID Tube Potential Additional Filtration A
) (mm of Cu) (G2
X10 120 0.1 0.5
X11 140 0.1 0.5
X12 160 0.1 0.5
X13 180 0.1 0.5
X14 200 0.1 0.5
X15 220 0.1 0.5

An issuein planar Xray imaging and digital radiography whiafight causeliscrepancies
in the pixel intensities between the left and the right sides of the inmgtjes heel effectThis
phenomenon islefined aghe reductionin the intensity of the Xray beamalong the cathode
anode axisn the X-ray tube The reduction ithe X-r ay b e a mdiscausea bybersteept y
angle of the anode, which isuallyless than 1¥in mostequipment{113 (Figure 2.9) The
photons are exposed to a differential attenuation within the target because they are produced at
various depthsGenerally, photons coming from greater deptiithin thetarge{ i . e. , t he e
sideod) suffer a higher a the surfacea df the target (hea, the t h o s
icat ho dEl3145. thethey wordsthe probability of attenuation depends on the distance
the photons travel within the target, which in turn depesrisghe direction at which they are
emitted.To account for the heel effect, the position of the samples was changed as per indicated

in Figure 2.10 and all the scans were repeated.
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Figure 2.10. Setup for Planar XRay Imaging. The samples weramagedas per i ndiodginglee d i n
configuration). Then, they were arranged as per indicated in (Bjneagkda gai n (Afl i ppedd confi

images acquired in both configuraticaiseach Xray tube potentialvere averaged to generate a single image, which
was then utilized to calculate the0 ¥ of thesolutions The image shows: (a) water, (b) rhenibasedsample(200
mM), (c) iodinebasedsample(200 mM), and (d) air.

Using ImageJ (NIHBethesda, USA)images acquired at the saXeay tube potentiabut
using different sample configuration§.e., fioriginalo , as in Figure 2.10A,
Figure 2.10B) were averaged pixtsl-pixel. All the images had a matrix with a size of 1024 x
1024.This strategy has been reported to reduce the variation in the pixel intensities on different
sides of the images as a result of the heel effet§]. To further compensate for the Rron
uniform intensity of the Xay beam, the samples were kept as close to each other as possible
during the scans.

The same softwareas also utilized to measure the mean pixel intensity of each sample in
a squareshapedregionof-interest (ROI) withsides made of 50 pixels.h&€se values werien
used to calculate thé 0 ¥ of the rhenium and iodinebased solutions. The analysis was

performed in triplicate.
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2.2.2.4 Digital Radiography

The rhenium and iodinebased solutions with a concentration of 200 mM weraged
utilizing a clinical X-ray cameraMultix X -Ray, Siemens AGMunich, Germany(Figure 2.1).
A sample holder with six 200L wells wasfabricatedwith PMMA to image the solutions
(Figure2.12). For all the scans, a total of 17k of each solution were pipetted into the wells.

As in all previous experiments, water and air were used as controls.

Figure 2.11. Digital Radiography Camera. The pictureshowst h e i n s (a)Xwray eubet adds(biletector.
The equipment can operate at up to 133 kVp. Model and Manufacturer: MuRiayX SiemensAG (Munich,
Germany)AG. Location:Department of XRay/Radiologyat the Leslie Diamond Health Care Centre,irestitute
within the Vancouver General Hospital (VGH)Vancouver, Canada.

Figure 2.12. Sample Holder. The sample holdemade ofPMMA, can accommodate up to six samples with a
volume of175° L. To make them more noticeable, the circumferences of the wells were delineated with dashed
lines. There is a ditance of 0.5 cm between wellEhe position of the ionization chambg§t0X6-0.6CT, Radcal
Corporation; Monrovia, USA)as per indicated in thenege,was maintained constaint all the scans
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The samples wergradiatedat 50, 81, and 121 kVp. Due to equipment limitations, the
exposuresvere conducted at 81 and11RVp instead of 80 and 120 kVphe distance between
the samples and the -ty tube was set to 102 cmAccor di ng t o t he ma
specifications, the instrument provides an inherent filtration of 3.9 mm of aluminum. The
exposuresverecarried outwith varyingthicknesse®f additional filtration, from 0 to 1.5 mm of
copper. The sattgs of theexposuresre summarized in Table42 Moreover, in all the scans,
calibrated 0.6 crhthimble ionization chamber (10X&.6CT, Radcal CorporatioriMonrovia,
USA) connected to a Radcal electrometer (AccuDose, Radcal Corpoidtionovia, USA was

placed on top of theamplesas per indicated in Figure 2 in order to measure the &erma.

Table 2.4. Settings for Digital Radiography. The samples werienagedbetween 50 and 121 kVp using a clinical
X-ray camera (MultiXX-Ray, Siemens AG; Munich, Germanyhd current waghosento avoid saturation of the
detector.

X-Ray Amount of

Tube Potential Additional Filtration C(ur:]r:;t
(kVp) (mm of Cu)
X16 50 0 1.25
X17 50 0.1 2.5
X18 50 0.3 10
X19 50 0.5 36
X20 50 1 71
X21 50 1.5 71
X22 81 0 1.25
X23 81 0.1 1.6
X24 81 0.3 1.6
X25 81 0.5 2.2
X26 81 1 4
X27 81 1.5 4
X28 121 0 1.25
X29 121 0.1 1.25
X30 121 0.3 1.25
X31 121 0.5 1.25
X32 121 1 1.25
X33 121 1.5 1.25

All the images had a matrix with a size of 2520 x 308ageJ (NIH;Bethesda, USA) was
used to measure the mean pixel intensities of the samples in cR@ilgwith a diameter 0%
pixels. These values were then used to calculatedtlie¥ of the rheium- and iodinebased
solutions. The analysis was performed in triplicate.

Utiliziihg Mont e Carl obs GATE code, which stands

Tomographythe depthrelativeabsorbedloseprofile and theelative averagabsorbedlosein a
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Solid Watef phantomwere determinedat various experimental conditiarSor simplicity, he

phantom wassimulated asa cuboid with length, width, and height of 38), and 20 cm,
respectively.The calculationsnvere performed considering anherent filtrationof 1 mm of

aluminumand 0.15 mm of berylliumrhe distance between the phantom and thay<ube was
defined as.00 cm.

The simulations were conducteat 50, 80, and 120 kVm the absence of sources of
additional filtration. Then, #y were repeated at 120 kVp in the presence of 0.1, 0.3, 0.5, 1, and
1.5 mm thick coppesheetsThe X-ray spectra were modeled using experimental data acquired
with thepreclinical* CT scanner (eXplore CT120, TriFdrhaging; Chatsworth, USA) described
in Section 2.2.2.1, which was available at the momEat. eachexposure the current wsa
adjuged in order to simulat8.5x10° photons in the transmitted-day beam This value was
defined based otihe number of photons the transmitted Xray beamat 120 kVpwith 0.5 mm
of copperas additional filtration, also determin@dth Monte Carlocalculations The detector
wasconsideredo have an efficiency ofD% All the simulations werearried outassuminga
static and divergent X ay beam with a FOV of 20 cm in di e

Figure 2.B depicts a schematic of the geometry of the simulation.
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Figure 2.13. Geometry of Monte Carlo Simulation.The schematic shows thersy beam(red), the Solid Waté&r
phantom (blue), and the detector (brown). A FOV20fcm at the surface of the phantom vamwsen All the
simulations were conducted assuming a total of 8 8yit®tons in the transmitted-day beam.

2.3 Results and Discussion

Our study focuses on establishing a comparison between-tiag Attenuation of rhenium
and iodine from two intertwined standpoints: image quality and absorbed dose. We scanned
solutionsof ammonium perrhenate and iohexol with an equimolar concentration of rhenium and

iodine from 50 t0220 kVp. Using preclinical equipment, the samples were imaged @Y,
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CBCT, and planar Xray imaging. Using clinical equipment, they were imaged by digita
radiography equipment The 6 0 "Mvas calculated for each solution across all scarise
absorbed dose was predictesing Monte Carlofor the exposures dorwy digital radiography.
The results of this work are discussed in the next few sections.

2.3.1 Imaging of Rhenium- and lodine-BasedSolutions
2.3.1.1 Micro-Computed Tomography

A series of rheniumand iodinebased solutions witla concentration of the radiopaque
element (i.e., rhenium and iodinef) 50, 100, an®00 mM were imaged byCT at50, 80, and
120 kVp (i.e., low, intermediate and highkVp scans, respectively)

A positive correlation was found between thé "#nd theconcentration of the radiopaque
elementat each Xray tube potential. These findings, which are consistent athler studies
[117-119, are depicted graphically in Figure 2.14Afor the scanperformedwith a 0.6 mm
thick coppersheet A linear regression analysis was performed to assess the relationship between
these two variables (Table 2.5).répresentative axial image of the samaleguired at 50 kVp
is depicted in Figure 2.14D. This image clearly shows #®athe concentratisrof rhenium and
iodine areincreased from 50 to 200 mM, there is a significant improvement in corBessd on
the graphs shown in Figure 2.142 there is a 4 to -fold increase ind U "Ywhen the
concentrations increased from 5@ 200 mM. Thus, the following discussion centers on the
results when the concentrat®af rhenium and iodine ag90 mM.
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Figure 2.14. Evaluation of the Contrastto-Noise Ratio in Micro-Computed Tomography. (A-C) The graphs
show the relationship beagn thed 0 "#nd the concentration of either rhenium or iodine in each solution. The scans
were carried out at (A) 50 kVp (10 mAs), (B) 80 kVp (7.5 mAs), and (C) 120 kVp (2.5 mAs) with a 0.6 mm thick
coppersheet That is, scans X01, X02, and X(respectively (see Table 2.1). The dashed lines represent the best
linear fit to the datdsee Table 2.5)(D) Axial image acquired at 50 kvphowing the following samples: iodine
based solution ([a] 200 mM, [b] 100 mM, and [c] 50 mM), rhentased solutio ([d] 200 mM, [e] 100 mM, and

[f] 50 mM), and controls ([g] water and [h] aidttenuation: (a) 746 HU, (b) 863 HU, (c) 403 HU, (d)297 HU,

(e) 622 HU, (f) 285 HU, (g)9.5, and (h}994 HU.The scan corresponds to X(see Table 2.1)The samples we
imagedby * CT (eXplore CT120, TriFoil Imaging; Chatsworth, USA).

Table 25. Linear Regression Analysis.The linear regression analysis was performed for the 50, 80, and 120 kVp
scans conducted with a 0.6 mm thick copgieeet That is, scans X01, X02nd X, respectively (see Table 2.1).
The linear equation has the following fori®:0 ¥ m C + b, where C is the concentration of the radiopaque
element, reported in mM, amt and b are the slope and the intercept of the linear equation, respectiay.
coefficient of determination’ ) was< 1 in all cases.

_——Tay—
X-Ray Tube Potential b
Contrast Agent (kVp)

Ammonium X01 50 1.3x10 8.2x10
Perrhenate X02 80 4.5x10° 2.6x10"
Solution X04 120 5.1x107 2.0x10"
lohexol X01 50 l.7x102 5.4x10i
Solution X02 80 5.4x102 3.1x101
X04 120 4.5x10 3.2x10
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The quantitative VObased analysis showed that the) & of rhenium and iodinare
dependentupon the X-ray tube potential. This is exemplified in Figure 2.fth the scans
conducted with a 0.6 mm thick coppreet The iodinebased solution has a greatef) "Yhan
the rheniurbased solutiorat 50 and 80 kVpThe rheniurrbased solutionhowever,has a
higherd 0 "t 120 kVp

—&— Rhenium
Todine

Contrast-to-Noise Ratio
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Figure 2.15. Effect of the X-Ray Tube Potential on the Contrastto-Noise Ratio. The iodinebasedsolution
exhibits a highed 0 "than the rheniunbasedsolutionat 50 and 80 ¥p. Contrariwise, the rheniwasedsolution
displays a greated 0 "4t 120 kVp. The concentration ofetlradiopaque elemeint the solutionsvas 200 mMA
0.6 mm thick coppesheetwas employed as additional filtratiomhe samples were imaged bYT (eXplore
CT120, TriFoil Imaging; Chatsworth, USA). Settings: 50 kVp (10 mAs), 80 kVp (5 mAs), and 122kKmAs).
That is, scans X01, X02, and X0respectivelygeeTable 21).

Figure 2.16 shows the effect of the addition of furthleeetsof copper on the 0 ¥ of
rhenium and iodinat 120 kVp.The difference im0 U "Yetween rhenium and iodine becomes
larger & the thickness of the coppsheetis increasedrom 06 to 1.6 mm.For instance the
percentd U "Ymprovement of rheniunover iodine is 14.2%when the thickness of the copper
sheet is 0.6 mirbutit is 59.1%when the thickness of the copper sheet is 1.6 Figure 2.17
depictsaxial imagesacquiredin all of these scansThe differences in contrast between the
samplesmay seem subtle, but humans can only perceive a few different shades of grey.
Researcherbiave stated that humans are able to distinguish up to 900 shades of grey, but
depending on |lighting conditions and peopl ebs
in most case$12(. Nonetheless, imageme made of pixels with a much higher number of
shades of greyl'he grey scale depends on thedspth of the imageB-bit images are made of
pixels with up to 256 shades of grey (28 = 256), bubit@mages, which are commonly used in
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medical imaging121-123, are nade of pixels with up to 65,53hades of grey (216 = 65,536).
Furthermore, high levels of noise considerably impact the ability to discern one shade of grey
from anothef124]. The calculation 06 U ¥is thus a useful strategy to highlight differences in
contrast between materials of interest, providing even a better understanding of the parameters

which require optimization in order to increase image quality.
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Figure 2.16 Effect of the Amount of Additional Filtration on the Contrast-to-Noise Ratio.The percent) 0 Y
improvement of rheniuroveriodine is enhanced as the amount of addition filtration is increased. The concentration
of the radiopaque element in thelutionswas 200 mMThe samples were imaged bg€T (eXplore CT120, TriFoil
Imaging; Chatsworth, USA). All the scans were conducted at 120 kVp. They correspond to s8aX€4XGnd

X05 (see Table 2.1).
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Figure 2.17. Micro-Computed Tomography Imaging of Rhenium and lodine. Representative axialmages
acquired at 120 kVp by CT (eXplore CT120, TriFoil Imaging; Chatsworth, UB®ith coppersheetswith the
following thicknesses(A) 0.6, (B) 1.2, and (CL.6 mm The scans correspond X®3, X04, and X05§ respectively
(seeTable 21) The images epict the following samplesheniumbasedsolutions([a] 200 mM, [b] 100 mM, and
[c] 50 mM), iodine-basedsolutions([d] 200 mM, [e] 100 mM, and [f] 50 mM), and controls ([g] water and [h] air).
Attenuation: In (A): (a) 917 HU, (b) 460 HU, (c) 210 HU, (d) 803 HU, (e) 393 HU, ()H@6(g) O, and (h}998
HU. In (B): (a) 942 HU, (b) 473 HU, (c) 218 HU, (d) 661 HU, (e) 321 HU, (f) 138 HU, (g) 1, ans®@6) HU. In
(C): () 971 HU, (b) 486 HU, J@27 HU, (d) 610 HU, (e) 305 HU, (f) 137 HU, (g) 0, and-398 HU.

The results discussed abawnelicatethat rhenium exhibite kVp-dependent superiority in
0 0 'Yand thus, in Xray attenuation) over iodine. The higherray attenuatiorof rheniumat
120 kVpis related tahe differential K shell binding energy, oré&dge, between rhenium and
iodine. The Kedge is defined as a sharp rise in the lineaayattenuation coefficient )
which occurs at a discreet energy just above the binding enéthg electrons in the K shell of
anatom[125. To put it differently, it represents the energy required to eject an electromifrom
atomdébs K shelll. Si mi-tayaattenuatioo coeffecisné ae observed foreall | i n e
the other electroshells (L, M, N, and son), butthey tale place at much lower energieslges
[126,127].

The increase in thinear X-ray attenuation coefficierdt each of theabsorption edgeis
caused by the photoelectric effgstee Section 2.1.2)The probability of occurrence dan
interaction between an incident photon and an inner shell elettirongh the photoelectric

effectis describedy the following expession
T /G (Equation 24)

wheret is the contribution of thg@hotoelectric effecto the linear Xray attenuation coefficient,

specifically known as thehotoelectric effect coefficier{b7]. For example,when a incident
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photon has energust abovethe binding energy of an electrontime L shell, the probability of
occurrence of a photoelectric interaction involving the L shell becorags high (i.e., the

process is energetically more favorablagcording to Equation 2,4beyond this point, the

probability decreasespproximatelyat arate of /¢ unt i | t he next Ajumpo

the K-edge.Moreover, HKuation 24 showsthat the photoelectric effectoefficient dependsn
the atomic number raised to the third poweor this reason, higtb elements are of special
interest in the search of novel XCAs.

The National Institute of Standards and Technology (NIST) has publskedes of tables
with the mass Xay attenuation coefficierft.e., the linear Xray attenuation coefficient divided
by the density, expressed in units of’ajit) as a function ofhe photon energyrhese tables are
available for elements with an atomioumber between 1 anfl2 and 48 compounds and
materialsof interest (e.g., water, air, bone, soft tissue,) etnd theyinclude all the absorption
edges betweefh keV and20 MeV [128. Figure 218 graphically illustrateghe change in the
mass Xray attenuation coefficient of rhenium and iodine at clinically relevant photon energies.
The graph shows that the-dédge of rhenium occurs at 71.7 keV, whereas tesiffe of iodine
occurs at 33.1 keVAbove the K-edge of rheniumthe mass Xay attenuation coefficient of
rhenium is consistently higher than iodine. This in turn suggests that rhenium should display an

enhanced Xay attenuation above 71.7 keV.
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Figure 2.18. Effect of the Photon Energy on the Mass »Ray Attenuation Coefficient. The graphdepictsthe
variation in the mass -Xay attenuation coefficient of rhenium, iodine, water, and air bet®ae 150 keV. The K
edgesof rhenium and iodinare shownwhich occur a71.7 and 33.1 keVkespectively Based on datavailable
from the NIST[12§.
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SpekCalds a computational tool available in Matl&bto predict %ray spectra between
30 and 140 kvpg12913(Q. SpekCalc requires information abolij the characteristics of thX-
ray tube (e, target material, anode angle, sms of inherentitration) and 2)the settings of the
scan(e.g., Xray tube potential, current, exposure, sources of additional filtralituwg.software
was utilized to predict the -Xay spectrafor the scans performed at 120 kVwvhich is the
maximum Xray tube potentiathat can besuppliedto the Xray tube of theeXplore CT120
scanner (TriFoil Imaging; Chatsworth, USAAjigure 2.19depictsthe 120 kVp X-ray spectra,
where it can be seen that theray beam produced in each saaas significantlyhardenedvith
the addition of coppesheetsFor instancethe mean energy of the 120 kVprXy beamwas
increased from 39.8 keV (without a copper filter)3.2, 67.8, and 69.5 kefwith 0.6, 1.2, and
1.6 mm thick coppesheetsrespetively). According to Figure 2.18, iodinexhibits an enhanced
X-ray attenuation from 33.1 to 71keV. In other words, iodine is more likellgan rheniunto
interact with lowkeV photons.Thus, the mairfactor contributing to the increased (0 "of
rheniumat 120 kVpis theremoval of a great proportioof the lowkeV photonsby the copper

sheets.
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Figure 2.19. Effect of Copper on the 120 kVp XRay Spectra. The image shows the 120 kVp-rdy spectra
transmitted through copper filters with thicknesses up to 1.6 mm. THay Xpectra were predicted using SpekCalc.

Furthermore, Figure 2.19 shows that the mean energy of the 120 k&pbéam is below
the K-edge of rhenium even after the addition of a 1.6 mm copper sheeleterminegf it was
possible to further increase the differenc® io "Wetween rhenium and iodine, the rheniwand
iodine-based solutionerere imaged at much higherrdy tube potential§rom 120 t0220 kVp
This was possibleisingthe SARRP(Xstrahl; Walsall Wood, UK)which can operate in two
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modes:CBCT and planar Xay imaging. As a rule of thumb, the mean energy of thiayxbeam
is approximatelya third of the maximum energyhich is equivalent to the Xay potentia)
[57]. Hence, without taking into account sources of additional filtration, a 220 kxgy Xeam
has a mean energy0f73 keV, which isslightly above thék-edge of rhenium. The results of

these experiments are dissed in the next two sections.
2.3.1.2 Cone Beam Computed Tomography

Figure 220 depictsthe variation inthed 0 ¥of therhenium and iodirdvased solutionat
120, 160, and 220 kVpThe scans were conductedth a 0.5 mm thick coppersheetas
additional filtration Due tothe increase in the number of incident phottash solutiongisplay
greaterd U ¥as the Xray tube potential is increasedls expeted, rheniumhasa higher6 0 'Y
than iodine Additionally, when thethickness of the coppeheets increased to 0.45 mat 220
kVp, the difference id U "Wetween rhenium and iodineiixcreased significantly (Figure 2.21).
The percenb 0 "¥nprovemenbf rhenium over iodinés 13.2% with the use of a 0.15 mm thick

coppersheetbutit is 36.9% with the use of a 0.45 mm thick coppleeet.
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Figure 2.20. Effect of the X-Ray Tube Potential on the Contrastto-Noise Ratio.The rheniurdbasedsolutionhas
a higherd 0 "Yhan the iodinébasedsolutionfrom 120 to 220 kVp. The concentrationthe radiopaque element in
the solutionsvas 200 mMA 0.15 mm thick coppesheetwas employed as additional filtration. The samplese
imaged by CBCT Lrg the SARRRXstrahl; Walsall Wood, UK)Settings: 120 kVp (150A), 160 kVp (50° A),
and 220 kVp (50 A). That is, scans X&) X07, and X08respectivelygeeTable 22).
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Figure 2.21. Effect of the Amount of Additional Filtration on the Contrast-to-Noise Ratio.The percent) 0 'Y
improvement of rhenium over iodine is enhancaslthe amount of additional filtration isncreased The
concentration of the radiopaque element ingbkitionswas 200 mM. Thesampleswere imaged by CBCT using
the SARRP (Xstrahl; Walsall Wood, UK)The scans were performed at 220 kVp with a current 6fACThat is,
scans X8 and X09(seeTable 22).

These results are in agreement with what was observed when the samples were imaged by
“CT: 1) the 6 0 ™of rheniumis higher than iodineat 120 kVp and 2)the percentd 0 Y
improvement of rhenium over iodinkecomeslarger when copper sheetswith increasing
thicknesses are utilized. Aemonstratedby imaging the samples by CBCT, these findings are
consisent at much higher Xay tube potentials, up to 220 kVp.

A fundamental consideration in-bay imaging revolves around acquiringeful imagesor
assessing he pat i ent 6asd nakingadiagnasisvhilp iesricting a¢ the same time
the absorbed dose as much as possthémerally, lowkeV photons are absorbed by the body
more easily than higkeV photonsand have a minimal contribution to the generation of an
image[131]]. After passing througkhe patient, the Xay beamcarries a pattern of intensitlyat
is dependent upon the composition, size, and location of diffessnes and organs in the body
[132134]. Although theselectionof the X-ray tube potential igovernedby the sensitivity of
specificbody structurego radiation it is based on experiender the most partFor example,
imagingof thinner regions of the bodi.g., arms, hands, and feet)done between 50 and 60
kVp, whereasimaging of thicker, more attenuating regions of the body (e.g., lumbar spine,
pelvis, and skull)is done between 70 and 90 k\{pypically by digital radiography)95].
However,high-kVp scans, between &hd 140 kVp, are routinely us@dwhole-bodyand chest

CT scan®f averagesize and large patient$35136].
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Our study hasprovided evidenceof the usefuless of rhenium in Xay imaging
Furthermore, w have demonstratetthat thed 0 "6f rheniumis significantly higher than iodine
in high-kVp scans even in the presencelae thicknessef copper sheetslhesefindings
suggest tharhenium could be used as an XCA, particularly in Hiylp scans. Thishas
importantimplications froma clinical standpointA significant amount of copper could bdded
to removethe majority of lowkeV photonswhicharemostly unproductive toanerate an image
but contributeto increase the absorbed dose unneces$aly]. This approach has thmotential
of reducing absorbed dose while maintaining image quality, whitte main tradeff in X-ray
imaging[95,96].

2.3.1.3 Planar X-Ray Imaging

The samplesvereimagedagain between 120 and 220 kWith the SARRP butin X-ray
imaging mode The relationship betweethe 6 U "6f the rhenium and iodinebased solutions
and theX-ray tube potential depicted irFigure 2.2. The graph shows that tlie0 "6f iodine
at 220 kVp is 26.4% greater than at 120 kVp. This moderate improvemeni i attributable
to the overall increase in photon count at 220 kVp. Rhenium, on the other hand, shows an
increase i U "6f 39.0%. As mentioned at the end of Section 2.3.1.2, the peak maximum in a
typical 220 kVp Xray spectrum occurs at73 keV. The significanimprovementin 6 0 "6f
rhenium at 220 kVp ithus associated with the increase in the proportion of photohenérgy
above the Kedge of rhenium. Furthermgrigke in our two previous experimenti$,was found
that the difference ind 0 "“between rhenium and iodine enhanced when th¥-ray tube
potential is increasedzor example, he percent U "Ymprovemet of rheniumover iodine is
32.2% at 120 kVp, but it 45.3% at 220 kVp.
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Figure 2.22. Effect of the X-Ray Tube Potential on the Contrastto-Noise Ratio.The rheniurdbasedsolution
consistently displays a greatér( “than the iodinédbasedsolution from 120 to 220 kVp.The percentd 0 'Y
improvement of rheniunoveriodine is enhanced as theray tube potential is increased. The concentration of the
radiopaque element in theolutionswas 200 mM. The samples were imaged by planaayKimaging usinghe
SARRP (Xstrahl; Walsall Wood, UKAIl the exposuresvere carried out with a current of 5& and0.1 mm of
copperas additionafiltration. That is, scanX10 to X15(seeTable 23).

The majority of currently utilized equipment for-rdy imaging, including modern dual
energy CT scanners and dual energy digital radiography cameras, cannot operate above 140 kVp
[137-142). Herein, though.exposuresup to 220 Kp were performedn order to explore
thoroughly he kVp-dependent superiority in-¥ay attenuatiorof rheniumover iodine. Taking
into accounthe aforementioned restriction X-ray tube potential, theamplesvere imaged at
50, 81, and 12 kVp using a modern, clinicaX ray camera.For this experiment, both image
quality and radiation dose were evaluatéd.in the previousexperimentsthe 6 U ¥of the
rhenium and iodinebased solutionwas calculated However,using an ionization chanab, the
air-kerma was measured in all the exposures. Addition@ikyabsorbed dose wastimated with

Monte Carlocalculations
2.3.1.4 Digital Radiography

The variation in0 U ™t 50, 81, and 12kVp as a function of the amount of additional
filtration is graphically showrin Figure 223. The experiments conducted bZT showedthat
iodine exhibits a greaterd 0 "Yhan rhenim at 50 and 80 kVseeFigure 2.15. Differences in
X-ray attenuation are expected when the thicknesses of the coppelasbestsed because they
changethe energy spectrum of the-rdy beam incident on the sampl@sis isillustratedin

Figures 2.23A and Bwhere it is seen thahenium can exhibit a greatért "¥han iodine in low

38



and intermediaté&Vp scansdepending orthe amount of additional filtratiorSpecifically, at 50
kVp, rheniumhasa higherd 0 "“than iodine in two cases: 1) withoahy source ofdditional
filtration and 2) with a 0.1 mm thick coppsheet(Figure 223A). Although the differences
between the twsolutionsare smallethan at 50 kVpat81 kVp, rheniumdisplaysa higheré 0 Y
than iodine inthreecases: 1) withouany sourceof additional filtration, 2) with a 0.1 mm thick
coppersheet and 3) with a 1.5 mm thick coppsineet(Figure 223B).
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Figure 2.23. Evaluation of the Contrastto-Noise Ratioin Digital Radiography. (A) 50 kVp, (B) 80 kVp, and
(C) 120 kVp. The concentration of the radiopaque element in the formulations washN20The samples were
imaged by digital radiography using a clinicalrdy camera (Multix XRay, Siemens AGMunich, Germany. The
scans correspond to (A) X1o X21, (B) X21 to X27, and (C) X30to X33 (seeTable 2.5). The images from scans
X28 and X29 were excluded from the analysis due to the lackcohtrast As a consequence of the use of
insufficient additional filtration in these two scarnbe detector was saturated with photareen the current was
1.25 mA, which is théowest current which can tselected in the insiment.

Similar to the scans performed bBYCT, CBCT, and planar Xay imaging, rhenium
consistently has a greaterd "¥han iodine at 121 kVp (Figure 2.23C). As observed before, while

the 6 0 '"Yof both solutions decrease as the thickness of the copper attenuator increases, the
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difference in0 U "Wetween rhenium and iodine actually increases. For example, the gerzent
improvement of rhenium over iodine is 19.8% in the presence of a 0.&itkncopper sheet,
but it is 75.9%, almost four times higher, in the presence of a 1.5 mm thick copper sheet.
The airkermameasured irrachexposuréas reported in Table 8. The mean energy of the
X-ray beamproducedat eachcombination of Xray tube potential and amount of additional
filtration, calculated from Xay spectra predicted using SpekC@clso shown in Table . A
significantdegree obeam hardening is observatithe three Xay tube potential$utthe effect
is more prominent a0 kVp. To put it into perspectivayithout additional filtrationat 50 kvVp
theX-r ay brmeeamemergys slightly more than half the maximuemergy, or specifically,
57% of 50 keV Nonethelessuponaddition of a 1.5 mm thick coppsheet the mean engy is
equivalent t®®0% the maximum eneygwhich corresponds to ancrease of 33%Conversely,

at 81 kVp,the increase in mean energy 82 whereas at 121 kVp, it is only 22%.

Table 26. Measurementof the Air-Kerma and the Mean Energyof the X-Ray Beam The airkerma is reported
as the mean of three independent measurements. The standard deviation is zero in cases where it is nbheeported.
X-ray spectra werpredicted with SpekCalc taking into considerationgétings of the exsures

X-Ray Tube Amount of .
Potgntial Additional Filtration (AL = ETE) MEEN) ElnSigy

) (mm of Cu) (HGy) ey
X17 50 0 149 0.1 28.5
X18 50 0.1 10.5 36.2
X19 50 0.3 11.2 39.6
X20 50 0.5 15.4 41.4
X21 50 1 4.2 43.9
X22 50 1.5 1.3 45.1
X23 81 0 49.3 0.2 431
X24 81 0.1 31.9 0.6 48.1
X25 81 0.3 154 0.1 53.4
X26 81 0.5 12.5 56.5
X27 81 1 9.3 610
X28 81 1.5 21.2 0.1 63.7
X29 121 0 1149 0.2 53.9
X30 121 0.1 74.0 0.2 59.7
X31 121 0.3 46.0 0.1 65.9
X32 121 0.5 334 0.1 69.8
X33 121 1 19.7 0.1 76.1
X34 121 1.5 11.7 0.1 80.5

The dissimilar degree of beam hardenibgtween the low intermediate, and highkVp
scansis attributed to the positive correlation between thea)X tube potential and the energy
spectrunof the Xray beamAt 50 kVp, the Xray beam is constituted of photons with energy up
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to 50 keV, which are very likely to be absorbefls the number of photons absorbed in the
coppersheets increasedthe Xr ay b e a mspectrueisidecregsedramatically(and thus,
the transmitted Xay beam is predominantly constituted of hRiggV photons) The number of
photons is markedly reduced well To compensate for the loss in photon count, especially at
50 kVp, the current was significaytraised as the thickness of the copgleeetwas augmented.
As stated in Table 8, at this Xray tube potential, without additional filtration, the current was
set to 1.25 mA, but with a 1.5 mm thick copper attenuator, it was set to 71 mA. Contraatwise,
121 kVp, the current was maintained at 1.25 mA in all the irradiations.

The substantiakhift in the mean energy of-¥ay beam generateat 50 kVp, and even at
81 kVp, changeghe penetrability of the Xay beamThis in turn has an effect dheinteraction
of the photonswith the samplesFrom Table 3, it is observedhat theX-ray beam of a high
fitered ( 1 mm of Cu)50 kVpexposurecanhave ahighermean energy than the-bay beam of
a lowfiltered ( 0.1 mm of Cu)81 kVp exposureFor example, in the 50 kVpradiationwith
1.5 mm of copper as additional filtration, therXay beamdés mean energy wa
keV, but in the 80 kVp irradiation with no additionaltfdtion, it was found to be 43KeV. A
similar trendis seenbetveen highfiltered ( 1 mm of Cu)81 kVp exposuresand lowfiltered
( 0.1 mm of Cull21 kVpexposuresThesefindings explain why, with theutilization of alarge
amount of coppeat 81 kVp rheniumdisplaysa greatet 0 "“¥haniodine

Thehigh6 0 "¥f rhenium inthelow-filtered 50 and 81 kVgxposuress attributable tdhe
accentuatiorof the photoelectric effectat thelL;-edge of rheniumwhich occurs at 12.5 keV
[128. The subscript indicates the type of electron invblirethe transitionAs a rule,only 1s
electrors can be excited at the-&dge. Howevereither & or 2p electrors can be excited at the
next absorption edge, thheedge.The excitatiorof a 2 electronis specificallyknown as the.;-
edge. The excitation of g2lectron,on the other hands split into two absorption edges; and
Ls, due to the sphorbit coupling energy of thep2 configuration which is created when p 2
electron is excitedDue tothe difference in energy betwees @nd 2 electrons the L;-edge
takes placat a higherenegy [143. Thusr h e n i p andl $-edgesoccurat 120 and 10.5
keV, respectivelyMor eov er , ;- iLs, dandnleedgesoccur 5.2, 4.8, and 4.6 keV,
respectively{128. Figure 218, first discussed in Section 2.3.1dlso depicts the shaipcrease

in the mass Xay attenuatioroefficient of rhenium between 10 and 12 kad/a result of its {-,
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Lo-, and ls-edges The graph showsghat rhenium has a greater massray attenuation
coefficient than iodindelowthe K-edge of iodine 33.1 keV.

To compare the differential Xay attenation of rhenium and iodineacross all the
exposureswe calculated rheniumto-iodine X-ray attenuatiomatio. This was accomplished by
dividing the mean pixel intensity of rhenium by the mean pixel intensity of iodine and dividing
this quotientby the airkerma measured in each scé&igure 224 illustratesthe relationship
between the rheniwto-iodine X-ray attenuation ratio, determined experimentalhyd themean
energy of the Xay beam As a reference, aheoretical rheniumto-iodine massX-ray
attenuation coefficient ratio was also calculaded plotted in Figure 2.28asically, when the
rheniumto-iodine X-ray attenuatiomatio is above 1, rhenium outperforms iodine, but when it is
below 1, iodine outperforms rheniumThe deviation between thexperimental and the
theoretical curves is expected for a number of reasons; for example, scattering from the

surrounding media and levels of noise in the images.

Figure 2.24. Rhenium-to-lodine X-Ray Attenuation Ratio. The exerimental curvevas derivedby dividing the
mean pixel intensity of rhenium by the mean pixel intensity of iodine and dividing this value by-kieenaé. The
theoretical curve, on the other hand, watculatedfrom data reported by the NIJIL2§. Basically, it represents
theratio of themass Xray attenuation coefficiemf rhneniumto the mass Xay attenuation of iodine.

From Figure 224, it is evidenthat the Xray attenuation of rheniuns favoredwhen the
mean energy of the-Xay beam is slighthabove 717 keV,that is,r h e n i uedgé.$his kK
fact supports of all our previous experimenifie enhanced Xay attenuation of rhenm
observedn the leftsectionof the graphprovidefurtherevidence of th& 0 “Superiority of the
rheniumbasedsolutionin the low-filtered 50 and 81 kVp scangurthermoreit is interesting

that, at the experimental conditionshere iodineis expected to exhibian improvedX-ray
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