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Abstract 
 

Many thermodynamically stable coordination compounds have been synthesized using 

rhenium, a chemically versatile transition metal. Some of these rhenium complexes have been 

studied for utilization in nuclear medicine. However, many of their applications in medical 

imaging remain relatively unexplored and require further investigation.  

A comprehensive study was conducted in preclinical and clinical X-ray equipment to 

examine the use of rhenium as a contrast agent for X-ray imaging. Usually, there is a trade-off 

between image quality and radiation dose. This experimental work, along with theoretical Monte 

Carlo calculations, showed that it is feasible to preserve image quality and minimize radiation 

dose simultaneously when a rhenium-based formulation is utilized. This research provided 

thorough evidence of rheniumôs usefulness in X-ray imaging. 

Another application of rhenium was evaluated by producing a radiopaque, biodegradable 

electrospun scaffold containing a rhenium complex. Typically, catheterizations are performed 

under X-ray imaging guidance, but most catheters are radiolucent. After coating catheters with 

this scaffold, they became strongly radiopaque. Even a thin rhenium-doped coating has the 

potential of enhancing the contrast during catheterizations, which might be helpful in placing 

catheters more rapidly and precisely.  

Not only large medical devices, but also microsized carriers can be made radiopaque. An 

issue with embolic microspheres is their lack of contrast. To improve their visibility, potentially 

toxic contrast agents are co-administered in X-ray imaging-guided embolotherapy. Using a 

microfluidic technology, radiopaque, biodegradable microspheres made of a custom-synthesized 

polymer containing a rhenium complex were produced. Upon increasing the polymerôs rhenium 

concentration, these microspheres could be utilized in embolotherapy.  

Rheniumôs radioisotope 
188

Re is a mixed ‍  and ‎ emitter and can thus be exploited in 

another imaging modality: single photon emission computed tomography (SPECT). The 

biodistribution of microspheres labeled with 
188

Re was evaluated in a hepatocellular carcinoma-

bearing rat model. Although challenging in clinical practice, the radiation doses to the tumor and 

the healthy liver tissue were calculated. The radiation dose from the ‍  emissions yields these 

ñimageableò microspheres theranostic, with quantifiable cancer radiotherapeutic potential.  

This work established the foundations to guide further research on the development of 

biodegradable devices doped with rhenium for medical imaging.  
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Lay Summary 
 

This study aimed to provide evidence of the usefulness of rhenium, a transition metal, in 

medical imaging.  

We showed that rhenium is fully visible in X-ray images. This property was exploited by 

making a rhenium-doped coating for catheters. A thin layer of this material made the catheters 

visible under X-rays, which has the potential of helping physicians in moving them inside the 

body.  

Also visible under X-rays, microspheres, which are tiny sub-millimeter beads, were 

produced using a rhenium-doped polymer. These ñimageableò microspheres could be used in 

embolotherapy, a medical procedure where microspheres are administered into patients to block 

a tumorôs blood vessels.  

Similar microspheres were then bound to radioactive rhenium. The radiation emitted by 

these microspheres can kill cancer cells, but it can also be used to track the location of the 

microspheres in the body.  

Through this work, new applications of rhenium were successfully identified.  
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Chapter 1 

Introduction  
 

1.1 Overview of the Dissertation 

 

The research described on this dissertation centers around rhenium (Re), a transition metal 

with atomic number (ὤ) of 75. Since its discovery in 1925, rhenium has been recognized as a 

chemically versatile element with rich coordination chemistry. A wide range of 

thermodynamically stable non-radioactive and radioactive coordination compounds of rhenium 

have been synthesized and characterized. The utilization of some of these rhenium complexes in 

nuclear medicine has already been investigated, particularly of complexes of 
188

Re (a mixed ‍  

and ‎-emitting radioisotope of rhenium). There 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 for X-ray imaging, or X-ray contrast agents (XCAs), is 

a field of research that has recently garnered a lot of attention. Before radiographic examinations, 

XCAs are administered to patients to improve visualization of internal body structures, which, 

with the exception of bone, lack sufficient contrast. Most XCAs are currently made of iodine (I, 

ὤ = 53). However, X-ray attenuation can be further increased with the use high-ὤ elements. The 

X-ray attenuation is dependent on the atomic number and the density. Thus, high-ὤ elements 

have extensively been investigated in the search of new XCAs. The majority of studies have 

focused on the use of gold (Au, ὤ = 79), but the following elements have also been examined: 

bismuth (Bi, ὤ = 83), tantalum (Ta, ὤ = 73), ytterbium (Yb, ὤ = 70), and gadolinium (Gd, ὤ = 

64). Despite its high atomic number, little is known about the potential utilization of rhenium in 

X-ray imaging.  

In this dissertation, the X-ray attenuation of rhenium was thoroughly investigated. Upon 

demonstrating the usefulness of rhenium in X-ray imaging, the following medical devices were 

produced using biodegradable and biocompatible polymers doped with non-radioactive rhenium 

complexes: 1) a radiopaque electrospun scaffold and 2) a sample of radiopaque uniformly-sized 

microspheres (MS). As a result of the success with the preparation of size-defined MS with a 

narrow size distribution, radioactive MS labeled with a 
188

Re complex were also produced. These 

MS can be imaged by single photon emission computed tomography (SPECT), a medical 

imaging modality which detects ‎ photons. The ‍  particles emitted by 
188

Re have a high energy 
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and thus cause damage to the deoxyribonucleic acid (DNA) when they are absorbed by the cells, 

resulting in programmed cell death or apoptosis. In other words, they have a high cell killing 

power, yielding these ñimageableò MS theranostic (i.e., simultaneously diagnostic and 

therapeutic), with quantifiable radiotherapeutic potential in 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 non-radioactive and radioactive rhenium complexes into polymer-based devices for medical 

imaging. The foundations of this work rely on the following three aims:  

 

Aim 1 

 

To evaluate the potential use of rhenium in X-ray imaging by assessing image quality and 

absorbed dose.  

 

Aim 2 

 

To incorporate a radiopaque component onto otherwise radiolucent catheters by coating 

them with an electrospun scaffold doped with a rhenium complex.  

 

Aim 3 

 

To prepare, characterize, and image uniformly-sized MS that 1) are doped with a rhenium 

complex (i.e., Re-MS) and 2) are labeled with a 
188

Re complex (i.e., 
188

Re-MS). 

 

Herein, these aims are addressed in the following research chapters: 

 

Aim 1      Chapter 2: Investigation of the X-Ray Attenuation of Rhenium. 

 

Aim 2      Chapter 3: Development and Imaging of Radiopaque Electrospun Scaffolds. 

 

Aim 3      Chapter 4: Development and Imaging of Radiopaque and Radioactive Microspheres. 

 

The rest of this introductory chapter provides some general background on the topics 

which are common across the three research chapters, specifically the relevant chemical and 

radioactive properties of rhenium and the state of the art in the development of XCAs. The 

necessary background related to each of the aforementioned specific aims and a detailed 

description of the methods is then given in the respective research chapters. The concluding 

chapter offers an overall analysis of the applications of the work described in the research 
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chapters, focusing on this researchôs significance and contribution, strengths and limitations, and 

future directions.  

 

1.2 Chemical and Radioactive Properties of Rhenium 

 

Rhenium is a high-ὤ silvery-white transition metal with atomic mass of 186.2 Da. In the 

periodic table, it is located in the third-row of Group VII. Rhenium occurs naturally as a mixture 

of two isotopes: 
185

Re (37.4%), which is stable, and 
187

Re (62.6%), which is unstable but has a 

very long half-life (41.2x10
9
 years). More than 25 radioisotopes of rhenium have been identified 

[1-3]. Among all of them, 
188

Re is of special interest in nuclear medicine.  

188
Re decays to the stable osmium isotope 

188
Os with a half-life of 17.0 h by emission of 

‍  particles with a maximum energy of 2.12 MeV, making 
188

Re-labeled radiopharmaceuticals 

suitable for radiotherapy. These ‍  emissions have a relatively small penetration distance in 

tissue: 11.0 mm (maximum distance) and 3.8 mm (mean distance). At the same time, 155 keV ‎ 

photons are emitted with an abundance of 15.6%, allowing for in vivo imaging of the 

biodistribution of 
188

Re-labeled radiopharmaceuticals by SPECT for utilization in personalized 

dosimetry calculations (Table 1.1) [4]. A convenient and cost-effective method to produce 
188

Re 

is in a generator by the decay of 
188

W, a radioisotope of tungsten with a half-life of 69.4 days. 

The 
188

W/
188

Re generator is a long-term (at least 4 to 6 months) continuous source of no-carrier-

added 
188

Re (i.e., essentially free from stable isotopes of rhenium) [5-7]. 

 

Table 1.1. Energy of Most Abundant 
188

Re Emissions. 
188

Re is a mixed ‍  and ‎ emitter and can thus be used for 

therapy and diagnosis, making it a true theranostic radioisotope.  
 

Type 
Energy 

(keV) 

Yield 

(%)  

‍  
2,120 (Maximum) 

760 (Mean) 
100 

‎ 

155 15.6 

478 1.1 

633 1.4 

829 0.4 

X-Ray (k‌) 61 ï 63  3.8 

X-Ray (k‍) 71 ï 73 1 
 

 

Interestingly, rhenium and technetium are congeners with similar chemical properties [8,9]. 

Many well-characterized radioactive complexes of technetium, specifically 
99m

Tc complexes, are 

presently available because of the popularity of 
99m

Tc-labeled radiopharmaceuticals in medical 
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imaging [10-15]. Due to the similarities in size and geometry of complexes of these two 

elements, the same ligands used to bind technetium can be used to bind rhenium [16-19]. This 

has ultimately led to the synthesis of a myriad of non-radioactive and radioactive rhenium 

complexes [20-25]. In this dissertation, [ReOCl(MePO)2] (a non-radioactive rhenium 

phosphinophenolate complex) will be utilized in the study described in Chapter 3, whereas 

[Re(CO)3]
+
 and [

188
Re(CO)3]

+
 (non-radioactive and radioactive rhenium(I) tricarbonyl 

complexes) will be utilized in the studies described in Chapter 4.   

Rhenium is a chemically versatile element which can exist in oxidation states from -1 to +7 

[26]. Compared with their technetium analogues, rhenium complexes are thermodynamically 

more stable in their higher oxidation states. For instance, rhenium complexes oxidize in vivo to 

perrhenate (ReO4
-
). This transformation occurs because perrhenate features rhenium in the 

oxidation state of +7, which is rheniumôs preferred oxidation state [8,26]. This is quite 

advantageous for biological applications because the pharmacokinetics of perrhenate is well-

understood: it is taken up avidly by the thyroid, retained there with a biological half-life of 12 h, 

and finally excreted via the kidneys [27-29]. This biodistribution profile has also been reported 

by Häfeli et al. after making 
186/188

ReO4
-
 and injecting it 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 monitor response to treatment. Among all different imaging modalities 

available, X-ray imaging is by far the most commonly utilized because it has a good spatial 

resolution (50 to 200 ‘m) and is one of the fastest imaging procedures to complete (around 1 s 

for almost any modern equipment) [31]. X-ray imaging is based on the principle that photons are 

attenuated when they pass through the body. The X-ray attenuation is measured by a detector to 

create two-dimensional (2D) and/or three-dimensional (3D) images. 

The most popular X-ray imaging technique is planar X-ray imaging (or projection 

radiography), where 2D images are acquired on film. Currently, the term digital radiography is 

preferred when photons are detected electronically [32]. Fluoroscopy is another extensively used 

technique, especially in X-ray imaging-guided catheterizations because it produces real-time 2D 

images. First introduced in the 1970s, computed tomography (CT) plays a mainstay role in the 

staging and imaging-guided intervention of various diseases. In a common CT configuration, the 
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X-ray tube and the detector (specifically, an array of detectors) rotate around the patient in a 

synchronized fashion in order to build a 360Јdataset. The gantry is the ñdonutò-shaped part of the 

scanner which houses the X-ray tube and the detector, positioned opposite to each other. Most 

modern scanners have as many as 320 rows of detectors and operate in a helical fashion. This 

means that the X-ray tube and the detector continuously rotate while the patient is constantly 

moved out of the scanner. Through mathematical algorithms, the dataset is reconstructed as a 3D 

image [33,34].  

CT has garnered much attention due to the development of micro-CT (‘CT), which allows 

the assessment of microstructures with high spatial resolution (50 ‘m). This technique has 

been particularly useful in the analysis of bone and vascular structures in both research and 

preclinical studies [35-37]. Another variation of CT popular in implant dentistry is cone beam 

CT (CBCT), which is simply a compact and faster version of CT. The time needed to complete a 

scan is reduced in CBCT through the utilization of a divergent, cone-shaped X-ray beam instead 

of a narrow, fan-shaped X-ray beam, used in CT [38-41].  

All  X-ray imaging techniques require the use of XCAs to enhance visualization of tissues 

and organs. The majority of XCAs are solutions of iodinated compounds, which are administered 

to patients before radiographic examinations via intravenous or intra-arterial injections. Some 

XCA used for imaging of the gastrointestinal tract are, however, prepared with barium 

compounds (specifically barium sulfate, or BaSO4) [42]. The evolution in the structure of iodine-

based XCAs (I-XCAs) moved from inorganic iodine (specifically sodium iodide, or NaI) to 

organic mono-, di-, and tri-iodinated compounds, from lipophilic to hydrophilic compounds, 

from ionic to non-ionic compounds, and more recently, from monomers to dimers (Figure 1.1). 

These modifications aimed to: 1) increase the number of atoms of iodine in the compounds and 

2) reduce the incidence of adverse effects associated with the use of I-XCAs.  
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Figure 1.1. Iodine-Based X-Ray Contrast Agents. The chemical structures of representative I-XCAs are shown: 

uroselectan A (an ionic mono-iodinated monomer), uroselectan B (an ionic bi-iodinated monomer), diatrizoate (an 

ionic tri-iodinated monomer), iohexol (a non-ionic tri-iodinated monomer), iopromide (a non-ionic tri-iodinated 

monomer), iopamidol (a non-ionic tri-iodinated monomer), and iotrolan (a non-ionic hexa-iodinated dimer).  

 

A clinical issue with I-XCAs is that they are rapidly excreted by the kidneys, requiring the 

administration of repeated large doses to achieve relatively good contrast. While the dose of 

iodine is usually only up to ͯ3 g in lumbar, thoracic, cervical, and columnar radiographic 

examinations [43,44], it could be as high as ͯ30 g in coronary CT angiography [45] and ͯ 100 g 

in angiography and angioplasty [46]. Moreover, I-XCAs have been linked to a number of 

adverse effects with an estimated incidence between 1 and 12% [47]. Adverse effects can range 

from mild reactions, such as itching and emesis, to even life-threating emergencies. Common 

severe adverse effects include hypersensitivity reactions, thyroid dysfunction, anaphylaxis, and 

nephropathy (sometimes referred to as contrast media-induced nephropathy, a common condition 

in patients with pre-existing renal impairment) [48-50].  

In addition to the well-reported toxicity of I-XCAs, iodine attenuates high-kVp 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 voltage applied to the X-ray tube in radiographic 

examinations, reported in units of kVp (i.e., kilovoltage peak). Most scans are performed 

between 24 (e.g., mammography) and 140 kVp (e.g., chest CT) [53]. The suboptimal X-ray 

attenuation of iodine is particularly an issue when imaging average-sized and large patients, 

which is typically done at 100 to 140 kVp [54-56].  

Considering the above-mentioned problems, an active field of research is the development 

of iodine-free XCAs. As a rule, materials with greater atomic number and density exhibit a 

higher X-ray attenuation. More precisely, the X-ray attenuation is dependent upon the atomic 
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number raised to the third power [57]. Hence, research has predominantly focused on replacing 

iodine (ὤ = 53) with elements with a greater atomic number. Over the last few years, several 

nanoparticles (NPs) loaded with high-ὤ elements have been developed for this application which 

have two additional advantages over I-XCAs: they have a higher circulation half-life and easily 

contain a larger number of radiopaque atoms [58].  

 

1.3.1 Development of X-Ray Contrast Agents with High-╩ Elements 

 

Among all the elements with an atomic number greater than iodine, gold (ὤ = 79) took the 

leading role in the development of iodine-free NP-based XCAs. One of the advantages of gold 

NPs (i.e., AuNPs) is that they have been investigated for many years for other biomedical 

applications (e.g., photoacoustic imaging, photothermal ablation, and DNA detection) [33]. 

Historically, gold salts were first utilized in the 1940s for the treatment of rheumatoid arthritis, 

showing minimal toxicity [59]. More recently, AuNPs have been shown to exhibit good 

biotolerability (Median Lethal Dose, or LD50 = 3.2 g of gold per kg) [60-62]. Through both 

phantom and animal studies, many research groups have examined the X-ray attenuation of 

AuNPs of various sizes, between 2 and 20 nm. These studies have shown that gold exhibits a 

better X-ray attenuation than iodine at the same concentration [62-65]. Not only perfectly 

spherical AuNPs have been developed, but also a wide number of gold-containing nanostructures 

with different shapes, including nanorods, nanoclusters, nanoshells, nanocages, nanocubes, and 

nanoprisms. For some of these nanostructures, animal studies have been conducted to appraise 

their biodistribution, showing an increased circulation half-life compared to I-XCAs (and thus, 

prolonged contrast enhancement) [66-68]. 

A limitation of gold is that it is more expensive than iodine, which might hinder the 

utilization of AuNPs in clinical practice. Therefore, other elements, like bismuth (ὤ = 83), have 

also been explored. Bismuth has the advantage of decomposing in vivo to small and renally 

clearable Bi(III) species as a result of its tendency to oxidize and hydrolyze in water (i.e., it does 

not accumulate in the body) [69]. Examples of bismuth NPs (i.e., BiNPs) under investigation are: 

ultra-high payload BiNPs [70], bismuth glyconanoparticles (BiGNPs) [71] and bismuth(III) 

sulfide (Bi2S3) NPs [72,73]. Tantalum (ὤ = 73) is another element which has garnered attention 

as an XCA, especially upon reaction with oxygen to form tantalum pentoxide (or Ta2O5). The 

use of tantalum pentoxide as an XCA was actually reported many years ago in bronchography, 



8 
 

after delivery as a powder aerosol via the trachea [74]. Some of the advantages of this compound 

are its chemical stability, high solubility in water, and biocompatibility. Current efforts revolve 

around the production of NPs comprised of a core made of tantalum pentoxide [75,76].  

Elements of the lanthanide series, such as ytterbium (ὤ = 70) and gadolinium (ὤ = 64), 

have also been explored in the development of NP-based XCAs [77]. Interestingly, lanthanides 

are excellent contrast agents for magnetic resonance imaging (MRI) [78,79]. Therefore, an 

ongoing field of research is the production of NPs loaded with a mixture of lanthanides for 

multimodal imaging: that is, contrast agents for both X-ray imaging and MRI. In this regard, NPs 

containing mixtures of ytterbium/erbium [80] and ytterbium/thulium [81] are under 

development.  

While much effort is ongoing to develop iodine-free XCAs, mainly I-XCAs are routinely 

employed in medical procedures. A few cases will be explored in this dissertation. For example, 

I-XCAs are commonly administered in X-ray imaging-guided catheterizations. Moving catheters 

inside the body requires knowledge of the exact location and orientation of their distal tip at all 

times. Since most catheters are radiolucent (i.e., transparent to X-rays), I-XCAs are used to help 

physicians advance the catheters through the blood vessels. In Chapter 3, reducing the 

radiolucency of catheters with rhenium will be studied. Another example is in embolization 

therapy, or embolotherapy, where MS are administered through a catheter to obstruct a blood 

vessel. Embolic MS have been found to be useful to control and/or prevent bleeding, eliminate 

abnormal connections between arteries and veins, treat aneurysms, and even block the blood 

supply to tumors. Since MS are naturally radiolucent, they are blended prior to administration 

with I-XCAs, which act as a surrogate of 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 the high atomic number of rhenium (ὤ = 75), its potential utilization in X-ray 

imaging has only been reported in a few recent manuscripts by Krasilnikova et al. [82-85]. 

Interestingly, the effect of the X-ray beamôs mean energy on the X-ray attenuation of rhenium 

has not been studied in depth. This is precisely the aim of the following chapter, which describes 

a study conducted to compare the X-ray attenuation of rhenium and iodine over a wide range of 

experiment conditions.  
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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, a study was conducted to compare the X-ray attenuation 

of solutions containing rhenium and iodine. The comparison focused on the evaluation of the 

image quality, which was assessed experimentally using preclinical and clinical equipment, and 

the absorbed dose, which was estimated for a clinical equipment using Monte Carlo.    

 

2.1 Background 

 

Since their discovery in 1895 by Röntgen, the nature of X-rays has been extensively 

investigated and many of their properties have been unraveled, making possible their utilization 

in medical applications. X-rays are a form of electromagnetic radiation and thus exhibit wave-

like and particle-like properties, whereby interactions are collisional in nature [86]. Although 

originally named to underline the fact that the origin of their energy was unknown, our 

understanding of the mechanisms of the production of X-rays and their interaction with matter 

has been greatly enhanced over the last century [87]. These mechanisms are in explained in the 

next section. Furthermore, important parameters to describe image quality and absorbed dose in 

X-ray imaging are defined.  

 

2.1.1 X-Ray Production and Interaction with Matter  

 

Modern X-ray instruments have a very complex circuit, but they all rely on an X-ray tube 

that operates under the same principle as the one that ultimately led to Rºntgenôs discovery. 

Figure 2.1 shows a conventional X-ray tube, which basically consists of a glass enclosure that 

has been evacuated to high vacuum. Situated 1 to 2 cm apart from each other, two electrodes, the 

cathode and the anode, are found inside the X-ray tube. The cathode consists of a filament made 

of tungsten which emits electrons when it is heated. The anode consists of a thick copper rod 

with a target located at the edge (usually a small piece of tungsten). An X-ray generator provides 

the source of electrical voltage to energize the X-ray tube. This is accomplished by connecting 

high-voltage cables to the electrodes. The circuit is completed by connecting the tungsten 

filament with a low-voltage power source using a separate, isolated cable [57].  
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Figure 2.1. X-Ray Tube. The main elements of the X-ray tube are the electrodes, located inside the enclosure made 

of glass. Other representative parts are the cathodeôs filament, which is made of tungsten, and the anodeôs rod and 

target, which are made of copper and tungsten, respectively. A small window made of beryllium is placed on the 

trajectory of the X-ray beam to maximize flux transmission.  

 

A sequence of specific events is required in order to produce X-rays. First, an X-ray tube 

potential is applied between the cathode and the anode (between 24 to 140 kVp in most 

radiographic examinations [53]). Upon activation, electrons are emitted from the filament and 

accelerated towards the anode, achieving high velocities before striking the target. Next, the 

electrons interact with the target by one of two different mechanisms that lead to the propagation 

of electromagnetic radiation in the form of X-rays. These mechanisms are: Bremsstrahlung 

emissions (from the German ñbremsenò, which means ñto brakeò, and ñStrahlungò, which means 

ñradiationò; i.e., braking radiation) and characteristic X-ray radiation. Finally, photons emerge 

through a thin window usually made of beryllium, located in the X-ray tube to maximize flux 

transmission [88]. 

The Bremsstrahlung emissions are generated by the sudden loss of velocity of the high-

speed electrons at the target. In general, when electrons pass near the nuclei of the atoms of the 

target, they are deflected from their path by the action of Coulomb forces. This phenomenon 

results in partial or complete loss of the electronsô kinetic energy, which is then converted into 

photons. Since the electrons may undergo one or more Bremsstrahlung interactions and these 

interactions may result in differential losses of kinetic energy, the photons might have any 

energy up to the initial energy of the electrons, which corresponds to the X-ray tube potential 

supplied [57,88].  

The characteristic X-ray radiation is produced when electrons interact with the atoms of the 

target by ejecting an electron from one of the atomôs inner shells. This process creates a vacancy 

in the shell, which is then filled by an electron from one of the outer shells. The energy released 
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when one of the electrons falls down to fill the vacancy is converted into photons. Contrary to 

Bremsstrahlung interactions, characteristic X-ray radiation is thus released at a discrete energy 

which is characteristic of the atom in question [57,88].   

The energy of each photon Ὤ‡ is typically expressed in keV (i.e., kiloelectron volt; 1 keV = 

1.6x10
-16

 J), where Ὤ is the Planckôs constant (6.6x10-34
 J s) and ‡ is the photonôs frequency. The 

photons transfer their energy to the medium (e.g., tissues and organs) by interacting with 

electrons which then transfer energy to the medium through atomic excitations and ionizations. 

The interactions between photons and electrons occur through various mechanisms, such as: 

photoelectric effect, Compton effect, Rayleigh scattering, and pair production. The greater 

contribution to the attenuation of the X-ray beam comes from the photoelectric effect and the 

Compton effect [89]. These two phenomena are illustrated in Figure 2.2.   

The photoelectric effect refers to the interaction between an incident photon and an inner 

shell electron which has a binding energy less than the energy of the incident photon (i.e., Ὤ‡  

Ὁ , where Ὁ  is the electron shell binding energy). During this process, the 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 electron, known as photoelectron, is equal to: Ὤ‡ ï Ὁ . The 

photoelectric effect 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 characteristic X-ray radiation with energy equal to the 

difference in binding energies between the electron shell with the initial vacancy (i.e., the 

ñacceptorò electron shell) and the electron shell with the final vacancy (i.e., the ñdonorò electron 

shell) [89,90].  

In the Compton effect, the energy of the incident photon is much greater than the binding 

energy of the electron (i.e., Ὤ‡ ḻ Ὁ ). During this process, the incident photon transfers a 

fraction of its energy to the electron and is scattered at an angle —. The electron, on the other 

hand, is scattered at an angle •. For illustrative purposes, it is useful to imagine the electron at 

the origin of a coordinate system where the incident photon is directed in the positive direction 

along the ὼ-axis. The scattered photon can travel in any direction, with — taking values between 

0 and 180Ј relative to the ὼ-axis (i.e., the trajectory of the incident photon). The scattered 

electron, known as recoil electron, can only travel forward, with • adopting values between 0 

and 90Ј relative to the to the ὼ-axis [89,90].  
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Figure 2.2. Photoelectric Effect and Compton Effect. The cartoon depicts an illustrative summary of the most 

common types of X-ray interactions with matter. The photoelectric effect results in the complete transfer of the 

energy of the photon to the electron (or photoelectron). Conversely, in the Compton effect, the transfer of energy is 

shared between the photon, scattered at an angle —, and the electron, scattered at an angle • and specifically known 

as recoil electron. Furthermore, some photons may traverse the medium without any interaction. 

 

The aforementioned mechanisms reduce the intensity of the incident X-ray beam by 

removing photons via absorption or scattering events. The attenuation of the X-ray beam is 

schematically depicted in Figure 2.3. The following equation shows that there is an exponential 

relationship between the intensities of the incident and the transmitted X-ray beams passing 

through a material of thickness ὼ.  
 

Ὅὼ = ὍὩ           (Equation 2.1) 

 

where ‘  is the linear X-ray attenuation coefficient. The thickness of the material is usually 

given in cm, so the linear X-ray attenuation coefficient, which represents the probability of 

attenuation per centimeter of the material, has units of cm
-1

. The linear X-ray attenuation 

coefficient depends on the energy of the photons as well as on the atomic number and the density 

of the attenuator. The differences in the contrast of images acquired in radiographic examinations 

are caused by the differences in the linear X-ray attenuation coefficient of the tissues being 

scanned. In other words, X-ray images are ñmapsò of the spatially varying linear X-ray 

attenuation coefficient [90].  
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Figure 2.3. X-Ray Beam Attenuation. (A) Schematic of the attenuation of an X-ray beam after exiting the X-ray 

tube. The number of photons in the incident X-ray beam is reduced after passing through the attenuator via 

absorption or scattering events. A collimator is found in most X-ray equipment so that only photons traveling 

parallel to a specified direction are allowed through. (B) The attenuation of the incident X-ray beam occurs 

exponentially according to the equation: Ὅὼ = ὍὩ , where ‘  is the linear X-ray attenuation coefficient..  

 

To suit the needs of specific applications, the incident X-ray beam can be modified by 

varying the following user-selectable parameters: X-ray tube potential, current, exposure time, 

and amount of filtration (i.e., thicknesses of the filters).  

As the X-ray tube potential is increased, both the photon count and the photon energy are 

increased [88]. This is exemplified graphically in Figure 2.4, which depicts the X-ray spectra at 

50 and 120 kVp in the presence of a 0.6 mm thick copper sheet. Basically, when an X-ray tube 

potential of 120 kVp is supplied to the X-ray tube, photons with a continuous distribution of 

energies up to 120 keV are produced. At 50 kVp, however, only photons with energies up to 50 

keV are generated. 
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Figure 2.4. Effect of the X-Ray Tube Potential on the X-Ray Spectra. For a specific X-ray beam, the X-ray 

spectrum can be shown as a graph where the photon count is on the ώ-axis and the photon energy is on the ὼ-axis. 

The mean energy of the X-ray beam occurs at the peak maximum of the curve. The maximum energy which the 

photons can potentially have is equal to the X-ray tube potential. The low photon count below 20 keV is due to 

filtration of the X-ray beam with a 0.6 mm thick copper sheet.  

 

The current, in mA (i.e., milliampere), and the exposure time, in ms (i.e., millisecond) also 

have an effect on the photon count, but they do not change the photon energy. The current is 

defined as the number of electrons traveling between the electrodes as a result of an applied X-

ray tube potential. Thus, it determines the number of photons produced at a fixed exposure time. 

The exposure time is the duration of each irradiation, generally always kept as short as possible. 

These two parameters are oftentimes given simply as the current Ͻ exposure time product, in mAs 

(i.e., milliampere-second) [88]. 

The sources of filtration reduce the photon count and increase the mean energy of the X-

ray beam by removing low-keV photons. However, they do not change the maximum energy of 

the X-ray beam, which is specific of each X-ray tube potential [91,92]. In other words, as the 

sources of filtration increase, the X-ray beam becomes proportionally richer in high-keV 

photons. This phenomenon is known as beam hardening and it increases the penetrability of the 

X-ray beam (i.e., the distance the photons travel in matter) [93,94]. 

The sources of filtration can be classified as either inherent or additional. The inherent 

filtration consists of all the materials that the photons encounter as they exit the X-ray tube, such 

as the X-ray window made of beryllium. Also, aluminum (Al , ὤ = 13) sheets with thicknesses up 

to 1 cm are usually found in most instruments. The additional filtration includes all the materials 

which are placed between the X-ray tube and the detector, such as aluminum and copper (Cu, ὤ 
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= 29) sheets. These materials are placed in the direct path of the X-ray beam, close to the X-ray 

tube. The body also acts as a source of additional filtration [91,92].  

We conducted a study where rhenium- and iodine-based samples were scanned at a wide 

range of X-ray tube potentials, between 50 and 220 kVp, with increasing thicknesses of copper 

sheets, between 0 and 1.6 mm. The current and the exposure time were chosen to avoid 

saturation of the detector with photons. If 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 compare the X-ray attenuation of the 

samples. Usually, there is a trade-off between image quality and radiation dose. In the clinical 

setting, therefore, the optimization of the settings of radiographic examinations also requires 

considerations of radiation dose [95,96]. In this study, we estimated the radiation dose in a few 

clinical relevant scans (in terms of X-ray tube potential and amount of additional filtration). 

Some important terminology regarding image quality and radiation dose is provided in the next 

section. 

 

2.1.2 Assessment of Image Quality and Radiation Dose 

 

As explained in the previous section, images are created by the detection of the transmitted 

X-ray beam. Radiopacity, or radiodensity, is the ability of materials of inhibiting the passage of 

photons. Radiolucency, on the other hand, is the inability of materials of obstructing the passage 

of photons (i.e., it refers to materials which are transparent to X-rays). On images, radiopaque 

materials (e.g., bone) appear white, whereas radiolucent materials (e.g., air) appear black. The 

images are thus made of pixels with various shades of grey. The tonal value of each pixel, 

referred to as pixel intensity, is associated with a grey value [97].  

The quality of the images is quantified in terms of their contrast and noise. Contrast is the 

result of the differential X-ray attenuation of tissues and organs. Noise refers to the random 

fluctuations across the images that affect the detection of structures with low contrast [95]. A 

parameter of image quality which takes into account these two definitions is the contrast-to-noise 

ratio (ὅὔὙ). The contrast is calculated as the difference between the mean pixel intensity of a 

material of interest and the mean pixel intensity of the background. The noise is equal to the 

standard deviation of the mean pixel intensity of the background [98]. These two concepts are 

exemplified graphically in Figure 2.5. A useful image requires structures of interest to be 
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distinguished against the background. The ὅὔὙ is typically calculated considering water or air as 

the background, but water is preferred because it has a similar X-ray attenuation than soft tissue 

[99-101]. For our study, the ὅὔὙs of our rhenium- and iodine-based samples were calculated 

relative to water using Equation 2.2.  

 

 
 

Figure 2.5. Contrast and Noise. The graph shows the variation in the grey values of the pixels across a material of 

interest surrounded by background. Generally, high noise may still allow differentiation of various structures within 

a single image provided the contrast is significantly greater than the noise. 

 

ὅὔὙ = 
Ӷ Ӷ  

          (Equation 2.2) 

 

where ―Ӷ is the mean pixel intensity, „ is the standard deviation of the mean pixel intensity, and Ὥ 

represents a material of interest. The same definitions apply for 3D images, which are made of 

voxels. The only difference is that the term pixel intensity is 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 linear X-ray attenuation coefficient that takes as 

a reference the attenuation of air and water (Equation 2.3). 

 

Attenuation = 1,000 
 

 
      (Equation 2.3) 

 

where ‘  is the linear X-ray attenuation coefficient and Ὥ represents a material of interest. The 

Hounsfield scale is set by defining the attenuation of water as 0 HU and the attenuation of air as -
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1,000 HU. In general, soft tissues range between -100 and 100 HU and bones range between 400 

and 1,000 HU [102].  

The quality of an image and the anatomical detail seen within it depend on the 

characteristics of the equipment and the X-ray tube potential applied (and thus, the photon 

energy). The equipment, for instance, has an effect on the resolution, or sharpness, of the image 

(i.e., the ability to differentiate between two structures located at a small distance apart). In 

general, the use of a higher X-ray tube potential will improve the quality of the image within 

certain limits, but will give the patient a higher radiation dose [95,96]. Hence, it is important to 

recognize the level of image quality that is required to make an accurate diagnosis and determine 

the settings that provide that level of image quality with the minimum radiation dose.  

The first step in the absorption of X-rays is the production of photoelectrons (via the 

photoelectric effect) and recoil electrons (via the Compton effect) Therefore, X-rays 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.g., tissues and organs), 

they give up their energy to produce fast-moving charged particles. The absorbed dose is defined 

as the mean energy taken up by tissues and organs per unit mass, typically reported in Gy (i.e., 

gray) [103].  

Another quantity of radiation dose is the entrance surface dose, which is the dose at the 

point where the X-ray beam enters the body. The entrance surface dose, which is estimated 

through computational modeling (e.g., Monte Carlo [104]), takes into consideration the air-

kerma and the backscattered radiation [105]. The air-kerma is the mean energy deposited in air 

per unit mass, also reported in Gy. Generally, the air-kerma is considered a good indicator of 

radiation risk when different settings and techniques are compared because it can be easily 

measured with an ionization chamber [106,107].  

 

2.2 Materials and Methods 

 

As mentioned in Chapter 1, the differential X-ray attenuation of various high-ὤ elements 

and iodine has been extensively investigated. The following general suggestions have been made 

for designing studies aiming to compare the X-ray attenuation of radiopaque elements: 1) the 

concentrations of the radiopaque elements should be equalized, 2) the tested compounds should 

be dissolved in the same solvent, and 3) a wide range of X-ray tube potentials should be 
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evaluated [108]. Herein, we scanned a series of rhenium- and iodine-based solutions with an 

equimolar concentration of rhenium and iodine from 50 to 220 kVp.  

Most equipment can only operate on a limited range of X-ray tube potentials. To scan the 

samples from 50 to 220 kVp, we thus had to use different instruments (and techniques). The 

samples were scanned from 50 to 120 kVp using a preclinical ‘CT scanner (eXplore CT120, 

TriFoil Imaging; Chatsworth, USA). They were then imaged at much higher X-ray tube 

potentials, from 120 and 220 kVp, using a Small Animal Radiation Research Platform (SAARP; 

Xstrahl; Walsall Wood, UK). This instrument can operate in two modes: CBCT and planar X-ray 

imaging (both of them used in our study). These two instruments are utilized for research and 

preclinical applications only. We were also interested in using clinical equipment, so the samples 

were irradiated again from 50 to 120 kVp in a clinical X-ray camera (Multix  X-Ray, Siemens 

AG; Munich, Germany) for digital radiography.   

In summary, the samples were imaged by ‘CT, CBCT, planar X-ray imaging, and digital 

radiography. The image quality was assessed by calculating the ὅὔὙs of the rhenium- and 

iodine-based solutions using data acquired with all these techniques. Using Monte Carlo, the 

absorbed dose was estimated for a few clinically relevant exposures.    

 

2.2.1 Preparation of Rhenium- and Iodine-Based Solutions 

 

A series of rhenium- and iodine-based samples were prepared using commercially 

available ammonium perrhenate (Sigma Aldrich) and iohexol (Omnipaque
TM

, 300 mg of I per 

mL; GE Healthcare), which is a clinically used iodine-based XCA (see Figure 1.1). The mole 

percent rhenium content in ammonium perrhenate is 69.4% and the mole percent iodine content 

in iohexol is 46.3%. Using serial dilutions, solutions with concentrations of rhenium and iodine 

of 50, 100, and 200 mM were prepared.  

 

2.2.2 Imaging of Rhenium- and Iodine-Based Solutions 

 

2.2.2.1 Micro -Computed Tomography 

 

The rhenium- and iodine-based solutions were pipetted into microcentrifuge tubes. The 

volume of each solution was 1 mL. Two additional microcentrifuge tubes with water and air 

were prepared. The microcentrifuge tubes with the samples were inserted in an enhanced 

resolution phantom (mCTP 610, Shelley Medical Imaging Technologies; London, Canada), 
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where they were arranged in a concentric circle (Figure 2.6). This phantom is made of three 

poly(methyl methacrylate) (PMMA, or Plexiglas
®
) plates contained in a cylindrical 

polycarbonate housing. The thickness of each plate is 1.3 cm, thereby providing a total filtration 

of 3.9 cm of PMMA. The phantom was utilized just to support the microcentrifuge tubes during 

the scans [109].  

 

 
 

Figure 2.6. Enhanced Resolution Phantom. The phantom is constituted of three PMMA plates contained in a 

cylindrical polycarbonate housing with a diameter of 4.4 cm. The phantom provides a total filtration of 3.9 cm of 

PMMA. Model and Manufacturer: mCTP 610, Shelley Medical Imaging Technologies (London, Canada).  

 

The samples were imaged using a preclinical ‘CT scanner (eXplore CT120, TriFoil 

Imaging; Chatsworth, USA) (Figure 2.7). According to the manufacturerôs specifications, the 

scanner has an inherent filtration of 1 mm of aluminum and 0.15 mm of beryllium, which 

corresponds to the X-ray window. As additional filtration, a 0.6 mm thick copper sheet was 

placed between the phantom and the X-ray tube. The samples were scanned at 50 kVp (80 mAs 

and 125 ms), 80 kVp (60 mA and 125 ms), and 120 kVp (40 mA and 63 ms). To evaluate the 

effect of increasing the amount of additional filtration on image quality, the 120 kVp scan was 

repeated placing 1.2 and 1.6 mm thick copper sheets between the phantom and the X-ray tube. 

Table 2.1 summarizes the settings of all the scans.  
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Figure 2.7. Preclinical Micro -Computed Tomography Scanner. The scanner can image samples and small 

animals from 50 to 120 kVp with a resolution between 25 and 100 ‘m. The instrument is fully shielded. Model and 

Manufacturer: eXplore CT120, TriFoil Imaging (Chatsworth, USA). Location: Centre for High-Throughput 

Phenogenomics (CHTP) at the University of British Columbia (UBC)  in Vancouver, Canada.  

 

Table 2.1. Settings for Micro-Computed Tomography. The samples were scanned at 50, 80, and 120 kVp using a 

preclinical ‘CT scanner (eXplore CT120, TriFoil Imaging; Chatsworth, USA). The current and the exposure time 

were chosen to avoid saturation of the detector. The spatial resolution of the images after reconstruction was 50 ‘m.  
 

Scan  

ID  

X-Ray  

Tube Potential 

(kVp)  

Amount of 

Additional Filtration  

(mm of Cu) 

Current  

(mA) 

Exposure 

Time 

(ms) 

Current  Ͻ Exposure 

Time Product 

(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 step-and-shoot mode, which means that the gantry takes two 

projections, rotates, pauses for the duration of a pre-defined step delay, takes the next two 

projections, rotates, and so on. The step delay is added to cool the anode during acquisition 

because excessive heating in the anode causes 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; Ilderton, Canada), an image processing software 

installed in the scannerôs computer, was used to reconstruct the data as 3D images with a matrix 
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size of 1455 x 1455 and a spatial resolution and a slice thickness of 50 ‘m. For each 3D image, 

this software was also utilized to measure the mean voxel intensity of each sample in a 

cylindrical volume-of-interest (VOI) with diameter and height of 50 pixels. The ὅὔὙs of the 

rhenium- and iodine-based solutions were calculated relative to water using Equation 2.2. The 

analysis was conducted in triplicate.  

 

2.2.2.2 Cone-Beam Computed Tomography 

 

For this study, only the rhenium- and iodine-based solutions with a concentration of 200 

mM were imaged. The solutions were scanned in plastic microcuvettes. The volume of each 

solution was 1 mL. Additionally, two microcuvettes with water and air were included in all the 

scans.  

The samples were imaged using the SAARP (Xstrahl; Walsall Wood, UK) in CBCT mode. 

The SARRP is a research and preclinical platform which can operate between 50 and 225 kVp 

and is thus useful for both imaging (140 kVp) and therapy (140 kVp). For instance, the 

utilization of the SARRP for image-guided radiotherapy has been reported in mice [110,111]. 

Herein, we used the SARRP to scan the samples between 120 and 220 kVp. The instrument has a 

platform where the samples were placed in a straight line. A picture of the main components of 

the SARRP is shown in Figure 2.8. The only source of inherent filtration in the instrument is the 

X-ray window, made of 0.15 mm of beryllium. As additional filtration, a 0.15 mm thick copper 

sheet was placed between the samples and the X-ray tube. The samples were scanned at 120 kVp 

(150 ‘A), 160 kVp (50 ‘A), and 220 kVp (50 ‘A). The 220 kVp scan was repeated using a 0.45 

mm thick copper sheet as additional filtration. The acquisition consisted of 360 projections per 

scan. The gantry was moved around the sample platform at an angular speed of 6 deg s
-1

. A 

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 picture shows the SARRPôs (a) detector, (b) sample 

platform, and (c) X-ray tube, which can operate at up to 220 kVp. Although it was developed in John Hopkins 

University, the SARRP is currently commercialized by Xstrahl (Walsall Wood, UK) [112]. Location: Department of 

Medical Physics at the BC Cancer Agency in Vancouver, Canada.  

 

Table 2.2. Settings for Cone Beam Computed Tomography. The samples were scanned at 120, 160, and 220 kVp 

using the SAARP (Xstrahl; Walsall Wood, UK). The current was chosen to avoid saturation of the detector. The 

spatial resolution of the images after reconstruction was 320 ‘m.   
 

Scan  

ID  

X-Ray  

Tube Potential 

(kVp)  

Amount of  

Additional Filtration  

(mm of Cu) 

Current  

(ⱧA) 

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 (Wallsall Wood, UK) and 

installed in the SARRPôs computer, was used to reconstruct the data as 3D images with a matrix 

size of 1024 x 1024 and a spatial resolution and a slice thickness of 320 ‘m. A quantitative VOI-

based image analysis was performed to calculate the ὅὔὙs of the rhenium- and iodine-based 

solutions. For this, ImageJ, an open-source program developed by the National Institutes of 

Health (NIH; Bethesda, USA), was used to calculate the mean voxel intensities of the samples in 

cylindrical VOIs with diameter and height of 50 pixels. The analysis was performed in triplicate.  

 

2.2.2.3 Planar X-Ray Imaging 

 

The samples were imaged again between 120 and 220 kVp using the SARRP, but the 

instrumentôs mode was changed to planar X-ray imaging. Same than in the scans conducted by 
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CBCT, only the rhenium- and iodine-based solutions with a concentration of 200 mM were 

imaged. The solutions were irradiated in microcuvettes. The volume of each solution was 1 mL. 

Two microcuvettes with water and air were included in all the exposures. The samples were 

arranged in a straight line 30 cm away from the X-ray tube. A 0.1 mm thick copper sheet was 

used as additional filtration. Table 2.3 shows the settings of all the exposures.  

 

Table 2.3. Settings for Planar X-Ray Imaging. The samples were imaged between 120 and 220 kVp using the 

SAARP (Xstrahl; Walsall Wood, UK). All the exposures were successfully performed with a current of 0.5 mA.  
 

Scan ID  

X-Ray  

Tube Potential 

(kVp)  

Amount of 

Additional Filtration  

(mm of Cu) 

Current  

(mA) 

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 issue in planar X-ray imaging and digital radiography which might cause discrepancies 

in the pixel intensities between the left and the right sides of the images is the heel effect. This 

phenomenon is defined as the reduction in the intensity of the X-ray beam along the cathode-

anode axis in the X-ray tube. The reduction in the X-ray beamôs intensity is caused by the steep 

angle of the anode, which is usually less than 17Ј in most equipment [113] (Figure 2.9). The 

photons are exposed to a differential attenuation within the target because they are produced at 

various depths. Generally, photons coming from greater depths within the target (i.e., the ñanode 

sideò) suffer a higher attenuation than those coming from the surface of the target (i.e., the 

ñcathode sideò) [113-115]. In other words, the probability of attenuation depends on the distance 

the photons travel within the target, which in turn depends on the 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 2.9. Heel Effect. As a consequence of the steep angle of the anode (—), photons emitted towards the 

ñcathode sideò (designated as ñὄò in the cartoon) have a higher energy than those emitted towards the ñanode sideò 

or perpendicular to the cathode-anode axis (designated as ñὃò in the cartoon). That is, Ὤ‡  Ὤ‡.  

 

 
 

Figure 2.10. Setup for Planar X-Ray Imaging. The samples were imaged as per indicated in (A) (ñoriginalò 

configuration). Then, they were arranged as per indicated in (B) and imaged again (ñflippedò configuration). The 

images acquired in both configurations at each X-ray tube potential were averaged to generate a single image, which 

was then utilized to calculate the ὅὔὙs of the solutions. The image shows: (a) water, (b) rhenium-based sample (200 

mM), (c) iodine-based sample (200 mM), and (d) air.  

 

Using ImageJ (NIH; Bethesda, USA), images acquired at the same X-ray tube potential but 

using different sample configurations (i.e., ñoriginalò, as in Figure 2.10A, and ñflippedò, as in 

Figure 2.10B) were averaged pixel-by-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 effect [116]. To further compensate for the non-

uniform intensity of the X-ray beam, the samples were kept as close to each other as possible 

during the scans.  

The same software was also utilized to measure the mean pixel intensity of each sample in 

a square-shaped region-of-interest (ROI) with sides made of 50 pixels. These values were then 

used to calculate the ὅὔὙs of the rhenium- and iodine-based solutions. The analysis was 

performed in triplicate. 

 

 

 



25 
 

2.2.2.4 Digital  Radiography  

 

The rhenium- and iodine-based solutions with a concentration of 200 mM were imaged 

utilizing a clinical X-ray camera (Multix X -Ray, Siemens AG; Munich, Germany) (Figure 2.11). 

A sample holder with six 200 ‘L wells was fabricated with PMMA to image the solutions 

(Figure 2.12). For all the scans, a total of 175 ‘L 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 picture shows the instrumentôs (a) X-ray tube and (b) detector. 

The equipment can operate at up to 133 kVp. Model and Manufacturer: Multix X-Ray, Siemens AG (Munich, 

Germany) AG. Location: Department of X-Ray/Radiology at the Leslie Diamond Health Care Centre, an institute 

within the Vancouver General Hospital (VGH) in Vancouver, Canada. 

 

 
 

Figure 2.12. Sample Holder. The sample holder, made of PMMA, can accommodate up to six samples with a 

volume of 175 ‘L. To make them more noticeable, the circumferences of the wells were delineated with dashed 

lines. There is a distance of 0.5 cm between wells. The position of the ionization chamber (10X6-0.6CT, Radcal 

Corporation; Monrovia, USA), as per indicated in the image, was maintained constant in all the scans.  
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The samples were irradiated at 50, 81, and 121 kVp. Due to equipment limitations, the 

exposures were conducted at 81 and 121 kVp instead of 80 and 120 kVp. The distance between 

the samples and the X-ray tube was set to 102 cm. According to the manufacturerôs 

specifications, the instrument provides an inherent filtration of 3.9 mm of aluminum. The 

exposures were carried out with varying thicknesses of additional filtration, from 0 to 1.5 mm of 

copper. The settings of the exposures are summarized in Table 2.4. Moreover, in all the scans, a 

calibrated 0.6 cm
3
 thimble ionization chamber (10X6-0.6CT, Radcal Corporation; Monrovia, 

USA) connected to a Radcal electrometer (AccuDose, Radcal Corporation; Monrovia, USA) was 

placed on top of the samples as per indicated in Figure 2.12 in order to measure the air-kerma.  

 

Table 2.4. Settings for Digital Radiography. The samples were imaged between 50 and 121 kVp using a clinical 

X-ray camera (Multix X-Ray, Siemens AG; Munich, Germany). The current was chosen to avoid saturation of the 

detector.  
 

Scan  

ID  

X-Ray  

Tube Potential 

(kVp)  

Amount of 

Additional Filtration  

(mm of Cu) 

Current  

(mA) 

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 3032. ImageJ (NIH; Bethesda, USA) was 

used to measure the mean pixel intensities of the samples in circular ROIs with a diameter of 5 

pixels. These values were then used to calculate the ὅὔὙs of the rhenium- and iodine-based 

solutions. The analysis was performed in triplicate.  

Utilizing Monte Carloôs GATE code, which stands for Geant4/Application for Emission 

Tomography, the depth relative absorbed dose profile and the relative average absorbed dose in a 
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Solid Water
®
 phantom were determined at various experimental conditions. For simplicity, the 

phantom was simulated as a cuboid with length, width, and height of 30, 30, and 20 cm, 

respectively. The calculations were performed considering an inherent filtration of 1 mm of 

aluminum and 0.15 mm of beryllium. The distance between the phantom and the X-ray tube was 

defined as 100 cm.  

The simulations were conducted at 50, 80, and 120 kVp in the absence of sources of 

additional filtration. Then, they were repeated at 120 kVp in the presence of 0.1, 0.3, 0.5, 1, and 

1.5 mm thick copper sheets. The X-ray spectra were modeled using experimental data acquired 

with the preclinical ‘CT scanner (eXplore CT120, TriFoil Imaging; Chatsworth, USA) described 

in Section 2.2.2.1, which was available at the moment. For each exposure, the current was 

adjusted in order to simulate 8.5x10
-5
 photons in the transmitted X-ray beam. This value was 

defined based on the number of photons in the transmitted X-ray beam at 120 kVp with 0.5 mm 

of copper as additional filtration, also determined with Monte Carlo calculations. The detector 

was considered to have an efficiency of 100%. All the simulations were carried out assuming a 

static and divergent X-ray beam with a FOV of 20 cm in diameter on the phantomôs surface. 

Figure 2.13 depicts a schematic of the geometry of the simulation.  

 

 
 

Figure 2.13. Geometry of Monte Carlo Simulation. The schematic shows the X-ray beam (red), the Solid Water
®
 

phantom (blue), and the detector (brown). A FOV of 20 cm at the surface of the phantom was chosen. All the 

simulations were conducted assuming a total of 8.5x10
-5
 photons in the transmitted X-ray beam.  

 

2.3 Results and Discussion 

 

Our study focuses on establishing a comparison between the X-ray attenuation of rhenium 

and iodine from two intertwined standpoints: image quality and absorbed dose. We scanned 

solutions of ammonium perrhenate and iohexol with an equimolar concentration of rhenium and 

iodine from 50 to 220 kVp. Using preclinical equipment, the samples were imaged by ‘CT, 
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CBCT, and planar X-ray imaging. Using clinical equipment, they were imaged by digital 

radiography equipment. The ὅὔὙ was calculated for each solution across all scans. The 

absorbed dose was predicted using Monte Carlo for the exposures done by digital radiography.  

The results of this work are discussed in the next few sections.  

 

2.3.1 Imaging of Rhenium- and Iodine-Based Solutions 

 

2.3.1.1 Micro -Computed Tomography 

 

A series of rhenium- and iodine-based solutions with a concentration of the radiopaque 

element (i.e., rhenium and iodine) of 50, 100, and 200 mM were imaged by ‘CT at 50, 80, and 

120 kVp (i.e., low-, intermediate-, and high-kVp scans, respectively).  

A positive correlation was found between the ὅὔὙ and the concentration of the radiopaque 

element at each X-ray tube potential. These findings, which are consistent with other studies 

[117-119], are depicted graphically in Figure 2.14A-C for the scans performed with a 0.6 mm 

thick copper sheet. A linear regression analysis was performed to assess the relationship between 

these two variables (Table 2.5). A representative axial image of the samples acquired at 50 kVp 

is depicted in Figure 2.14D. This image clearly shows that, as the concentrations of rhenium and 

iodine are increased from 50 to 200 mM, there is a significant improvement in contrast. Based on 

the graphs shown in Figure 2.14A-C, there is a 4 to 5-fold increase in ὅὔὙ when the 

concentration is increased from 50 to 200 mM. Thus, the following discussion centers on the 

results when the concentrations of rhenium and iodine are 200 mM.  
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Figure 2.14. Evaluation of the Contrast-to-Noise Ratio in Micro-Computed Tomography. (A-C) The graphs 

show the relationship between the ὅὔὙ and 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 

copper sheet. That is, scans X01, X02, and X03, respectively (see Table 2.1). The dashed lines represent the best 

linear fit to the data (see Table 2.5). (D) Axial image acquired at 50 kVp showing the following samples: iodine-

based solution ([a] 200 mM, [b] 100 mM, and [c] 50 mM), rhenium-based solution ([d] 200 mM, [e] 100 mM, and 

[f] 50 mM), and controls ([g] water and [h] air). Attenuation: (a) 1,746 HU, (b) 863 HU, (c) 403 HU, (d) 1,297 HU, 

(e) 622 HU, (f) 285 HU, (g) -9.5, and (h) -994 HU. The scan corresponds to X01 (see Table 2.1). The samples were 

imaged by ‘CT (eXplore CT120, TriFoil Imaging; Chatsworth, USA). 

 

Table 2.5. Linear Regression Analysis. The linear regression analysis was performed for the 50, 80, and 120 kVp 

scans conducted with a 0.6 mm thick copper sheet. That is, scans X01, X02, and X03, respectively (see Table 2.1). 

The linear equation has the following form: ὅὔὙ = m C + b, where C is the concentration of the radiopaque 

element, reported in mM, and m and b are the slope and the intercept of the linear equation, respectively. The 

coefficient of determination (Ὑ ) was ͯ 1 in all cases.  
 

X-Ray  

Contrast Agent 

Scan  

ID  

X-Ray  

Tube Potential 

(kVp)  

m b 

Ammonium 

Perrhenate 

Solution 

X01 50 1.3x10
-2
 8.2x10

-2
 

X02 80 4.5x10
-2
 2.6x10

-1
 

X04 120 5.1x10
-2
 2.0x10

-1
 

Iohexol  

Solution 

X01 50 1.7x10
-2
 5.4x10

-2
 

X02 80 5.4x10
-2
 3.1x10

-1
 

X04 120 4.5x10
-2
 3.2x10

-1
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The quantitative VOI-based analysis showed that the ὅὔὙs of rhenium and iodine are 

dependent upon the X-ray tube potential. This is exemplified in Figure 2.15 for the scans 

conducted with a 0.6 mm thick copper sheet. The iodine-based solution has a greater ὅὔὙ than 

the rhenium-based solution at 50 and 80 kVp. The rhenium-based solution, however, has a 

higher ὅὔὙ at 120 kVp 

 

 

Figure 2.15. Effect of the X-Ray Tube Potential on the Contrast-to-Noise Ratio. The iodine-based solution 

exhibits a higher ὅὔὙ than the rhenium-based solution at 50 and 80 kVp. Contrariwise, the rhenium-based solution 

displays a greater ὅὔὙ at 120 kVp. The concentration of the radiopaque element in the solutions was 200 mM. A 

0.6 mm thick copper sheet was employed as additional filtration. The samples were imaged by ‘CT (eXplore 

CT120, TriFoil Imaging; Chatsworth, USA). Settings: 50 kVp (10 mAs), 80 kVp (5 mAs), and 120 kVp (2.5 mAs). 

That is, scans X01, X02, and X03, respectively (see Table 2.1).  

 

Figure 2.16 shows the effect of the addition of further sheets of copper on the ὅὔὙs of 

rhenium and iodine at 120 kVp. The difference in ὅὔὙ between rhenium and iodine becomes 

larger as the thickness of the copper sheet is increased from 0.6 to 1.6 mm. For instance, the 

percent ὅὔὙ improvement of rhenium over iodine is 14.2% when the thickness of the copper 

sheet is 0.6 mm, but it is 59.1% when the thickness of the copper sheet is 1.6 mm. Figure 2.17 

depicts axial images acquired in all of these scans. The differences in contrast between the 

samples may seem subtle, but humans can only perceive a few different shades of grey. 

Researchers have stated that humans are able to distinguish up to 900 shades of grey, but 

depending on lighting conditions and peopleôs visual health, the range can be as low as 30 to 450 

in most cases [120]. Nonetheless, images are made of pixels with a much higher number of 

shades of grey. The grey scale depends on the bit depth of the image: 8-bit images are made of 

pixels with up to 256 shades of grey (28 = 256), but 16-bit images, which are commonly used in 
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medical imaging [121-123], are made of pixels with up to 65,536 shades of grey (216 = 65,536). 

Furthermore, high levels of noise considerably impact the ability to discern one shade of grey 

from another [124]. The calculation of ὅὔὙs 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.  
 

 

Figure 2.16 Effect of the Amount of Additional Filtration on the Contrast -to-Noise Ratio. The percent ὅὔὙ 

improvement of rhenium over iodine is enhanced as the amount of addition filtration is increased. The concentration 

of the radiopaque element in the solutions was 200 mM. The samples were imaged by ‘CT (eXplore CT120, TriFoil 

Imaging; Chatsworth, USA). All the scans were conducted at 120 kVp. They correspond to scans X03, X04, and 

X05 (see Table 2.1).  
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Figure 2.17. Micro -Computed Tomography Imaging of Rhenium and Iodine. Representative axial images 

acquired at 120 kVp by ‘CT (eXplore CT120, TriFoil Imaging; Chatsworth, USA) with copper sheets with the 

following thicknesses: (A) 0.6, (B) 1.2, and (C) 1.6 mm. The scans correspond to X03, X04, and X05, respectively 

(see Table 2.1)  The images depict the following samples: rhenium-based solutions ([a] 200 mM, [b] 100 mM, and 

[c] 50 mM), iodine-based solutions ([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, (f) 176 HU, (g) 0, 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, and (h) -996 HU. In 

(C): (a) 971 HU, (b) 486 HU, (c) 227 HU, (d) 610 HU, (e) 305 HU, (f) 137 HU, (g) 0, and (h) -998 HU. 

 

The results discussed above indicate that rhenium exhibits a kVp-dependent superiority in 

ὅὔὙ (and thus, in X-ray attenuation) over iodine. The higher X-ray attenuation of rhenium at 

120 kVp is related to the differential K shell binding energy, or K-edge, between rhenium and 

iodine. The K-edge is defined as a sharp rise in the linear X-ray attenuation coefficient (‘) 

which occurs at a discreet energy just above the binding energy of the electrons in the K shell of 

an atom [125]. To put it differently, it represents the energy required to eject an electron from an 

atomôs K shell. Similar increases in the linear X-ray attenuation coefficient are observed for all 

the other electron shells (L, M, N, and so on), but they take place at much lower energies, edges 

[126,127].  

The increase in the linear X-ray attenuation coefficient at each of the absorption edges is 

caused by the photoelectric effect (see Section 2.1.2). The probability of occurrence of an 

interaction between an incident photon and an inner shell electron through the photoelectric 

effect is described by the following expression:  

 

†  θὤ / Ὤ‡           (Equation 2.4) 

 

where † is the contribution of the photoelectric effect to the linear X-ray attenuation coefficient, 

specifically known as the photoelectric effect coefficient [57]. For example, when an incident 
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photon has energy just above the binding energy of an electron in the L shell, the probability of 

occurrence of a photoelectric interaction involving the L shell becomes very high (i.e., the 

process is energetically more favorable). According to Equation 2.4, beyond this point, the 

probability decreases approximately at a rate of 1/Ὤ‡  until the next ñjumpò or ñdiscontinuityò, 

the K-edge. Moreover, Equation 2.4 shows that the photoelectric effect coefficient depends on 

the atomic number raised to the third power. For this reason, high-ὤ elements are of special 

interest in the search of novel XCAs.  

The National Institute of Standards and Technology (NIST) has published a series of tables 

with the mass X-ray attenuation coefficient (i.e., the linear X-ray attenuation coefficient divided 

by the density, expressed in units of cm
2
 g

-1
) as a function of the photon energy. These tables are 

available for elements with an atomic number between 1 and 92 and 48 compounds and 

materials of interest (e.g., water, air, bone, soft tissue, etc.) and they include all the absorption 

edges between 1 keV and 20 MeV [128]. Figure 2.18 graphically illustrates the change in the 

mass X-ray attenuation coefficient of rhenium and iodine at clinically relevant photon energies. 

The graph shows that the K-edge of rhenium occurs at 71.7 keV, whereas the K-edge of iodine 

occurs at 33.1 keV. Above the K-edge of rhenium, the mass X-ray attenuation coefficient of 

rhenium is consistently higher than iodine. This in turn suggests that rhenium should display an 

enhanced X-ray attenuation above 71.7 keV.  
 

 

Figure 2.18. Effect of the Photon Energy on the Mass X-Ray Attenuation Coefficient. The graph depicts the 

variation in the mass X-ray attenuation coefficient of rhenium, iodine, water, and air between 3 and 150 keV. The K-

edges of rhenium and iodine are shown, which occur at 71.7 and 33.1 keV, respectively. Based on data available 

from the NIST [128].  
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SpekCalc is a computational tool available in Matlab
TM

 to predict X-ray spectra between 

30 and 140 kVp [129,130]. SpekCalc requires information about: 1) the characteristics of the X-

ray tube (i.e., target material, anode angle, sources of inherent filtration) and 2) the settings of the 

scan (e.g., X-ray tube potential, current, exposure, sources of additional filtration). This software 

was utilized to predict the X-ray spectra for the scans performed at 120 kVp, which is the 

maximum X-ray tube potential that can be supplied to the X-ray tube of the eXplore CT120 

scanner (TriFoil Imaging; Chatsworth, USA). Figure 2.19 depicts the 120 kVp X-ray spectra, 

where it can be seen that the X-ray beam produced in each scan was significantly hardened with 

the addition of copper sheets. For instance, the mean energy of the 120 kVp X-ray beam was 

increased from 39.8 keV (without a copper filter) to 63.2, 67.8, and 69.5 keV (with 0.6, 1.2, and 

1.6 mm thick copper sheets, respectively). According to Figure 2.18, iodine exhibits an enhanced 

X-ray attenuation from 33.1 to 71.7 keV. In other words, iodine is more likely than rhenium to 

interact with low-keV photons. Thus, the main factor contributing to the increased ὅὔὙ of 

rhenium at 120 kVp is the removal of a great proportion of the low-keV photons by the copper 

sheets.  
 

 

Figure 2.19. Effect of Copper on the 120 kVp X-Ray Spectra. The image shows the 120 kVp X-ray spectra 

transmitted through copper filters with thicknesses up to 1.6 mm. The X-ray spectra were predicted using SpekCalc.  

 

Furthermore, Figure 2.19 shows that the mean energy of the 120 kVp X-ray beam is below 

the K-edge of rhenium even after the addition of a 1.6 mm copper sheet. To determine if it was 

possible to further increase the difference in ὅὔὙ between rhenium and iodine, the rhenium- and 

iodine-based solutions were imaged at much higher X-ray tube potentials, from 120 to 220 kVp. 

This was possible using the SARRP (Xstrahl; Walsall Wood, UK), which can operate in two 
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modes: CBCT and planar X-ray imaging. As a rule of thumb, the mean energy of the X-ray beam 

is approximately a third of the maximum energy (which is equivalent to the X-ray potential) 

[57]. Hence, without taking into account sources of additional filtration, a 220 kVp X-ray beam 

has a mean energy of ͯ73 keV, which is slightly above the K-edge of rhenium. The results of 

these experiments are discussed in the next two sections.  

 

2.3.1.2 Cone Beam Computed Tomography 

 

Figure 2.20 depicts the variation in the ὅὔὙs of the rhenium and iodine-based solutions at 

120, 160, and 220 kVp. The scans were conducted with a 0.15 mm thick copper sheet as 

additional filtration. Due to the increase in the number of incident photons, both solutions display 

greater ὅὔὙs as the X-ray tube potential is increased. As expected, rhenium has a higher ὅὔὙ 

than iodine. Additionally, when the thickness of the copper sheet is increased to 0.45 mm at 220 

kVp, the difference in ὅὔὙ between rhenium and iodine is increased significantly (Figure 2.21). 

The percent ὅὔὙ improvement of rhenium over iodine is 13.2% with the use of a 0.15 mm thick 

copper sheet, but it is 36.9% with the use of a 0.45 mm thick copper sheet. 
 

 

 

Figure 2.20. Effect of the X-Ray Tube Potential on the Contrast-to-Noise Ratio. The rhenium-based solution has 

a higher ὅὔὙ than the iodine-based solution from 120 to 220 kVp. The concentration of the radiopaque element in 

the solutions was 200 mM. A 0.15 mm thick copper sheet was employed as additional filtration. The samples were 

imaged by CBCT using the SARRP (Xstrahl; Walsall Wood, UK). Settings: 120 kVp (150 ‘A), 160 kVp (50 ‘A), 

and 220 kVp (50 ‘A). That is, scans X06, X07, and X08, respectively (see Table 2.2). 
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Figure 2.21. Effect of the Amount of Additional Filtration on the Contrast-to-Noise Ratio. The percent ὅὔὙ 

improvement of rhenium over iodine is enhanced as the amount of additional filtration is increased. The 

concentration of the radiopaque element in the solutions was 200 mM. The samples were imaged by CBCT using 

the SARRP (Xstrahl; Walsall Wood, UK). The scans were performed at 220 kVp with a current of 50 ‘A. That is, 

scans X08 and X09 (see Table 2.2).  

 

These results are in agreement with what was observed when the samples were imaged by 

‘CT: 1) the ὅὔὙ of rhenium is higher than iodine at 120 kVp and 2) the percent ὅὔὙ 

improvement of rhenium over iodine becomes larger when copper sheets with increasing 

thicknesses are utilized. As demonstrated by imaging the samples by CBCT, these findings are 

consistent at much higher X-ray tube potentials, up to 220 kVp.  

A fundamental consideration in X-ray imaging revolves around acquiring useful images for 

assessing the patientôs clinical picture and making a diagnosis while restricting at the same time 

the absorbed dose as much as possible. Generally, low-keV photons are absorbed by the body 

more easily than high-keV photons and have a minimal contribution to the generation of an 

image [131]. After passing through the patient, the X-ray beam carries a pattern of intensity that 

is dependent upon the composition, size, and location of different tissues and organs in the body 

[132-134]. Although the selection of the X-ray tube potential is governed by the sensitivity of 

specific body structures to radiation, it is based on experience for the most part. For example, 

imaging of thinner regions of the body (e.g., arms, hands, and feet) is done between 50 and 60 

kVp, whereas imaging of thicker, more attenuating regions of the body (e.g., lumbar spine, 

pelvis, and skull) is done between 70 and 90 kVp (typically by digital radiography) [95]. 

However, high-kVp scans, between 80 and 140 kVp, are routinely used in whole-body and chest 

CT scans of average-size and large patients [135,136].  
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Our study has provided evidence of the usefulness of rhenium in X-ray imaging. 

Furthermore, we have demonstrated that the ὅὔὙ of rhenium is significantly higher than iodine 

in high-kVp scans even in the presence of large thicknesses of copper sheets. These findings 

suggest that rhenium could be used as an XCA, particularly in high-kVp scans. This has 

important implications from a clinical standpoint. A significant amount of copper could be added 

to remove the majority of low-keV photons, which are mostly unproductive to generate an image 

but contribute to increase the absorbed dose unnecessarily [131]. This approach has the potential 

of reducing absorbed dose while maintaining image quality, which is the main trade-off in X-ray 

imaging [95,96].    

 

2.3.1.3 Planar X-Ray Imaging 

 

The samples were imaged again between 120 and 220 kVp with the SARRP, but in X-ray 

imaging mode. The relationship between the ὅὔὙ of the rhenium- and iodine-based solutions 

and the X-ray tube potential is depicted in Figure 2.22. The graph shows that the ὅὔὙ of iodine 

at 220 kVp is 26.4% greater than at 120 kVp. This moderate improvement in ὅὔὙ is attributable 

to the overall increase in photon count at 220 kVp. Rhenium, on the other hand, shows an 

increase in ὅὔὙ of 39.0%. As mentioned at the end of Section 2.3.1.2, the peak maximum in a 

typical 220 kVp X-ray spectrum occurs at ͯ73 keV. The significant improvement in ὅὔὙ of 

rhenium at 220 kVp is thus associated with the increase in the proportion of photons with energy 

above the K-edge of rhenium. Furthermore, like in our two previous experiments, it was found 

that the difference in ὅὔὙ between rhenium and iodine is enhanced when the X-ray tube 

potential is increased. For example, the percent ὅὔὙ improvement of rhenium over iodine is 

32.2% at 120 kVp, but it is 45.3% at 220 kVp.  
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Figure 2.22. Effect of the X-Ray Tube Potential on the Contrast-to-Noise Ratio. The rhenium-based solution 

consistently displays a greater ὅὔὙ than the iodine-based solution from 120 to 220 kVp. The percent ὅὔὙ 

improvement of rhenium over iodine is enhanced as the X-ray tube potential is increased. The concentration of the 

radiopaque element in the solutions was 200 mM. The samples were imaged by planar X-ray imaging using the 

SARRP (Xstrahl; Walsall Wood, UK). All the exposures were carried out with a current of 50 ‘A and 0.1 mm of 

copper as additional filtration. That is, scans X10 to X15 (see Table 2.3).     

 

The majority of currently utilized equipment for X-ray imaging, including modern dual 

energy CT scanners and dual energy digital radiography cameras, cannot operate above 140 kVp 

[137-142]. Herein, though, exposures up to 220 kVp were performed in order to explore 

thoroughly the kVp-dependent superiority in X-ray attenuation of rhenium over iodine. Taking 

into account the aforementioned restriction in X-ray tube potential, the samples were imaged at 

50, 81, and 121 kVp using a modern, clinical X ray camera. For this experiment, both image 

quality and radiation dose were evaluated. As in the previous experiments, the ὅὔὙs of the 

rhenium- and iodine-based solutions was calculated. However, using an ionization chamber, the 

air-kerma was measured in all the exposures. Additionally, the absorbed dose was estimated with 

Monte Carlo calculations.    

 

2.3.1.4 Digital Radiography 

 

The variation in ὅὔὙ at 50, 81, and 121 kVp as a function of the amount of additional 

filtration is graphically shown in Figure 2.23. The experiments conducted by ‘CT showed that 

iodine exhibits a greater ὅὔὙ than rhenium at 50 and 80 kVp (see Figure 2.15). Differences in 

X-ray attenuation are expected when the thicknesses of the copper sheets are varied because they 

change the energy spectrum of the X-ray beam incident on the samples. This is illustrated in 

Figures 2.23A and B, where it is seen that rhenium can exhibit a greater ὅὔὙ than iodine in low- 
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and intermediate-kVp scans depending on the amount of additional filtration. Specifically, at 50 

kVp, rhenium has a higher ὅὔὙ than iodine in two cases: 1) without any source of additional 

filtration and 2) with a 0.1 mm thick copper sheet (Figure 2.23A). Although the differences 

between the two solutions are smaller than at 50 kVp, at 81 kVp, rhenium displays a higher ὅὔὙ 

than iodine in three cases: 1) without any source of additional filtration, 2) with a 0.1 mm thick 

copper sheet, and 3) with a 1.5 mm thick copper sheet (Figure 2.23B).  

 

 
 

Figure 2.23. Evaluation of the Contrast-to-Noise Ratio in Digital Radiography. (A) 50 kVp, (B) 80 kVp, and 

(C) 120 kVp. The concentration of the radiopaque element in the formulations was 200 mM. The samples were 

imaged by digital radiography using a clinical X-ray camera (Multix X-Ray, Siemens AG; Munich, Germany). The 

scans correspond to (A) X16 to X21, (B) X21 to X27, and (C) X30 to X33 (see Table 2.5). The images from scans 

X28 and X29 were excluded from the analysis due to the lack of contrast. As a consequence of the use of 

insufficient additional filtration in these two scans, the detector was saturated with photons when the current was 

1.25 mA, which is the lowest current which can be selected in the instrument.  

 

Similar to the scans performed by ‘CT, CBCT, and planar X-ray imaging, rhenium 

consistently has a greater ὅὔὙ than iodine at 121 kVp (Figure 2.23C). As observed before, while 

the ὅὔὙί of both solutions decrease as the thickness of the copper attenuator increases, the 
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difference in ὅὔὙ between rhenium and iodine actually increases. For example, the percent ὅὔὙ 

improvement of rhenium over iodine is 19.8% in the presence of a 0.3 mm thick copper sheet, 

but it is 75.9%, almost four times higher, in the presence of a 1.5 mm thick copper sheet.  

The air-kerma measured in each exposure is reported in Table 2.6. The mean energy of the 

X-ray beam produced at each combination of X-ray tube potential and amount of additional 

filtration, calculated from X-ray spectra predicted using SpekCalc, is also shown in Table 2.6. A 

significant degree of beam hardening is observed at the three X-ray tube potentials, but the effect 

is more prominent at 50 kVp. To put it into perspective, without additional filtration, at 50 kVp, 

the X-ray beamôs mean energy is slightly more than half the maximum energy, or specifically, 

57% of 50 keV. Nonetheless, upon addition of a 1.5 mm thick copper sheet, the mean energy is 

equivalent to 90% the maximum energy, which corresponds to an increase of 33%. Conversely, 

at 81 kVp, the increase in mean energy is 25%, whereas at 121 kVp, it is only 22%.  

 

Table 2.6. Measurement of the Air -Kerma and the Mean Energy of the X-Ray Beam. The air-kerma is reported 

as the mean of three independent measurements. The standard deviation is zero in cases where it is not reported. The 

X-ray spectra were predicted with SpekCalc taking into consideration the settings of the exposures.  
 

Scan  

ID  

X-Ray Tube 

Potential 

(kVp)  

Amount of 

Additional Filtration  

(mm of Cu) 

Air -Kerma 

(ⱧGy) 

Mean Energy 

(keV) 

X17 50 0 14.9  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 43.1 

X24 81 0.1 31.9  0.6 48.1 

X25 81 0.3 15.4  0.1 53.4 

X26 81 0.5 12.5  56.5 

X27 81 1 9.3 61.0 

X28 81 1.5 21.2  0.1 63.7 

X29 121 0 114.9  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 33.4  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 hardening between the low-, intermediate-, and high-kVp 

scans is attributed to the positive correlation between the X-ray tube potential and the energy 

spectrum of the X-ray beam. At 50 kVp, the X-ray beam is constituted of photons with energy up 
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to 50 keV, which are very likely to be absorbed. As the number of photons absorbed in the 

copper sheet is increased, the X-ray beamôs energy spectrum is decreased dramatically (and thus, 

the transmitted X-ray beam is predominantly constituted of high-keV photons). The number of 

photons is markedly reduced as well. To compensate for the loss in photon count, especially at 

50 kVp, the current was significantly raised as the thickness of the copper sheet was augmented. 

As stated in Table 2.6, at this X-ray 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. Contrariwise, at 

121 kVp, the current was maintained at 1.25 mA in all the irradiations.  

The substantial shift in the mean energy of X-ray beam generated at 50 kVp, and even at 

81 kVp, changes the penetrability of the X-ray beam. This in turn has an effect on the interaction 

of the photons with the samples. From Table 2.6, it is observed that the X-ray beam of a high-

filtered ( 1 mm of Cu) 50 kVp exposure can have a higher mean energy than the X-ray beam of 

a low-filtered ( 0.1 mm of Cu) 81 kVp exposure. For example, in the 50 kVp irradiation with 

1.5 mm of copper as additional filtration, the X-ray beamôs mean energy was found to be 45.1 

keV, but in the 80 kVp irradiation with no additional filtration, it was found to be 43.1 keV. A 

similar trend is seen between high-filtered ( 1 mm of Cu) 81 kVp exposures and low-filtered 

( 0.1 mm of Cu) 121 kVp exposures. These findings explain why, with the utilization of a large 

amount of copper at 81 kVp, rhenium displays a greater ὅὔὙ than iodine.  

The high ὅὔὙ of rhenium in the low-filtered 50 and 81 kVp exposures is attributable to the 

accentuation of the photoelectric effect at the L1-edge of rhenium, which occurs at 12.5 keV 

[128]. The subscript indicates the type of electron involved in the transition. As a rule, only 1s 

electrons can be excited at the K-edge. However, either 2s or 2p electrons can be excited at the 

next absorption edge, the L-edge. The excitation of a 2s electron is specifically known as the L1-

edge. The excitation of a 2p electron, on the other hand, is split into two absorption edges, L2 and 

L3, due to the spin-orbit coupling energy of the 2p
5
 configuration which is created when a 2p 

electron is excited. Due to the difference in energy between 2s and 2p electrons, the L1-edge 

takes place at a higher energy [143]. Thus, rheniumôs L2- and L3-edges occur at 12.0 and 10.5 

keV, respectively. Moreover, iodineôs L1-, L2-, and L3-edges occur 5.2, 4.8, and 4.6 keV, 

respectively [128]. Figure 2.18, first discussed in Section 2.3.1.1, also depicts the sharp-increase 

in the mass X-ray attenuation coefficient of rhenium between 10 and 12 keV as a result of its L1-, 
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L2-, and L3-edges. The graph shows that rhenium has a greater mass X-ray attenuation 

coefficient than iodine below the K-edge of iodine 33.1 keV.  

To compare the differential X-ray attenuation of rhenium and iodine across all the 

exposures, we calculated a rhenium-to-iodine X-ray attenuation ratio. This was accomplished by 

dividing the mean pixel intensity of rhenium by the mean pixel intensity of iodine and dividing 

this quotient by the air-kerma measured in each scan. Figure 2.24 illustrates the relationship 

between the rhenium-to-iodine X-ray attenuation ratio, determined experimentally, and the mean 

energy of the X-ray beam. As a reference, a theoretical rhenium-to-iodine mass X-ray 

attenuation coefficient ratio was also calculated and plotted in Figure 2.24. Basically, when the 

rhenium-to-iodine X-ray attenuation ratio is above 1, rhenium outperforms iodine, but when it is 

below 1, iodine outperforms rhenium. The deviation between the experimental 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-Iodine X-Ray Attenuation Ratio. The experimental curve was derived by dividing the 

mean pixel intensity of rhenium by the mean pixel intensity of iodine and dividing this value by the air-kerma. The 

theoretical curve, on the other hand, was calculated from data reported by the NIST [128]. Basically, it represents 

the ratio of the mass X-ray attenuation coefficient of rhenium to the mass X-ray attenuation of iodine.  

 

From Figure 2.24, it is evident that the X-ray attenuation of rhenium is favored when the 

mean energy of the X-ray beam is slightly above 71.7 keV, that is, rheniumôs K-edge. This in 

fact supports of all our previous experiments. The enhanced X-ray attenuation of rhenium 

observed on the left-section of the graph provide further evidence of the ὅὔὙ superiority of the 

rhenium-based solution in the low-filtered 50 and 81 kVp scans. Furthermore, it is interesting 

that, at the experimental conditions where iodine is expected to exhibit an improved X-ray 


































































































































































