
 

 

 

 

Cyclotron production and imaging properties of scandium-44 

 

by 

 

Denis Simon Ferguson 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

 

in 

 

Medical Physics 

 

 

 

 

 

Department of Oncology 

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© Denis Simon Ferguson, 2022 

   



 
 

ii 
 

Abstract 

Radioisotopes of scandium have been proposed as potential candidates for radiotheranostics, the 

combination of targeted imaging and therapy of cancer. Radiolabelling specific targeting vectors with 

positron emitting radioisotopes (43Sc, 44Sc) provides a quantitative measure of the disease through 

molecular imaging; the information gained from the diagnostic study can be leveraged to improve 

treatment with an analogue of the same targeting vector with a therapeutic radionuclide (47Sc) to 

deliver dose to the disease. The development of a reliable supply of 44Sc was achieved for this thesis, 

and this has enabled preclinical research studies on its production and imaging.  

Experimental surveys are often conducted to determine the viability of production routes for emerging 

radionuclides. Predictive tools for calculating radionuclidic yield can help curtail the cost of target 

materials and focus irradiations during experimental surveys. Improvements in Geant4 modelling of low 

energy proton-induced reactions has sparked interest in using simulations for radionuclide yield 

calculations. Simulations of thick target yields from the proton irradiation of natural calcium have been 

compared with calculations based on experimental cross-section data. Measurements of thick target 

yield were made at energies between 12 and 18 MeV, revealing that Geant4 could accurately predict 

the yield of several contaminants produced during irradiation within 10 %, including 46Sc, 47Sc and 48Sc. 

With further validation, Geant4 could serve as a useful tool in target development.  

The decay characteristics of radionuclides in PET studies can impact image reconstruction. The first 

measurements of standard performance metrics for 44Sc were made using the NEMA image quality 

phantom in the Siemens Inveon small-animal PET scanner. These measurements were compared with 

18F, 64Cu and 68Ga; the recovery coefficients and the spill-over ratio in water were related to the mean 

positron emission energy, with the long-range positron emitter 68Ga having lower recovery coefficients 

and greater spill-over ratio than the short-range positron emitters 64Cu and 18F. 44Sc demonstrated 
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intermediate behaviour between 18F and 68Ga, with greater recovery coefficients than 68Ga.  Derenzo 

and NEC phantoms were also used for comparisons, which revealed that the NEC rate for 44Sc increases 

at a lower rate than 18F and 68Ga as a function of activity in the field-of-view.  

Radiolabeled peptides play a central role in nuclear medicine as radiotheranostics for targeted imaging 

and therapy of cancer; the gastrin-releasing peptide receptor has been demonstrated to be 

overexpressed in several cancers and a metabolically stabilized antagonist BBN2 has demonstrated 

potential for specific targeting. 44Sc and 68Ga were used to radiolabel DOTA complexes of BBN2 and the 

radiopeptides were prepared in high radiochemical yields. High GRPR binding affinity in vitro was found 

for both peptides, motivating in vivo biodistribution studies in MCF7 breast and PC3 prostate cancer 

models. PET imaging revealed low tumor uptake of both radiotracers in MCF7 xenografts, whereas high 

tumor uptake and retention was found for both radiopeptides in PC3 tumors. 68Ga- and 44Sc- 

radiolabelled peptides displayed comparable tumor uptake and retention, demonstrating the potential 

use of 44Sc as a diagnostic surrogate.   
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Chapter 1  

 

 

 

Introduction 

1.1 Nuclear medicine 

Nuclear medicine consists of the use of unsealed radioactive sources for the diagnosis and treatment of 

disease. These radioactive sources, also referred to as radioactive tracers or radiopharmaceuticals, can 

be a simple compound like the diatomic salt [131I]NaI used to diagnose and treat thyroid cancer, or a 

larger molecule such as the norepinephrine analogue [131I]MIBG used to diagnose and treat 

neuroblastoma in neuroendocrine cancers. Common diagnostic procedures include bone scans, renal 

function scans, cardiac function scans, perfusion studies, and brain death studies. Some common 

therapeutic procedures are thyroid ablation with radioactive iodine and neuroendocrine cancer 

treatment with radioactive MIBG or radioactive DOTA-TATE.  

Nuclear medicine plays a complementary role to other diagnostic radiology modalities; in contrast to 

computed tomography (CT) and magnetic resonance imaging (MRI) which provide excellent anatomical 

information, nuclear medicine imaging provides clinicians with functional information. Radionuclides 

introduced into the human body provide the signal for the image; the radionuclides’ distribution in the 

body is based either on their chemical properties or on the properties of the molecule to which they are 

attached. Based on this approach, nuclear medicine imaging can reveal information about highly 

metabolic areas, hypoxic regions, tissues that overexpress protein receptors, and other functional 

processes. Positron emission tomography (PET) is of particular interest in molecular imaging as it 

provides improved resolution for tracer uptake, both in space and time, compared to other functional 

imaging techniques such as single photon emission computed tomograph (SPECT) and planar imaging.  

The most widely used radiopharmaceutical in PET imaging is 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG). 

[18F]FDG is a glucose analogue which is taken up into cells but cannot undergo glycolysis due to the missing 

hydroxyl group and as such accumulates within hyper-metabolic cells, such as many cancerous cell types 

that have accelerated glucose metabolism in the presence of oxygen (Bensinger and Christofk, 2012). As 
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the [18F]FDG uptake is proportional to the glucose accumulation in cells, regions of greater [18F]FDG build-

up can identify malignant tumours in PET imaging (Martinuk and Meyer, 2013). PET imaging serves many 

purposes in oncologic imaging. It can be used in the initial diagnosis to differentiate between malignant 

and benign tumours, during staging to facilitate the implementation of a suitable treatment plan, as well 

as to monitor the patient response to therapy and assessing recurrence (Maisey, 2005).  

1.1.1 PET imaging in Canada  

There are many tracers available beyond [18F]FDG; in a recent survey of Canadian nuclear medicine 

departments, a number of tracers that are in current clinical or research use were identified with 

applications in oncology, cardiology and neurology; they are listed in Table 1.1 (CADTH, 2021). On average, 

respondents revealed that 93.9 % of the use of PET-CT was diagnostic, with 4.9 % research use and 0.1 % 

interventional use.  

Table 1.1: Radiotracers for clinical and research use in PET-CT units, adapted from the CMII (CADTH, 2021).  

Application Radiotracer Number of respondents 

reporting clinical use (23 

respondents total) 

Number of respondents 

reporting research use (14 

respondents total) 

Oncology [18F]FDG 22 (84.6 %) 10 (71.4 %) 

[18F]NaF 6 (23.1 %) 2 (14.3 %) 

[18F]F-Choline 1 (3.8 %) 2 (14.3 %) 

[68Ga]Ga-DOTA-TATE 1 (3.8 %) 4 (28.6 %) 

[18F]F-PSMA-1007 0 (0 %) 2 (14.3 %) 

[18F]FLT 0 (0 %) 1 (7.1 %) 

[68Ga]Ga-PSMA-HBED-CC 0 (0 %) 1 (7.1 %) 

Cardiology [13N]ammonia 2 (7.7 %) 2 (14.3 %) 

[82Rb]Rb-chloride 4 (15.4 %) 1 (7.1 %) 

Neurology [18F]F-DOPA 1 (3.8 %) 1 (7.1 %) 

[18F]Florbetaben 5 (19.2 %) 1 (7.1 %) 

[18F]Flutemetamol 0 (0 %) 1 (7.1 %) 

In addition to cataloguing the clinical and research use of tracers, the Canadian Medical Imaging 

Inventory (CMII) report assembled by the Canadian Agency for Drugs and Technologies in Health 

(CADTH) identified that a total of 125,775 PET-CT exams were conducted in Canada in the 2019-2020 

year, at 46 sites with a total of 57 PET-CT scanners (CADTH, 2021). The distribution of the PET scanners 

across Canada is demonstrated in Figure 1.1, along with the distribution of cyclotrons; PET scanners are 

generally within a short distance of cyclotrons on which 18F is produced, and the half-life of the tracer 
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used ultimately dictates how distant the scanner can be located from the radiopharmacy producing the 

compound.  

 

Figure 1.1: Distribution of publicly funded PET scanners and cyclotrons in Canada. Data adapted from the CMII and the IAEA 

cyclotron directory (CADTH, 2021; IAEA, n.d.) 

In recent years, cyclotron production of radionuclides has been proposed as an alternate production 

strategy for radionuclides used in medicine due to global radionuclide supply shortages and increasing 

demand. The most abundantly used radionuclide in nuclear medicine is 99mTc, with a well-established 

supply chain in which long-lived 99Mo is obtained either through fission reactions or neutron capture in a 

nuclear reactor. The 99Mo is placed in a portable generator, where it decays and provides a supply of 

high purity 99mTc for use in local radiopharmacies. The ageing commercial nuclear reactor infrastructure 

used in the production of 99Mo led to pronounced, world-wide shortages of 99mTc in 2007-2009 during 

scheduled maintenance and unanticipated interruptions of the National Research Universal (NRU) 

reactor in Chalk River, ON, which provided 31 % of the global market share of 99Mo (Benoit, 2010). As a 

result, the Canadian government made significant investments to research and install alternate 

production capabilities within Canada through the “Non-reactor-based Isotope Supply Contribution 

Program” (NISP) and the “Isotope Technology Acceleration Program” (ITAP) (Jammal, 2017; Lougheed, 

2012; Natural Resources Canada, 2013). This included investments into cyclotron infrastructure for the 

production of 99mTc; it’s 6-hour half-life allows delivery of 99mTc to large areas surrounding a network of 

cyclotrons and radiochemistry facilities distributed throughout Canada, so that supply for the most 

populated areas of our country is ensured (Figure 1.1).  
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In addition to producing 99mTc, this now-established cyclotron infrastructure can be leveraged to 

produce a variety of other popular or research radionuclides. For example, 68Ga radiolabeled tracers for 

diagnostic imaging have flourished due to the widespread availability of this radionuclide in a 68Ge/68Ga 

generator system. However, rising costs on increased lead times for procurement of the 68Ge/68Ga 

generator system have spurred interest in the cyclotron production of 68Ga (IAEA, 2019). Furthermore, 

while the use of generators proffers some advantages, including production of tracers in 

radiopharmacies that do not have access to a cyclotron, significant draw-backs are given by the limited 

daily eluted quantity of generator-produced 68Ga and the annually recurring cost of generator 

replacement and waste disposal (Kumar, 2020). A recent comprehensive report by the International 

Atomic Energy Agency (IAEA) on cyclotron production of 68Ga (IAEA, 2019) underlines its feasibility, and 

the excellent install base of cyclotrons in Canada provides the means for a greater abundance of 68Ga in 

clinical applications.    

It is important to note that, while the tracers identified in Table 1.1 utilize the radionuclides 18F, 68Ga, 13N 

and 82Rb, research into the cyclotron-based production of a great number of other radionuclides with 

very promising properties for diagnostic, therapeutic and theranostic applications is on-going. Starting 

with pre-clinical research, such investigations pave the way for future clinical breakthroughs as has been 

previously observed with FDG or PSMA. Yet even pre-clinical research rests on the foundation of prior 

research into the production, imaging and dosimetric properties of each radionuclide in question.  

1.2 PET Radionuclides 

Many other cyclotron-produced radionuclides beyond 18F and 68Ga have PET imaging utility; these 

positron emitters can be produced by inelastic hadronic interactions with a variety of target materials. 

The proton beams produced in the majority of cyclotrons are amenable to the creation of proton-rich 

nuclei through (p,xn) reactions, which generally decay via β+ decay by emitting positrons. Similarly, 

deuteron and alpha particle beams production routes have been investigated for several radionuclides, 

although these are less widely applicable due to the beam energy limitations of conventional medical 

cyclotrons. Several radionuclides with application in PET are listed in Table 1.2, along with relevant 

decay properties.  Note that typical production reactions are listed, but radionuclides may also be 

produced in several other nuclear reactions. Besides properties of the β+ emissions, Table 1.2 also lists 

other emissions with the greatest abundance (National Nuclear Data Center, n.d.; Schlyer, 2002).  
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Table 1.2: Selection of radionuclides with applications for PET 

Radionuclide Half-life Mean (Max) 

positron energy  

Positron 

branching 

ratio 

Other 

emissions 

Production 

11C 20.4 min 386 (960) keV 99.8 %  14N(p,α)11C 
13N 10.0 min 492 (1199) keV 99.8 %  16O(p, α)13N 
15O 122 s 735 (1732) keV 99.9 %  14N(d,n)15O 
18F 110 min 250 (633) keV 97 %  18O(p,n)18F 
43Sc 3.89 h 476 (1199) keV 88.1 % γ 373 keV 

(22.5 %) 

43Ca(p,n)43Sc 

44Sc 3.97 h 632 (1470) keV 94 % γ 1157 keV 

(99.9 %) 

44Ca(p,n)44Sc 

64Cu 12.7 h 278 (653) keV 17 % β+ 190 (579) 

keV (39 %) 

67Zn(p, α)64Cu 

68Ga 68 min 836 (1899) keV 89 % γ 1077 keV 

(3.2 %) 

68Ge/68Ga 

generator 
68Zn(p,n)68Ga 

76Br 16.2 h 1180 (3941) keV 55.0 % γ 559 keV 

(74 %) 

γ 657 keV 

(15.9 %) 

γ 1854 keV 

(14.7 %) 

76Se(p,n)76Br 

89Zr 78.4 h  396 (902) keV 23 % γ 909 keV 

(99.0 %) 

89Y(p,n)89Zr 

124I 4.17 d 820 (2137) keV 22.7 % γ 603 keV 

(63 %) 

124Te(p,n)124I 

 

These radionuclides may be categorized in several ways: organic radionuclides consist of 11C, 13N, and 15O 

and are isotopes of elements commonly found in organic molecules; however, they tend to have shorter 

half-lives, i.e. on the order of seconds to minutes. Radiohalogens include 18F, 76Br and 124I, which are highly 

reactive, can be readily incorporated into a variety of radiopharmaceuticals, and can lead to a greater 

binding affinity with receptors in vivo than their non-halogenated counterparts. Finally, radiometallic 

isotopes, such as 68Ga, 44Sc, 64Cu and 89Zr, can be labeled to peptides using chelators, among other uses.  

18F has many desirable properties for PET imaging: the average energy of the positron emitted is low, 

leading to images with better spatial resolution. There are no prompt gammas emitted during decay and 

the half-life is short (i.e. 110 minutes), leading to a reduced radiation burden for the patient, yet long 
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enough to allow radiochemistry and transport. In addition, the decay product is oxygen, which is not toxic. 

With the emergence of small medical cyclotrons, 18F can be readily produced in many PET centres. 68Ga 

has emerged as a useful radionuclide for PET imaging due to its chelation chemistry, short half-life leading 

to low absorbed patient dose, and high positron branching ratio. However, some disadvantages include 

the high end-point energy of β+
 decay resulting in decreased spatial resolution due to positron range, and 

the short half-life may lead to reduced yield in time-sensitive radiolabelling procedures.  

As exemplified by 18F and 68Ga, both the physical and chemical properties of the radionuclide impact its 

utility in PET imaging: half-life will impact radiochemistry, patient dosimetry, optimal timing of imaging, 

and ability to transport the tracer to the PET imaging site. The positron emission energy will affect 

reconstructed image resolution and noise, as well as patient dosimetry. The chemical properties will 

determine the radiolabelling procedures and structure of the injected tracer, which in turn changes the 

tracer’s biodistribution. Immuno-PET is an example of a recently developed application requiring 

radionuclides with half-lives specifically suited for the imaging task.  

1.2.1 Immuno-PET 

Immuno-PET is an emerging imaging technique that combines the specificity of monoclonal antibodies 

(mAbs) with the spatial resolution and sensitivity of PET imaging. While FDG is an excellent tracer for 

targeting accelerated glucose metabolism, it is non-tumour specific. mAbs are key molecules that can 

specifically target cellular processes such as cell proliferation and differentiation, as well as cell death and 

apoptosis (Dongen et al., 2007). In fact, mAbs can be used in disease-specific targeting for diagnostic 

imaging and therapy.  

Four important considerations guide the choice of radionuclide for conducting immuno-PET studies. The 

first is the chemical properties of the radionuclide. It is desirable to maintain the in vivo binding & 

biodistribution of the unlabeled tracer, as this will allow the imaging to be indicative of the desired 

process. Radiohalogen labeling of mAbs, with 76Br and 124I for example, can lead to the degradation of the 

mAb and rapid clearance of the radiotracer from the target cells. Chelators or other groups are used to 

indirectly label radiometals such as 68Ga, 64Cu, 86Y and 89Zr to mAbs, which can lead to the radiotracers 

being trapped in cell lysosomes; the internalization of the mAb results in the maintenance of the tracer 

biodistribution.  

A second consideration is the half-life of the nuclide used in the immuno-PET study. While the mAb is 

highly specific, its uptake in the targeted cells can vary significantly. It is important to match the half-life 
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of the radionuclide with the biological uptake characteristics of the tracer molecule, such that sufficient 

radionuclide concentration remains until the time it takes for the tracer to achieve maximum tumour-to-

background (TBR) contrast. This length of this time is typically 2-4 days for mAbs, and 2-6 hours for mAb 

fragments. In their feasibility study with [89Zr]c-mAb U36 of a patient with head and neck squamous cell 

carcinoma, Dongen et al. found that the tumour contrast was superior at around 24 hours post-injection 

and beyond. Thus, radionuclides with significantly shorter half-lives would either provide inferior tumour 

contrast ratios (if imaged prior to maximum TBR), or images degraded by reduced signal-to-noise ratio (if 

imaged at optimum, later time points). 

Thirdly, patient radiation dose generally increases for radionuclides with longer half-lives, such as the ones 

suited for labeling of mAbs. While long-lived radionuclides allow for imaging several days post-injection 

(when mAbs typically display optimal TBR contrast), radiation burden for patients also increases if similar 

activities are administered. This is somewhat mitigated by modern, high sensitivity PET scanners and 3D 

imaging protocols, which may allow smaller activities to be administered to the patient. All else being 

equal, a radionuclide with a shorter half-life would be preferable if feasible given the biodistribution of 

the tracer in question.  

Finally, immuno-PET can be used as a diagnostic tool to identify patients who may be candidates for 

radioimmunotherapy. If the dosimetry profile found in the PET study is promising, the mAb can be labeled 

with a paired, therapeutic radionuclide with similar chemical properties. The mAb with the therapeutic 

nuclide will exhibit a biodistribution very similar to the diagnostic study. Commonly used PET 

radionuclides include 64Cu, 89Zr, 86Y, 124I, while their beta emitting, therapeutic counterparts for use in 

radioimmunotherapy (RIT) are 67Cu, 177Lu, 90Y, and 131I, respectively.  

1.3 Theranostics 

This combined approach to diagnostics and therapy has been dubbed theranostics (Rösch and Baum, 

2011): the diagnostic study aims to achieve a quantitative measure of the disease through molecular 

imaging of the radionuclide directed by specific targeting vectors. The disease can then be treated with a 

therapeutic analogue of the same targeting vector using information gained from the diagnostic study to 

adjust treatment on an individual patient basis (precision medicine). Furthermore, treatment response 

and/or disease progression can be monitored through renewed use of the diagnostic molecular imaging 

vector. Ideally, the radionuclides used in the theranostic paradigm would be isotopes of the same 

element to ensure identical biodistribution. If this is not the case, additional biodistribution studies are 
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required prior to clinical use of a theranostic pair to establish sufficient similarity between the uptake 

patterns of the diagnostic and the therapeutic radiolabelled tracers. 

The theranostic paradigm has flourished with the advent of specific targeting vectors such as DOTA-

decorated peptides, which target G-protein coupled receptors such as octreotide or prostate specific 

membrane antigen (PSMA) derivatives (Baum et al., 2012; Chatalic et al., 2015). The advantage of these 

specific targeting vectors is the selective uptake of the tracer into target tissue with low non-specific 

uptake in other structures, which allows for the safe delivery of higher doses of radiation to eradicate 

disease. This condition is not typically fulfilled with tracers such as [18F]FDG; significant uptake in normal 

tissue, such as the brain, heart, kidneys and bladder limits their utility for a theragnostic approach. 

Advances in radionuclide therapy (RNT) in recent years have demonstrated the importance of 

considering the impact of theranostics, including emerging evidence that RNT may be more effective 

than current standard of care for specific populations of oncology patients.  

The Neuro-endocrine Tumors Therapy (NETTER-1) trial is a phase 3 multi-center clinical trial that was 

conducted at 41 centers in 8 countries to determine the effectiveness of [177Lu]Lu-DOTATATE treatment 

for midgut neuroendocrine tumors (Strosberg et al., 2017). The eligible patient population included 

adults with locally advanced or metastasized midgut neuroendocrine tumors which were inoperable, 

positive on somatostatin receptor imaging and showed progression during treatment with octreotide 

long-acting release (LAR). The progression-free survival (PFS), as well as the overall survival were 

important end-points that were examined when comparing the group of patients given [177Lu]Lu-

DOTATATE in addition to best supportive care and the control group provided high-dose octreotide LAR, 

with tumor assessment on CT or MRI performed every 12 weeks. A significant difference at 20 months 

was demonstrated in a preliminary analysis, with a 65.2 % PFS for the [177Lu]Lu-DOTATATE intervention 

vs 10.8 % in the controls; the median PFS had not yet been reached at this time for the interventional 

arm but was determined to be 8.4 months for the controls. While the analysis is still on-going, these 

encouraging results demonstrate the efficacy of RNT, and the potential of these therapies for the 

effective treatment of disseminated disease.  

In the case of neuroendocrine tumours, theranostics is accomplished by coupling the 177Lu therapy with 

molecular imaging via [68Ga]Ga-DOTATOC(Baum et al., 2012; Baum and Kulkarni, 2012). This octreotide 

derivative helps establish an initial diagnosis by determining the tumours’ somatostatin receptor status, 

enables staging of the disease, and helps monitor a patient’s response to therapy. While standardized 
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doses of [177Lu]Lu-DOTATATE are currently provided to each patient, [68Ga]Ga-DOTATOC imaging may 

enable future clinicians to personalize dosing for their patients (Marco et al., 2019). Further research is 

also being conducted into other specific targeting vectors where RNT may show therapeutic advantages; 

one such emerging application consists of targeting prostate cancer with radiolabelled derivatives of 

prostate specific membrane antigen (PSMA) (Afshar-Oromieh et al., 2015). It is therefore obvious that 

the development of such matched pairs of radioisotopes for theranostic applications is advantageous 

and will enable further utilization of matched diagnostic and therapeutic targeting vectors. 

1.4 Radioscandium 

Scandium is a transition metal in the third row of the periodic table with an atomic number of 21, 

between calcium at 20 and titanium at 22. It has a single stable isotope with an atomic mass of 45, and 

several radioactive nuclides with half-lives greater than 1 hour, ranging from an atomic mass of 43 to 48. 

44Sc is a positron emitter and is one of three isotopes of scandium of potential use in nuclear medicine: 

43Sc is another positron emitter, while 47Sc is a beta emitter which could be of use in radionuclide 

therapy (RNT). The 44Sc/47Sc and 43Sc/47Sc theranostic pairs of scandium radioisotopes could serve as 

potential alternatives for current medical radionuclides; for example, 177Lu is commonly used for 

treatment of neuroendocrine tumours (Müller et al., 2013), often as a theranostic pair with 68Ga. Figure 

1.2 presents the simplified decay schemes for the three radioisotopes of scandium of interest (National 

Nuclear Data Center, n.d.).  

 

Figure 1.2 Simplified decay schemes for 43Sc, 44Sc, 47Sc 
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Important properties of the positron emitters are presented in Table 1.2. The half-life of 44Sc and 43Sc are 

3.97 hours 3.89 hours respectively, which complements other radionuclides used in PET, such as 68Ga, 18F, 

64Cu and 89Zr with half-lives of 68 min, 110 min, 12.7 hours and 78.4 hours, respectively. As previously 

discussed, the half-life of the radionuclide in PET studies should be balanced: sufficiently long to reach 

optimal biodistribution and target uptake, but short enough to limit the radiation burden to the patient. 

A longer half-life also allows for more complicated extraction chemistry and radiolabelling, as well as 

transportation to PET scanners at remote locations.  44Sc has a 94% positron branching ratio and chemical 

properties similar to other radionuclides currently in use, such as 68Ga and 177Lu, which makes it useful as 

a diagnostic imaging surrogate for existing therapies (McQuade et al., 2005). The mean positron emission 

energy of 44Sc and 43Sc  are 632 keV and 476 keV, lower than their radiometallic counterpart 68Ga at 836 

keV, which could improve reconstructed image quality.  

Important properties of the radionuclides for use in therapeutics are presented in Table 1.3, along with 

one of many possible production routes (Gracheva et al., 2019; Loveless and Lapi, 2020; National Nuclear 

Data Center, n.d.; Smith et al., 2012). To deliver radiation during RNT, the therapeutic radionuclide must 

concentrate in the tumour. For therapy with a β- emitter, this concentration must be high due to the low 

linear energy transfer (LET) of electrons, which only increases in the last few nm of their total path length 

of typically ~1 cm (Kassis, 2008).  Due to their short track length, the energy of the charged particles is 

typically absorbed locally while the x-rays and γ-rays contribute to the dose in a greater volume of the 

patient. When the goal is to irradiate local structures, it is therefore desirable for radionuclides to transfer 

a greater proportion of energy to charged particles, as is the case in RNT. 47Sc transfers a 1.62 ∗ 10−1𝑀𝑒𝑉 

to charged particles per decay, which is similar to the commonly used therapeutic radionuclides 131I and 

177Lu. While this total energy transfer is a useful measure of the therapeutic potential, further studies 

must be conducted to confirm the dose distribution of these radionuclides in tumours as the individual 

electron energies will dictate the range and dose drop-off.  

Table 1.3: Properties of β--emitting therapeutic radionuclides. 

Radionuclide Half-life X-ray, γ-ray 

Radiation 

(MeV/Bq-s) 

β, ce, and Auger 

Radiations 

(MeV/Bq-s) 

Production 

47Sc 3.349 d  1.09 * 10-1 1.62 * 10-1 47Ti(n,p)47Sc 
67Cu 61.83 h 1.15 * 10-1 1.55 * 10-1 68Zn(p,2p)67Cu 
90Y 64.05 h -  9.32 * 10-1 89Y(n,γ)90Y 
131I 8.025 d 3.81 * 10-1 1.90 * 10-1 130Te(n,γ)131Te→131I 
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161Tb 6.89 d 0.34 * * 10-1 1.97 * 10-1 160Gd(n,γ)161Gd→161Tb 
177Lu 6.647 d 0.33 * 10-2 1.47 * 10-1 176Lu(n,γ)177Lu 

1.4.1 Radioscandium production 

A robust supply of radionuclides is important for their use in pre-clinical research and clinical 

applications. There are several important factors to consider when investigating production routes, 

including (Synowiecki et al., 2018):  

- High yield and purity: The nuclear reaction must have a sufficient cross-section in order to 

produce significant yields of the radionuclide, and detrimental radionuclidic contaminants must 

not be produced in significant amounts.  

- Target material: The target nuclide must have sufficient natural abundance or, if needed, 

enriched materials must be available. This greatly affects the expense of the targetry and impact 

the yield and purity of the resulting product.  

- Extraction chemistry: The radionuclide must be extracted from the target material and be able 

to be concentrated in a solution of sufficient quality for radiolabelling. This includes removing 

contaminants that would inhibit incorporation of the radionuclide, and may encompass the 

recovery of the target material as c cost-saving measure.  

- Half-life: The production route must account for the half-life of the radionuclide of interest, as 

this will influence production rates and limit the time available for post-processing.  

Several production schemes have been proposed for radioisotopes of scandium, and these are 

summarized in Figure 1.3 for 43,44Sc, the positron-emitting isotopes of scandium, and Figure 1.4 for 47Sc.  

44Sc has been produced through the proton irradiation of natural abundance calcium targets (Severin et 

al., 2012; Valdovinos et al., 2015), enriched 44Ca targets(van der Meulen et al., 2015) as well as in liquid 

solution targets (Hoehr et al., 2014). An alternative production route is a 44Ti/44Sc generator (Pruszyński 

et al., 2010; Roesch, 2012), which requires higher energy protons (25-30 MeV) and large integrated 

currents on target as the half-life of 44Ti is 60 years. Production has been proposed using alpha particle 

beams, such as the irradiation of 42Ca targets (Szkliniarz et al., 2016). 

High yields of 43Sc have been accomplished using alpha particle beams via the natCa(α,p)43Sc reaction 

using natural abundance calcium targets (Minegishi et al., 2016; Walczak et al., 2015), and more recently 

43Sc has also been produced by proton irradiations via the 46Ti(p,α)43Sc and 43Ca(p,n)43Sc nuclear 

reactions, resulting in radionuclidic purity of 98.2 % and 66.2 %, respectively (Domnanich et al., 2017a). 
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Proposed production pathways of 47Sc include the proton irradiation of 48Ca targets (Misiak et al., 2017), 

alpha irradiation of 44Ca (Minegishi et al., 2016), and gamma bombardment of 48Ti (Mamtimin et al., 

2015; Rotsch et al., 2018; Yagi and Kondo, 1977), as well as indirect production schemes through the 

decay of 47Ca via the 48Ca(γ,n)47Ca and 46Ca(n, γ)47Ca nuclear reactions (Domnanich et al., 2017b; Rane et 

al., 2015; Starovoitova et al., 2015). 

An important consideration in the production of these radioisotopes is the co-production of 46Sc, 

considered to be a contaminant; its considerably greater half-life (t1/2=83.8 d) is concerning for 

radionuclidic purity and patient dosimetry.  

 

 

Figure 1.3: Production pathways of positron-emitting radioscandium nuclides 43Sc (right) and 44Sc (left) 
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Figure 1.4: Production pathways of β--emitting radioscandium nuclide 47Sc 

1.4.2 Radioscandium labelling 

Several review articles outline the radiolabelling and applications of radioscandium (Mikolajczak et al., 

2021; Müller et al., 2018; W. Price et al., 2016). Bifunctional chelators are used in order to attach 

radiometals to targeting motifs; the chelators need to fulfill several requirements, including rapid 

complexation, mild complexation conditions, high in vivo stability and ready conjugation to targeting 

motifs (W. Price et al., 2016).  

As radioscandium has become more readily available, several studies have described radiolabeling 

experiments, e.g. with DOTA and DTPA chelators (Alliot et al., 2015; Müller et al., 2014a; Severin et al., 

2012; Valdovinos et al., 2015), with novel chelators such as AAZTA and H4pypa (Li et al., 2020; Nagy et 

al., 2017) , and with DOTA-decorated peptides and other biomolecules, including [44Sc]Sc-DOTA-(cRGD)2 

(Hernandez et al., 2014), [44Sc]Sc-DOTA-TATE (Huclier-Markai et al., 2014), [44Sc]Sc-DOTA-TOC 

(Pruszyński et al., 2012), [44Sc]Sc-DOTA-NOC (van der Meulen et al., 2015), [44Sc]Sc-DOTA-folate (Müller 

et al., 2013), and [44Sc]Sc-PSMA-617 (Eppard et al., 2017; Umbricht et al., 2017). Other approaches 

include the radiolabelling of monoclonal antibodies (Chakravarty et al., 2014). 

1.4.3 Radioscandium imaging 

Several procedures exist to evaluate the performance of PET scanners (NEMA, 2018, 2008); these 

typically include measurements of standardized performance metrics in phantoms with measurement 

times and activities similar to those that will be used for in vivo scanning protocols. While these 
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measurements are usually performed for acceptance testing of scanners, they have also been used to 

compare the image quality for different positron emitters (Disselhorst et al., 2010).  

In the first phantom imaging study with 44Sc, Bunka et al. compared the image resolution for several 

radionuclides in a Derenzo phantom and ranked the measured resolution for these radionuclides in pre-

clinical imaging as 68Ga < 44Sc < 89Zr < 11C < 64Cu < 18F (Bunka et al., 2016). This order, with 18F 

demonstrating the best resolution, is explained by the positron range of each radionuclide, which is 

smallest for 18F. Domnanich et al. subsequently compared three samples of scandium (sample 1: 99 % 

44Sc, sample 2: 66.2% 43Sc and 33.3 % 44Sc, sample 3: 98.2 % 43Sc and 1.5 % 44Sc) in the Derenzo phantom 

and found that increasing the proportion of 43Sc significantly decreased the measured FWHM, as 

expected by the lower end-point energy of the positron emitted by 43Sc.  

The study presented in Chapter 4 of this thesis compares the standard imaging performance metrics for 

44Sc, 18F, 64Cu and 68Ga using the NEMA image quality phantom, a Derenzo phantom and an NEC 

phantom in a preclinical PET scanner (Ferguson et al., 2019) . Many of these measurements were 

repeated by Rosar et al. in their comparison of the phantom imaging of 44Sc and 68Ga in two preclinical 

PET scanners and confirmed our results (Rosar et al., 2020). Lima et al. assessed image quality of 44Sc in 

a commercial PET scanner to characterize signal recovery and investigate reconstruction protocols, 

including the available scatter corrections and prompt-gamma correction; they found that the recovery 

coefficients were greater than the previously recommended range (Lima et al., 2020). This indicates that 

corrections techniques require further optimization to improve quantitation of PET scans with 44Sc. 

Finally, Rosar et al. compared the activity recovery of 44Sc and 18F in preclinical and clinical scanners and 

concluded that while the reconstructed activity with 44Sc is underestimated, a single constant correction 

factor could be used to improve the quantitative accuracy (Rosar et al., 2021). 

Several in vivo preclinical PET imaging studies have been conducted with a variety of radiolabelled 

tracers previously outlined. For example, Umbricht et al. investigated the in vitro and in vivo properties 

of [44Sc]Sc-PSMA-617, as a match for the therapeutic counterpart [177Lu]Lu-PSMA-617, in comparison 

with existing diagnostic tracers [68Ga]Ga-PSMA-617 and [68Ga]Ga-PSMA-11 (Umbricht et al., 2017); the 

authors demonstrated high tumour uptake in PC-3 tumour cells in mouse models with increasing tumor-

to-background contrast up to 4 h post-injection, and found the in vivo kinetics of the 44Sc labeled 

analogue to be more similar to the 177Lu than either of the 68Ga radiolabeled ligands.  
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47Sc is a beta emitter well suited for radionuclide therapies. Like 131I and 177Lu, 47Sc also emits a prompt 

photon with high abundance (68.3% at 159 keV) and therefore can be imaged using SPECT or SPECT/CT 

(Domnanich et al., 2017b); Domnanich et al. reported excellent visual agreement between [47Sc]Sc-

DOTATOC SPECT scans and [44Sc]Sc-DOTATOC PET scans in a AR42J tumor-bearing mouse. 

To date, clinical use of radioscandium for diagnostic imaging is limited and focuses on tracers that had 

their clinical utility first established when labeled with 68Ga: [44Sc]Sc-DOTATOC and [44Sc]Sc-PSMA-617 

(Eppard et al., 2017; Khawar et al., 2018a, 2018b; Singh et al., 2017). Singh et al. imaged two patients 

following peptide receptor radionuclide therapy with [44Sc]Sc-DOTATOC, which allowed for the 

detection of small lesions with increasing tumor-to-background ratios for up to four hours post-injection 

(Singh et al., 2017). First-in-human studies with [44Sc]Sc-PSMA-617 have demonstrated an improved pre-

therapeutic dosimetry compared to [68Ga]Ga-PSMA-617, for [177Lu]Lu-PSMA-617 radionuclide therapy of 

castrate-resistant prostate cancer (Eppard et al., 2017). 

1.4.4 Radioscandium therapy 

While several investigations have demonstrated the feasibility of producing 47Sc, few studies have 

demonstrated its potential as a therapeutic radionuclide; this therapeutic potential is central to the 

application of radioscandium towards theranostics.  

Champion et al. compared the efficacy of 67Cu, 47Sc, and 161Tb for the irradiation of small tumors in 

simulations with the Monte Carlo code CELLDOSE (Champion et al., 2016); these radionuclides were 

chosen because of their potential for use in theranostics with their diagnostic counterparts 64Cu, 43,44Sc, 

and 152,155Tb. To compare the dose delivered to micrometastases or single cell tumours, the authors 

simulated the doses absorbed in spheres ranging from 5 mm to 10 μm; the dose from a single 

radioactive decay (S-values) and the absorbed dose normalized to total energy released by electrons for 

each radionuclide was compared. While Champion et al. conclude that 161Tb delivers a greater dose to 

the smaller diameter spheres, the doses delivered by the electrons emitted from all three radionuclides 

is nearly identical in the 5-mm metastases.  

Müller et al. used a 47Sc-radiolabelled DOTA-folate conjugate (cm10) to investigate the therapeutic 

potential of 47Sc (Müller et al., 2014a). They determined the biodistribution of the [47Sc]Sc-cm10 in folate 

receptor-positive KB tumor-bearing mice, and compared the tumor growth and survival time of mice 

receiving 10 MBq of [47Sc]Sc-cm10 as compared to controls; they demonstrated that the treatment 

induced significant delays in tumor growth and increased the survival time by more than 50 %. In a 
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follow-up study, Nardo et al. used the biodistribution data from the murine models in the previous study 

to extrapolate the activity curves in human organs using relative mass scaling (Nardo et al., 2021).  

In a related study, Siwowska et al. investigated the therapeutic potential of 47Sc as compared to the 

more established therapeutic radionuclides 177Lu and 90Y with the same DOTA-folate conjugate 

(Siwowska et al., 2019). In a study of ovarian tumour cells in a murine model, the authors determined 

that the tumor growth was similarly inhibited by each radiolabelled compound when the injected dose 

was controlled to obtain the same absorbed tumor dose of 21 Gy: 12.5 MBq [47Sc]Sc-folate, 10 MBq 

[177Lu]Lu-folate, and 5 MBq [90Y]Y-folate. Siwowska et al. also found that the intervention increased the 

median survival of the mice from 26 days in the controls to 39, 43 and 41 days respectively; they 

conclude that 47Sc is a promising radionuclide for therapeutic applications and likely comparable to 177Lu.  

1.5 Thesis overview 

Emerging radiometals may play an important role in the future of nuclear medicine, particularly with 

emphasis on theranostics. The purpose of this chapter was to provide some context on PET tracers used 

in nuclear medicine; the choice of radionuclide in a PET imaging study should be based on its physical 

and chemical properties and the desired application. Before adopting a radionuclide, it is important to 

study its production, properties and quantify how it will affect image quality. The work in this thesis 

details results of the development of a local production programme, including radiolabelling, which has 

enabled a steady supply of 44Sc for preclinical imaging studies. The production of 44Sc was investigated 

based on predictive calculations and imaging properties systematically compared with common PET 

radionuclides. The approach undertaken here can be adapted to evaluate other emerging radionuclides, 

to predict yields and investigate imaging characteristics. Peptide radiolabelling was performed to 

demonstrate the use of radioscandium in preclinical in vivo research studies of cancer models in mice.  

An overview of the physics that serves as a basis for understanding the remaining work in this thesis is 

presented in Chapter 2. In particular, the physics of radioactivity and particle interactions with matter 

are relevant to radionuclide production and PET imaging.   

Experimental surveys are often conducted to determine the viability of production routes for emerging 

radionuclides. Radionuclide yield calculations can facilitate this process by determining irradiation 

parameters and predicting yields prior to purchasing target material and performing irradiations, helping 

curtail the cost and narrow down the experimental scope. Chapter 3 investigates several predictive 

approaches and compares these with measurements of radionuclide yields of proton-induced reactions 
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on natural calcium targets. A common approach to radionuclide yield calculations utilizes experimental 

cross-section data, complemented with cross-sections determined from models for reactions that have 

not been investigated experimentally. Here, a tool has been developed to calculate radionuclide yield 

and production of contaminants over a range of energies and target thicknesses (Appendix A); it was 

one of the first general purpose graphical user interfaces to calculate radionuclide yield from charged 

particle beams using both experimental and semi-empirical cross-section data. Recent improvements in 

modelling proton cross-sections in the Monte Carlo simulation package Geant4 have sparked interest in 

using simulations for radionuclide yield calculations (Amin et al., 2018; Poignant et al., 2016). 

Experimental measurements of the thick target yields of radioscandium isotopes (43Sc, 44g,mSc, 46Sc, 47Sc, 

and 48Sc) and 47Ca produced from natural calcium targets were made over the range of 12 and 18 MeV. 

Few yield measurements of these radionuclides have been performed in natural calcium targets. These 

measurements were compared with predictions based on calculations with cross-sections from 

experimental measurements and TENDL, as well as Monte Carlo simulations with Geant4, to determine 

the accuracy of predicting yields and contaminants. 

The work presented Chapter 4 expands on the limited investigations of 44Sc in preclinical phantom 

imaging, which consists of 44Sc imaging studies in Derenzo phantoms. The decay characteristics of the 

radionuclide used in a PET study can impact image reconstruction and affect image quality. Previous 

Derenzo phantom measurements by Bunka et al. revealed differences in the resolution of reconstructed 

images which increased with decreasing mean positron energy (Bunka et al., 2016). To further quantify 

reconstructed image quality, phantom imaging experiments comparing 44Sc, 18F, 68Ga and 64Cu were 

carried out on the Siemens Inveon small-animal PET scanner at the CCI. The NEMA Image quality 

phantom was used to determine standard performance metrics under typical preclinical imaging 

conditions. A procedure first adapted by Disselhorst et al. was used to compare the recovery coefficients 

(RC), spill-over ratios (SOR), and noise (%SD) for the different radionuclides (Disselhorst et al., 2010). 

Additional measurements were completed in the Derenzo phantom and the NEC phantom to investigate 

contrast and coincidence characteristics of these radionuclides.  

The focus of Chapter 5 is the application of 44Sc produced on a cyclotron from natural calcium targets for 

radiolabelling and preclinical in vivo imaging. Radiolabelled peptides can be used to specifically target 

protein receptors and have demonstrated great potential for the imaging and targeting of cancer. A 

metabolically stabilized gastrin-releasing peptide receptor (GRPR) antagonist was previously synthesized 

and was used here to evaluate the quality of the cyclotron produced 44Sc. Radiolabelling was performed 
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with both 44Sc and generator-derived 68Ga. The in vitro GRPR binding affinity of the bombesin complexes 

with scandium and gallium were compared, as well as the biodistribution of these tracers in breast and 

prostate cancer xenographs. Previous studies of bombesin derivatives by Koumarianou et al. have 

demonstrated that the choice of radionuclide may affect in vitro  and in vivo properties of radiotracers 

(Koumarianou et al., 2012, 2009). This study builds on previous work to contrast the properties of 44Sc 

and 68Ga bombesin derivatives and explore differences and similarities between the two radiometal 

labeled radiotracers, as well as evaluate the radiotracer uptake in breast and prostate cancer models.  

Finally, Chapter 6 presents a summary of the work and highlights potential future applications and 

research areas of radioscandium.    
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Chapter 2  

 

 

 

Background 

 

2.1 Radionuclides and the atom 

Since early in its discovery, radiation has been used to form images, such as the famous radiograph of 

Mrs. Röntgen’s hand, only a few months after the discovery of x-rays in 1895 (Goodman, 1995). Several 

models of the atom have been created to explain the various observed physical phenomena, and these 

models form the basis for the applications of radiation used in this thesis and explained in this chapter.  

Atoms are composed of protons and neutrons, which together form a compact nucleus surrounded by 

electrons that are confined to energy levels while orbiting this nucleus. The distinct energy levels at 

which electrons are bound are unique for each atom; electrons can be excited to higher levels and can 

decay down to lower energy levels if these are not occupied. The nucleons can exist outside of atoms; 

their masses have been measured and the neutron is slightly more massive than the proton, with a mass 

of 939.6 MeV/c2 vs 938.3 MeV/c2. The neutron is unstable outside of the atom, decaying into a proton 

accompanied by the emission of an electron and anti-neutrino with a mean lifetime of about 15 

minutes, as described below in Section 2.1.2 about β decay.  

The smallest nuclei are the hydrogen and deuterium atom, which are composed of a single proton and a 

proton bound to a neutron respectively. By the mass-energy equivalency Einstein described in his theory 

of special relativity, the energy contained in the atomic nucleus is enclosed in the mass of its nucleon 

constituents as well as the binding energy holding the nucleons together. The binding energy of a 

nucleus can be described as a function of its constituents: 𝑍 protons, 𝑁 neutrons, and their sum 𝐴 

nucleons. It is well approximated by Eq. 2.1 (liquid drop model of the nucleus) where the coefficients are 

determined by fitting the equation to empirical data.  

𝐵(𝑍, 𝐴) = 𝑎𝑣𝐴 − 𝑎𝑠𝐴
2
3 − 𝑎𝑐𝑍(𝑍 − 1)𝐴−

1
3 − 𝑎𝑠𝑦𝑚

(𝐴 − 2𝑍)2

𝐴
+ 𝛿 ( 2. 1) 
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The first term, 𝑎𝑣𝐴, has the binding energy increase proportional to the number of nucleons. This 

represents the attraction of nucleons to their closest neighbours, with each on average having the same 

number of neighbours (rather than an attraction to all other nucleons present in the nucleus which 

would result in an A2 proportionality). The second term, 𝑎𝑠𝐴
2

3, represents a reduction in these binding 

forces in the nucleus due to the nucleons on the surface being surrounded by fewer neighbours and 

therefore being less tightly bound; this term, like a water droplet’s surface, is proportional to the square 

of the radius of the nucleus, and thus is on the order of A2/3. The third term, 𝑎𝑐𝑍(𝑍 − 1)𝐴−
1

3, represents 

the mutual Coulomb repulsion of the protons and thus reduce the binding energy; each proton repels all 

others present which gives the form of this term 𝑍(𝑍 − 1), with the assumption of a uniformly charged 

sphere yielding the 𝐴−1/3 term (the ‘radius’ of the water droplet). The fourth term with the coefficient 

𝑎𝑠𝑦𝑚 deals with the symmetry of nucleons: observation shows that in stable nuclei the number of 

protons is generally about half the total number of nucleons. Thus, when 𝑍 = 𝐴/2, this term is 

minimized. This applies more to light nuclei due to the greater effect of Coulomb repulsion in heavy 

nuclei which requires the addition of neutrons to increase stability. The last term, 𝛿, represents a 

quantum-mechanical pairing force of nucleons which tend to couple to form stable configurations: for 

even N and Z, it can be expressed as +𝑎𝑝𝐴−3/4, for Z and N odd −𝑎𝑝𝐴−3/4, and zero for odd A.  

This binding energy is used in the semiempirical mass formula (Eq. 2.2), which can be used to calculate 

the mass 𝑀 of an atom as a function of the number of its constituent protons and neutrons, where 

𝑚( 𝐻1
1 ) represents the mass of an 𝐻1

1  atom, 𝑚𝑛 the mass of a neutron, and 𝑐 is the speed of light.  

𝑀(𝑍, 𝐴) = 𝑍𝑚( 𝐻1
1 ) + 𝑁𝑚𝑛 − 𝐵(𝑍, 𝐴)/𝑐2 ( 2. 2) 

Figure 2.1 shows the half-lives of known nuclei plotted as a function of their constituent number of 

protons and neutrons (National Nuclear Data Center, n.d.). An isotope is a nuclear species with the same 

number of protons but with varying numbers of neutrons, i.e. the nuclides within the same elemental 

species. An isotone is a nuclear species with the same number of neutrons but with varying numbers of 

protons. An isobar is a nuclear species with the same overall number of nucleons.  An isomer consists of 

a nucleus with the same number of protons and neutrons but excited into a higher energy level than 

that of the ground state. This description of the binding energy is relevant to nuclear medicine as this 

will inform the modelling of unstable atoms decaying to nuclei with lower binding energies, as well as 

the projectile energy required to form an unstable atom during irradiation.  
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Figure 2.1: Half-lives of nuclides.  

2.1.1 Radioactivity 

Radioactive atoms can be found in naturally occurring materials, such as uranium ore and minerals 

containing thorium, or made artificially e.g. in nuclear reactors or particle accelerators. These unstable 

atoms decay with a constant mean lifetime; their decay is statistical in nature and can be described by a 

Poisson distribution. It is not possible to predict when an individual atom will decay, but the number of 

decays occurring on average in a large sample can be predicted. Eq. 2.3 describes the change in the 

number of unstable atoms as it relates to the total number of radionuclides in the sample 𝑁.  

𝑑𝑁

𝑑𝑡
= −𝜆𝑁 ( 2. 3) 

In this equation, the proportionality factor 𝜆 is known as the decay constant, which represents the 

probability that an atom decays per unit time. Thus, the number un-decayed radionuclides present in a 

sample as a function of time 𝑡 follows from integrating Eq. 2.3, where 𝑁0 is the number of unstable 

atoms at 𝑡 = 0:  

𝑁(𝑡) = 𝑁0𝑒
−𝜆𝑡 ( 2. 4) 

Carrying out the integrals to calculate the mean lifetime 𝑡𝑚 of the parent nuclei reveals 𝜆 to be the 

inverse of their mean lifetime. More intuitively, the half-life 𝑡1/2 is the time required to reduce the 

number of parent nuclei by a factor of two. These values are related as follows in Eq. 2.5:  
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𝑡1/2 = log(2) 𝑡𝑚 =
log(2)

𝜆
≈

0.693

𝜆
( 2. 5) 

The number of radioactive atoms present in a sample is difficult to determine directly, but the number 

of atoms undergoing decay can usually be measured by their emissions, which will be discussed later in 

this chapter. It is helpful to quantify the number of atoms undergoing decay per unit time, and this 

quantity is named the activity; it is related to the number of unstable nuclei in Eq. 2.6, where 𝐴0 is the 

activity at 𝑡 = 0: 

𝐴(𝑡) = 𝜆𝑁(𝑡) = 𝜆𝑁0𝑒
−𝜆𝑡 = 𝐴0𝑒

−𝜆𝑡 ( 2. 6) 

This is the instantaneous rate of decay of atoms in a sample. The number of decays 𝐷(𝑡) over a finite 

time interval 𝑡 is found by integrating the activity over the desired interval:  

𝐷(𝑡) = ∫ 𝐴(𝜏)𝑑𝜏
𝑡

0

= ∫ 𝐴0𝑒
−𝜆𝜏𝑑𝜏

𝑡

0

=
𝐴0

𝜆
(1 − 𝑒−𝜆𝑡) ( 2. 7) 

In the limiting case where the half-life is much longer than the time interval used to observe the decay 

of the sample (𝑡 ≪ 𝑡1/2) , the number of decays 𝐷(𝑡) can be approximated as the product of the activity 

and the time interval:  

𝐷(𝑡) =
𝐴0

𝜆
(1 − 𝑒−𝜆𝑡) =

𝐴0

𝜆
(1 − [1 − 𝜆𝑡 + 𝑂((𝜆𝑡)2)]) ≈ 𝐴0𝑡 ( 2. 8) 

Some unstable parent nuclei decay into daughter nuclei which are themselves unstable. The number of 

each nuclei present in a sample can be described by a pair of differential equations, where 𝜆𝑖 is the 

decay constant of nuclide 𝑁𝑖: 

𝑑𝑁1

𝑑𝑡
= −𝜆1𝑁1

𝑑𝑁2

𝑑𝑡
= 𝜆1𝑁1 − 𝜆2𝑁2 ( 2. 9)

 

Solving these coupled equations reveals that 𝑁1 takes the form previously shown in Eq. 2.4 and 𝑁2 takes 

the form in equation 2.10, where 𝑁𝑖0 represents the initial number of 𝑁𝑖  atoms:  

𝑁2(𝑡) =
𝜆1

𝜆2 − 𝜆1
𝑁10(𝑒

−𝜆1𝑡 − 𝑒−𝜆2𝑡) + 𝑁20𝑒
−𝜆2𝑡 ( 2. 10) 

Bateman (Bateman, 1910) generalized this solution to a decay chain of arbitrary length (Eq. 2.11) in 

which each radionuclide 𝑖 decays into another nuclide 𝑖 + 1 with decay constant 𝜆𝑖 in an extension of 
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the coupled differential equations 2.9; this Bateman equation, with the assumption that initially solely 

𝑁10 atoms of the first nuclide are present, is:  

𝑁𝑛(𝑡) = 𝑁10 × (∏𝜆𝑖

𝑛−1

𝑖=1

) × (∑
𝑒−𝜆𝑖𝑡

∏ (𝜆𝑗 − 𝜆𝑖)
𝑛
𝑗=1,𝑗≠𝑖

𝑛

𝑖=1

) ( 2. 11) 

2.1.2 β decay & detection  

Unstable nuclei can decay by emitting particulate radiation. β decay can be described as a proton in a 

nucleus being converted to a neutron or vice versa, allowing an unstable nucleus to approach a stable 

isobar; the total number of nucleons remains constant while the number of protons and neutrons will 

increase or decrease by one.  

In β- decay, a neutron decays to proton, emitting an electron (𝛽−) and antineutrino (�̅�):  

𝑛 → 𝑝 + 𝛽− + �̅� ( 2. 12) 

On the other hand, in β+ decay, a proton will decay to a neutron, emitting a positron (𝛽+)  and a 

neutrino (𝜈) as per Eq. 2.13.  

𝑝 → 𝑛 + 𝛽+ + 𝜈 ( 2. 13) 

This conversion of the proton to a neutron in atomic nuclei can also occur through the capture of an 

orbital electron, in which case a positron will not be emitted, as per Eq. 2.14.  

𝑝 + 𝑒− → 𝑛 + �̅� ( 2. 14) 

Unlike α decay which is a two-body process, the β particles are emitted with a continuous energy 

spectrum because the kinetic energy of the produced particles is shared with the neutrino. Both 

particles take form during the decay process, and thus the masses must be accounted for in the 

calculation of the energetics of the reaction. The mass of the neutrino, on the other hand, is several 

orders of magnitude smaller than the mass of the electron and of the transition energy available from 

the change in atomic configuration.  

Several factors affect the energy distribution (spectrum) of the emitted β particles, including a statistical 

factor accounting for the number of final states after decay (encompassing the nuclear, electron and 

neutrino wave functions), as well as the Fermi function accounting for the Coulomb attraction and 

repulsion of the nucleus. Figure 2.2 displays the positron energy spectrum of some radionuclides used in 

PET (Eckerman and Endo, 2008).  
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Figure 2.2: Energy spectrum of β+
 particles emitted during the decay of radionuclides for PET.   

2.2 Particle interactions in matter 

2.2.1 Photon interactions in matter 

It is important to consider photon interactions in matter because of their relevance for imaging, 

radiation detection and nuclear physics. Among the many possible interactions, the processes of 

greatest importance for this thesis will be explored: the photoelectric effect, Compton scattering and 

pair production. The relative importance of each process as a function of photon energy and atomic 

number is shown below in the Figure 2.3 (Berger et al., 2010).  

 

Figure 2.3: Dominant photon interaction in material of atomic number Z for each photon energy regime, where 𝜎 denotes the 

Compton effect cross-section, 𝜏 denotes the photoelectric effect cross-section, and 𝜅 denotes the pair production cross-section .  

The photoelectric effect describes the process in which a photon is absorbed by a bound electron, which 

is then excited and can be ejected from the atom. For this process to occur, the energy of the photon Ep 
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must be greater than the atomic binding energy of the electron 𝐸𝑏. The kinetic energy, T, imparted to 

the electron is calculated as:  

𝑇 = 𝐸𝑝 − 𝐸𝑏 − 𝑇𝑎 ( 2. 15) 

Conservation of energy and momentum is facilitated by the atom to which the electron is bound. The 

atom itself gains recoil energy 𝑇𝑎; because the ratio of the energy imparted to the atom to the electron 

is inversely proportional to their mass ratio, this quantity is usually ignored in calculations. While the 

theoretical handling of the photoelectric cross-section is complicated, its dependence on 𝑍 and 𝐸𝑝 can 

be approximated for energies less than 0.1 MeV by Eq. 2.16. As outlined in Figure 2.3, photoelectric 

absorption of photons is most important at lower energies and for materials with high atomic numbers.  

  

𝜎𝑃𝐸 ∝
𝑍4

𝐸𝑝
3

( 2. 16) 

When an inner-shell electron is excited and ejected from the atom, it can create vacancies in the 

electron shells, which can be filled by relaxing electrons. These transitions will cause characteristic x-rays 

to be emitted during the relaxation of outer-shell electrons; they are termed characteristic because the 

photons’ energy equals the difference between the inner-shell binding energy and the binding energy of 

the shell from which the electron relaxes. In an alternate process to the emission of a characteristic x-

ray, an Auger electron can be released with this characteristic energy, minus their binding energy.  

The Compton effect consists of inelastic photon scattering, which alters both the primary photon’s 

energy and direction of travel. This process is important as a detrimental effect in imaging because of 

scattered photons affecting the distribution of photon counts used to reconstruct images. It is also 

important in radiation detection as the scattered photon will have a reduced energy with respect to the 

primary photon, and thus the expected number of photons contributing to the single energy peak 

(photo peak) will be decreased.  

The energy of a photon 𝐸′ scattered at a given angle 𝜙 with a known starting energy 𝐸 can be calculated 

using conservation of momentum and energy, resulting in Eq. 2.17, where 𝐸0 is the energy associated 

with the electron rest mass (511 keV).  

𝐸′ =
𝐸

1 −
𝐸
𝐸0

(1 − cos𝜙)
( 2. 17)
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The energy imparted to the electron 𝑇 is the difference between the photon energy prior and after 

being scattered:  

𝑇 = 𝐸 − 𝐸′ ( 2. 18) 

An expression for the differential cross-section of this process 
𝑑𝜎𝑒

𝑑Ω
 was given by Klein and Nishina (Klein 

and Nishina, 1928):  

𝑑𝜎𝑒

𝑑Ω
=

𝑟0
2

2
(
𝐸′

𝐸
)

2

(
𝐸

𝐸′
+

𝐸′

𝐸
− sin2 𝜙) ( 2. 19) 

Where 𝑟0 = 𝑒2/𝑚0𝑐
2 = 2.818 ∗ 10−13𝑐𝑚 is known as the classical electron radius. The total cross-

section per electron (σe) of this process is obtained by integrating this differential cross-section over all 

angles. The Compton mass attenuation coefficient in a material 
𝜎𝐶

𝜌
 is thus dependent on the density of 

electrons, 𝜎𝑒, present in the scattering material (calculated using Avogadro’s number 𝑁𝐴): 

𝜎𝐶

𝜌
=

𝑁𝐴𝑍

𝐴
𝜎𝑒 ( 2. 20) 

Pair production consists of the absorption of a photon in an electric field leading to the production of an 

electron-positron pair. The photon must have energy greater than 2𝑚0𝑐
2 = 1.022 𝑀𝑒𝑉 as both an 

electron and positron arise from this interaction, and this is the sum of their resting mass. Consequently, 

the kinetic energy received by the electron (T-) and the positron (T+) follow the energy conservation Eq 

2.21.  

𝐸 = 2𝑚0𝑐
2 + 𝑇− + 𝑇+ ( 2. 21) 

An expression for the atomic differential cross-section of this process in the nuclear coulomb force field 

was derived by Bethe et al. (Bethe et al., 1934). If this expression is integrated over all possible values of 

kinetic energy imparted to the positron, it is found that the mass attenuation coefficient for nuclear 

pair-production 
𝜎𝑃𝑃

𝜌
  is proportional to the total atomic cross-section for pair production, 𝜅𝑎, and can be 

approximated as in Eq. 2.22.   

𝜎𝑃𝑃

𝜌
= 𝜅𝑎

𝑁𝐴

𝐴
∝ 𝑍 ( 2. 22) 
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Pair production can occur in the coulomb field of an electron; however, energy conservation dictates 

that the energy threshold for this process to occur is 4𝑚0𝑐
2 = 2.044 𝑀𝑒𝑉, which is greater than the 

photon energies considered in this thesis for activity quantification and imaging (c.f. Chapters 3-5).  

The total photon attenuation in a material is dictated by the sum of the individual processes occurring; if 

both the source of the photons and the detector are collimated, attenuation of a photon beam follows 

an exponential law as in Eq. 2.23. It is dependent on the initial (source) photon intensity 𝐼0, the linear 

attenuation coefficient 𝜇 in the material, and the linear distance, 𝑥, travelled: 

𝐼 = 𝐼0𝑒
−𝜇𝑥 ( 2. 23) 

Where 𝜇 encompasses all photon interactions considered here: 

𝜇 = 𝜎𝑃𝐸 + 𝜎𝐶 + 𝜎𝑃𝑃 ( 2. 24) 

2.2.2 Charged-particle interactions in matter 

Charged-particle interactions are important to consider as they determine the positron range in PET 

imaging and the behaviour of protons during the irradiation of a target material in radionuclide 

production. In contrast to uncharged radiation, charged particles are surrounded by an electric field and 

interact with the constituent nuclei and electrons of a material. While travelling through a medium, 

charged particles undergo many interactions, each of which transfer varying amounts of their kinetic 

energy to secondary electrons or nuclei in the medium. Each interaction is stochastic: the energy loss 

and direction change cannot be predicted for an individual interaction as it is governed by a probability 

distribution. However, because the number of interactions is large (~105 interactions for a 1 MeV 

particle), the total path length before the particle of a given initial energy comes to rest is clustered 

about the mean that would be observed for a large number of such particles. This expected path length 

is called the range of the particle.  

The relative size of the impact parameter b and the atomic radius a, depicted in Figure 2.4, is used to 

separate the different types of interactions.  
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Figure 2.4: Depiction of impact parameter b for a charged-particle interaction with an atom of radius a 

The greatest number of interactions that charged particles undergo in a medium are “soft” collisions, in 

which charged particles are passing an atom at a large distance (b >> a). Such interactions can excite 

electrons to higher energy level or eject valence electrons. While individual interactions transfer small 

amounts of energy (on the order of a few eV) to the atom, the great number of these interactions 

account for about half of the energy transferred to the material.  

In “hard” collisions, the charged particle interacts with a single charged constituent in the material, i.e. 

and electron or atomic nucleus. If interacting with an electron (i.e. b < a), it is ejected from the atom. 

This electron is called a delta (δ) ray and has a significant amount of kinetic energy, which will be 

absorbed along the δ-ray’s path while it undergoes coulomb-force interactions. Similar to the photo-

electric effect, a characteristic x-ray or Auger electron can be emitted if an inner-shell electron is excited 

or ejected. The probability for these collisions to occur is dependent on the properties of the interacting 

particle, including their spin, and can vary greatly.  

The charged particle can also interact with the nuclear Coulomb field when b << a. Electrons and 

positrons are more likely to undergo these interactions than heavier charged particles. In the majority of 

these interactions, the charged particle undergoes elastic scattering, in which minimal energy is lost and 

the particle is deflected. In 2-3% of cases, the charged particle interacts inelastically and emits an x-ray 

photon while being deflected. These are called bremsstrahlung x-rays, due to their slowing of the 

charged-particle (from the German word for breaking: “bremsen”); these x-rays can carry away a large 

portion of the kinetic energy of the particle. This is the main type of interaction utilized for the 

generation of x-rays in medical imaging; by accelerating electrons towards a tungsten anode, they 

interact with this high-Z material by emitting x-rays, which are collimated and used for imaging. Of note 
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is that the atomic cross-section of this process is proportional to the Z2 of the material, and thus it is not 

as important in tissue-like materials. Additionally, it has an inverse square dependence on the mass of 

the charged particle and as such is not important for protons.  

A process of particular importance to PET is electron-positron annihilation. Particles can annihilate when 

they encounter their anti-particles; when a positron annihilates with an electron, two 511 keV photons 

are produced. In general, these are co-linear and travel in opposite directions, 180° apart. However, the 

interaction does not always occur at rest, and in-flight annihilation will cause the energy of one or both 

of the photons to increase slightly, as well as a slight deviation from the 180° distribution to conserve 

momentum.  

2.2.3 Stopping power and range 

As previously stated, individual interactions are stochastic but due to the large number of interactions, 

the behaviour of charged particles travelling through matter can be approximated by expectation 

values. The stopping power (
𝑑𝐸

𝑑𝑥
) is the energy loss per unit path length (in MeV/cm) of a charged 

particle, and is dependent on the type of particle, its energy and the characteristics of the material. The 

mass stopping power normalizes stopping power to the density of the material traversed. For dosimetric 

purposes, it can be useful to decompose the total stopping power into radiative and collisional 

components, but this is not the focus of the work in this thesis.  

For heavy particles, the Bethe-Bloch equation (Eq. 2.25) describes the energy-dependent stopping 

power, where 𝑒 is the elementary charge, z is the number of elementary charges of the charged particle, 

𝛽 is the particle’s velocity relative to the speed of light c, and 𝐼 is the mean excitation potential of the 

struck atom.  

 

(
𝑑𝐸

𝑑𝑥
) =

4𝜋𝑒4 

𝑚0𝑐
2𝛽2

𝑁𝐴𝑍𝑧2

𝐴
 [ln (

2𝑚0𝑐
2𝛽2

𝐼(1 − 𝛽2)
) − 𝛽2] ( 2. 25) 

For electrons and positrons, the soft-collision term derived by Bethe can be complemented by the 

Moller cross section for electrons 𝐹−(𝜏) and Bhabha cross section for positrons 𝐹+(𝜏) to derive a total 

stopping power in Eq. 2.26, where 𝜏 = 𝑇/𝑚0𝑐
2 is the charged particle energy scaled by its rest mass, 

and 𝛿 is a correction term for polarization:  
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(
𝑑𝐸

𝜌𝑑𝑥
)
𝑐

=
2𝜋𝑒4 

𝑚0𝑐
2𝛽2

𝑁𝐴𝑍𝑧2

𝐴

[
 
 
 

ln

(

 
𝜏2(𝜏 + 2)

2 (
𝐼

𝑚0𝑐
2)

2

)

 + 𝐹±(𝜏) − 𝛿 −
2𝜋𝑁𝐴

𝐴
(

𝑒2

𝑚0𝑐
2)

2

]
 
 
 

( 2. 26) 

The total range r (cm) of a particle of energy 𝐸0 is estimated by the product of the material density 𝜌 

(g/cm3) and the integral of the mass stopping power (𝑀𝑒𝑉 ∙ 𝑐𝑚2/𝑔) up to the incoming particle energy, 

as in Eq. 2.27. This range represents the distance the particle travels. However, collisions will cause non-

zero scatter angles and lead to beam straggling, shortening the actual projected range of a particle. This 

effect is more pronounced for lighter particles such as electrons and positrons.  

𝑟 =
1

𝜌
∫ (

𝑑𝐸

𝜌𝑑𝑥
)
−1𝐸0

0

𝑑𝐸 ( 2. 27) 

 

Calculations for radionuclide production (c.f. 2.3.3) involve the use of the stopping power to determine 

energy loss of hadrons in targets. In practice, the SRIM software package is used to determine the 

stopping power of hadrons in targets (Ziegler et al., 2010). This package has been extensively used, with 

700 citations per year. It provides data about mass stopping power that have been validated to be 

within 10 % of expected values for 85 % of data points for protons.  

2.2.4 Radiation detection 

Three types of detectors are commonly used in radiation detection: gas-filled detectors, semi-conductor 

detectors and scintillators.  

Gas-filled detectors are found in many areas in nuclear medicine, such as dose rate monitoring to ensure 

staff safety. As the name implies, an electric field is applied to a detector chamber containing a gas. In 

nuclear medicine, the chamber typically does not communicate with ambient air and the fill gas is 

usually inert, such as xenon. When ionizing radiation traverses the chamber, it interacts with the gas as 

previously discussed, ejecting electrons which are then accelerated by the electric field. At sufficiently 

high electric potential, these electrons interact with the neutral gas atoms to create cascades of 

electrons which are collected at the cathode of the detector. Gas-filled detectors operate in several 

regimes, depending on the strength of the applied electric field: in an ion chamber, chamber current is 

in fixed relation to the energy deposited in the gas volume; in a proportional counter, the amount of 

current generated is proportional to the energy deposited by the radiation that traverses the gas 
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chamber; in a Geiger-Mueller counter, the whole chamber gas gets ionized when only one interaction 

with the gas volume takes place.  

Semi-conductor detectors such as high-purity germanium (HPGe) detectors provide an alternative 

method of detecting radiation. HPGe detectors consist of germanium crystals, where the constituent 

atoms have four valence atoms, which all participate in the covalent bonds filling the valence band. 

There is an energy gap on the order of 1 eV between the valence band and the empty conduction band, 

to which electrons can be thermally excited at room temperature, leaving a “hole” in the valence-band 

which can be filled by electrons from neighboring atoms. The spontaneous production of electron-hole 

pairs can be limited by cooling the detector with liquid nitrogen. Electrical conduction can be further 

controlled in semiconductor detectors by the addition of dopants; n-type detectors are made by adding 

atoms with 5-valence electron impurities such as P, As and Sb, while p-type detectors incorporate 

impurities with 3-valence electrons such as Li. By combining both these types of detectors and applying 

a reverse voltage bias, a depletion region is created at the junction of the two materials. This is caused 

by the migration of holes and electrons due to the electric field, which leaves behind fixed donor and 

acceptor sites. Radiation entering this zone releases electron-hole pairs. These migrate in the electric 

field to create an electronic signal that is amplified. Since the number of electron-hole pairs created 

depends on the amount of energy deposited in the p-n-junction, this energy is inferred from the 

amplitude of the signal.  

Scintillation detectors are used in many applications, including in certain PET scanners and gamma 

cameras, and operate through a process known as luminescence. They consist of atoms in a crystal 

lattice, in which the energy levels have broadened such that the outermost electrons fill a valence band, 

and there is an energy gap of forbidden bands up to a higher energy conduction band; this gap is on the 

order of a few electron volts. When electrons in the valence band absorb energy, they are excited into 

the conduction band and de-excite with the emission of a scintillation photon to return to the ground 

state. To control the energy of the scintillation photon, impurities are added to the crystal to produce 

additional lower energy states and optical photons of longer wavelength. These optical photons can 

then be detected by a photodetector. The important properties of scintillation detectors used in PET 

imaging are described further below.   

2.3 Radionuclide production 

There are three common sources of radionuclides used in medicine: nuclear reactors, generators, and 

cyclotrons. Important considerations for radionuclide production include: the cost and availability of 
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target materials, the maximum yield of the production route and the radionuclidic purity of the resulting 

product, the processing of the target material and extraction of the product (with an emphasis on a 

procedure which can result in automation) and ensuring sufficient demand exists for the product to 

justify its production cost (Synowiecki et al., 2018).  

High neutron flux is used to activate the target material in a nuclear reactor; this results in the high-

efficiency production of neutron-rich radionuclides, generally for use in radionuclide therapy. While a 

single nuclear reactor can supply a large region, there is a high cost for the building and operation of 

such a facility, and it can result in long-lived radioactive waste. Nuclear reactors often serve to produce 

the long-lived parent nuclide for a radionuclide generator. Here, a short-lived daughter radionuclide of 

interest is eluted from a column onto which the parent radionuclide is adsorbed; as the long-lived 

parent decays, the activity of the daughter radionuclide increases to reach an equilibrium, and it can be 

regularly eluted for use in medical procedures. Radionuclide generators are convenient as they can be 

stored at the clinical site and eluted for several months (dependent on the parent-daughter nuclides in 

question); long-lived waste is returned to the manufacturer after use. However, the total number of 

doses eluted from the generator is limited by the decay characteristics of the radionuclides and suitable 

quality assurance procedures must be able to detect breakthrough of the parent radionuclide, which 

may occur after a large number of elutions.  

Cyclotrons use charged particle beams (protons, deuterons, alpha particles, other ion beams) to activate 

targets. They generally produce proton rich elements, and are used for the majority of radionuclides 

used in PET. Cyclotrons are comparatively less expensive than nuclear reactors, produce less long-lived 

radioactive waste and can be installed at several suitable sites (i.e. population centres). While cyclotrons 

can produce radionuclides with high yields and radionuclidic purity, a network is usually required to 

accommodate the logistics of distributing short-lived radionuclides and the variety of radionuclides 

produced depends on the beam energies available.  

2.3.1 Cyclotron 

The cyclotron is a particle accelerator, first conceived by Lawrence in Berkeley in 1929, in which a 

charged particle is bent into an approximately circular path by a magnetic field and concurrently is 

repeatedly accelerated by an alternating electric field. This is accomplished by having a particle move 

inside a semi-circular metallic chamber named a “dee”, in which it experiences only a magnetic field and 

thus follows a circular orbit, before exiting the dee and being accelerated towards the other dee by an 

electric field caused by a voltage difference between the two dees. This voltage difference reverses 
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every time the particle exits a dee, creating many incremental accelerations as the particle repeatedly 

crosses the space between the dees.  

A particle with charge 𝑞 travelling with a velocity 𝑣 in a magnetic field with strength 𝐵 experiences a 

force perpendicular to both the direction of travel and the magnetic field, known as the Lorentz force. In 

the absence of other forces, a charged particle of mass 𝑚 travelling at a velocity 𝑣 in a magnetic field 

will follow a circular orbit of radius 𝑟, with the Lorentz force providing the centripetal acceleration, 

which is described by the balance of forces: 

𝐹 = 𝑞𝑣𝐵 =
𝑚𝑣2

𝑟
( 2. 28) 

The radius at which a particle travels is directly proportion to its momentum, and inversely proportional 

to the charge and magnitude of the magnetic field. By isolating the velocity, one finds an inverse 

relationship to these quantities:   

𝑣 =
𝑞𝐵𝑟

𝑚
( 2. 29) 

The energy of the accelerated particle, which depends on its velocity, can be related to its charge, 

magnetic field strength and radius of curvature:  

𝑇 =
1

2
𝑚𝑣2 =

𝑞2𝐵2𝑟2

2𝑚
( 2. 30) 

Thus, the energy of the particle extracted can be selected by adjusting the radius at which the particle is 

extracted. In cyclotron models where a hydrogen anion is accelerated, a carbon foil is placed at the 

appropriate radius. The foil strips the electrons from the travelling hydrogen anion which is then bent in 

the opposite direction by the magnetic field due to reversing the magnitude of the Lorentz force, and 

allows a proton beam to be extracted from the cyclotron. This proton beam is then directed onto a 

target material and produce radionuclides through inelastic hadronic interactions.  

2.3.2 Reaction kinematics 

Nuclear reactions can occur when a projectile 𝑥 is accelerated towards a station target 𝑋 to produce 𝑌 

and 𝑦 as the reaction products, where 𝑌 is usually a heavy product and 𝑦 is a light particle, which can 

escape the target and can be detected or measured. This can be written as 𝑋(𝑥, 𝑦)𝑌, or alternatively: 

𝑥 + 𝑋 → 𝑌 + 𝑦 ( 2. 31) 
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Nuclear reactions conserve the total energy and linear momentum, as well as the proton and neutron 

number separately for low energy processes. The energy balance, in which 𝑚𝑖 represents the rest mass 

of each constituent 𝑖 in the reaction, and 𝑇𝑖 the kinetic energies, is:  

𝑚𝑋𝑐2 + 𝑇𝑋 + 𝑚𝑥𝑐
2 + 𝑇𝑥 = 𝑚𝑌𝑐2 + 𝑇𝑌 + 𝑚𝑦𝑐2 + 𝑇𝑦 ( 2. 32) 

The reaction Q value is defined as the initial mass energy minus the final mass energy, or the difference 

of the kinetic energy of the products and the reactants, as demonstrated in Eq. 2.33. In the case of a 

positive Q value, the reaction is exoergic and a portion of the binding energy of the reactants is 

converted to the kinetic energy of the final products. Conversely, a negative Q value indicates an 

endoergic reaction in which the kinetic energy of the projectile or target is converted in binding energy 

of the products.  

𝑄 = (𝑚𝑋 + 𝑚𝑥 − (𝑚𝑌 + 𝑚𝑦)) ∗ 𝑐2 = 𝑇𝑌 + 𝑇𝑦 − 𝑇𝑋 − 𝑇𝑥 ( 2. 33) 

A consequence of endoergic reactions is that a minimum threshold energy, 𝑇𝑡ℎ, exists for a projectile 𝑥 

to induce a nuclear reaction when impinging onto a stationary target atom 𝑋; the projectile needs to 

possess a minimum kinetic energy of: 

 

𝑇𝑡ℎ = −𝑄
(𝑚𝑋 + 𝑚𝑥)

𝑚𝑋

( 2. 34) 

2.3.3 Radionuclide production 

Calculations of radionuclide production can be made using the reaction cross-section, which represents 

the probability that a nuclear reaction will occur and quantifies this probability in terms of a 

characteristics area. The rate of product formation 𝑅 (reactions/s) is related to the cross-section σ (mb = 

10-27 cm), the number of target atoms per area 𝑁𝑎(atoms/cm2) and the proton fluence Φ 

(protons/cm2/s) by:  

𝑅 = 𝑁𝑎𝜎Φ ( 2. 35) 

While this is a convenient description for thin targets, the reaction cross-section depends on the energy 

of the projectile particle; this energy gradually decreases while the projectile traverses a thick target. 

Target thickness can be defined by its linear thickness 𝑟 (cm), but a more useful quantity to quantify 

target thickness is areal density  𝑥 (g/cm2) which is the product of the linear thickness and the density. 



 
 

35 
 

The areal density is a useful measure as pressed targets produced at different times may have varying 

densities and linear thicknesses.  

𝑥 = 𝑟 ∙ 𝜌 ( 2. 36) 

 

To estimate the rate of product formation for thick targets, the cross-section must therefore be 

integrated over the range of energies of the projectile throughout the target thickness. For a proton 

beam that is completely stopped in a thick target, the production rate 𝑅 (reactions/s) in Eq. 2.37 is 

proportional to the number of target atoms per gram 𝑁𝑇  (𝑎𝑡𝑜𝑚𝑠/𝑔) assuming constant density, and the 

integral of the ratio of the energy-dependent cross-section 𝜎(𝐸) (mb = 10-27 cm2) and the mass stopping 

power of the protons 
𝑑𝐸

𝜌𝑑𝑥
  (𝑀𝑒𝑉 ∙ 𝑐𝑚2/𝑔) up to the incoming proton energy 𝐸𝑖𝑛. The production rate is 

also affected by the flux of protons in the target, which is controlled by the proton beam current 𝐼 (μA), 

and the elementary charge of the proton  𝑒 (C).  

𝑅 =
𝐼

𝑒
𝑁𝑡 ∫

𝜎(𝐸)

(
𝑑𝐸
𝜌𝑑𝑥

)
𝑑𝐸

𝐸𝑖𝑛

0

( 2. 37) 

The number of target atoms per gram 𝑁𝑡 in a sample can be calculated with Eq. 2.38 using Avogadro’s 

constant 𝑁𝐴 (atoms/mol), the molar mass m (g/mol) of the target.  

𝑁𝑡 =
𝑁𝐴

𝑚
( 2. 38) 

For a radioactive product nuclei with decay constant 𝜆 and with a rate of formation 𝑅, the number of 

nuclides 𝑁 follows the differential Eq. 2.39. An important assumption of the calculation is that the 

formation of the nuclide N does not significantly decrease the number of target atoms, which is most 

generally the case for cyclotron target irradiation. The solution is presented in Eq. 2.40.   

𝑑𝑁

𝑑𝑡
= 𝑅 − 𝜆𝑁 ( 2. 39) 

𝑁(𝑡) =
𝑅

𝜆
(1 − 𝑒−𝜆𝑡) ( 2. 40) 

The relationship between activity and number of radionuclides can be used to determine the activity 

produced as a function of time, as seen in Figure 2.5. As demonstrated, the activity produced with time 

increases but reaches a maximum when there is equilibrium between the formation rate and the decay 
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of the produced radionuclide. This quantity is named the saturation yield, 𝑎𝑠𝑎𝑡 (MBq/ μA). The activity 

formed during an irradiation as a function of time A(t) (𝑀𝐵𝑞) can be written as:   

𝐴(𝑡) = 𝑎𝑠𝑎𝑡𝐼(1 − 𝑒−𝜆𝑡) ( 2. 41) 

Another important property of radionuclide production is the physical target yield 𝑎𝑝ℎ𝑦𝑠, which 

represents the initial production rate at 𝑡 = 0, and can be calculated from the saturation yield with Eq. 

2.42.  

𝛼𝑝ℎ𝑦𝑠 = 𝑎𝑠𝑎𝑡 ∗ 𝜆 ( 2. 42) 

 

Figure 2.5: Depiction of radionuclide yield production parameters 

Cross-section measurements for many reaction channels of interest have been measured and are 

compiled in the Experimental Nuclear Reaction Data (EXFOR) library (Otuka et al., 2014). These are often 

used in calculations for predicting radionuclide yield for specific irradiation parameters. Other libraries 

have been compiled from nuclear models to complement the experimental data and are useful for 

predictions of radionuclide yield when there is no experimental data available; in particular the TALYS-

based evaluated nuclear data (TENDL) library is frequently used for these applications (Koning et al., 

2019).  

2.3.4 Beam monitoring 

Monitor reactions consist of nuclear reactions that have been thoroughly studied and are well 

characterized over an energy range of interest. These are useful for characterizing charged particle 
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beams, such as for measurements of beam intensity and energy, since variations in these parameters 

can greatly affect radionuclide production. Several reviews of the available experimental data have been 

conducted and recommended numerical values of reaction cross-sections are tabulated for practical use 

as monitor reactions (IAEA, 2001).  

Various techniques make use of monitor reactions to determine beam energy. The activity of a 

radionuclide produced in a thin foil will be proportional to the energy-dependent cross-section 𝜎 (10-27 

cm2), target atoms per area 𝑁𝑎 (atoms/cm2), beam current 𝐼 (μA) and depends on the time of irradiation 

𝑡𝐼, as per Eq. 2.43.  

𝐴 = 𝑁𝑎𝐼𝜎(1 − 𝑒−𝜆𝑡𝐼) ( 2. 43) 

This relation can be used to determine the beam energy directly by irradiating a thin foil with a product 

radionuclide with a well-characterized energy-dependent cross-section; however, uncertainties in the 

activity measurement, as well as the target thickness, beam current and irradiation time can lead to 

errors in the energy. Another method of determining the beam energy involves measuring the activity 

ratio of two radionuclides produced within a single foil, thereby eliminating uncertainties in foil 

thickness and beam current (Eq. 2.44). The energy is deduced, with the help of the known monitor 

reactions, from the ratio of the cross-sections, which in turn is determined by the measured activity 

ratio of the two radionuclides produced in the single foil. This procedure still requires a well-calibrated 

detector to make precise measurements of activity.  

𝐴1

𝐴2
=

𝜎1(1 − 𝑒−𝜆1𝑡𝐼)

𝜎2(1 − 𝑒−𝜆2𝑡𝐼)
( 2. 44) 

An activity-calibration independent method of determining beam energy was proposed by using the 

activity ratio of the same radionuclide in two different foils, which are irradiated simultaneously 

interspersed by an energy degrader (Gagnon et al., 2011); for example, two copper foils producing Zn 

isotopes interspersed by an aluminum degrader, which changes the energy seen by each foil. The ratio 

of the activities of the same radionuclide in each foil is proportional to the ratio of the energy-

dependent cross-section in each foil; through careful selection of the thickness of the energy degrader, 

this technique has demonstrated the ability to calculate the beam energy of a proton beam in a dose 

calibrator (Gagnon et al., 2011).  

The intensity of a charged particle beam can be measured on cyclotrons through a current pick-up on 

electrically isolated targets. However, secondary electrons produced during irradiation can affect this 
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reading. One method to better characterize the total beam intensity during radionuclide production is to 

place a thin foil directly adjacent to the target material. The beam current 𝐼 can then be deduced from 

equation 2.43 above. Other methods of monitoring beam intensity have been developed; for example, 

the UniBeam detector is built from doped silica (Ce3+ and Sb3+) and optical fibers have been used to 

monitor currents in the 1 pA to 20 μA range (Auger et al., 2016).  

2.3.5 Yield quantification 

Gamma spectrometry is one technique used to quantify the activity of radionuclides produced in a 

cyclotron through the measurement of the gamma rays they emit. This non-destructive technique can 

be used to analyze multiple nuclides at once. The basic components for these measurements include a 

detector and a multichannel analyzer (MCA); HPGe detectors are commonly used for this application. As 

previously discussed, HPGe detectors produce a pulse for each gamma ray that interacts in the detector 

which is proportional to the energy deposited in the detector. The MCA receives the pulses, which are 

amplified and converted to discrete channels based on pulse height; the spectrum is formed by 

displaying the number of counts as a function of the channel number. Higher count rates will cause dead 

time losses in the detector, which should be kept below 10 % to decrease the error associated with the 

counts in each channel.  

Ideally, a gamma ray is completely absorbed to produce a single peak in the spectrum, and the width of 

the peak is an indication of the resolution of the detector. The relationship between the channel 

number and the energy of the absorbed gamma ray can be determined through an energy calibration. 

This is accomplished through the measurement of sources that emit gamma rays of known energy and 

then fitting the gamma ray energy to the centroid channel number of its photopeak.  Unknown 

radionuclides can be identified by comparing the detected photopeaks on the calibrated spectrum to 

the known decay characteristics of each radionuclide, which can be found in databases such as 

NUDAT(National Nuclear Data Center, n.d.). Ideally, the gamma rays used to identify the radionuclides 

have a high intensity and an energy that is different from other commonly produced radionuclides.  

In practice, the ideal interaction of a gamma ray with the detector is through the photoelectric effect: 

the photoelectron receives all the photon’s energy and ideally disperses all that energy in the detector 

material, resulting in a single peak. If the gamma ray interacts through Compton scattering and the 

scattered photon escapes the detector, the energy absorbed by the detector is dictated by the energy 

imparted to the recoil electron. The range of energies varies according to Eq. 2.17 and 2.18  from 0 eV, 

when the photon scatters with an angle 𝜙 ≅ 0, to a maximum value when the photon backscatters at an 
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angle 𝜙 = 180°. This will cause a Compton continuum and Compton edge at the energy 𝐸𝐶𝑜𝑚𝑝𝑡𝑜𝑛, 

which is dependent on the gamma ray energy E as outlined in Eq. 2.45. If the energy of the gamma ray is 

greater than 1.022 MeV, pair production can occur within the detector volume; if annihilation photons 

escape, single and double escape peaks can occur at energies of 0.511 MeV and 1.022 MeV below the 

energy of the photopeak.  

  

𝐸𝐶𝑜𝑚𝑝𝑡𝑜𝑛 = 𝐸 (1 −
1

1 +
2𝐸
𝐸0

) ( 2. 45) 

 

Figure 2.6 shows the spectrum acquired from a calibrated 137Cs NIST source. 137Cs undergoes β- decay 

and emits a 661 keV photon with 85.1 % abundance. The photopeak can clearly be visualized in the 

spectrum, as can the Compton edge at 477 keV and the Compton continuum at energies below. Other 

notable features include signals from photons that have entered the detector after interacting with lead 

shielding surrounding the detector: x-ray peaks around 80 keV as well as backscattered photons, which 

form a backscatter peak from 184 keV. 

 

Figure 2.6: Spectrum of 137Cs source measured in HPGe detector 

Not every gamma ray emitted by the sample and measured in the detector contributes to the signal in 

the photopeak; an efficiency calibration is required to convert the number of counts measured to the 

activity of the sample.  
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In practice, for a single energy and a fixed geometry, the efficiency can be calculated using calibrated 

sources of known activity; the efficiency is the ratio of the counts in the net peak area of the photopeak 

of the measured spectrum to the expected counts calculated from the decay-corrected activity of the 

calibration source at start of counting.  The number of expected counts in the net peak area 𝑃𝐴𝐸 for a 

calibration source of activity 𝐴𝑐𝑎𝑙, decay constant 𝜆, time since calibration 𝑡𝑐𝑎𝑙,  gamma ray intensity 𝐼𝛾, 

detector real time 𝑡𝑅 and detector live time 𝑡𝐿 is calculated using:  

𝑃𝐴𝐸 = 𝐴𝑐𝑎𝑙 × 𝑒−𝜆𝑡𝑐𝑎𝑙 × (1 − 𝑒−𝜆𝑡𝑅) × 𝐼𝛾 ×
𝑡𝐿
𝑡𝑅

( 2. 46) 

Thus, if the measured net peak area of the photopeak for the calibration source has 𝑃𝐴𝑀 counts, then 

the efficiency 𝜖 can be determined by:  

𝜖 =
𝑃𝐴𝑀

𝑃𝐴𝐸

( 2. 47) 

The efficiency is energy dependent. Several calibrated sources which emit gamma rays over a wide 

range of energies should be used to determine the detector efficiency at these energies; this distribution 

can be fitted and interpolated to determine the efficiency at other energies of interest. The unknown 

activity of a radionuclide in a sample at the start of counting can then be calculated using:  

𝐴𝑠𝑜𝑐 =
𝑃𝐴𝑀

𝜖(𝐸𝛾)𝐼𝛾
×

1

(1 − 𝑒−𝜆𝑡𝑅)
×

𝑡𝑅
𝑡𝐿

( 2. 48) 

2.4 PET imaging 

In contrast to CT, the signal that is used to reconstruct images in nuclear medicine originates from within 

the bore of the scanner, i.e. from inside a patient where the radionuclide is distributed and emits the 

radiation that is received by the detector. In the case of PET, the radionuclide emits a positron during β+ 

decay, which travels through the surrounding matter, interacting as previously outlined until it 

annihilates with an electron. This causes two 511 keV photons to be emitted at 180° (in the center of 

mass frame of reference) which will then interact with the PET detector. Electronic collimation is 

employed, in which the time difference between the detection of each photon is used to determine if 

these could have originated from the same positron annihilation, and the point of origin annihilation is 

assumed to be on the line intersecting the two points at which the photons were detected, called the 

line-of-response (LOR). To acquire images, a PET system must be able to detect 511 keV photons and 

digitize their signal, identify pairs of 511 keV photon originating from the same decays, and organize the 

data prior to reconstruction into images.  
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2.4.1 Spatial Resolution 

There are many factors that affect the spatial resolution of PET system which is described by the FWHM 

and FWTM values of the PSF in the tomograph (Goertzen and Thiessen, 2017).  

Discrete detectors limit the solid angle coverage of detector pairs, which causes the response profile of 

the two detectors to change as a function of the distance of the source between the two detectors. The 

coincidence response function is triangular with a FWHM that is half of the detector width and goes to 

zero at the detector edge when the source is equidistant from the two detectors, and changes to 

become trapezoidal then rectangular as the source distance to one of the detectors is decreased.  

The annihilation photons travel through a thickness of the detector prior to being absorbed and can 

travel through discrete detector elements prior to interacting in the detector further from the surface. If 

the source of photons is not originating from the center of the field of view, the angle of incidence of the 

photon to the detector surface can be large leading to an increased uncertainty in the location of the 

photon interaction within the detector element. This depth of interaction will affect spatial resolution 

mainly in the radial direction as the uncertainty in the photon location increases as the source is further 

away from the center of the detector, leading to a decreased resolution 𝑅𝐷𝑂𝐼  which is dependent on 

the source distance from the center of the detector ring r, the radius of the detector ring R and the 

mean depth of penetration of the photons in the detector L. 

𝑅𝐷𝑂𝐼 =
𝐿𝑟

√𝑟2 + 𝑅2
( 2. 49) 

 

As the positron is emitted from the radionuclide nucleus with kinetic energy, it travels a distance prior to 

annihilating with an electron. The distribution of the total displacement of the positron has been 

characterized by a Lorentzian distribution and depends on the parent radionuclide (Levin and Hoffman, 

1999). This displacement is called the positron range, and the contribution of the positron range to the 

blurring of the spatial resolution is often described by the root-mean-square value of the total 

displacement distribution. For example, the maximum positron energy of 18F is 634 keV and the effective 

positron range is 0.54 mm in human tissue (Lecomte, 2009).  

The annihilation photons are not always emitted 180° apart as the positron may annihilate prior to 

coming at rest. To conserve energy and momentum, the photons are noncollinear which introduces 
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uncertainty in the line of response and degrades the spatial resolution in a way that is proportional to 

the diameter of the PET detector ring R according to equation 2.50 (Moses, 2011).  

𝑅𝑛𝑜𝑛𝑐𝑜𝑙𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 = 0.0044𝑅 ( 2. 50) 

In addition to these effects, decoding errors and block effects can lead to a degradation of the spatial 

resolution as a smaller number of electronic channels are used to read out multiple detector elements, 

and nonuniform sampling of the field of view can lead to degradation of high-frequency components of 

the image signal. The image reconstruction algorithm can also degrade resolution as to compensate for 

noise smoothing filters are often used, such as Gaussian filters with FWHM kernels of 3-5 mm. Overall, 

when adding these factors in quadrature, the degradation of resolution Rtot in a PET system can be 

summarized by the following equation, where the positron range 𝑅𝛽+and the block decoding error are 

included 𝑅𝑏, as well as a 1.25 factor to describe the contribution of additional resolution degradation 

from image reconstruction (Moses, 2011):  

𝑅𝑡𝑜𝑡 = 1.25 ∗ √(
𝑑

2
)
2

+ 𝑅𝛽+
2 + (0.0044𝑅)2 + 𝑅𝑏

2 +
(𝐿𝑟)2

𝑟2 + 𝑅2
 ( 2. 51) 

2.4.2 Photon Detection 

Photon detection is of primary importance to the PET imaging and therefore several important detector 

properties need to be considered. Detector rings are often made of scintillators crystals, in which the 

high-energy photons are absorbed and generate optical photons. The attenuation length of the 

scintillator, which depends on the atomic number of its constituent atoms and its density (see section 

2.1.2), determines the efficiency in absorbing the annihilation photons arriving at the detector; a shorter 

attenuation length increases the efficiency as more photons are stopped in the detector. The light 

output describes the number of optical photons generated per annihilation photon; greater light output 

increases spatial and energy resolution. The energy resolution of the scintillator determines the 

distribution of the detector signal amplitude when a single photon of the same energy is detected. 

Greater energy discrimination reduces the photopeak width, thus allowing for greater energy 

discrimination, i.e. use of a smaller photopeak energy window. The luminescence decay constant 

governs the timing properties of the crystal and dictates the time it takes for the signal from a single 

photon interaction to decay; this becomes more important at high count rates, as a longer decay time 

may lead to a pulse pile-up and greater deadtime.    
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One common material used is lutetium oxyorthosilicate doped with cerium Lu2SiO5:Ce (LSO). This is a 

crystal with several desirable properties for PET: a high density (7.4 g/cm3) and high effective atomic 

number (65.5) which results in a high attenuation coefficient (0.8658 cm-1) and short attenuation length 

(1.16 cm); a light output of 29 photons/keV of energy deposited and an intrinsic FWHM energy 

resolution of 9.1 % at 511 keV; and a 40 ns decay constant which allows for high count rates. While LSO 

has many desirable properties for PET, one disadvantage is the inclusion of the radioactive isotope 176Lu, 

which has a natural abundance of 2.6 %, into the detector; it undergoes 𝛽 decay and emits several 

photons (307 keV with 93.6 % abundance, 202 keV with 78.0 % abundance) with a half-life of 3.8 ·1010 y, 

which contribute to intrinsic counts detected.   

After being generated, optical photons are converted into an electrical signal, generally using photo-

multiplier tubes (PMTs) or semiconductor-based photodiodes. The PMTs operate by detecting the 

optical photons and exciting photoelectrons in the photo-cathode; these electrons are accelerated by a 

series of increasing positive voltages to several dynodes, at which several electrons are additionally 

ejected from the increasing kinetic energy of each of the incident electrons, resulting in an amplified 

electric signal. This can then be further amplified and used to determine energy and timing of the 

detected photon.  

If the generated signal surpasses an amplitude threshold, a timing window of predetermined length 2τ is 

opened. If the start of a second pulse indicating another photon detection arrives within this window, 

then these photons are deemed to have originated from the same positron annihilation event. The main 

factor that influences the width of the coincidence window is the detector’s timing resolution; the 

timing resolution is determined by the amount of time and the consistency with which the signal 

threshold level is reached as a consequence of photoelectrons being created within the PET system. The 

timing resolution is affected by the physical properties of the detector such as the light output and the 

photodetection efficiency, as well as the properties of the electronics used in the pre-amplification of 

the detected signal. Another factor that influences the width of the timing window is the diameter of 

the ring detector because an off-axis annihilation event leads to different arrival times at opposite sides 

of the detector. This fact can be exploited in modern PET scanners by measuring this time-of-flight (TOF) 

difference extract additional information about the origin of the annihilation event on the LOR. 

Generally, the timing window is two to three times wider than the timing resolution of the PET system 

and a smaller timing window reduces the rate of random coincidences (c.f. 2.4.3).  
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It is therefore essential in PET to detect two photons within the coincidence timing window and 

determine whether each photon’s energy measured by the detector crystal is encompassed within the 

energy window. An angle of acceptance is defined as an additional restriction, in which events with LOR 

is outside of this angle are rejected because they originate beyond the FOV of the reconstructed image. 

These restrictions help discriminate between true coincidences, in which both photons detected 

originate from the same positron annihilation event, random coincidences, and scatter coincidences. 

These three types of events are depicted in Figure 2.7. Multiple corrections must be applied to quantify 

the activity within the FOV in the reconstructed image. For example, variations in detector efficiency and 

solid angle can cause different sensitivities for different LORs. Normalization allows for the correction of 

these variations. A direct approach for normalization includes the measurement of a uniform positron 

source, and the normalization coefficients are proportional to the inverse of counts detected along each 

LOR. Other corrections are described in further detail below with some information about the procedure 

used for corrections. This discussion is necessarily limited as there has been much research conducted 

into these various corrections and many proposed solutions.  

     

Figure 2.7: True (left), scatter (center) and random (right) coincidences in PET. 

The PET detector is often configured in a series of parallel rings, which allows for both radial and axial 

sampling of photons; the convention for the three-dimensional coordinates is that the x-y axes form the 

transverse planes which are perpendicular to the z-axis along the center of the ring detectors. In the 

transverse planes, it is convenient to use polar coordinates to define the position of the LORs and group 

these into projection angles: 𝜙 is the azimuthal angle of the projection, while 𝑠 is the radial bin, 

representing the distance of the LOR from the center along that angle. If both photons interact within 

the same detector ring, the LOR will be within the transverse plane forming the 2D direct sinogram; the 

data acquired can be used to reconstruct the entire volume. However, LORs resulting from photon 

interactions in two different rings can also be formed; these are stored in oblique sinograms, where up 
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to 𝑛2 sinograms can be created with indices (𝑖, 𝑗), where 𝑖 represents the ring number in which the first 

photon interacted and 𝑗 the ring number of the second photon interaction. Using the data in oblique 

sinograms leads to increases in sensitivity and improvements in signal-to-noise ratios. Oblique 

sinograms can be used in 3D reconstruction algorithms or be recombined to form up to 2𝑛 − 1 2D 

planes, consisting of 𝑛 direct planes and 𝑛 − 1 cross planes, with a spacing of 𝑧/2 where 𝑧 is the center-

to-center ring width. Michelograms are a convenient graphical representation of how the data from 

oblique sinograms can be combined (Fahey, 2002). The span is a measure of the number of direct and 

oblique sinograms combined; it is the sum of the number of sinograms combined into odd-numbered 

planes and the number of sinograms combined into even-numbered planes.  

 

Figure 2.8: Representation of 2D sinogram acquired from centered and offset source in PET scanner 

2.4.3 Random coincidences & correction 

Random coincidences occur when two photons originating from different positron annihilations events 

are detected within the same coincidence timing window. The random rate 𝐶𝑎𝑏 in Eq. 2.52 is 

proportional to the product of the single event count rate 𝑟𝑖 in each detector crystal and the coincidence 

timing window 2𝜏.  

𝐶𝑎𝑏 = 2𝜏𝑟𝑎𝑟𝑏 ( 2. 52) 

One method of correcting random coincidences is to integrate the random rate over time to determine 

the number of coincidences in each element 𝑅𝑎𝑏, as in Eq. 2.53. The single event count rate can be 
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approximated as the activity at the start of acquisition 𝑟𝑖0 in element 𝑖 multiplied by an exponential 

decay function 𝑓(𝑡) for the radionuclide assuming the tracer distribution can be ignored.  

 

𝑅𝑎𝑏 = ∫ 𝐶𝑎𝑏(𝑡)𝑑𝑡
𝑇

0

= 2𝜏 ∫ 𝑟𝑎(𝑡)𝑟𝑏(𝑡)𝑑𝑡
𝑇

0

= 2𝜏𝑟𝑎0𝑟𝑏0 ∫ (𝑓(𝑡))
2
𝑑𝑡

𝑇

0

( 2. 53) 

Tail fitting is another procedure that has been used to simultaneously correct for scatter and random 

coincidences; if the object being imaged does not cover the entire FOV, a function such as a gaussian 

can be fit to the tails of the sinogram outside of the imaged object. This function can then be used to 

estimate the distribution of random and scatter coincidences in the entire sinogram. Finally, a delayed 

coincidence channel estimation can be used, in which an additional timing window is opened after the 

coincidence timing window to remove the correlation between the single events occurring in each 

channel in order to estimate the randoms events.   

2.4.4 Attenuation correction  

The annihilation photons will interact with material (e.g. patient) in the scanner’s FOV, leading to a 

decrease in photons seen by the PET detector. This attenuation can be corrected for with knowledge of 

the matter along the LOR formed by the two points on the detector along which the photons interact. 

This attenuation will be constant and is not dependent on the position of the emission source along the 

LOR. An example of this is a photon source outside an object which has a thickness D along the LOR and 

a linear attenuation μ. In this case, one photon pass through the entire thickness of the object and is 

attenuated, while the other photon does not interact along its path to the detector. Similarly, for a 

source a distance 𝑥 along the LOR inside the object, the attenuated counts seen by the detector in which 

both photons arrive without being attenuated is: 

𝐶 = 𝐶0𝑒
−𝜇𝑥𝑒−𝜇(𝐷−𝑥) = 𝐶0𝑒

−𝜇𝐷 ( 2. 54) 

This relation between the attenuated counts and total counts is constant along an LOR as the sum of the 

distances each photon traverses through the object in the FOV is constant. Thus, a single correction is 

required for each LOR based on the distance through which the photons travel through matter along 

that LOR as well as the linear attenuation of the material.  

The total attenuation along a LOR can be estimated in a few ways: first, an external source can be used, 

which is rotated around the interior casing of the scanner; the expected photon fluence along each LOR 
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when the FOV is empty is known (blank scan). When an object is inserted in the FOV, a transmission 

scan with this external source can be performed, such that the attenuation of the photons along each 

LOR can be recorded; the attenuation correction can then be calculated. The advantage of this method 

is that a source of the same energy as PET emissions (511 keV) can be used; a disadvantage is that the 

transmission scan can take a relatively long time, compromising patient comfort. A second option is to 

perform a sequential CT scan of the object in the FOV. The CT scan reconstruction allows determining a 

three-dimensional map of the Hounsfield units (HU) inside the scanner’s FOV, and thus the total 

attenuation coefficient can be calculated along each LOR. Though fast and convenient, a potential pitfall 

can be a mismatch between the portion of the breathing cycle captured by the CT and the (slower, 

averaging) PET scan. The CT is also performed with a lower energy, polyenergetic photon spectrum. The 

attenuation values derived from the CT’s Hounsfield units need to be converted to their values at 511 

keV. A hybrid scaling/segmentation approach can be applied to the data, in which voxels which are a mix 

of bone and water (HU > 300) are scaled with a different value than those that are a mix of water and 

tissue (HU < 300) (Kinahan et al., 1998).  Kinahan et al. demonstrated that this hybrid scaling can be used 

due to the similar ratio of the mass attenuation coefficients at the CT energy (~70 keV) and for 511 keV 

photons when materials are separated in this manner (Kinahan et al., 1998). The advantage of this 

method over older segmentation methods is that tissues such as lung which have variable density will be 

scaled continuously rather than to a single value (Carney et al., 2006). 

 

Figure 2.9: Hybrid method and bilinear scaling of CT HU number to linear attenuation coefficient for 511 keV photons used in the 

calculation of attenuation correction. 



 
 

48 
 

2.4.5 Scatter coincidences & correction 

Once the positron annihilates, both photons must travel to the detector and be detected to assume a 

line of response along which the positron annihilated. However, as we have seen, the photons can 

interact with the material in the scanner and the most likely type of interaction is Compton scattering 

(Figure 2.3). If both photons are detected, but one (or both) have been scattered, the resulting LOR no 

longer is indicative of the site of positron annihilation; instead an erroneous scatter coincidence has 

been tallied. For example, if a 511 keV photon scatters at an angle of 40°, the resulting photon will have 

an energy of 414 keV. Assuming an energy acceptance window of 350 to 650 keV due to the poor energy 

resolution of commonly used scintillators in PET, this scattered photon would still be erroneously 

accepted as true coincidence. The scatter fraction is a quantity used to report the proportion of 

coincidences in which at least one photon has undergone Compton scattering prior to coincidence 

detection.  

Some characteristics of scatter LORs can be used to estimate and correct measured data. As previously 

discussed with random coincidences, the distribution of coincidences outside the extent of the object is 

a result of scatter and random coincidences; by fitting the tails of the sinograms with a gaussian or a 

second order polynomial, the distribution within the object can be estimated.  

Convolution approaches estimate the contribution of the scattered coincidences by integrating the 

product of the observed projections with ℎ(𝑠, 𝑥), a function that models the contribution of a source 

position at 𝑥 to the radial position 𝑠 in the projection. This function can be determined using line source 

measurements throughout the field of view at regularly spaced points. The scatter projection 𝑃𝑠𝑐 can be 

estimated from the observed projection 𝑃𝑜𝑏𝑠 using Eq. 2.55. This estimate can then be subtracted from 

the observed projection, and this procedure can be repeated in an iterative manner to obtain a more 

accurate estimate.  

𝑃𝑠𝑐(𝑠) = ∫ 𝑃𝑜𝑏𝑠(𝑡)ℎ(𝑠 − 𝑡, 𝑡)𝑑𝑡
∞

−∞

( 2. 55) 

Finally, the contribution of scatter to projections can be estimated through analytical or Monte Carlo 

simulations modelling the photons interactions within the scanner FOV. An attenuation map of linear 

attenuation coefficients within the FOV is reconstructed along with an initial estimate of the activity 

distribution. The scatter contribution is then modeled through analytical calculations, for example by 

integrating the Klein-Nishina formula (Eq. 2.19) over the appropriate scattering angles, or through 

Monte Carlo simulations, transporting the photons from their source to the detector. This scatter 
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contribution for each projection is scaled such that the total estimated counts match the total observed 

counts. 

2.4.6 Iterative reconstruction 

Measured projection data are used to reconstruct the unknown source distribution in the scanner. In 

model-based iterative reconstruction approaches, a linear transform known as the projection matrix 𝑷 is 

used to relate the unknown source distribution 𝒇 to the projection data 𝒚. In these model-based 

approaches, the projection matrix incorporates the physics of photon propagation through the scanner 

geometry and their interactions in the detector, in contrast to older reconstruction strategies such as 

FBP which are based on the geometry of the scanner and projection data.  

Uncorrected PET sinogram data are a collection of independent Poisson variables assuming detection of 

each even in the scanner is independent, and this lends itself to maximum likelihood methods and the 

use of statistically-based iterative reconstruction methods (Qi and Leahy, 2006). Thus, the mean of the 

projection data �̅�𝑖  is related to the detector response function 𝑐(𝑖, 𝑥) for the 𝑖th LOR in a tomographic 

system with a total of M detector bins, and 𝑟𝑖 and 𝑠𝑖  the expectations of the random events and scatter 

events along the LOR respectively:  

�̅�𝑖 = ∫𝑓(𝑥)𝑐(𝑖, 𝑥)𝑑𝑥 + 𝑟𝑖 + 𝑠𝑖 ,     𝑖 = 1,… ,𝑀 ( 2. 56) 

While the tracer distribution can be represented by the continuous function 𝑓(𝑥), a voxel basis is a 

common representation of the tracer distribution, in which the count in the voxel if proportional to the 

radioactive nuclei encompassed within the volume of the voxel. The tracer distribution can be 

represented by N voxels, and 𝜙𝑗(𝑥) represents the 𝑗th voxel basis function in which the tracer 

distribution is constant over it’s volume and zero elsewhere:  

𝑓𝑗 = ∫𝑓(𝑥)𝜙𝑗(𝑥)𝑑𝑥 ,     𝑗 = 1,… ,𝑁 ( 2. 57) 

The expected value of the measured data �̅� can be expressed as the product of the projection matrix 𝑃 

and source distribution 𝑓, added to the random 𝑟 and scatter 𝑠 events, as in equation 2.58.  

�̅� = 𝐸[𝒚] = 𝑷𝒇 + 𝒓 + 𝒔 ( 2. 58) 

The elements of the 𝑀 by 𝑁 projection matrix 𝑷 consist of elements which represent the probability 

that an emission from voxel 𝑗 is detected along the LOR 𝑖:  
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𝑝𝑖𝑗 = ∫𝑐(𝑖, 𝑥)𝜙𝑗(𝑥)𝑑𝑥 ( 2. 59) 

The independent Poisson distribution is likelihood function which represents the conditional probability 

of the measured projections y given the tracer distribution f.  

𝑝(𝑦|𝑓) = ∏𝑒−�̅�𝑖
�̅�𝑖

𝑦𝑖

𝑦𝑖!
𝑖

( 2. 60) 

The logarithm of this function can be taken as it is a monotonic function and can be maximized itself.  

𝐿(𝑦|𝑓) = ∑𝑦𝑖 log(�̅�𝑖) − �̅�𝑖 − log (𝑦𝑖!)

𝑖

( 2. 61) 

Maximizing the conditional expectation of the log likelihood of the complete data with respect to the 

image can be done through multiple methods, including substitution. In EM algorithm, the image 

estimate is updated based on the previous estimate and updated such as the conditional expectation of 

the log-likelihood is maximized in the following way, incorporating the random and scatter events into 

the formula for updating the next image value:   

𝒇(𝑘+𝑡) = 𝑓𝑗
(𝑘)

𝑒𝑗(𝒇
(𝑘))/∑𝑝𝑖𝑗

𝑖

( 2. 62) 

Where  

𝑒𝑗(𝒇
(𝑘)) = ∑

𝑝𝑖𝑗𝑓𝑗
(𝑘)

(∑ 𝑝𝑖𝑙𝑙 𝑓𝑙
(𝑘)

+ 𝑟𝑖 + 𝑠𝑖)𝑖

( 2. 63) 

Provided the initial image is composed of positive values, the EM algorithm converges monotonically 

towards to the global maximum of the likelihood function and maintains the non-negativity of the 

values within the image as it is updated. While it is known for slow convergence, many efforts have been 

made to modify algorithms for faster convergence, such as ordered subsets, in which the measured data 

is split into different sets and the EM algorithm is sequentially applied to each (Qi and Leahy, 2006).  

2.5 Monte Carlo 

Monte Carlo methods in medical physics are prominently used for modelling physical processes 

occurring in many applications, from detector design for high energy physics to absorbed dose 

modelling. Simulations of physical interactions of particles in matter are carried out by modelling 
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individual processes with probability distribution functions; the deterministic behaviour of a system is 

predicted through a series of statistical calculations. The previously discussed particle interactions in 

matter are important in Monte Carlo simulations as these are the processes modeled. Rigorous physics 

models for each of these processes are essential for the replication of the physical processes in these 

simulations. However, physics packages require validation; that is, prior to using such software to study 

further phenomena, a simple test case simulation should be set up and attempt to replicate known 

experimental results. Successful replication of measured values provides confidence that the underlying 

physics has been accurately modelled and will have bearing in a more complicated scenario.  

Geant4 (GEometry ANd Tracking) is a well-established toolkit in physics which has been in continuous 

development since it was first released in 1998 (Agostinelli et al., 2003). The software package, coded in 

the C++ language, makes use of object-oriented programming to define classes which interact with each 

other in a well-established manner. The key modular components of the simulations relate to specific 

aspects of particles traversing matter: properties of materials and their geometry; physical processes 

modelling particle interactions; tracking particles along their trajectories; managing the particle 

interaction events; managing the counting and digitization of events; providing a framework to visualize 

results; and providing user interfaces. This modular approach to each component allows the software to 

be extended by the user for specific applications and for the re-use of components from one simulation 

to another. As previously outlined, an important feature of Monte Carlo simulations is rigorous 

modelling of the underlying physical processes involved in an experiment. The physics models used in 

Geant4 encompass the physics of photons, electrons, muons, hadrons, and ions for a large range of 

energies and processes, including electromagnetic, hadronic, transportation, decay and optical physics. 

The models are quite extensive and have been validated for several applications, including simulating 

DNA damage from low energy electrons (Lampe et al., 2018a, 2018b). Geant4 includes examples to help 

guide the user in developing a simulation related to their research: novice examples which focus on 

understanding the basic functionalities of the software such as particle tracking and summing particle 

interactions in a specific volume; extended examples which provide additional context for implementing 

simulations focused on specific fields such as simulating optical photons in a liquid xenon scintillator 

(LXe) or the radioactive dose deposition inside a cavity from an electron beam (FanoCavity2); and 

advanced examples which consist of fully developed programs for use in high-energy physics 

experiments and applications in medical physics, such as calculating the energy deposition in a water 

phantom produced by a brachytherapy source (brachytherapy) or simulating a Leksell Gama-knife unit 

(Gammaknife).  
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2.5.1 Probability distributions and random sampling 

A probability density function (PDF) 𝑓(𝑥) of a continuous random variable 𝑋 is a non-negative function 

defined on a finite or infinite interval [𝑎, 𝑏] which represents the probability that the random variable 

will assume a value between 𝑥1 and 𝑥2 within the interval [𝑎, 𝑏], where 𝑥1 < 𝑥2:  

𝑃𝑟𝑜𝑏{𝑥1 ≤ 𝑋 ≤ 𝑥2} = ∫ 𝑓(𝑥)𝑑𝑥
𝑥2

𝑥1

( 2. 64) 

As 𝑋 is continuous and can assume any value within the interval, the probability of obtaining any single 

value (i.e. 𝑥1 = 𝑥2) is zero. The PDF is normalized such that the integral over its interval [𝑎, 𝑏] is equal to 

1, i.e. the sum of the probability of observed values is 1.  

∫ 𝑓(𝜏)𝑑𝜏
𝑏

𝑎

= 1 ( 2. 65) 

The cumulative distribution function (CDF) 𝐹(𝑥) is defined as the integral of the PDF from the lower 

bound of the interval 𝑎 to 𝑥: 

𝐹(𝑥) = ∫ 𝑓(𝜏)𝑑𝜏
𝑥

𝑎

( 2. 66) 

This is the probability that the observed value of a continuous random variable 𝑋 will lie between 𝑎 and 

𝑥. As the PDF is non-negative, 𝐹(𝑥) is a monotonically increasing function where 𝐹(𝑎) = 0, and 𝐹(𝑏) =

1.  

𝐹(𝑥) = 𝑃𝑟𝑜𝑏{𝑎 ≤ 𝑋 ≤ 𝑥} ( 2. 67) 

In a Monte Carlo simulation, these distributions are described for each physical process and are sampled 

to determine the interactions that each incoming particle undergoes, and the direction and energy of 

the outgoing particles. If the CDF is expressed as an analytical function, it can be directly sampled. An 

example for the use of this sampling is the transport of photons in an infinite medium. As previously 

expressed in Eq 2.23, the probability of photons interacting with a medium follows an exponential 

distribution and is governed by the total linear attenuation 𝜇 in the medium. The probability 𝑝 of a 

photon not interacting in a medium after travelling a distance 𝑥 is:  

𝑝(𝑥) = 𝑒−𝜇𝑥 ( 2. 68) 

Normalizing this PDF to 1 on the interval [0,∞] is straightforward:  
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𝑝(𝑥) =
𝑒−𝜇𝑥

∫ 𝑒−𝜇𝜏𝑑𝜏
∞

0

= 𝜇𝑒−𝜇𝑥 ( 2. 69) 

An analytical CDF is found by directly integrating Eq. 2.69:  

𝑃(𝑥) = ∫ 𝜇𝑒−𝜇𝜏𝑑𝜏
𝑥

0

= 1 − 𝑒−𝜇𝑥 ( 2. 70) 

This CDF can be inverted to solve for the distance 𝑥 a photon travels as a function of its CDF:  

𝑥 = −
1

𝜇
log(1 − 𝑃(𝑥)) ( 2. 71) 

This relationship determines the distance at which the next photon interaction will occur in a Monte 

Carlo simulation: by generating a random number 𝜂 with a uniform distribution between 0 and 1, the 

distance of the next photon interaction is found to be:  

𝑥 = −
1

𝜇
log(1 − 𝜂) ( 2. 72) 

The interaction process that occurred at this distance can be determined by selecting another random 

number. The relative probability of each process is determined as the ratio of the individual process 

cross-sections to the total cross-section of all processes. A uniform random number 𝜂 where 0 ≤ 𝜂 ≤ 1 

is generated to select the process; for example, if there are two competing interactions, A and B, where 

A has a 60 % probability of occurring, then if 𝜂 ≤ 0.6 the interaction process A is chosen and if 𝜂 > 0.6 

the interaction process B is chosen.  

The acceptance-rejection method first proposed by von Neumann is another procedure used to sample 

PDFs (Von Neumann, 1963). Among the many Monte Carlo methods able to compute the scattering 

angle and resulting energy of the scattered photon in Compton scattering, for example, the acceptance-

rejection method stands out by its simplicity. Compton scatter probabilities are derived from the Klein-

Nishina differential scattering cross-section (Eq. 2.19). In the acceptance-rejection method, a value 𝜉 is 

chosen to be greater than the maximum of this cross-section:  

𝜉 > max {
𝑑𝜎𝑒

𝑑𝛺
} ( 2. 73) 

Two uniformly distributed random numbers 𝜂 and 𝜁 are then generated such that 0 ≤ 𝜂 ≤ 𝜋 and 0 ≤

𝜁 ≤ 𝜉. The first random number 𝜂 is used to calculate the scattered photon energy (Eq. 2.17) when 

given a scattering angle 𝜂:  
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𝐸𝜂 =
𝐸

1 −
𝐸
𝐸0

(1 − cos 𝜂)
( 2. 74)

 

This scattered photon’s angle 𝜂 and energy 𝐸𝜂 are then used to compute the value of the Klein-Nishina 

differential cross-section:  

{
𝑑𝜎𝑒

𝑑Ω
}
𝜂

=
𝑟0

2

2
(
𝐸𝜂

𝐸
)
2

(
𝐸

𝐸𝜂
+

𝐸𝜂

𝐸
− sin2 𝜂) ( 2. 75) 

This value is now compared with the second random number 𝜁; the scattering angle 𝜂 is accepted if 

{
𝑑𝜎𝑒

𝑑Ω
}
𝜂

≥ 𝜁 and rejected if {
𝑑𝜎𝑒

𝑑Ω
}
𝜂

< 𝜁. The procedure is repeated until a scattering angle is accepted, 

which also determines the scattered photon energy 𝐸𝜂. Finally, a uniformly distributed random number 

𝜖 is generated such that 0 ≤ 𝜖 < 2𝜋 to determine the azimuthal angle of the scattered photon. Both, 𝜂  

and 𝜖 uniquely determine the direction of the scattered photon in three-dimensional space, and the 

next interaction distance is determined using 2.72 based on the modified attenuation coefficient 𝜇(𝐸𝜂) 

at  the new (scattered) photon energy.  

2.6 Radiochemistry 

In nuclear medicine, a tracer is a general term for a compound that is injected prior to imaging or 

therapy in concentrations that do not disturb the molecules natural biodistribution. In it’s simplest form, 

it can be an unbound radionuclide, such as 82Rb to assess myocardial blood flow (deKemp et al., 2016),  

or a radioactive atom can be incorporated into the structure of a compound with a useful in vivo 

distribution, such as the substitution of 18F for the hydroxyl group at the C-2 position in a glucose 

molecule to form the familiar [18F]-FDG compound. As previously discussed, this tracer is taken up in 

areas of increased glucose metabolism such as many cancers. Furthermore, a peptide can be decorated 

with a bifunctional chelator to which the radiometal will complex; the peptide is then able to interact 

specifically with the receptors it targets in vivo, while the radiometal provides the imaging signal.   

The binding of a peptide to the receptor can cause different responses, which can be used to classify the 

peptides: agonists binding to a receptor stimulate its action, which can be downstream signalling or 

internalization; antagonists binding to a receptor do not induce an action and can block the receptor. 

Partial agonists may induce a partial action which is characterized by its efficacy (Rang, 2006). This 

concept of efficacy is separate from the binding affinity of the peptide, which represents the strength of 

the binding interaction between the receptor and the peptide. In practice, the binding affinity is 
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characterized through measurements of the IC50, the concentration of peptide at which half-maximum 

inhibition occurs; it is desirable for the peptide to occupy receptors at low concentrations and have a 

high binding affinity. In radionuclide therapy, it can be desirable to perform treatments with antagonists 

to avoid unwanted side effects due to the activation of the receptor that would occur with a receptor 

agonist, as has been shown with 177Lu-labeled GRPR agonists. The lipophilicity of a tracer determines its 

distribution behaviour in a biphasic system which impacts the tracer’s pharmacokinetic and 

pharmacodynamic actions such as solubility, reactivity and degradation (Rutkowska et al., 2013). The 

partition coefficient P is a measure of the distribution of a tracer at equilibrium in a non-polar phase 

(organic phase such as n-octanol) and polar phase (aqueous phase such as water).  

To characterize a radiolabelling process, it is helpful to define relevant terms (Coenen et al., 2017). 

Radiochemical yield (RCY) is the ratio of the activity of the product to the starting activity used in a 

process (radiolabelling, extraction) and decay corrected to the same point in time, often expressed as a 

percentage.  Radiochemical purity quantifies the absence of other radiochemical compounds. Molar 

activity is the measured radioactivity per mole of compound, often expressed in GBq/μmol; in practice, 

the term apparent molar activity can be used to describe a process in which precursor molecules are not 

fully removed during purification and the measured molar activity is lower than the true value. Thin-

layer chromatography (TLC) is a technique used to separate components of a mixture and is used as an 

analytical tool to separate radiolabelled tracer and unlabelled radiometals after a chemical reaction and 

can be used to calculate the RCY (Thin Layer Chromatography, 2019). TLCs can be used to monitor the 

progress of a reaction by placing a small amount of the reaction solution on a silica gel plate which acts 

as a stationary phase, and allowing a solvent as the mobile phase to migrate up the plate and create a 

separation of the compounds based on their relative affinities for the mobile and stationary phases. The 

retention factor is the ratio of the distance the compound travelled to the total distance travelled by the 

solvent. In the case of radioactive compounds, a radiation detector can be used to determine the linear 

distribution of counts along the plate and calculate the radiochemical purity by integrating the relative 

counts observed at the retention factor of the labelled compound, and comparing the number of counts 

observed for the unlabelled radiometal. Similar to TLC, high performance liquid chromatography (HPLC) 

uses a pump to force a solvent phase (e.g. water, methanol) at pressures up to 400 atmospheres 

through a column packed with a solid phase (e.g. silica) to obtain separation (C. High Performance Liquid 

Chromatography (HPLC), 2020). The retention time of a compound is the time it takes from injection to 

travel through the column and be detected, and is dependent on the pressure, flow rate, stationary 
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phase, composition of the solvent, the temperature of the column; this time will differ for various 

compounds, allowing for the detection and separation of product and precursor materials.   
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Chapter 3  

 

 

 

Experimental measurements and predictive analysis of the 

radionuclidic composition of radioscandium 

 

3.1 Introduction 

Pairs of radionuclides have been proposed for labelling molecular tracers to combine diagnostic imaging 

(β+ and γ emitters) and targeted therapy (β- and α emitters); three radioisotopes of scandium have 

been proposed for such theragnostic applications: 43Sc (β+), 44Sc (β+) and 47Sc (β-)  (Huclier-Markai et al., 

2018; Müller et al., 2018, 2013). The production of these radionuclides has been the subject of many 

recent investigations. 44Sc has been produced through the proton irradiation of natural abundance 

calcium targets (Severin et al., 2012; Valdovinos et al., 2015), enriched 44Ca targets(van der Meulen et 

al., 2015) as well as in liquid solution targets (Hoehr et al., 2014). An alternative production route is a 

44Ti/44Sc generator (Pruszyński et al., 2010; Roesch, 2012), which requires higher energy protons (25-30 

MeV) and large integrated currents on target as the half-life of 44Ti is 60 years. High yields of 43Sc have 

been accomplished using alpha particle beams via the natCa(α,p)43Sc reaction using natural abundance 

calcium targets (Minegishi et al., 2016; Walczak et al., 2015), and more recently 43Sc has also been 

produced by proton irradiations via the 46Ti(p,α)43Sc and 43Ca(p,n)43Sc nuclear reactions, resulting in 

radionuclidic purity of 98.2 % and 66.2 %, respectively (Domnanich et al., 2017a). Proposed production 

pathways of 47Sc include the proton irradiation of 48Ca targets (Misiak et al., 2017), alpha irradiation of 

44Ca (Minegishi et al., 2016), and gamma bombardment of 48Ti (Mamtimin et al., 2015; Rotsch et al., 

2018; Yagi and Kondo, 1977),  as well as indirect production schemes through the decay of 47Ca via the 

48Ca(γ,n)47Ca and 46Ca(n, γ)47Ca nuclear reactions(Domnanich et al., 2017b; Rane et al., 2015; 

Starovoitova et al., 2015).  

The production of these radionuclides remains under investigation; the chosen irradiation conditions, 

target composition and thickness affect radionuclide yield and purity, which are important to assess to 



 
 

58 
 

determine the viability of the production pathway. Predictive tools for determining radionuclide yields in 

cyclotrons are important as they inform experiments to help curtail costs which can be quite high, 

especially when surveying enriched materials. Radionuclide yields can be predicted using experimental 

cross-section data, such as that available in the Experimental Nuclear Reaction Data (EXFOR) database; 

however, these data are often limited and may not cover all reactions of interest and projectile energies. 

The TALYS-Evaluated Nuclear Data Library (TENDL) provides data for every nuclear reaction process 

expected to take place by relying on nuclear modeling and where available adjusting parameters to 

match experimental data (Koning et al., 2019). These nuclear data libraries can be used to calculate 

theoretical radionuclide yields and contaminants produced during irradiations. Some novel tools such as 

the IAEA medical isotope browser (MIB) take advantage of both TENDL and recommended production 

cross-sections for these calculations (Koning and Verpelli, 2020). 

Monte Carlo (MC) simulations play an important role in medicine, with applications in radiation therapy, 

diagnostic imaging and radionuclide production (Infantino et al., 2011; Ljungberg et al., 2012; Rogers, 

2006; Seco and Verhaegen, 2013). A variety of MC packages have been used to model the cyclotron 

production of radionuclides, including MCNP, FLUKA and Geant4, which has been enabled by the 

implementation of physics packages to model low-energy inelastic hadronic interactions (Amin et al., 

2018; Fassbender et al., 2007; Ratcliffe et al., 2013). In the Geant4 MC package, the incorporation of the 

EXFOR and TENDL nuclear reaction cross-sections to model low-energy hadronic interactions in the 

QGSP_BIC_AllHP model has allowed for more accurate calculations of radionuclidic yield in the setting of 

medical radionuclide production (Amin et al., 2018; Poignant et al., 2016). Further validation is required 

as the simulated radionuclide yield is highly reliant on the physics model and cross-sections used; for 

targets in which multiple radionuclides can be produced, it is important to determine whether 

simulations can not only predict the yield of the radionuclide of interest but also the radionuclidic purity 

by quantifying contaminants.   

In this study, the production of radioscandium isotopes from natural calcium targets is evaluated.  

Proton irradiations of thick natural calcium targets will be performed on the variable energy ACSI TR19 

cyclotron at the Cross Cancer Institute (CCI) to quantify the yield of radioscandium isotopes. These yields 

will be used to assess the accuracy of theoretical calculations using the EXFOR and TENDL nuclear data 

libraries, as well as results from simulations with the MC package Geant4.  
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3.2 Materials and Methods 

3.2.1 Target Preparation and Irradiation 

Thick targets were prepared by pressing dendritic chunks of metallic natural abundance calcium (99.99% 

metals basis, Sigma-Aldrich, USA; 96.94 % 40Ca, 0.647 42Ca, 0.135 % 43Ca, 2.086 % 44Ca, 0.004 % 46Ca, 0.187 

% 48Ca). The analysis of the trace metal in the calcium is given in Table 4 as provided by the target materials 

supplier.  Calcium pellets were first made by pressing the dendritic chunks of metallic calcium using a 10 

mm diameter pressing die for 45 seconds at 30 MPa (Across International, USA). These calcium pellets 

were then pressed into an indentation in a silver backing plate. The backing plate was included into a 

target assembly which was installed on the cyclotron, where water cooling was applied to the back face 

of the silver plate while the front face was open to vacuum.   

Table 4: Trace metal analysis of calcium (Sigma-Aldrich, USA) 

Element Ag Al Ba Co Cu Fe K Mg Mn Ni Sr Ti Zn 

Content 

(ppm) 

0.1 0.2 33.6 1.1 0.6 1.2 3.4 1.7 22.8 <22.3 24.7 0.6 3.3 

 

This expected range and the corresponding areal density of the 10 mm diameter calcium pellet at 

natural density (1.54 g/cm3) for each energy is given in Table 1, as well as the measured areal density of 

the pressed pellets used for irradiation. The measured areal density was chosen to be greater than the 

expected areal density to ensure protons were fully stopped in the calcium target material in order to 

account for uncertainties in thickness and density of the pellets. Three calcium pellets were irradiated at 

each beam energy.  

Table 5: Expected proton range in natural calcium target and corresponding areal density, as well as measured areal density of 

pressed calcium pellets. Note that the measured areal density is greater than the expected areal density to account for 

uncertainties in final target thickness and density.  

Beam 

Energy 

(MeV) 

Expected proton 

range (mm) 

Expected Areal 

Density 

(g/cm2) 

Measured Areal 

Density (g/cm2) 

12 1.52 0.2341 0.3352 ± 0.0001 

14 1.99 0.3065 0.3727 ± 0.0038 

16 2.51 0.3865 0.4538 ± 0.0013 

18 3.09 0.4759 0.5399 ± 0.0013 
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3.2.2 Irradiation 

Irradiations were performed on the ACSI TR19 cyclotron at the Cross Cancer Institute (CCI) in Edmonton, 

Alberta, Canada. The targets were irradiated with nominal proton energies of 12, 14, 16 and 18 MeV and 

2 μA of current for 7.5 min, for a total integrated current of 15 μAmin. To confirm the beam energy, the 

dual-copper foil irradiation method was employed (Gagnon et al., 2011). Copper foils with a thickness of 

25 μm were irradiated at each energy using aluminum foil spacers to degrade the energy between the 

first and second copper foil: 250 μm, 750 μm, 1000 μm and 1250 μm Al foil degraders were used for 12 

MeV, 14 MeV, 16 MeV and 18 MeV respectively. The foil stacks were irradiated with 1 μA of current for 

5 min, resulting in a total integrated current of 5 μAmin. Repeat measurements of the copper foil 

activity were conducted from 30 min post-irradiation until 3 hours post irradiation in intervals varying 

from 5 min to 30 min using an Atomlab 400 dose calibrator (Biodex Medical Systems, NY, USA). The 

decay curve was fit with a multi-exponential distribution to describe the decay of the three 

radionuclides produced in the foil:  62Zn (9.186 h), 63Zn (38.47 min), and 63Cu (9.67 min). The ratio of the 

63Zn in each foil was used to determine the ratio of the cross-sections at the different energies; the 

monitor reaction cross-sections and fitting procedure to determine the energy from this ratio are 

described in more detail by Gagnon et al. It was found through repeat measurements that uncertainty 

associated with these measurements was on the order of 0.1 MeV. 

3.2.3 Target processing 

After experimental irradiations, the calcium was removed and dissolved using 1 M hydrochloric acid and 

placed in a scintillation flask. The irradiated samples were placed 25 cm from the top of a high purity 

germanium (HPGe) detector (Ortec model GEM35P4-S) to measure the gamma ray spectra. Deadtime of 

the detector was maintained below 10% for sample counting. NIST traceable sources (133Ba, 109Cd, 22Na, 

54Mn, 60Co and 137Cs) were used to determine the energy calibrations and absolute efficiencies of the 

HPGE detectors. To assess the thick target yield of the radionuclides of interest in Table 3.6, the peaks in 

the series of gamma-ray spectra measurements were fit using the GammaVision v.6.01 software and the 

counts were used to determine the activity at the end of irradiation for each radionuclide after energy, 

geometry and decay corrections. The physical thick target yield 𝛼𝑝ℎ𝑦𝑠 (MBq/µA·h) was calculated from 

the measured activity at end of irradiation 𝐴𝑒𝑛𝑑 (MBq), the beam current I (𝜇𝐴) and irradiation time t 

(ℎ) for each radionuclide with decay constant 𝜆 (ℎ−1) using Eq. 2 (Otuka and Takács, 2015).  

𝛼𝑝ℎ𝑦𝑠 =
𝐴𝑒𝑛𝑑

𝐼
∙

𝜆

(1 − 𝑒−𝜆𝑡)
( 3. 1) 
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Table 3.6: Radionuclides produced through proton-induced reactions in calcium target and associated γ-emission energies and 

abundances used in assays to determine yields (National Nuclear Data Center, n.d.). The threshold energy was determined using 

atomic mass data (Wang et al., 2021).  

Radionuclide Half-life Emission (keV) Intensity Reaction Threshold 
43Sc 3.891 h 372.9 22.5 % 43Ca(p,n)43Sc 

44Ca(p,2n)43Sc 

3.1 MeV 

14.5 MeV 
44Sc 3.97 h 1157.020 99.9 % 44Ca(p,n)44Sc 4.5 MeV 
44mSc 58.61 h  271.241 86.7 % 44Ca(p,n)44mSc 4.8 MeV 
46Sc 83.79 d 889.277 

1120.545 

99.9840 % 

99.9870 % 

46Ca(p,n)46Sc 2.2 MeV 

47Sc 3.3492 d 159.381 68.3 % 48Ca(p,2n)47Sc 8.9 MeV 
48Sc 43.67 h 983.526 

1037.522 

1312.120 

100.1 % 

97.6 % 

100.1 % 

48Ca(p,n)48Sc 0.51 MeV 

47Ca 4.536 d 1297.09 67 % 48Ca(p,pn)47Sc 
48Ca(p,d)47Sc 

10.2 MeV 

7.9 MeV 

 

3.2.4 Yield comparison 

For comparison, a theoretical calculation of the physical target yields was completed. Eq. 3.3 was used to 

estimate the saturation yield 𝑎𝑠𝑎𝑡 (MBq/ µA) of each nuclide of interest (Krasnov, 1974):  

𝑎𝑠𝑎𝑡 = 10−6
1

𝑒
𝑁𝑡 ∫

𝜎(𝐸)

(
𝑑𝐸
𝜌𝑑𝑥

)
𝑑𝐸

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

= 6.24 ∗ 1012𝑁𝑡 ∫
𝜎(𝐸)

(
𝑑𝐸
𝜌𝑑𝑥

)
𝑑𝐸

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

( 3. 2) 

 

where 106 is a conversion factor from Bq to MBq, 𝑒 (C) is the elementary charge and it’s inverse represents 

the number of protons per second per μA, Nt is the number of target atoms per gram (atoms/g), 𝜎(𝐸) is 

the energy dependent cross-section (mb = 10-27 cm), and 
𝑑𝐸

𝜌𝑑𝑥
 is the energy-dependent mass stopping 

power (MeV cm2 g-1) of protons in calcium. The energy-dependent mass stopping power was determined 

using SRIM-2013 (Ziegler et al., 2008).  

The saturation yield was then used to compute the thick target yield 𝛼𝑝ℎ𝑦𝑠 (MBq/µA·h), which relates to 

the saturation yield through as demonstrated in Eq. 3.4.   

𝛼𝑝ℎ𝑦𝑠 = 𝑎𝑠𝑎𝑡 ∗ 𝜆 ( 3. 3) 
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To calculate the thick target yield (TTY) of specific nuclear reactions, the cross-section measurements used 

must cover the excitation function up to the incident proton energy. The EXFOR library contains numerous 

measurements of the cross-sections of proton-induced nuclear reaction on calcium; however, several 

measurements have limited data points and do not cover the full range of energies of interest. The cross-

section measurements by Carzaniga et al. were used for predictions of the measured thick target yields 

with experimental data as these were the most complete for the proton-induced reactions on calcium up 

to 20 MeV (Carzaniga et al., 2017; Carzaniga and Braccini, 2019).  The TENDL-2014 output provides a 

complete dataset for these reactions and can provide a useful comparison for measurements based on 

predictions from nuclear models (Koning et al., 2019). The accuracy of predictions made using the TENDL-

2014 outputs is interesting as it can be used to estimate the yields of all nuclides produced in a target, 

including contaminants which may not have been directly evaluated in experimental measurements.  The 

2014 version of the TENDL library was chosen over newer iterations as it used in the G4TENDL1.3.2 data 

files.  The IAEA medical isotope browser (MIB), a novel tool published by the IAEA to predict radionuclide 

production yields, combines the newer iterations of the TENDL library with recommended cross-sections 

from the IAEA for radionuclide production and was also used to predict TTY (Koning and Verpelli, 2020).  

In addition to cross-section measurements, the EXFOR library contains measurements of thick target yield. 

These measurements are limited in natural calcium targets, and have largely been completed using 

natural abundance and enriched calcium carbonate targets; a single measurement of thick target yield in 

natural calcium targets is included for certain radionuclides at 16 MeV, but these were previously found 

to underestimate the thick target yield due to decreased beam intensity on target from the target 

geometry (Misiak et al., 2017; Severin et al., 2012; Sitarz, 2019; Sitarz et al., 2018). In order to compare 

the thick target yields with the values found in studies using calcium carbonate targets, the yields 𝛼𝑖 

(MBq/µA·h) in natural calcium can be estimated by correcting for isotopic abundance 𝑓𝑖  (%) (in the case 

of targets with enriched isotopic levels of calcium), molar mass 𝑚𝑖 (g/mol) to account for proportion of 

calcium atoms in the targets, and the energy-dependent mass stopping power (
𝑑𝐸

𝜌𝑑𝑥
(𝐸𝑖𝑛))

𝑖
 (MeV cm2 g-

1)  at the incident proton energy 𝑇𝑖𝑛 (MeV) to account for energy deposition in each target, using Eq. 3.4.  

𝛼2 = 𝑎1 ∗
𝑓2
𝑓1

∗
𝑚1

𝑚2
∗

(
𝑑𝐸
𝜌𝑑𝑥

(𝐸𝑖𝑛))
1

(
𝑑𝐸
𝜌𝑑𝑥

(𝐸𝑖𝑛))
2

( 3. 4) 
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This approximation has been previously used for comparisons of yields in different target materials and is 

based on the formula for calculating the saturated yield, as previously stated in Eq. 3.3 (Sitarz et al., 2018). 

For conversions of yields of radionuclides with a known cross-section 𝜎(𝐸) (mb), a more exact 

approximation would be represented by Eq. 3.5.  

𝛼2 = 𝑎1 ∗
𝑓2
𝑓1

∗
𝑚1

𝑚2
∗ ∫

𝜎(𝐸)

(
𝑑𝐸
𝜌𝑑𝑥

)
2

𝑑𝐸
𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

/∫
𝜎(𝐸)

(
𝑑𝐸
𝜌𝑑𝑥

)
1

𝑑𝐸
𝑇𝑖𝑛

𝑇𝑜𝑢𝑡

( 3. 5)
 

3.2.5 Monte Carlo Simulations 

The MC simulations were carried out in Geant4 v10.04.p01 on a Dell XPS-8930 with a Intel Core i7-9700 

CPU at 3 GHz with 8 cores on the Ubuntu 18.04.6 LTS operating system. The physics lists used for the 

simulations included radioactive decay physics (G4RadioactiveDecayPhysics), electromagnetic physics 

(G4EMStandard_opt3), hadron elastic interaction physics (G4HadronElasticPhysicsHP) and the hadron 

inelastic interaction physics (G4HadronPhysicsQGSP_BIC_AllHP). As the intent of the simulations was to 

verify the yield of radionuclides in a target from an incident proton beam, the choice of hadron inelastic 

physics package to use was important. This QGSP_BIC_AllHP was chosen as it combines data from the 

EXFOR and TENDL-2014 libraries to simulate inelastic interactions between 0 MeV and 200 MeV, and in 

a previous study was found to provide the best approximation of yields (Amin et al., 2018). A uniform 

flat proton beam with diameter 1 cm incident on a 1 cm diameter cylinder target of different 

thicknesses (10 μm, 5 mm) was used for the simulations, with monoenergetic protons varied between 1 

MeV and 20 MeV in separate simulations. Computational times varied between simulations, from 3 

hours to 30 hours for a 5 mm thick target and 109 monoenergetic primary protons (1 MeV and 20 MeV 

respectively). Secondary electrons and neutrons were not simulated, and range cuts of 0.05 mm for 

protons and 0.001 mm for ions were used.  Interactions leading to the production of nuclides were 

recorded in a root Tree file, which was processed in Root v6.19/01 such that the total number of 

interactions leading to each nuclide was ascertained and output into a text file for each simulation. 

These results from multiple simulations were then processed in Matlab v2020a to calculate the physical 

thick target yields for each nuclide as a function of proton energy and plotted for comparison with cross-

section-based calculations.  

To verify the Geant4 inelastic proton interactions, thin target simulations were performed. The 

geometry consisted of 10 μm thick cylinders of 1 cm diameter, with a uniform flat proton beam incident 

on the circular surface. The energy of the protons was varied between 1 MeV and 20 MeV in 1 MeV 
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increments, and 109 primary events were generated. To study the cross-section channels of interest, 

different simulations were performed with target materials consisting of 43Ca, 44Ca, 46Ca and 48Ca. The 

radionuclides created through the inelastic proton interactions in the target were recorded and used to 

determine the cross-section using the following formula:  

𝑟𝑥 = Φ ∗ 𝜎𝑥  ∗ 𝜌𝐴 ( 3. 6) 

Where 𝑟𝑥 is the amount of reactions per unit volume, 𝜙 is the flux of protons per unit area, 𝜎𝑥 is the 

energy dependent cross-section, and 𝜌𝐴 is the density of the atoms in the target per unit volume.  

After the cross-section verifications, thick target simulations were performed for comparison with 

measured yields. A thickness of 5mm was chosen to ensure targets were thick over the range of proton 

energies, and 109 primary events were generated. The radionuclides created through inelastic proton 

interactions in the target were recorded and used to determine the TTY.  

3.3 Results and discussion 

3.3.1 Geant4 Simulation 

The comparison of the TENDL-2014 cross-sections and the  cross-sections computed from the result of 

the Geant4 simulation of thin targets is depicted in Figure 3.1(Koning et al., 2019). The Geant4 simulated 

cross-section is calculated using Eq. 3.6 from the total number of primary protons generated, the 

density of scattering target atoms, and the number of each radionuclide produced in each thin foil 

during simulation. The results of the 10 µm thin foil simulation allows for the validation of the hadron 

physics models and verification of the scoring of radionuclides in the target volume by demonstrating 

that basic cross-sections could be accurately replicated.  
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Figure 3.1 Comparison of Geant4 thin target simulation results and TENDL-2014 cross-sections from simulation of 10 µm foils. 

Notice the good agreement between the calculated cross-sections from the thin foil simulations and the TENDL-2014 inputs.  

For the thick target yield measurements, the geometry chosen for the Geant4 simulations is a target 

modeled as a 5mm cylinder of calcium in a vacuum with a proton beam that is uniform over the surface 

of the 1 cm diameter target and incident perpendicular to the surface. While this geometry is simple and 

does not account for beam shape or the specific cyclotron target station geometry, the simulations 

provides a good estimate of the production of radionuclides in the target material. This demonstrates 

that detailed cyclotron modelling in Monte Carlo simulations is not necessary to get an estimate of 

production parameters. To simulate a full target station, information about beam shape and intensity 

profile would be required; this would significantly increase the complexity and validation required of the 

simulation. A more detailed model of a GE PETtrace cyclotron solid target station created by Poignant et 

al. is available as an advanced example with Geant4 (AdvancedExampleSTCyclotron) (Poignant et al., 

2016). A potential advantage of modelling the cyclotron target station includes predicting target heating 

and shielding of target station areas.  

Limited benchmarking of Geant4 applications for the cyclotron production of radionuclides has been 

conducted. Some studies have been restricted to the comparison of simulated cross-sections to 

experimental data or the production of a single radionuclide in a target (Poignant et al., 2016; Ratcliffe 

and Edgecock, 2017). Amin et al. compared different Geant4 models for low energy physics applications 

in the calculation of medically relevant radionuclides and found that the QGSP_BIC_AllHP represented 

the best approximation of resulting radionuclide activity (Amin et al., 2018). This study comprehensively 

compares the production of all relevant radionuclides produced upon irradiation of natural calcium and 

provides a comparison to Geant4 results, which allows for a better benchmarking of the Monte Carlo 
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package’s ability to provide predictions relevant for yield and radionuclidic purity.  One major limitation 

of the QGSP_BIC_AllHP physics model in Geant4 is the lack of ability to calculate the yield of isomeric 

states, as previously reported by Chiappara (Chiappara, 2019). While the cross-sections relevant to the 

production of isomeric states of radionuclides is available in the G4TENDL1.3.2 data files used as input to 

the QGSP_BIC_AllHP physics model, the isomerFlag that is set in reading the data is not currently used in 

the simulation of inelastic hadronic interactions. This is particularly relevant for the proton irradiation of 

44Ca as 44mSc is co-produced with 44Sc, and the ratio of these radionuclides is of interest for production 

calculations.  

Thick target yields of a radionuclide in a given target can be calculated from the relevant reaction cross-

sections using Eq. 3 and 4. This requires knowledge of the cross-sections, which must be accompanied 

by regular measurements at all relevant energies below the incident proton energy;  reported cross-

sections can often be incomplete and not cover the entire energy range of interest. For example, 

Levkovskij’s measurement of the 44Ca(p,n)44Sc reaction cross-section start at 7.7 MeV and are thus 

insufficient for predicting the thick target yield 44Sc as the reaction threshold is 4.5 MeV (Levkovskij and 

Levkovskij, 1991). Therein lies the advantage of a nuclear data library such as TENDL which predicts the 

reaction cross-section at all energies below 100 MeV at regular intervals for all possible reaction 

channels; this enables the prediction of the yield of all potential radionuclides produced in a target. 

There are many emerging tools that use nuclear data libraries such as these for yield and radionuclidic 

purity calculations, including the IAEA MIB (Ferguson et al., 2017; Hou et al., 2014; Koning and Verpelli, 

2020; Sitarz et al., 2019). However, the calculations made with these nuclear data libraries must be 

validated. The advantage in using a deterministic equation to calculate the yield as opposed to a Monte 

Carlo simulation is that it is significantly less computationally intensive and does not require validation 

or benchmarking of the underlying physics models. 

3.3.2 TTY of 43Sc 

The best prediction of 43Sc yield was the calculation based on the Carzaniga et al. cross-section 

measurements, which did not demonstrate any significant differences with the thick target yield 

measurements. On the other hand, both GEANT4 and the IAEA MIB predictions demonstrated an 

overestimation of production yield. The 43Sc yield significantly increases above 16 MeV due to the 

44Ca(p,2n)43Sc reaction and the higher abundance of 44Ca in natural calcium. While production routes of 

43Sc with alpha bombardment of 40Ca or natCa targets have been proposed,  this may not be widely 

feasible due to the limited number of cyclotrons with alpha particle beams (Minegishi et al., 2016; 
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Walczak et al., 2015). Proton bombardment of 46Ti and 43Ca enriched targets at energies of 15 MeV and 

12 MeV have been shown to produce 43Sc with radionuclidic purities of 99 % and 66 % respectively 

(Domnanich et al., 2017a). The data presented in this study suggest that an additional production route 

that would be of interest to investigate includes the bombardment of thin targets of enriched 44Ca at 

energies above 16 MeV, as this results in greater increases in 43Sc while 44Sc does not significantly 

increase. This could potentially make use of already existing 44Ca enriched materials that have been used 

to produce 44Sc.   

 

 

Figure 3.2: Thick target yield of 43Sc in natural metallic calcium, displaying the contribution of both the 43Ca(p,n)43Sc and 

44Ca(p,2n)43Sc reactions, as well as their sum (right). Yield predictions calculated from the cross-section measurements of 

Carzaniga et al., Levkovskij et al., and TENDL are compared to the Geant4 simulation and experimental measurements made in 

this study as well as by Sitarz et al. and Severin et al. Note that the Sitarz measurements were made in enriched calcium 

carbonate targets and were converted to equivalent yields in natural abundance metallic calcium.  

3.3.3 TTY of 44Sc 

The production of 44Sc has been widely investigated, including cross-section measurements by Carzaniga 

et al. that span the energy range of the 44Ca(p,n)44Sc reaction up to 18 MeV enabling thick target yield 

calculations based on experimental measurements (Carzaniga et al., 2017; Carzaniga and Braccini, 

2019). As previously noted, the yield of the isomer 44mSc cannot be predicted by Geant4, even if the data 

necessary for calculation is available. From our thin foil simulation, we have further evidence that this is 

the case as the simulations of 44Sc are comparable to the total cross-section. However, it was found that 

this total cross-section approximates the production of 44Sc quite accurately within the target. On the 

other hand, while it was not possible to determine the yield of 44mSc using the Geant4 simulation, it was 

found that the measured thick target yields agree with previous measurements by Sitarz et al. and the 
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IAEA MIB predictions. There have been previous simulations of 44Sc in a liquid target, where Amin et al.  

reported an overestimation of the predicted yield in liquid targets by a factor of 2.35 and 2.1 for FLUKA 

and Geant4 respectively (Amin et al., 2018); although as the authors stated in their study the 

simulations were conducted in a liquid target and thus a greater uncertainty was expected due to fluid 

and thermal dynamics of the liquid target, this study represents an improvement in the prediction of the 

yield of 44Sc with Geant4.  

 

 

Figure 3.3: Thick target yield of 44Sc and 44mSc in natural metallic targets. Yields predictions calculated from the cross-section 

measurements of Carzaniga et al. and TENDL are compared to the results of the Geant4 simulation and experimental 

measurements made in this study as well as by Sitarz et al. and Severin et al. Note that the Sitarz et al. measurements were 

made in enriched calcium carbonate targets and were converted to equivalent yields in natural abundance metallic calcium. The 

Geant4 simulations was not able to predict yield of the 44mSc isomer.  

3.3.4 TTY of 47Sc, 48Sc, and 47Ca 

The production of 47Sc has been the focus of many recent studies due to its potential as a therapeutic 

radionuclide (Müller et al., 2014a). In this study, there is excellent agreement between the measured 

thick target yields and Geant4 simulations. Existing thick target yield measurements by Sitarz et al. and 

Misiak et al. follow the same trend as the Geant4 results and exhibit a lower rate of increase than 

predicted with the IAEA MIB (Misiak et al., 2017; Sitarz et al., 2018). Higher proton energies would 

increase the yield of 47Sc while limiting target thickness to ensure protons exit the target around the 

threshold energy of the 48Ca(p,2n)47Sc reaction at 8.9 MeV would minimize the contribution of 48Sc.  

The production of 47Ca has been investigated as an indirect method to produce 47Sc via the 46Ca(n,γ)47Ca 

reaction and recently in an isotope harvesting system with a 48Ca beam (Abel et al., 2020; Domnanich et 

al., 2017b). While this is a promising avenue for the creation of a pseudo-generator system that can be 

eluted to generate radionuclidically pure 47Sc, the 48Ca(p,x)47Ca reaction does not have a significant yield. 
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The Geant4 simulations and the IAEA MIB predictions do not demonstrate significant differences in 

predictions up to 20 MeV, but underestimate the experimental measurements in this study, which are in 

turn overestimated by the calculation using the Carzaniga cross-section measurements. While the 

proton bombardment of 48Ca is not a significant source of 47Ca compared to 47Sc and 48Sc, the low levels 

produced could be used to enhance the radionuclidic purity by delaying purification of the resulting 

solution. This delay enables 47Ca to decay to the desired 47Sc product and for the 48Sc activity to decrease 

to a greater extent due to the shorter half-life compared to 47Ca and 47Sc.  

48Sc is an important radioisotope to characterize because the production of the therapeutic 47Sc isotope 

from calcium targets is based on the presence of the same target nuclide 48Ca, and thus differences in 

target enrichment will not lead to increases of one over the other. Accurate measurements of thick 

target yield can allow for the determination of beam energy and target thickness to optimize the 

radioisotopic ratio. Geant4 simulations more closely predict the experimental measurements in this 

study, while the IAEA MIB predictions tend to overestimate the yield. A previous discrepancy was noted 

by Sitarz et al. between their measured thick target yields of 48Sc and the measurements of Misiak et al., 

which suggested production was lower by a factor of 1.4 (Misiak et al., 2017; Sitarz et al., 2018). Our 

measurements suggest closer agreement with the thick target yields measured by Sitarz et al., 

suggesting that significant yields of 48Sc may be coproduced with 47Sc, especially for thick targets and 

lower beam energies. This is detrimental as 48Sc emits three high energy gammas with high yield, which 

would greatly increase the dose to non-target organs if co-administered with 47Sc. Of note are the 

predictions based off the Carzaniga measurements of the cross-section; the estimates of thick target 

yield greatly diverge from the predicted trends for energies greater than 10 MeV.  
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Figure 3.4: Thick target yield of 47Sc, 47Ca, and 48Sc in natural metallic targets. Yields predictions calculated from the cross-

section measurements of Carzaniga et al. and TENDL are compared to the results of the Geant4 simulation and experimental 

measurements made in this study as well as by Sitarz et al., Misiak et al.  and Severin et al. Note that the Sitarz et al. and Misiak 

et al. measurements were made in enriched calcium carbonate targets and were converted to equivalent yields in natural 

abundance metallic calcium.  

3.3.5 TTY of 46Sc 

Very few experimental measurements relating to the production of 46Sc from proton-induced reactions 

are available in literature. This is likely due to the low natural abundance of the target atom 46Ca in 

natural calcium (0.004 %), as well as the significantly lower proportion of this target nuclide in enriched 

materials used to determine cross-sections and thick target yield measurements. While the natural 

enrichment leads to low levels of 46Sc produced in targets with respect to other nuclides, this is an 

important impurity to quantify as it has the longest half-life of the radioscandium isotopes produced at 

83.8 days, which is important from a radiation safety and contamination standpoint. The Geant4 

simulations and IAEA MIB predictions closely agree with the experimental measurements. While limited 

experimental measurements are available for comparison, Misiak et al.’s measurement of the 

production of 46Sc at 16.6 MeV is consistent with the predictions; the increase of their measurement at 

24.1 MeV from the predicted trend calculated using the 46Ca(p,n)46Sc cross-section from TENDL is due to 

the contribution from the 48Ca(p,3n)46Sc reaction which has an energy threshold of 19.8 MeV, as the 

abundance of 48Ca atoms in natural calcium is significantly greater than the abundance of 46Ca (Misiak et 

al., 2017).  



 
 

71 
 

 

Figure 3.5: Thick target yield of 46Sc in natural metallic targets. Yields predictions calculated from TENDL are compared to the 

results of the Geant4 simulation and experimental measurements made in this study as well as by Misiak et al. Note that the 

Misiak et al. measurements were made in enriched calcium carbonate targets and were converted to equivalent yields in natural 

abundance metallic calcium. 

3.3.6 Summary and comparison 

The summary of the calculated thick target yields can be found in Table 3.7.   

Table 3.7: Physical thick target yield of nuclides of interest and yield ratio, which represents the average ratio across 4 energies 

of the yield of the radionuclide as calculated by TENDL or simulated in Geant4 to the measured experimental radionuclide yield.  

Proton 

Energy 

Measured Thick Target Yield 
43Sc 44Sc 44mSc 46Sc 47Sc 48Sc 47Ca 

MBq/µAh MBq/µAh MBq/µAh kBq/µAh MBq/µAh MBq/µAh kBq/µAh 

12.1 ± 0.2 0.84 ± 0.13 33.3 ± 4.9 0.087 ± 0.013 0.19 ± 0.03 0.036 ± 0.006 0.347 ± 0.051 0.34 ± 0.05 

14.1 ± 0.1 1.13 ± 0.24 44.8 ± 5.5 0.165 ± 0.020 0.22 ± 0.03 0.102 ± 0.013 0.389 ± 0.048 2.10 ± 0.32 

16.0 ± 0.1 1.72 ± 0.24 57.6 ± 6.0 0.239 ± 0.024 0.26 ± 0.12 0.191 ± 0.020 0.421 ± 0.043 7.10 ± 0.85 

18.0 ± 0.1 3.65 ± 0.58 59.2 ± 4.4 0.285 ± 0.021 0.27 ± 0.07 0.287 ± 0.021 0.432 ± 0.036 14.89 ± 1.79 

Yield Ratio 

IAEA MIB 1.73 1.04 0.97 1.07 1.3 1.10 0.32 

Geant4 1.66 1.02 - 0.98 1.07 0.98 0.27 

 

In this work, it was generally found that the values calculated with Eq. 3.3 and 3.4 were comparable to 

the Geant4 results which both use the same underlying cross-sections as inputs for calculations, with 

Geant4 predicting lower yields for some radionuclides. Additionally, when using measured reaction 

cross-sections to calculate thick target yield, it was found that these predictions diverged for certain 

radionuclides at higher energies (48Sc, 44mSc, 47Ca), which is likely due to integrating over a larger range 

of measurements each associated with their own uncertainties. As seen from Table 3.7, Geant4 was 
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generally more accurate for yield prediction compared to IAEA MIB, with yield ratios closer to 1. Geant4 

predicted the yield of 46Sc, 47Sc and 48Sc within 10%, but both the calculations and simulations of the 

yields of 43Sc and 47Ca were not accurate. For 43Sc, the yields calculated with the Carzaniga et al.  cross-

sections demonstrated an average yield ratio of 1.01 across measured energies, which represents a 

significant improvement over the Geant4 or IAEA MIB. However, with 47Ca, neither the simulations nor 

the predictions based off the IAEA MIB or Carzaniga et al. could accurately represent the experimental 

data, and further measurements are needed in the range of 15-20MeV to quantify the radionuclidic 

yield.  

3.4 Conclusion 

Investigation of simulated and theoretical yield predictions using Geant4 and the IAEA MIB revealed that 

greater accuracy was generally obtained through Monte Carlo simulations when compared with 

experimental measurements in natural calcium targets and scaled measurements in enriched calcium 

carbonate materials. However, this greater accuracy was not consistent across all radionuclide yields 

measured; higher levels of accuracy using Geant4 were obtained for 46Sc, 47Sc, and 48Sc, whereas the 

IAEA MIB allowed for the accurate calculation of the yield of the isomeric states of 44Sc. This 

demonstrates the need for careful validation of simulation results with measurements. Further 

validation of the low-energy inelastic hadron physics models in Geant4 is required prior to use for 

radionuclide yield production calculations as the accuracy of simulations varies based on the cross-

sections used as the input data. However, these results indicate that Geant4 simulations could prove a 

valuable tool for predicting yield and purity for different irradiation conditions and target compositions.  
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Chapter 4  

 

 

 

Comparison of scandium-44 with other PET radionuclides in pre-

clinical PET phantom imaging 

 

4.1 Introduction 

The physical properties of the radionuclide used in a PET study affect the quality of the reconstructed 

image and the quantification of reconstructed activity. The positron energy spectrum of the radionuclide 

determines the positron range. The positron range is one of the dominant factors affecting resolution, 

and this is especially pronounced in pre-clinical scanners with smaller crystal sizes (Laforest et al., 2002; 

Levin and Hoffman, 1999) There have been many experimental and Monte Carlo studies investigating 

the positron range of radionuclides in various media (Alva-Sánchez et al., 2016; Cal-González et al., 

2013; Champion and Loirec, 2007, 2006; Lehnert et al., 2011). Techniques for correcting the blurring 

caused by the positron range have been proposed(Jødal et al., 2012; Laforest and Liu, 2009). 

Some newly proposed radionuclides possess high-energy co-emitted gammas (i.e. prompt gammas) 

which negatively interfere with the detection of positron annihilation photon pairs (Conti and Eriksson, 

2016); added image noise, owing to the increased the rate of spurious coincidences, has been reported 

(Martin et al., 1995; Schueller et al., 2003) and is not directly accounted for in conventional PET 

corrections. The prompt gammas are often of different energy and therefore possess different scatter 

and detection kernels. Prompt gamma corrections have been proposed to increase the accuracy of 

quantitative imaging, but are often radionuclide specific and require further investigation before being 

applied to novel radionuclides (Anizan et al., 2012; Braad et al., 2015; Buchholz et al., 2003; Eigner et al., 

2013; Esteves et al., 2010; Robinson et al., 2004; Walrand et al., 2003).  

44Sc is of particular interest in PET imaging, and more broadly for theranostic applications in conjunction 

with 47Sc (Huclier-Markai et al., 2018; Loveless et al., 2019; Müller et al., 2018, 2014b). 44Sc can be 

cheaply produced in high yields on low energy cyclotrons through the proton irradiation of natural 
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calcium or enriched 44Ca targets (Severin et al., 2012; Valdovinos et al., 2015). 44Sc can also be obtained 

through the decay of 44Ti; there have been initial developments into 44Ti/44Sc generator systems 

(Pruszyński et al., 2010; Radchenko et al., 2017; Roesch, 2012). Wider availability of the radionuclide has 

led to more radiolabelling and imaging studies (Domnanich et al., 2016; Koumarianou et al., 2012; 

Pruszyński et al., 2012; van der Meulen et al., 2015; W. Price et al., 2016). However, the image quality 

and quantitative accuracy of 44Sc needs to be investigated rigorously to determine its clinical relevancy 

with respect to other potential radiometals used for PET imaging.  

Phantom imaging is a useful tool for comparing radionuclide performance under similar imaging 

conditions (Soderlund et al., 2015). Thus far, phantom imaging with 44Sc has been mainly limited to 

Derenzo phantoms. A radionuclide comparison in a Derenzo phantom was first reported by Bunka et al. 

comparing the relative spatial resolution of 68Ga, 44Sc, 89Zr, 11C, 64Cu and 18F (Bunka et al., 2016). 

Domnanich et al. later expanded on this study by comparing the resolution of Derenzo phantom images 

for 44Sc and 43Sc obtained in different ratios through different production routes, such as the proton 

irradiation of enriched 46Ti and 43Ca (Domnanich et al., 2017a).  

While spatial resolution as a function radionuclide is of interest, other performance metrics also 

necessitate quantification when evaluating new imaging radionuclides (Williams et al., 2005). The NEMA 

guidelines have provided a standardized procedure for evaluating the performance of small-animal PET 

scanners (NEMA NU4-2008). These same procedures might be used to compare image parameters 

between different radionuclides on the same scanner; this was done by Disselhorst et al. to compare the 

recovery coefficients and spill-over ratios for 18F, 68Ga, 124I and 89Zr (Disselhorst et al., 2010).  

In this study, the imaging properties of 44Sc are further assessed through phantom imaging in the 

Siemens Inveon small-animal PET scanner; this includes measurements of noise (%SD) and activity 

quantification (RC, SOR) that were not previously determined. Three different phantoms are used to 

acquire relevant measurements. In addition, all quantitative parameters evaluated for 44Sc were also 

measured for 18F, the most common PET radionuclide, as well as the two widely used PET radiometals 

68Ga and 64Cu to allow intercomparison of all radionuclides. 

4.2 Materials and methods 

4.2.1 Radionuclides 

Four radionuclides were used in this comparison study: 18F, the most commonly used PET radionuclide, 

and three radiometals, 68Ga, 44Sc, and 64Cu.   



 
 

80 
 

Fluorine-18: The radiofluorine was produced locally at the Cross Cancer Institute (CCI) from enriched 18O 

water. With a half-life of 109.8 minutes, 18F is a pure, low-energy positron emitter, with an average and 

maximum energy of emission of 249.8 keV and 633.5 keV respectively (96.7 % abundance).  

Copper-64: Radiocopper was produced at Washington University in St. Louis, USA and shipped to the 

University of Alberta in Edmonton, Canada. 64Cu has a 12.7 h half-life and decays through both β- (38.5 

%) and β+ (17.6 %) decay. The positron is emitted with an average and endpoint energy of 278.2 and 

653.0 keV respectively.  

Gallium-68: Radiogallium was obtained from a 68Ge/68Ga generator (iThemba Laboratories, Sommerset 

West, South Africa). 68Ga decays with the shortest half-life of the radionuclides in this study, at 67.71 

minutes. On the other hand, it emits the positron with the greatest average and endpoint energies, at 

836.0 and 1890 keV respectively with 87.7 % abundance and a total positron branching ratio of 88.8 %. 

An additional 1077 keV gamma is emitted with 3.22 % of decays.  

Scandium-44: 44Sc has a 3.97 hour half-life and emits a 1157 keV gamma (99.9 % abundance) in addition 

to a positron (94.27 % abundance) with an average and maximum energy of 632.0 and 1474 keV 

respectively.  The radioscandium was produced locally at the CCI through the irradiation of natural 

calcium with 16 MeV protons. The radionuclidic purity is reported in Table 4.1.  

Table 4.1 Radioisotopic composition of radioscandium from irradiation of natural calcium target with 16 MeV protons 

Isotope Half-life Percent activity at EOB Percent activity at 9.5 h 

post EOB 
44Sc 3.97 h 94.9 90.1 
43Sc 3.89 h 3.6 3.2 

44mSc 58.61 h 0.5 2.1 
47Sc 3.35 d 0.4 1.8 
48Sc 43.67 h 0.6 2.7 

 

4.2.2 Image acquisition 

The Siemens Inveon PET platform was used to perform imaging experiments. Its detector consists of 

lutetium oxyorthosilicate (LSO) crystals coupled through a light-guide to position sensitive photo-

multiplier tubes. The LSO crystals are arranged in 16 detector blocks, each with 4 detectors axially which 

are divided into a 20x20 crystal arrays. The ring diameter is 16.1 cm and the axial length 12.7 cm, with 
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individual crystal sizes of 1.5 x 1.5 x 10 mm3. For the acquisitions, an energy window of 350-650 keV and 

a coincidence timing window of 3.432 µs was used.  

Prior to injection into the phantoms, the radionuclide activity was measured in an Atomlab 400 dose 

calibrator (Biodex Medical Systems, NY, USA). Emission data was acquired in list-mode and the Inveon 

Acquisition Workplace (v. 1.5.0.28) was used to bin the data into sinograms and reconstruct the images. 

Images were reconstructed with three image reconstruction procedures available, using the default 

parameters. The reconstruction procedures were 2D FBP (Fourier rebinning, Nyquist cut-off 0.5), 

OSEM3D-MAP (2 OSEM3D iterations, 18 MAP iterations, 1.5mm requested resolution), and OSEM2D (4 

iterations). 

4.2.3 Image noise, spill-over ratio and recovery coefficient 

As the quality of reconstructed images can vary under different imaging situations, the National 

Electrical Manufacturers Association (NEMA) have provided a standard for acquiring and evaluating the 

data equivalent to a full body scan of a rodent with cold and hot regions (NEMA NU 4-2008). A NEMA 

image quality phantom consists of a polymethylmethacrylate (PMMA) cylinder with three distinct 

sections, as outlined in Figure 4.1, with the fillable activity hashed in blue.  

 

Figure 4.1 Cross-sections of the NEMA image quality phantom with dimensions in mm. Left: Axial cross-section. Right: 

Transverse cross-sections of the three different regions. The grey area represents the PMMA phantom, the dark blue hashed 

region represents the volume filled with activity and the light blue represents the cold air and water volumes.  

The NEMA guidelines state that measurements should be performed with a total activity of 3.7 MBq ± 5 

% of 18F and counts acquired over 1200 s. To compare standard metrics for different radionuclides, 

modifications to this procedure must be made. The number of positron decays for a given activity and 

time is affected by the radionuclide’s half-life and positron branching ratio. The approach taken in this 
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study is to keep the starting activity 3.7 MBq and modify the acquisition time in order to achieve the 

same number of positron decays as 18F in 1200 seconds. Table 4.2 lists the number of positron decays 

for a 3.7 MBq source of each different radionuclide, as well as the acquisition time used to obtain the 

same number of counts as 18F in the guideline conditions.  

Table 4.2 Number of decays expected in standard scan conditions and time used to acquire an equal amount of positron decays 

for each radionuclide. 

Nuclide Positron 

annihilations in 

1200s for 3.7 MBq 

Time to acquire same 

number of positron 

annihilations as 18F (s) 
18F 4.03*109 1200 

68Ga 3.57*109 1376 
64Cu 0.774*109 6506 
44Sc 4.07*109 1190 

After the emission acquisition, a 30 min transmission scan was acquired with a 57Co point source and 

used for attenuation correction. The reconstructed transmission image was segmented into five 

materials: background (0.00 cm-1), animal bed (0.0150 cm-1), water (0.095 cm-1), bone (0.1780 cm-1) and 

aluminum (0.22 cm-1). 

To measure uniformity, the central uniform region of the phantom was contoured. A 22.5 mm diameter 

(75% of active diameter) and 10 mm long cylindrical VOI was drawn, and the mean (𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚), 

maximum, and minimum values were recorded, while the percent standard deviation (𝜎𝑢𝑛𝑖𝑓𝑜𝑟𝑚) was 

calculated.  

The hot rod region was used to measure the recovery coefficient. The central 10 mm length of the rods 

were averaged, circular ROIs twice the size of each rod drawn and the pixel with the maximum value in 

each ROI was found. This transverse pixel was used in an axial profile over the 10 mm to determine for 

each rod the mean (𝐶𝑟𝑜𝑑) and standard deviation (𝜎𝑟𝑜𝑑). The recovery coefficient (𝑅𝐶) is the ratio of the 

mean value of the rods to that of the uniform region, while the uncertainty (𝜎𝑅𝐶) is calculated using the 

standard deviation.  

𝑅𝐶 =
𝐶𝑟𝑜𝑑  

𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
    and    𝜎𝑅𝐶 = 100 ∗ √(

𝑆𝑇𝐷𝑟𝑜𝑑

𝐶𝑟𝑜𝑑
)
2

+ (
𝑆𝑇𝐷𝑢𝑛𝑖𝑓𝑜𝑟𝑚

𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
)

2

( 4. 1) 

Finally, the spill-over ratio (SOR) in air and water was measured using a 4mm diameter (50 % of cylinder 

diameter) and 7.5mm long cylindrical volume for interest in the water- and air-filled inserts. The mean 
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activity (𝐶𝑐𝑜𝑙𝑑)  and standard deviation (𝑆𝑇𝐷𝑐𝑜𝑙𝑑) was calculated in each ROI; the SOR is the ratio of the 

mean value in the inserts to the mean value of the uniform region, while the uncertainty (𝜎𝑆𝑂𝑅) is 

calculated using the standard deviation.  

𝑆𝑂𝑅 =
𝐶𝑐𝑜𝑙𝑑 

𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
    and    𝜎𝑆𝑂𝑅 = 100 ∗ √(

𝑆𝑇𝐷𝑐𝑜𝑙𝑑

𝐶𝑐𝑜𝑙𝑑
)
2

+ (
𝑆𝑇𝐷𝑢𝑛𝑖𝑓𝑜𝑟𝑚

𝐶𝑢𝑛𝑖𝑓𝑜𝑟𝑚
)

2

(4. 2) 

4.2.4 Contrast and feature size 

Regions of interest in pre-clinical scans can vary in size; many image quality models relate contrast to 

feature size and signal-to-noise ratio. It is important to understand the relationship between contrast 

and feature size because radionuclide properties, such as the positron energy spectrum, can affect 

lesion visibility and quantification. The Derenzo phantom, depicted in Figure 4.2, is commonly used to 

quantify the trade-off between image contrast and visibility of small features. It is constructed from 

PMMA and contains triangular arrangements of hollow rods which can be filled with radioactivity. Each 

of the six sections contains rods of a given diameter (2.5, 2.0, 1.5, 1.25, 1.0 and 0.8 mm) and each rod is 

separated from its nearest neighbours by twice its diameter (center-to-center distance).  

 

Figure 4.2 Phantom cross-sections with dimensions in mm.  Left: Cross-section of the Derenzo phantom with the fillable rod 

diameters. Right: NEC phantom cross-section. 

A large number of coincidences (greater than 5 × 107) was acquired for each radionuclide in the Derenzo 

phantom and the images were reconstructed with attenuation correction and a final reconstructed pixel 

size of 0.388 mm (zoom 2). A transverse slice was used to determine the contrast in each triangular 

region. A profile was drawn between the central pixels of the center-most rod and an outer rod. The 

peak (𝐶𝑚𝑎𝑥) and minimum (𝐶𝑚𝑖𝑛)  value of this profile were utilized to calculate image contrast (𝐶):  

𝐶 =
𝐶𝑚𝑎𝑥 − 𝐶𝑚𝑖𝑛 

𝐶𝑚𝑎𝑥 + 𝐶𝑚𝑖𝑛

(4. 3) 
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4.2.5 Coincidence characteristics 

Scanner performance is affected by the amount of radioactivity and geometry of the object in the 

scanner’s field of view. Count losses occur as a result of camera dead time, decreasing the scanner’s 

counting rate capability. Additionally, some scanners manifest a difference in sensitivity to scattered and 

primary radiation (Goertzen et al., 2012). In this study, following NEMA NU 4-2008, these effects are 

investigated for each radionuclide using a “rat”-sized phantom made of high-density polyethylene 

(density 0.96 ± 0.1 g/cm3) with 50 ± 0.5 mm diameter and a length of 150 ± 0.5 mm. A 3.2 mm diameter 

hole 17.5 mm from the center extends though the length of the phantom, depicted in Figure 4.2, 

through which a 140 mm line source containing the radionuclide of interest is inserted.   

For this study, sources of 18F, 44Sc, and 68Ga with activities greater than 100 MBq were placed in the 

phantom which was centered in the field of view, and counts were acquired over several half-lives as 

the radionuclides decayed. This study was not performed with 64Cu due to the low branching ratio and 

long half-life; the activity required to observe count rates similar to the other radionuclides would be 

significantly larger (5.5 times the activity of 18F to achieve the same amount of emitted positrons) and 

the acquisition time would greatly increase (greater than 3 days to decay from 100 MBq to 1.5 MBq). 

Prior to binning into sinograms, the list mode data was separated into 15 minute time frames for 18F and 

68Ga, and 30 minute time frames for 44Sc. These durations were chosen to be less than a quarter of each 

radionuclide’s half-life.  

Single-slice rebinning was used to collapse oblique sinograms into single sinograms for each slice, with a 

span of 79 and ring difference of 39. No corrections were applied to the acquired counts, and the 

random coincidences were estimated in a separate sinogram. True (𝑅𝑇), random (𝑅𝑅)  and scatter (𝑅𝑆)  

event rates, as prescribed by NEMA NU-4, were used to calculate the noise equivalent count rate, NECR, 

using:  

𝑁𝐸𝐶𝑅 =
𝑅𝑇

2

𝑅𝑇 + 𝑅𝑆 + 𝑅𝑅

(4. 4) 

The NECR is the true count rate that would lead to the same amount of noise due to counting statistics 

in the absence of scattered and random coincidences 
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4.3 Results 

Measured results for each parameter are discussed below; summary of key numeric values for each 

parameter is provided in table 3 at the end of this section. 

4.3.1 Image noise, spill-over ratio and recovery coefficient 

The percentage standard deviation (%SD) is a measure for noise in the reconstructed image, and the 

measured values are shown in Figure 4.3 (rightmost chart). It’s variation is similar for all radionuclides 

with FBP and OSEM2D reconstruction algorithms; however, OSEM3D-MAP with scatter correction 

increases noise for 68Ga and 44Sc while decreasing it for 18F and 64Cu. While 18F and 64Cu exhibit similar 

values, %SD for 68Ga and 44Sc is slightly increased. Note that the same number of counts were acquired 

for each radionuclide; an increase in %SD therefore indicates a relative decrease in the signal-to-noise 

ratio in the resulting image.  

The spill-over ratio (SOR) is a measure for activity falsely assigned to regions in the reconstructed image 

in which no radioactivity was present during image acquisition. The SOR in air and in water are also 

found in Figure 4.3 as a function of reconstruction algorithm and radionuclide. As expected, the scatter 

correction decreases the SOR because of the decrease of accepted scattered photons. The 

reconstruction strategy is the main determinant of the SOR in air which is largely independent of the 

radionuclide species, as demonstrated in Figure 4.3. 

The SOR in water has two distinct groupings: the SOR in water for short-range positron emitters (18F and 

64Cu) is significantly smaller than for the long-range positron emitters 44Sc and 68Ga. Contrary to air, the 

SOR in water is determined less by the scatter correction strategy than the positron range. Overall, SOR 

in water scales with positron range, with 44Sc exhibiting intermediate values between 64Cu and 68Ga. 
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Figure 4.3 Impact of radionuclide and reconstruction algorithm on %SD and SOR in air and water. All data were acquired with 

the same number of counts. Both the uncorrected and scatter corrected values are presented for comparison. 

The recovery coefficient (RC) is a measure of the fraction of activity reconstructed in a small region. RCs 

are plotted in Figure 4.4 as a function of rod size for the different radionuclides and reconstruction 

strategies. The same overall trend is observed in all graphs: the RC increases towards unity with 

increasing rod diameter. The RC for 64Cu remains almost constant down to rod sizes of 2 mm before 

sharply dropping for the 1 mm rod.  Among all isotopes, the RC for 68Ga is smallest for all rod sizes, while 

the RC for 44Sc is only slightly below 18F, with a gradual decrease as a function of rod diameter.  

 

Figure 4.4 Impact of radionuclide and reconstruction strategy on measured recovery coefficients (RC) 

4.3.2 Contrast and feature size 

A comparison of the reconstructed images acquired in the Derenzo phantom is shown in Figure 4.5. The 

transverse cross-section of the hot rods demonstrates a clear difference in appearance between the 

short-range positron emitters 18F and 64Cu and the long-range positron emitters 68Ga and 44Sc. For the 
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latter two, the ability to distinguish smaller rods and separate them in the reconstructed images was 

impaired due to significant blurring. 

 

Figure 4.5 Derenzo phantom image reconstructed with OSEM2D for different radionuclides 

The contrast between the rods and background in each of the six triangular segments was calculated 

(Equation 2) and is shown in Figure 4.6. There is clear separation between short-range positron emitters 

18F and 64Cu, which demonstrate a contrast greater than 0.5 for feature sizes of 1.5 mm and above. 

While contrast of 44Sc is superior to 68Ga for the larger rod diameters, both radionuclides show the same 

contrast for rod diameters of 1.5 mm and below, leading to significant blurring of smaller features 

(Figure 4.5). The rods can no longer be distinguished when their diameters shrink below 1 mm for the 

long-range positron emitters and 0.8 mm for the short-range positron emitters. This blurring is due to 

the extrinsic scanner resolution, which is significantly impacted by positron range. While the contrast is 

expected to reach zero, measurements for the smallest rod diameters show non-zero values, owing to 

image noise. As there is a constant activity concentration, less counts are originating from the smaller 

rods, leading to increased noise; this increased noise can affect contrast measurements, as is apparent 

in OSEM3D measurements of contrast with respect to 64Cu and 18F in the 1.25 mm rod, in which 64Cu has 

a lower value. The 1.25 mm rod is in the regime in which the contrast is decreasing at the greatest rate 

for OSEM3D, and increased noise from the smaller diameter rod can affect measurements.  



 
 

88 
 

 

Figure 4.6 Normalized contrast as a function of rod size 

4.3.3 Coincidence characteristics 

The true, scatter and random event rates measured using the NEC phantom are plotted in Figure 4.7, 

along with the calculated NEC rate (equation 3). The random coincidence rate is expected to increase 

with the square of the single photon rate, represented by the x-axis (activity); it was found that a second 

order polynomial fits the random rate data for all isotopes in the range up to 100 MBq with an R-

squared value of 0.999 as expected. The scatter contribution measured for 44Sc is increased relative to 

18F and 68Ga, while the true event count rate is decreased.  

 

Figure 4.7 Results from phantom imaging studies. The values reflect the FBP reconstruction for the NEMA Image quality 

phantom and Derenzo phantom studies. 
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Table 4.3 Results from phantom imaging studies. The values reflect the FBP reconstruction for the NEMA Image quality phantom 

and Derenzo phantom studies. 

Nuclide Half-life Mean (Max) 

positron 

emission energy 

(keV) 

RC  

(5 mm) 

% SD SOR 

water 

SOR air Contrast NECR at 

10 MBq 

(kcps) 

18F 109.8 m 249.8 (633.5) 0.849 5.65 0.0473 0.0589 0.674 132 
64Cu 12.7 h 278.2 (654.0) 1.01 5.88 0.0595 0.0484 0.637 - 
44Sc 3.97 h 632.0 (1474) 0.825 7.70 0.0923 0.0509 0.347 127 
68Ga 67.7 m 836.0 (1890) 0.615 7.28 0.141 0.0525 0.196 131 

4.4 Discussion 

Imaging of the four radionuclides in the NEMA image quality phantom allowed for a comparison of 18F 

and the three radiometals 64Cu, 44Sc, and 68Ga, in order of descending half-life and increasing positron 

range. The %SD measurements revealed a slight noise increase in images acquired with 68Ga and 44Sc, 

although still within 2-3% of the 18F and 64Cu measurements.  

The SOR measurements in water were largely affected by positrons annihilating in the cold volume, as 

previously observed by Disselhorst et al. in their comparison of the short-range positron emitters 18F and 

89Zr in contrast with the long-range positron emitters 68Ga and 124I (Disselhorst et al., 2010). 44Sc showed 

intermediate behaviour as expected from a radionuclide with a mean positron emission energy of 632 

keV, compared to 18F (250 keV) and 68Ga (836 keV). Overall, SOR in air is markedly decreased for the 

long-range positron emitters compared to water due to the greatly reduced electron density. However, 

the radius of the cold region would ideally exceed the maximum positron range of the radionuclide 

being investigated. Therefore, to obtain a true measure of the contribution of scatter and random 

coincidences to reconstructed activity of cold regions, a different phantom design with a larger cold 

volume would be required for accurate measurements with long-range positron emitters; such a 

phantom, however, is not currently part of the NEMA test protocol.  

The RC measurements revealed that activity recovery in 1 mm diameter structures is at 25% or less for 

all radionuclides and reconstruction algorithms and increases for larger structures. Once again 44Sc 

exhibits intermediate behaviour between 18F (short-range) and 68Ga (long-range). This indicates that a 

distinction beyond long-range and short-range positron emitters must be made when dealing with 

radionuclides with medium positron emission energies, and that general trends can be predicted using 

positron emission energies.  
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Generally, the RC measurements for 18F and 64Cu agreed within the bounds of uncertainty. However, 

certain measurements show deviations, which are due to distinct image artifacts in which the activity in 

the center of the hot rods were underestimated and the edges were overestimated; this artifact, known 

as the Gibbs phenomenon (Snyder et al., 1987), lead to noisier measurements of RC and caused values 

to exceeded the theoretical maximum of 1. The RC measurements are prone to large uncertainty as a 

single pixel per transverse cross-section is averaged over an axial profile, and the Gibb’s phenomenon 

will affect the central rod pixel value for different rod sizes; another challenge affecting the 

measurements is the alignment of the rods with the reconstructed voxel positions. As seen in Figure 4.4, 

this phenomenon leads to noisier measurements for 64Cu and 18F; the RC of the 4 mm rod with 64Cu is 

measured as decreased compared to 3 mm and 5 mm but remains within the bounds of uncertainty, 

while the same applies to the RC of the 5 mm rod with 18F reconstructed with OSEM2D demonstrates a 

decrease with respect to the 4 mm rod. The Gibbs effect should be carefully considered when 

considering quantification in images reconstructed from activity distributions with sharp transitions, as 

is the case with hot rods and the short-range positron emitters 64Cu and 18F.  

The measurements in the Derenzo phantom allow us to rank the relative contrast in the reconstructed 

images with the four radionuclides. We find similar measurements for the short-range positron emitters 

18F and 64Cu, while the contrast is degraded with 44Sc and to a greater extent with 68Ga for all 

reconstruction methods. The decreasing contrast can be predicted by the increasing positron energies 

as well as positron range, and follows the same trend as the relative resolution as determined Bunka et 

al. to be 18F > 64Cu > 44Sc > 68Ga (Bunka et al., 2016).  

The NEMA image quality study was conducted at activity levels commonly used for pre-clinical research; 

however, from the count rate curves acquired in the NEC phantom, the NECR curve for 44Sc increases at 

a lesser rate than that of 18F. This indicates that with increasing activity, the noise is expected to increase 

at a greater rate for 44Sc than 18F, which is likely due to spurious coincidences caused by the co-emitted 

1.157 MeV gamma with 99% abundance. While this noise scaling is a not a practical concern for pre-

clinical investigations, it suggests that radionuclide specific image quality assessments could be 

beneficial when larger activities are present in the PET field-of-view. The total activity used in our 

studies with the NEMA image quality phantom was 3.7 MBq, which is representative of typical activities 

used for mice imaging; the %SD is expected to decrease and the RC is expected to improve if the activity 

is increased because more counts are acquired with higher activities (assuming similar imaging times), 
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while the SOR should remain constant or decrease as the count rates are in the linear regime at least for 

activities less than 20 MBq.  

The NEMA NU 4-2008 standard for calculating event count rates does not address the case of spurious 

coincidences caused by the co-emission of prompt gammas during the radionuclide decay. Scattered 

and random events, which result from two annihilation photons detected in the energy window around 

511 keV, cannot be distinguished from spurious coincidences, which involve the detection of at least one 

prompt gamma. At the current time, the impact of the contribution of spurious coincidences to the 

event counts for a radionuclide emitting prompt gammas must be assumed via a comparison with a 

pure positron emitter such as 18F.  

Various methods to produce 44Sc exist, each leading to a different radioisotopic composition of the 

scandium used for imaging. The radioscandium used in this study was produced from natural calcium 

targets with a radioisotopic purity of 95% 44Sc at end of beam and it remains at greater than 90% for 9.5 

hours afterwards (Table 4.1). Our most abundant co-produced isotope is 43Sc, which is a positron emitter 

as well and has a 3.89 hour half-life. It is also considered a good candidate for PET imaging, and has the 

favourable property that the most energetic and abundant positron emission has a mean and maximum 

energy of 508 and 1199 keV respectively, which is lower than for 44Sc. Consequently, it’s smaller 

positron range provides improved resolution compared to 44Sc and 68Ga, as demonstrated by Domnanich 

et al. (Domnanich et al., 2017a). 43Sc may also be a more favourable choice for clinical studies from a 

radiation safety perspective because high energy photon emissions, such as the 1157 keV prompt 

gamma (99.9% yield) emitted by 44Sc, do not occur. Shielding for the high energy photons emitted by 

44Sc does not pose significant challenge in pre-clinical studies (such as this one) because of the relatively 

low amounts of activity handled and the spatially confined nature of the experiments. When 

transitioning to patients, however, radiation safety aspects need to be carefully considered in order to 

ensure adequate protection of personnel and the public. 43Sc might then be preferable despite the 

somewhat more costly production process which utilizes an enriched Calcium target. Initial in vivo 

human patient studies are underway to compare the dosimetric impact of 44Sc to the patient (Eppard et 

al., 2017). Other co-produced radioisotopes with a total abundance of less than 1%, are 44mSc (t1/2=58.61 

h) which decays to 44Sc and therefore also contributes to the total number of positrons available for 

imaging, as well as the two long-lived β- contaminants 47Sc (t1/2=3.35 d) and 48Sc ( t1/2=43.67 h). These 

isotopes are not expected to significantly impact the imaging performance but may contribute to a small 

error in the absolute measurements of source activity. However, as they make up less than 1% of the 
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total activity at end-of-beam (EOB), their impact is neither noticeable in images nor measurable within 

the uncertainties inherent in activity measurement with a radionuclide dose calibrator.  

4.5 Conclusions 

The performance of the Siemens Inveon PET scanner was evaluated for 18F and the radiometals 44Sc, 

64Cu, and 68Ga. The most significant differences observed in our measurements can be attributed to the 

radionuclides’ positron emission energy: the short-range positron emitters 18F and 64Cu displayed 

greater recovery coefficients and contrast, as well as lower spill-over ratios than the long-range positron 

emitters 68Ga and 44Sc. For a given radionuclide, the OSEM3D-MAP reconstruction provided the best 

contrast in the reconstructed images. 

In conclusion, 44Sc is a promising radionuclide for further study, as its intermediate positron emission 

energy provides increase contrast compared to 68Ga, another popular radiometal. The contribution of 

the high-energy gamma emission to image noise should be further studied because of its potential 

impact on image reconstruction when higher activity levels are present in the scanner’s field-of-view. 
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Chapter 5  

 

 

 

A comparative PET imaging study of 44Sc- and 68Ga-labeled bombesin 

antagonist derivatives in breast and prostate cancer models 

 

5.1 Introduction 

Radiolabeled peptides play a central role in nuclear medicine as radiotheranostics for targeted imaging 

and therapy of cancer (Chatalic et al., 2015; Fani et al., 2012; Opalinska et al., 2017; Tornesello et al., 

2017). The success of using radiolabeled peptides for the accurate detection and effective treatment of 

cancer stems particularly from the well-documented overexpression of various regulatory peptide 

receptors on the surface of certain cancer cells. The majority of these peptide receptors belong to the 

large family of G protein-coupled receptors, which bind with high affinity and specificity small regulatory 

peptides such as somatostatin, bombesin, neurotensin, VIP, gastrin, and GLP-1. Many radiopeptides 

originate from natural regulatory peptides, which have been optimized to improve metabolic stability 

and pharmaco-kinetics to close the gap between their promise for targeted imaging and therapy of 

diseases and their clinical implementation. Prominent clinical examples of using small regulatory 

peptides as radiotheranostics comprise various radiolabeled somatostatin analogs for targeted 

visualization (i.e. [68Ga]Ga-DOTATATE ) and treatment (i.e. [177Lu]Lu-DOTATATE ) of differentiated 

neuroendocrine tumors (Baum et al., 2012; Baum and Kulkarni, 2012; Kelkar and Reineke, 2011). 

Radiolabeled somatostatin analogs exert their diagnostic and therapeutic potential upon specific binding 

to somatostatin receptors (SSTRs), which are notably overexpressed in neuroendocrine tumors. SSTR-

targeted peptide receptor radionuclide therapy (PRRT) with [177Lu]Lu-DOTATATE resulted in impressive 

clinical results in patients with neuroendocrine tumors by optimizing medical care for individual patients 

and their disease characteristics (Baum and Kulkarni, 2012; Cives and Strosberg, 2017).  

Gastrin-releasing peptide receptors (GRPRs) bind with high-affinity amphibian tetradecapeptide 

bombesin (BBN). The mammalian counterpart to the amphibian BBN is called gastrin-releasing 
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polypeptide (GRP). The expression and mechanism of action of GRP and GRPRs have extensively been 

studied in many tumor types pointing to GRPR as an autocrine growth factor receptor for tumor cell 

proliferation and/or morphogen factor for tumor cell differentiation (Baratto et al., 2020; Gugger and 

Reubi, 1999; Hohla and Schally, 2010; Patel et al., 2006). Thus, GRPRs represent promising molecular 

targets for targeted radiopeptide-based imaging and therapy of cancer with particular emphasis on 

prostate and breast cancer. Various BBN derivatives with high GRPR affinity have been synthesized and 

labeled with multiple radionuclides, including 18F, 64Cu, and 68Ga for PET imaging (Rogers et al., 2003; 

Schroeder et al., 2011; Yang et al., 2006),99mTc, and 111In for SPECT imaging(Abiraj et al., 2010; García 

Garayoa et al., 2007; Pujatti et al., 2012), and 90Y and 177Lu for radiotherapy (Koumarianou et al., 2009; 

Thomas et al., 2008). The impact of the radionuclide on the biodistribution and tumor uptake profile of 

BBN radiopeptides was the subject of several studies.  

Koumarianou et al. found small but noticeable differences in the in vitro receptor affinity for BBN 

agonist DOTA-BN[2-14]NH2 labeled with chemically alike radiolanthanides 177Lu (IC50 = 1.34 nM) and 90Y 

(IC50 = 1.99 nM) (Koumarianou et al., 2009). Despite the only minor differences in their in vitro receptor 

affinity, the authors observed significant differences in the biodistribution experiments with both 

radiopeptides. This led to the conclusion that the choice of the radionuclide also influences the in vivo 

GRPR binding of the radiopeptide and, therefore, their biodistribution profile. In contrast to the study by 

Koumarianou et al., comparable biodistribution and tumor uptake profiles were recently observed with 

68Ga- and 44Sc-labeled BBN agonist DOTA-BN[2-14]NH2 in rats bearing Dunning prostate R3327-AT1 

tumors despite their more drastic in vitro binding affinity differences (IC50 = 0.85 nM versus 6.49 mM, 

respectively) (Koumarianou et al., 2012).  

Current clinical PET imaging of GRPRs is dominated by 68Ga-labeled BBN analogs (Gnesin et al., 2017; 

Gruber et al., 2020; Maina et al., 2016; Zhang et al., 2018). Several studies confirmed the trend and 

preference of using GRPR antagonists over GRPR agonists. Antagonists often show higher binding and 

more favorable pharmacokinetics when compared with GRPR agonists. Moreover, clinical studies with 

GRPR agonists resulted in unwanted side effects caused by the activation of the GRPR upon binding of 

the agonist ligand (Bodei et al., 2007). Thus, the majority of clinical GRPR PET imaging studies use 68Ga-

labeled GRPR antagonist such as [68Ga]Ga-NODAGA-MJ9, [68Ga]Ga-RM26, [68Ga]Ga-SB3, [68Ga]Ga-

NeoBOMB1, and more recently, [68Ga]Ga-RM2 (Bodei et al., 2007; Gnesin et al., 2017; Gruber et al., 

2020; Maina et al., 2016; Zhang et al., 2018).  
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PET imaging with generator-produced 68Ga (t1/2 = 67.71 min) was recently challenged with cyclotron-

produced scandium radioisotopes 44Sc (t1/2 = 3.97 h) and 43Sc (t1/2 = 3.89 h). As 44Sc has become more 

readily available, several studies described radiolabeling experiments with DOTA and DTPA chelators 

(Alliot et al., 2015; Müller et al., 2014a; Severin et al., 2012; Valdovinos et al., 2015) as well as with 

DOTA-decorated peptides and other biomolecules, including [44Sc]Sc-DOTA-(cRGD)2 (Hernandez et al., 

2014), [44Sc]Sc-DOTA-TATE (Huclier-Markai et al., 2014), [44Sc]Sc-DOTA-TOC (Pruszyński et al., 2012), 

[44Sc]Sc-DOTA-NOC (van der Meulen et al., 2015), [44Sc]Sc-DOTA-folate (Müller et al., 2013), and [44Sc]Sc-

PSMA-617 (Eppard et al., 2017; Umbricht et al., 2017). First-in-human studies with [44Sc]Sc-PSMA-617 

demonstrated an improved pre-therapeutic dosimetry for radiotherapy with [177Lu]Lu-PSMA-617 when 

compared with the corresponding [68Ga]Ga-PSMA-617 (Eppard et al., 2017).  

Our research group has recently proposed the use of metabolically stabilized GRPR antagonist BBN2 for 

radiolabeling with 18F and 68Ga and subsequent PET imaging of GRPRs in prostate cancer resulting in 

favorable tumor uptake and biodistribution profiles (Richter et al., 2016, 2013).  

In addition to recent studies describing the impact of radiometals on the biodistribution and tumor 

uptake profile of BBN agonist DOTA-BN[2-14]NH2, our work was aimed at a comparative study on the 

impact of 44Sc- and 68Ga-labeled DOTA complexes attached to GRPR antagonist BBN2 on the in vitro 

GRPR binding affinity, and their biodistribution and tumor uptake profiles in MCF7 breast and PC3 

prostate cancer models.  

5.2 Materials and methods 

5.2.1 Reagents and Radionuclides 

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA). Reagents for peptide synthesis 

were purchased from NovaBioChem (Millipore Ltd., ON, Canada). Peptides were synthesized using a 

combination of manual coupling procedures and automated solid-phase peptide synthesis (SPPS) with a 

Syro I peptide synthesizer (MultiSynTech/Biotage, Charlotte, NC, USA). 68Ga was eluted from an iThemba 

LABS 50 mCi 68Ge/68Ga generator (isoSolutions Inc., BC, Canada). Mass spectra were recorded on a AB 

Sciex Voyager Elite matrix-assisted laser desorption ionization mass spectrometer time-of-flight (MALDI-

MA TOF, AB Scciex, Forster City, CA, USA). 44Sc was produced on the ACSI TR19/9 variable energy 

cyclotron at the Cross Cancer Institute (Edmonton, AB, Canada) via the 44Ca(p,n)44Sc nuclear reaction. 

The irradiations were conducted with natural Ca metal at a proton energy of 16 MeV, with beam 

currents up to 4 μA. The radiochemical separation proceeded using a modified version of the procedure 
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developed by Valdovinos et al., and the activity was eluted in several 100 μL fractions of water 

(Valdovinos et al., 2015). The fraction with the largest activity was used to perform radiolabelling. The 

Atomlab 400 dose calibrator (Biodex Medical Systems, NY, USA) was used for determining the activity 

during the radiochemical separation, during labelling experiments and prior to imaging. 

5.2.2 Peptide syntheses 

The metabolically stabilized bombesin peptide Ava-Gln7-Trp8-Ala9-Val10-Sar11-His12-FA0101013-Tle14-NH2 

(Ava-BBN2) was synthesized as previously described [39,40]. The peptide synthesis was performed using 

the Fmoc-orthogonal solid-phase peptide synthesis on an automated Syro I peptide synthesizer. HPLC 

purification of peptides were performed using a Phenomenex Jupiter 4u Proteo 90A, 250x10mm, 4 µm 

C12 column at a flow rate of 2 mL/min using gradient elution. Solvent A: water/0.2% TFA. Solvent B: 

acetonitrile. 

DOTA-Ava-Gln7-Trp8-Ala9-Val10-Sar11-His12-FA0101013-Tle14-NH2 (DOTA-Ava-BBN2). 5.0 mg (4.7 mol) of 

Ava-BBN2 was dissolved in 100 μL of DMF in a 1.5 mL LoBind Eppendorf, and 3.3 mg (6 mol) of pSCN-

Bn-DOTA (1.3 equiv.) was added, as well as 10 μL of triethylamine (TEA). The reaction mixture was 

incubated at 37 °C for 16 h prior to HPLC purification (2 mL/min, 0-10 min 10% B, 25 min 50%B, 30-40 

min 80%B, 40-45 min 90% B (tR = 29.9 min).  

The HPLC solvent was reduced under vacuum using a rotary evaporator, and lyophilisation afforded 

DOTA-Ava-BBN2 as a white powder (6.5 mg, 4.0 mol, 85% isolated yield). MW C76H115N19O18S 1613.8, 

measured MALDI-MS (positive) m/z 1614.8 [M+H]+.   

natGa-DOTA-Ava-BBN2. 2.0 mg (1.24 mol) of DOTA-Ava-BBN2 and 3.5 mg Ga(NO3)3 dissolved in 200 μL 

of 10% CH3CN in 1 M NaOAc buffer (pH = 4.5) were reacted at 90 °C overnight in a 1.5 mL LoBind 

Eppendorf vial. The reaction mixture was purified with HPLC (0-10 min 20% B, 25 min 50%B, 30-40 min 

80%B; tR = 17.6 min) at a flow rate of 2 mL/min. The HPLC solvent was reduced under vacuum using a 

rotary evaporator, and lyophilization afforded natGa-DOTA-Ava-BBN2 as a powder (1.6 mg, 4.0 mol, 

85% isolated yield). MW C76H112GaN19O18S 1679.8, measured MALDI-MS (positive) m/z 1680.7 [M+H]+.   

natSc-DOTA-Ava-BBN2. 2.0 mg (1.24 mol) of DOTA-Ava-BBN2 and 3.0 mg Sc(OTf)3 dissolved in 200 μL of 

10% CH3CN in 1 M NaOAc buffer (pH = 4.5) were reacted at 90 °C overnight in a 1.5 mL LoBind 

Eppendorf vial. The reaction mixture was purified with HPLC (0-10 min 20% B, 25 min 50%B, 30-40 min 

80%B; tR = 17.4 min) at a flow rate of 2 mL/min. The HPLC solvent was reduced under vacuum using a 
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rotary evaporator, and lyophilisation afforded natSc-DOTA-Ava-BBN2 as a powder (1.5 mg, 0.9 mol, 89% 

isolated yield). MW C76H112N19O18SSc 1655.8, measured MALDI-MS (positive) m/z 1679.4 [M+Na]+.   

5.2.3  Radiolabelling of DOTA-Ava-BBN2 with 44Sc and 68Ga 

For the radiolabelling of the DOTA-Ava-BBN2 with 44Sc, 90 μL of the third eluted fraction was buffered to 

a pH of 4.5 using 140 μL of 4 M NaOAc (pH 9.3) and was reacted with 50 μg of DOTA-BBN2 in 30 μL 

deionized water in a 1.5 mL LoBind Eppendorf tube at 99 °C for 20 min at 750 rpm. The 68Ga was eluted 

from the 68Ge/68Ga generator with an average activity of 577 MBq in 2.3 mL 0.6 M HCl. A 1 mL fraction 

of the eluate was diluted with 250 μL of 4 M NaOAc (pH 9.3) to adjust the pH to 4.5 and reacted with 50 

μg of the DOTA-Ava-BBN2 in 30 μL deionized water at 99 °C for 20 min at 750 rpm.  

The reaction mixtures were collected and diluted with 9 mL of deionized water before purification via 

solid-phase extraction (SPE) using a Sep-Pak tC18 Plus cartridge (Waters Corporation, Milford, MA, USA). 

The cartridge was preconditioned with 5 mL of acetonitrile and 10 mL of deionized water. The cartridge 

trapped the radiolabeled peptide, which was eluted using 1.1 mL of EtOH.  

The EtOH was reduced under vacuum using a rotary evaporator and subsequently re-dissolved in 200 µL 

of 8% ethanol in saline (0.9 % w/v of NaCl). Isolated radiochemical yields were in the range of 70-80 % 

(decay-corrected). The radiochemical purity exceeded 97% as assessed by radio-TLC on RP18 plates 

using 0.1 M citric acid as eluent (Rf  = 0.0). The identity of radiopeptides was confirmed by their 

retention times on radio-HPLC when compared to the respective reference compounds.  

5.2.4  Lipophilicity 

The shake-flask method was used to determine the partition coefficients of the 68Ga- and 44Sc-

radiolabelled peptides in n-octanol as the organic solvent and PBS buffer (pH 7.4) as the aqueous phase 

(Wilson et al., 2001). 250 µL of each layer was added to approximately 150 kBq of the radiopeptide 

(68Ga/44Sc-DOTA-Ava-BBN2) in a LoBind Eppendorf tube, which was vigorously mixed for 3 min. The 

layers were allowed to separate by centrifugation at 2000 rpm for 5 min. Aliquots of 50 µL were taken 

from each layer and measured in a Wizard gamma counter (Wallac 1480 Wizard-3, PerkinElmer, 

Woodbridge, ON, Canada). The logD7.4 values were calculated as the logarithm of the activity in each 

phase and expressed as mean ± SD from three experiments each performed in triplicate.  

5.2.5  Competitive binding assay 

A competitive displacement cell-binding assay was performed to assess the in vitro gastrin-releasing 

peptide receptor binding affinity and specificity of the natGa-DOTA-BBN2 and natSc-DOTA-BBN2 



 
 

102 
 

compounds. The assay was performed using PC-3 cells and concentrations for the half-maximum 

inhibition (IC50 values) were determined using 125I-Tyr4-bombesin (Perkin Elmer; Waltham, MA, USA) 

with increasing concentrations of nonradioactive reference peptide structures DOTA-BBN2, natGa-DOTA-

BBN2 and natSc-DOTA-BBN2 from 10-12 M to 10-6 M. After incubation for 1 h at 37 °C and two consecutive 

washing steps, cells were harvested and counted in a Wizard gamma counter (Perkin Elmer; Waltham, 

MA, USA ). Data were analyzed as % control uptake of 125I-Tyr4-bombesin and plotted versus the log of 

peptide concentration to generate sigmoidal dose-response curves using GraphPad Prism 5.04 

(GraphPad Software, La Jolla, CA, USA).  

5.2.6  Gene expression microarray analysis  

Gene-expression microarray analysis was performed as described previously using primary samples from 

176 treatment-naive patients with BC and 10 healthy breast-tissue samples collected from reduction 

mammoplasties through the Canadian Breast Cancer Foundation Tumor Bank (Northern Alberta Study 

Center, Cross Cancer Institute, Edmonton, AB, Canada). Patient information was collected under 

Research Ethics Board Protocol ETH-02-86-17. 

5.2.7  Protein expression 

For analysis of GRPR and β-actin, MCF10A, MCF7, and MDA-MB231 cells were seeded in 60 mm dishes 

(Nunc™ Cell Culture/Petri Dishes, ThermoFisher Scientific) and had their media changed 24 h prior to 

collection. Cells in the dishes were washed with PBS, then suspended in lysis buffer (50mM Tris, 150 mM 

NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.5% Triton X) containing protease inhibitor cocktail 

(ab65621, abcam, 1:500). The extracts were sonicated (10% amplitude, 10 s) on ice and centrifuged at 

14,500 g for 10 min at 4°C to remove debris. Protein determination in supernatants was conducted, 

using a BCA based protein assay (Pierce/Thermo Scientific, Rockford, IL, USA). Aliquots of supernatants 

were mixed with 1/2 volume of 2x Laemmli buffer (2x Laemmli Sample Buffer #1610737, Bio-Rad) and 

heated for 5 min at 95°C. Protein extracts were loaded onto SDS-polyacrylamide gels and separated by 

electrophoresis. Proteins were transferred to nitrocellulose membranes by electroblotting and blocked 

for 1 h at room temperature in 5% (w/v) non-fat dry milk in Tris-buffered saline containing 0.05% (v/v) 

of Tween-20 (TBST). Membranes were incubated overnight at 4°C with the mouse monoclonal anti-

GRPR IgG2α (sc-377316, F-6, Santa Cruz Biotechnology, 1:100), and rabbit polyclonal anti-β-actin (A5060, 

Sigma-Aldrich, 1:5000) followed by incubation for 1 h at 21°C with a peroxidase-conjugated goat anti-

mouse IgG2α secondary antibody (sc-2061, Santa Cruz Biotechnology) in 1:5000 dilution or peroxidase-

conjugated goat anti-rabbit IgG secondary antibody 1:5000 dilution (β-actin). Housekeeping protein was 
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chosen based on its utility and minimal interference it had with the proteins of interest. Prior to the 

addition of anti-β-actin for blot already stained with anti-GRPR a stripping procedure was performed 

due to the close proximity of the staining between both of the antibodies. Stripping buffer (1 L: 15 g 

glycine, 1 g SDS, 1% Tween20, pH 2.2) was used to wash the membranes twice for 5-10 minutes each, 

followed by two washes with PBS each for 10 minutes and two washes with TBST for 5 minutes each.  

After incubation with secondary antibodies, membranes were washed in TBST and incubated with 

Clarity ECL Western blotting substrate (Bio-Rad Laboratories, Hercules, CA, USA). Luminescence signals 

were captured using Fuji Medical X-ray Films (Fujifilm Canada, Mississauga, ON, Canada). Films were 

scanned, and analysis was done using the ImageJ program (National Institutes of Health, Bethesda, MD, 

USA). Density of each band was determined, and individual lane backgrounds were subtracted. Values 

for GRPR were divided by values for the housekeeping protein β-actin. Received values were compared 

to each other, with the individual values of the cell lines being calculated as such: ((GRPR band density - 

lane background density)/(β-actin band density - lane background density)). 

5.2.8 Immunohistochemistry 

For immunihistochemistry staining on tissue microarrays, 4-mm-thick paraffin-embedded tissue sections 

were mounted on slides. The staining procedure was conducted using the Ventana Benchmark-ultra 

automated staining system with primary anti-GRPR antibody (Acris Antibody GmbH, SP4337P) at a 

1:1400 dilution following a recently published procedure [42]. The staining was generally cytoplasmic 

with no evidence of nuclear presentation. GRPR expressions were assessed under light microscope and 

expressed as an immunoreactive score [43]. 

5.2.9  Dynamic PET Imaging Studies 

The INVEON® PET/CT scanner (Siemens Preclinical Solutions, Knoxville TN, U.S.A) was used for the in 

vivo PET imaging of the radiolabelled peptides. The guidelines outlined by the Canadian Council on 

Animal Care (CCAC) were used to carry out the animal studies, along with the approval of the local Cross 

Cancer Institute Animal-Care Committee.  

The prostate cancer studies were conducted using NU/NU nude male mice and PC3 cells, while the 

breast cancer studies were done using NIH-III female mice with MCF7 cell.  About 3-5 × 106 PC3 or MCF7 

cells in 200 μL of PBS or PBS/matrigel (50/50) were injected subcutaneously into the upper left flank of 

the mice to generate tumour xenografts. In case of mammary MCF7 cells a 0.72 mg/pellet containing 

estrogen in a 60-day release preparation (Innovative Research of America, Sarasota, FL, USA) was 
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implanted subcutaneously into the upper right flank of the NIH-III mice to allow for a constant estrogen 

level needed for the estrogen-dependent MCF7 cells.  

After 3-5 weeks, the tumours reached sizes of ~300-500 mm3 and were used for the in vivo imaging 

studies. Prior to the injection of the radiopeptides, the mice were anesthetized through inhalation of 

isofluorane in 40% O2 60% N2.  

Mice were injected with 3- 5 MBq of 68Ga-DOTA-Ava-BBN2 or 44Sc-DOTA-Ava-BBN2 in 100 to 150 μL of 

saline through a tail vein catheter. The dynamic PET acquisition was performed over 60 min, and 3D list 

mode data were recorded. The data were sorted into sinograms with 54 time frames (10 × 2, 8 × 5, 6 × 

10, 6 × 20, 8 × 60, 10 × 120, 6 × 300 s), and each frame was reconstructed using maximum a priori (MAP) 

reconstruction. For blocking studies, 300 μg of BBN2 [38,39] in 50 μL of saline was injected ~5 min prior 

to radiotracer injection.  

Tracer uptake in the tumour was analyzed using the ROVER v2.0.51 software (ABX GmbH, Radeberg, 

Germany). Regions of interest (ROI) covered the entire visible tumour mass, and thresholds of 50 % of 

the maximum radioactivity uptake level were defined. A mean standardized uptake value [SUVmean = 

(activity/mL tissue)/(injected activity/body weight), mL/g] was calculated and time-activity curves (TACs) 

were generated using GraphPad Prism 5.04 (GraphPad Software, La Jolla, CA, USA). The plotted TACs are 

presented as mean ± SEM from n experiments.  

5.3 Results 

5.3.1 Radiosynthesis of 68Ga- and 44Sc-DOTA-Ava-BBN2 and lipophilicity determination 

Metabolically stabilized bombesin derivative Ava-BBN2 (Gln-Trp-Ala-Val-Sar-His-FA01010-Tle-CONH2) 

[38,39] was decorated with bifunctional chelator p-NCS-Bn-DOTA using thiourea conjugation chemistry 

in solution. Peptide DOTA-Ava-BBN2 was obtained in isolated chemical yield of 85% and high chemical 

purity (>99%) after HPLC purification and lyophilization suitable for radiolabeling with 68Ga and 44Sc. 68Ga 

was obtained from a 50 mCi 68Ge/68Ga generator connected to a Scintomics GRP automated synthesis 

module for remotely controlled elution of radioactivity. 44Sc was obtained via the 44Ca(p,n)44Sc nuclear 

reaction using natural Ca metal as the target material on a ACSI TR19/9 cyclotron. Target processing and 

purification of 44Sc was performed using a modified version of the original procedure reported by 

Valdovinos et al., outlined in Figure 5.1 (Valdovinos et al., 2015).  
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Figure 5.1 Outline of the scandium extraction system. The irradiated calcium is dissolved in 10 mL of 10 M HCl in reaction vessel 

(1) and a peristaltic pump (3) is used to trap the scandium onto a UTEVA resin column (4). The column is washed with 3 mL of 10 

M HCl prior to the elution of the scandium using DI water in 100 µL fractions (2), which are collected separately (5) from the 

waste (6). The eluted fractions can then be used for radiolabelling. 

Radiolabeling of DOTA-Ava-BBN2 with 68Ga and 44Sc was conducted manually, and the radiolabeling 

process is given in Figure 5.2. 
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Figure 5.2 Structure of DOTA-Ava-BBN2 and radiolabeling with 68Ga and 44Sc. 

Peptide DOTA-Ava-BBN2 (50 g) was labeled with 68Ga and 44Sc at pH 4.5 using 4 M NaOAc buffer (pH 

9.3) at 95 ºC for 20 min. Radiolabeling was quantitative, and the radiolabeled peptides were purified via 

solid-phase extraction (SPE) using a tC18 Plus cartridge. Radiolabeled peptides were eluted from the 

cartridge with EtOH and isolated by evaporation of EtOH under reduced pressure. The residue was re-

dissolved in saline for subsequent radiopharmacological studies. 68Ga- and 44Sc-DOTA-Ava-BBN2 were 
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obtained in 70-80% decay-corrected radiochemical yields at high radiochemical purity greater than 97%. 

Effective molar activities were in the range of 3-8 GBq/mol using starting activities of 100-400 MBq for 

68Ga and 44Sc. 

 

Figure 5.3 Radio-HPLC of [68Ga]-Ga-DOTA-BBN2 (left) and [44Sc]-Sc-DOTA-BBN2 (right) QC samples to be injected into animals. 

Partition coefficients for both radiopeptides were determined as logD7.4 values (-2.50±0.02 for [44Sc]Sc-

DOTA-Ava-BBN2 and -2.57±0.02 for [68Ga]Ga-DOTA-Ava-BBN2) using the shake-flask method in n-

octanol and PBS at pH 7.4, which represent the lipophilicity of the radiopeptides.  

5.3.2 In vitro competitive binding assay 

A radiometric competitive binding assay was performed to determine the inhibitory potency of natGa-

DOTA-Ava-BBN2, natSc-DOTA-Ava-BBN2, and DOTA-Ava-BBN2 in GRPR-expressing PC3 prostate cancer 

cells. All three peptides competed for binding to GRPRs in a concentration-dependent manner using 

commercially available 125I-Tyr4-BBN(1-14) as a radiotracer. GRPR-binding peptide Tyr4-BBN(1-14) was 

used as an internal reference compound in the binding assay. Figure 5.4 displays the measured 

concentration-dependent dose-response curves of all tested peptides and their calculated respective 

IC50 values.  
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Figure 5.4 Dose-response curves for the competitive binding assay. Determination of IC50 values for natGa-DOTA-Ava-BBN2, natSc-

DOTA-Ava-BBN2, Tyr4-BBN(1−14), and DOTA-Ava-BBN2 against 125I-Tyr4-BBN(1−14) to GRPR. Data as mean ± SEM. 

Metal-containing peptides natGa-DOTA-Ava-BBN2 and natSc-DOTA-Ava-BBN2 retained high binding 

affinity to the GRPR with IC50 values 15±6 nM and 5.2±0.7 nM, respectively. The measured IC50 value for 

natSc-DOTA-Ava-BBN2 was in the same order of magnitude as endogenous-derived reference compound 

Tyr-BBN(1-14), which had an IC50 value of 1.8±1 nM in the cell-based binding assay. natGa-DOTA-Ava-

BBN2 bound with a somewhat lower affinity to the GRPR, and the lowest binding affinity was found for 

DOTA-Ava-BBN2 peptide (IC50 = 43±5 nM).  

5.3.3 Gene expression microarray analysis 

The retrospective GRPR mRNA expression levels based on tissue microarray analysis in breast cancer 

tissue biopsy samples from 176 breast cancer patients and 10 control healthy human breast tissue 

samples are summarized in Figure 5.5.  
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Figure 5.5 Total mRNA expression levels of GRPR in normal breast versus total breast cancer tissue, estrogen receptor (ER)-

positive, and triple-negative breast cancer samples. Data are presented as mean ± standard error of the mean of mRNA levels 

based on log-transformed values of the gene expression microarray signal intensity from analyzed patient samples. 

The mean GRPR mRNA levels are upregulated in breast cancer samples (6.72±1.21) compared to normal 

breast tissue (3.04±1.20). Analysis of 56 triple-negative breast cancer (0.49±0.11) versus 112 estrogen 

receptor (ER)-positive breast cancer (10.23±1.82) revealed much higher GRPR mRNA transcript levels in 

ER-positive breast cancer.  

5.3.4  Protein expression of GRPR in breast cancer cell lines and human breast cancer tissue  

Representative immunohistochemistry analysis of ER-positive primary breast cancer tissue and 

corresponding lymph node metastasis and Western blot analysis of MCF7 (ER-positive) and MDA-MB231 

(triple-negative) breast cancer cells are given in Figure 5.6. 
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Figure 5.6 Representative immunohistochemical staining of GRPR (top) in human ER-positive primary breast cancer tissue and 

corresponding lymph node metastases and Western blot analysis (bottom) of GRPR expression in MCF7 and MDA-MB231 cell 

lysates. 

Immunohistochemical analysis revealed GRPR protein expression levels in ER-positive human breast 

cancer tissue representing primary tumor and lymph node metastases.  

We studied nine invasive ER-positive breast cancer tissues (primary tumor and respective lymph node 

metastasis). We found 3 samples with strong staining, 3 with moderate staining and 3 with weak 

staining in the case of primary tumor samples. Analysis of respective lymph node metastases revealed 6 

samples with strong, 2 samples with moderate and 1 sample with weak staining.  

High GRPR protein expression was also confirmed in ER-positive MCF7 cells, whereas only low 

expression levels were found in triple-negative MDA-MB231 breast cancer cells. The detected high GRPR 

mRNA and protein expression levels correspond with literature reports describing the upregulation of 

GRPR in ER-positive breast cancer and low GRPR expression levels in triple-negative breast cancers 

[44,45].  
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5.3.5 Dynamic PET imaging studies in MCF7 and PC3 xenografts 

Tumor-targeting properties of [68Ga]Ga-DOTA-Ava-BBN2 and [44Sc]Sc-DOTA-Ava-BBN2 were studied in 

ER-receptor positive breast cancer xenografts (MCF7) and hormone-independent prostate cancer PC3 

xenografts with dynamic PET imaging.  

In the first set of experiments, we studied both radiopeptides in MCF7 xenograft. Figure 5.7 illustrates 

PET images as maximum intensity projections (MIPs) of MCF7 tumor-bearing mice at 20 min after the 

injection of both radiopeptides as well as corresponding time-activity curves (TACs) representing the 

time course of radioactivity accumulation and retention in the tumor and muscle tissue over time.  

 

Figure 5.7 Representative PET images (MIP) of MCF7 tumor-bearing mice at 20 min after injection of [68Ga]Ga-DOTA-Ava-BBN2 

(left) and [44Sc]Sc-DOTA-Ava-BBN2 (right). Corresponding time-activity curves (middle) show the radioactivity levels in the tumor 

and muscle for both radiopeptides over time as SUV values (mean ± SEM from n = 3 experiments). 

Radioactivity of both radiopeptides in MCF7 tumors followed a comparable accumulation and retention 

profile over the 60 min time course of the PET study. Radioactivity accumulation in the MCF7 tumor 

reached a maximum within 5 min after the injection of the radiopeptides resulting in a SUVmean of 0.61 ± 

0.04 for [44Sc]Sc-DOTA-Ava-BBN2 and 0.58 ± 0.11 for [68Ga]Ga-DOTA-Ava-BBN2. Radioactivity in the 

tumor washed out over time, reaching a SUVmean of 0.20 ± 0.03 for [44Sc]Sc-DOTA-Ava-BBN2 and 0.25 ± 

0.03 for [68Ga]Ga-DOTA-Ava-BBN2 at 60 min post-injection (p.i.). Over the 60 min time course of the PET 

study, radiopeptide [68Ga]Ga-DOTA-Ava-BBN2 displayed a slightly higher tumor uptake than 44Sc-labeled 

radiopeptide [44Sc]Sc-DOTA-Ava-BBN2. This can presumably be attributed to the higher effective molar 
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activities obtained during the radiosynthesis of radiopeptide [68Ga]Ga-Ava-DOTA-BBN2 as higher staring 

activities of 68Ga (~600 MBq) were used compared to 44Sc (~150 MBq).  

Radioactivity levels in muscle as reference tissue were always lower as tumor radioactivity levels during 

the time course of the PET imaging study. Both radiopeptides showed only low muscle uptake and 

retention, reaching a SUVmean of 0.11 and 0.12, respectively, after 60 min p.i.. The elimination pathway 

of both radiopeptides was via kidneys towards final radioactivity accumulation in the bladder, which was 

consistent with previous studies using bombesin derivatives as radiopeptides for imaging of GRPRs 

[39,40,44,45]. However, the observed overall uptake in MCF7 tumors was unexpectedly low for both 

radiopeptides, and no blocking studies were performed to demonstrate the specific binding of both 

radiopeptides to GRPRs in the tumor tissue.  

The majority of radiolabeled bombesin derivatives have been used for PET and SPECT imaging in 

prostate cancer models. PC3 tumors have been demonstrated as a suitable prostate cancer model with 

high expression levels of GRPRs  

Figure 5.8 displays PET images of PC3 tumor-bearing BALB/c mice at 60 min after the injection of 

radiopeptides [68Ga]Ga-DOTA-Ava-BBN2 and [44Sc]Sc-DOTA-Ava-BBN2 in the absence (control) and 

presence of 300 g BBN2 as blocking agent, as well as corresponding time-activity curves (TACs) for 

radioactivity levels in PC3 tumors and muscle tissue. 
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Figure 5.8 Representative PET images (MIP) of PC3 tumor-bearing mice at 60 min after injection of [68Ga]Ga-DOTA-Ava-BBN2 

(top) and [44Sc]Sc-DOTA-Ava-BBN2 (bottom) under control (right) and blocking conditions (left). Corresponding time-activity 

curves (middle) show the radioactivity levels in the tumor and muscle for both radiopeptides over time as SUV values (mean ± 

SEM from n = 3 experiments). 

Radiotracer uptake in PC3 tumors was clearly visible for both radiopeptides. Overall, radiotracer 

accumulation and retention profiles were comparable for both radiopeptides. Radioactivity 

accumulation in PC3 tumor tissues resulted in a SUVmean of 0.46 ± 0.07 for [68Ga]Ga-DOTA-Ava-BBN2 and 

a slightly higher SUVmean of 0.51 ± 0.09 for [44Sc]Sc-DOTA-Ava-BBN2 60 min after radiotracer injection.  

Tumor-to muscle ratio at 60 min p.i. was somewhat higher for [44Sc]Sc-DOTA-Ava-BBN2 (6.4) compared 

to [68Ga]Ga-DOTA-Ava-BBN2 (4.6). Blocking studies with 300 g of BBN2 confirmed the specific binding 

of both radiopeptides to the GRPR. Tumor uptake at 60 min p.i. under blocking conditions could be 
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reduced by 31% ([68Ga]Ga-DOTA-Ava-BBN2) and 43% ([44Sc]Sc-DOTA-Ava-BBN2), respectively. 

Significantly reduced tumor uptake was clearly visible in the PET images and the respective TACs. Muscle 

uptake was not effected under blocking conditions, which resulted in reduced tumor to muscle ratios of 

3.3 ([68Ga]Ga-DOTA-Ava-BBN2) and 3.5 ([44Sc]Sc-DOTA-Ava-BBN2), respectively. 

Radioactivity cleared rapidly from the blood with comparable clearance profiles after the injection of 

both radiopeptides. Both radiopeptides also showed predominant renal clearance patterns via kidneys 

and subsequent radioactivity accumulation in the bladder. No noticeable radioactivity was detected in 

hepatobiliary organs like the liver and intestines. Both radiopeptides displayed a comparable clearance 

pattern from the liver and kidneys over time. Clearance kinetics for both radiopeptides form blood, 

kidneys, and liver is given in Figure 5.9. 

 

Figure 5.9 Time-activity curves (TACs) for clearance kinetics from blood (heart = blood pool), kidneys, and liver after injection of 

[68Ga]Ga-DOTA-Ava-BBN2 (blue) and [44Sc]Sc-DOTA-Ava-BBN2 (green) into PC3 tumor bearing mice. 

5.4 Discussion 

Radiopeptides are versatile radiopharmaceuticals for diagnostic imaging and radionuclide therapy of 

diseases with particular emphasis on cancer. Over the last decade, numerous radiolabeled bombesin 

derivatives have been developed and tested for targeting GRPRs in cancer. GRPR expression has been 

widely studied in many different tumor types (Baratto et al., 2020), including prostate, breast, lung, 

colon, renal, and head and neck cancer. However, breast and prostate cancers dominate clinical studies 

with radiolabeled bombesin derivatives for diagnostic imaging and radionuclide therapy. The role of 

GRPRs in cancer has been described as autocrine growth factor receptors promoting cancer cell 

proliferation or as morphogen factors to trigger cancer cell differentiation (Carroll et al., 2000). Recent 

studies have shown a preference for radiolabeled GRPR antagonists compared with GRPR agonists 

(Baratto et al., 2020; Dalm et al., 2017, 2015). Antagonist often displayed higher GRPR binding and more 

favorable pharmacokinetics. Moreover, clinical studies with 177Lu-labeled GRPR agonists for radionuclide 

therapy reported unwanted side effects due to the activation of the GRPR (Bodei et al., 2007).  
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Our present work described the synthesis and evaluation of metabolically stabilized bombesin derivative 

DOTA-Ava-BBN2 labeled with 68Ga and 44Sc as radiopeptide antagonists for PET imaging of GRPRs in 

breast and prostate cancer. The study discussed the influence of 68Ga- and 44Sc-labeled DOTA complexes 

attached to Ava-BBN2 on the in vitro GRPR binding affinity and the biodistribution profile in GRPR-

expressing estrogen receptor (ER)-positive breast (MCF7) and prostate (PC3) cancer models.  

Both radiopeptides were prepared in isolated radiochemical yields of 70-80% (d.c.) after incubating the 

radiometals with DOTA-Ava-BBN2 (50 g) at 95 °C for 20 min followed by solid-phase extraction for 

purification. The obtained radiochemical yields were comparable to that of previously reported 68Ga- 

and 44Sc-DOTA complexes attached to bombesin BN[2-14] (Koumarianou et al., 2012). The fast, robust, 

and high-yielding radiosynthesis with DOTA-Ava-BBN2 as labeling precursor underlines the suitability of 

the DOTA chelator for the efficient incorporation of radiometals 68Ga3+ and 44Sc3+. Several studies also 

showed that DOTA complexes with 68Ga3+ and 44Sc3+ display high thermodynamic stability and kinetic 

inertness with higher thermodynamic stability constants (logKML) for scandium (logKML = 27.0) over 

gallium (logKML = 21.3)(W. Price and Orvig, 2014). Moreover, our group  confirmed high metabolic 

stability in vivo of the GRPR-binding motif BBN2 in various studies involving 18F- and 68Ga-labeled BBN2 

radiopeptides (Richter et al., 2016, 2013).  

The high metabolic stability of the GRPR-binding motif BBN2 combined with the high thermodynamic 

and kinetic stability of DOTA complexes with 68Ga3+ and 44Sc3+ make radiopeptides [68Ga]Ga-DOTA-Ava-

BBN2 and [44Sc]Sc-DOTA-Ava-BBN2 suitable for subsequent radiopharmacological studies in vivo. 

Incorporation of radiometals 68Ga3+ and 44Sc3+ into DOTA-Ava-BBN2 resulted in the formation of 

negatively charged complexes with comparable lipophilicities (logD7.4 values of -2.50 for [68Ga]Ga-DOTA-

Ava-BBN2 and -2.57 for [44Sc]Sc-DOTA-Ava-BBN2). Thus, the use of 68Ga or 44Sc has no effect on the 

lipophilicity of the resulting radiopeptides. The determined hydrophilic character of both radiopeptides 

is in line with related PEGylated bombesin derivatives labeled with 68Ga (Liolios et al., 2018; 

Schuhmacher et al., 2005). The influence of the radiometal was more pronounced in the binding 

affinities of both radiopeptides to the GRPR as determined in the in vitro binding assay. [natSc]Sc-DOTA-

Ava-BBN2 displayed a three-fold higher binding affinity (IC50 = 5.2 ± 0.7 nM) than [68Ga]Ga-DOTA-Ava-

BBN2 (IC50 = 15 ± 6 nM). This finding is in contrast to a recent study discussing a higher binding affinity of 

the natGa-DOTA bombesin BN[2-14] peptide compared to the corresponding natSc-DOTA peptide 

(Koumarianou et al., 2012). Regardless of using an Ava linker connecting the GRPR-binding peptide to 

the DOTA chelator in our peptides, the main difference in the previous study was the use of the BN[2-
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14] bombesin motif, which acts as a GRPR agonist rather than an antagonist as with our BBN2 motif  

(Richter et al., 2016, 2013). 

The majority of reported studies with radiolabeled bombesin derivatives describe molecular targeting of 

GRPRs in prostate cancer. However, several reports in the literature also demonstrated a significant 

correlation between GRPR expression and estrogen receptor (ER) status in breast cancer. ER-positive 

breast cancers are associated with higher GRPR levels suggesting that especially ER-positive breast 

cancer patients would benefit from GRPR-targeting radiopeptides for imaging and therapy (Dalm et al., 

2017; Parry et al., 2007). Moreover, also lymph node metastases derived from primary tumors 

expressing GRPRs were GRPR positive (Dalm et al., 2017; Gugger and Reubi, 1999; Reubi et al., 2002). In 

the present study, we also confirmed high GRPR expression levels in ER-positive breast cancer at both 

mRNA and protein levels. Gene expression microarray analysis on 176 primary, treatment-naive breast 

cancer samples, and 10 healthy breast tissue samples revealed higher expression levels of GRPR mRNA 

in ER-positive breast cancer. In contrast, significantly lower GRPR mRNA levels were detected in triple-

negative breast cancer. We also screened GRPR protein expression levels in ER-positive breast cancer 

cell line MCF-7 and ER-negative breast cancer cell line MDA-MB-231 using Western blot analysis. 

ER-positive MCF-7 cell line showed high GRPR expression, whereas low GRPR expression levels were 

found in ER-negative MDA-MB-231 cells. This finding corresponds with the gene expression microarray 

analysis data.  

Immunohistochemistry experiments further confirmed high GRPR expression levels in ER-positive 

primary human breast cancer samples and corresponding lymph node metastases. These results also 

confirmed the recently reported positive correlation between ER status and the extent of GRPR 

expression levels in breast cancer (Dalm et al., 2017; Morgat et al., 2017). 

The obtained GRPR expression data prompted us to study the biodistribution and the tumor 

accumulation and retention profiles of both radiopeptides in ER-positive MCF7 breast cancer xenografts. 

To our surprise and disappointment, however, both radiopeptides showed only low uptake and 

retention in the MCF7 tumors. SUVs were 0.20-0.25 at 60 min p.i.. Radioactivity accumulation peaked at 

5 min p.i. but radioactivity was washed out continuously from the tumor tissue over time afterward. This 

resulted in SUVs only slightly higher than that of the muscle as reference tissue at 60 min p.i.. Moreover, 

uptake of radioactivity was predominantly observed in the tumor periphery, which can be explained by 

recently postulated the differences in the tumor microenvironment and differential expression of GRPRs 



 
 

117 
 

in the MCF7 tumor tissue (Koumarianou et al., 2012). Over the entire 60 min time course of the PET 

study, radiopeptide [68Ga]Ga-DOTA-Ava-BBN2 showed somewhat higher tumor uptake and retention 

compared to [44Sc]Sc-DOTA-Ava-BBN2. A recent PET study using 64Cu-DOTA labeled bombesin BN(7-14) 

in ER-positive T-47D tumor xenografts as breast cancer model also resulted in comparable low SUVs 

(~0.3) at 60 min p.i. (Parry et al., 2007). MCF-7 cells have previously been reported to have lower uptake 

of radiolabeled GRPR ligands in comparison with T-47D cancer cells  (Parry et al., 2007). To the best of 

our knowledge, no other preclinical studies have been reported using radiolabeled bombesin derivatives 

for PET imaging in breast cancer xenografts. The overall rather low tumor uptake (SUV 0.2-0.25 at 60 

min p.i.) of both radiopeptides in the MCF7 tumors did not warrant blocking studies to confirm GRPR-

mediated uptake of both radiopeptides in the MCF7 breast cancer model.  

Further validation of both radiopeptides was performed in the well-established and studied PC3 

prostate cancer model. Dynamic PET studies with both radiopeptides revealed promising radioactivity 

uptake and retention in the PC3 tumors. Moreover, both radiopeptides showed a more homogeneous 

uptake in the PC3 tumor tissue, which was different from the more distinct peripheral uptake in the 

MCF7 tumors. PC3 tumors were clearly visible in the PET images.  

The small size and the hydrophilic nature of both radiopeptides enabled fast clearance of radioactivity 

from the blood and non-target tissues resulting in favorable image contrast and high tumor-to muscle 

ratios of 6.4 for [44Sc]Sc-DOTA-Ava-BBN2 and 4.6 for [68Ga]Ga-DOTA-Ava-BBN2, respectively. Blood and 

muscle clearance was almost identical for both radiopeptides. The observed slightly higher tumor 

uptake and retention of [44Sc]Sc-DOTA-Ava-BBN2 correlated with the higher GRPR binding affinity 

compared to [68Ga]Ga-DOTA-Ava-BBN2. However, PET imaging experiments did not reveal a measurable 

effect of the radiometal on tumor uptake and retention. The obtained time-activity curves representing 

radioactivity levels in PC3 tumors and muscle tissue over time after the injection of both radiopeptides 

are comparable with data from recently studied and structurally related radiopeptide [68Ga]Ga-NOTA-

Ava-BBN2 (Richter et al., 2016). The use of DOTA as a radiometal chelator resulted in the formation of 

negatively charged radiometal complexes, which led in a renal clearance profile as the predominant 

clearance pathway for both radiopeptides. However, recently reported 68Ga-labeled NOTA-Ava-BBN2 as 

a presumably neutral radiometal complex also displayed some radioactivity retention in the liver and 

intestines.  

Renal clearance was similar for [68Ga]Ga-DOTA-Ava-BBN2 and [44Sc]Sc-DOTA-Ava-BBN2 in our study 

further confirming that the radiometal has no measurable effect on the biodistribution profile of both 
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radiopeptides. A related study, however, comparing various 68Ga- and 44Sc- labeled DOTA- and NODAGA-

functionalized peptides (RGD and NOC-based peptides) found a somewhat slower renal clearance and 

higher liver uptake in the case of 68Ga-DOTA-labeled peptides (Domnanich et al., 2016). Analysis of all 

recently performed PET studies with radiolabeled BBN2-based GRPR antagonists in PC3 prostate cancer 

models confirmed higher tumor uptake and retention for radiometal-labeled BBN2 peptides compared 

to 18F-labeled BBN2 derivatives (Richter et al., 2013). A direct comparison of 44Sc-labeled BBN2 over 

68Ga-labeled BBN2 revealed no measurable biological differences which would favor 44Sc or 68Ga for PET 

imaging of GRPRs in the PC3 prostate cancer model. Both radiopeptides displayed high tumor uptake 

and retention while exhibiting a favorable renal clearance profile. The specificity of radiopeptide uptake 

in PC3 tumors through binding to GRPRs was confirmed by blocking studies with DOTA-Ava-BBN2 (300 

g dose per animal). The observed reduced tumor uptake was more distinct for [44Sc]Sc-DOTA-Ava-

BBN2, which resulted in a 43% reduction in comparison to the control experiments. The reduction of 

radioactivity uptake in PC3 tumors for both radiopeptides under blocking conditions were comparable 

to  results obtained with [68Ga]Ga-NOTA-Ava-BBN2 (Richter et al., 2016). 

5.5 Conclusion 

Our present study confirms the excellent GRPR-targeting properties of metabolically stabilized bombesin 

antagonists like BBN2 peptides for PET imaging of prostate cancer. A direct comparison of 68Ga- and 

44Sc-labeled DOTA-Ava-BBN2 peptides revealed subtle but noticeable differences of the radiometal, 

which impacted on the in vitro GRPR receptor binding properties in PC3 cells. No differences were 

observed in the biodistribution profiles in PC3 xenografts. [68Ga]Ga-DOTA-Ava-BBN2 and [44Sc]Sc-DOTA-

Ava-BBN2 displayed comparable tumor uptake and retention with rapid blood and renal clearance 

profiles. The improved availability, the convenient 4.04 h half-life, and the favorable PET imaging 

performance of 44Sc make 44Sc-labeled radiotracers highly attractive alternatives to current 68Ga-labeled 

radiopharmaceuticals, especially for preclinical PET studies. The excellent PET imaging performance of 

[44Sc]Sc-DOTA-Ava-BBN2 should warrant the development of an [43Sc]Sc-DOTA-Ava-BBN2 analog as a 

potential radiopeptide for clinical translation since the clinical application of 44Sc-labeled 

radiopharmaceuticals may be limited by the high dose to the high energy 1157 keV gamma emission 

(99.9% intensity). 43Sc embraces comparable physical characteristics while lacking a high energy gamma 

emission. 43Sc emits a main gamma line at 372 keV which is much more suitable for clinical applications. 

Thus, radiopeptide [43Sc]Sc-DOTA-Ava-BBN2 should be tested as a novel radiolabeled GRPR antagonist 

for clinical PET imaging of prostate cancer. 
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Chapter 6  

 

 

Conclusion 

Radioisotopes of scandium present a great opportunity for the development and future applications of 

radionuclides in theranostics. Two IAEA coordinated research projects (CRP) reports released in 2021 

demonstrate the large interest in emerging radioisotopes of scandium for diagnostic and therapeutic 

medicine (IAEA, 2021a, 2021b). These reports detail several direct and indirect production routes, 

provide details on radionuclide extraction, and explore initial radiolabelling experiments with chelators, 

in order to facilitate the development of international expertise in the production of these radionuclides 

and their use in nuclear medicine. The work in this thesis focuses on the radionuclide 44Sc and expands 

on earlier work by detailing the production and evaluation of this radionuclide for preclinical PET. A local 

production programme for 44Sc was developed to ensure reliable supply of this radionuclide for 

preclinical research activities, including phantom and in vivo imaging. Radionuclide production was 

achieved through proton irradiation of natural calcium targets and measured radionuclide yields were 

compared with several strategies for radionuclide yield prediction. Phantom imaging studies were the 

first measurements of 44Sc carried out in standardized NEMA image quality phantoms to quantify 

imaging performance of this radionuclide. Furthermore, the production and extraction process 

employed for 44Sc demonstrated sufficient quality to enable peptide radiolabelling and in vivo imaging 

studies of cancer models in mice. This, in turn allowed for the comparison of the image quality of 44Sc 

with the more widespread, and chemically similar, PET radionuclide 68Ga. The approach taken in this 

thesis can be generalized and applied to other emerging radionuclides when evaluating their production 

and imaging applications.  

A conventional approach for predicting thick target radionuclide yield for a variety of production routes 

uses calculations based on experimental cross-section data from EXFOR complemented with semi-

empirical cross-section data derived from models such as TENDL; several codes have been written to 

facilitate these calculations, including GUIs such as the one presented Appendix A and the recent IAEA 

MIB (Ferguson et al., 2017; Koning and Verpelli, 2020; Sitarz et al., 2019). In Chapter 3, this approach is 

compared with yield predictions using the Monte Carlo simulation package Geant4 and yield 

measurements from proton irradiation of thick calcium metal targets to quantify radionuclide yield and 
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radionuclidic purity. Recent developments in the modelling of low energy hadronic interactions through 

the incorporation of TENDL cross-sections below 200 MeV has sparked interest in using Monte Carlo 

simulations for radionuclide yield predictions (Amin et al., 2018; Poignant et al., 2016; Ratcliffe and 

Edgecock, 2017).  It is desirable to determine if Monte Carlo codes such as Geant4 can accurately predict 

radionuclide yield as this would promote confidence in modelling capabilities for applications with low 

energy proton beams, such as the online monitoring of proton beam therapy through detection of 

radionuclide production which has been the topic of recent research (Ferrero et al., 2018; Kraan et al., 

2015; Paganetti and El Fakhri, 2015). Experimental measurements of thick target yields for radioisotopes 

of scandium (43Sc, 44g,mSc, 46Sc, 47Sc, and 48Sc) as well as 47Ca were made over the range of 12 MeV to 18 

MeV to enable comparisons with predictive yield calculation approaches; while several measurements 

of radionuclide yield have been made in enriched calcium carbonate target, this data presents some of 

the first data for certain radionuclides (i.e. 46Sc) in metallic calcium targets. Overall, Geant4 was found to 

predict the yield of several nuclides within 10 %, including 46Sc, 47Sc and 48Sc; 46Sc is a contaminant of 

particular interest due to its 83.8 day half-life. Some limitations of Geant4 were exposed, such as the 

inability to calculate the yield of radionuclides with isomeric states; this will have to be addressed in 

future code developments for simulations to be of use for yield calculations. The IAEA MIB, which 

combines recommended cross-section data and TENDL-2017 data, provides very similar predictions, 

demonstrating significant improvements in the recent Geant4 modelling developments of low energy 

proton interactions. Finally, while the production of 44Sc from the proton-induced reaction on enriched 

44Ca targets provides a well validated approach to high yields and radionuclidic purity, the many 

production routes of 43Sc and 47Sc continue to be investigated (Misiak et al., 2017; Sitarz et al., 2018; 

Szkliniarz et al., 2016; Walczak et al., 2015).  

Reconstructed image quality is affected by the choice of radionuclide used in the PET study and imaging 

performance must be quantified for novel radionuclides. The work presented in Chapter 4 builds on the 

previous work by Bunka et al., who imaged a Derenzo phantom in a preclinical PET scanner and 

subsequently ranked radionuclides in terms of increasing resolution based on the FWHM measurement 

of the 1.3mm hot rod: 68Ga < 44Sc < 89Zr < 11C < 64Cu < 18F (Bunka et al., 2016). This present work 

employed three different phantoms to quantify imaging performance on the Siemens Inveon small-

animal PET scanner, including the first published measurements in the NEMA image quality phantom. 

The NEMA NU-4 2008 phantom procedure was adapted to quantify the recovery coefficients (RC) of the 

radionuclides in rods of diameter varying from 1 to 5 mm, as well as the spill-over ratio (SOR) in air and 

water (NEMA, 2008). The RC and SORs in water were correlated to the end-point energy of the positron 
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emitters, and a similar relation to Bunka et al. was determined: the long-range positron emitter 68Ga was 

found to have lower RC and greater SORs than the short-range positron emitters 64Cu and 18F, with 44Sc 

offering intermediate behaviour, independent of the reconstruction algorithm used. The greater RC of 

44Sc was confirmed by Rosar et al. in their subsequent comparison of 44Sc and 68Ga on two different pre-

clinical PET platforms (Rosar et al., 2020).  

Measuring the effect of different radionuclides on standard imaging performance metrics using the 

NEMA NU 4-2008 protocol was first adapted by Disselhorst et al. (Disselhorst et al., 2010). While it has 

served as a useful standardized tool for radionuclide comparisons, the NEMA protocol’s intended 

purpose was to establish a baseline of system performance that could be applied across different 

scanner configurations using the standard radionuclide 18F. To compare nuclides with more complex 

decay schemes, a dedicated procedure for quantifying radionuclide-dependent imaging performance 

should be identified. This would require adapting the procedure to study the differences brought about 

due to physical decay properties of the radionuclides, including half-life, positron emission energy and 

branching ratio, and prompt γ-rays. For example, measurements of SOR are unreliable in water for long 

range positron emitters for the current cavity diameters, as many counts collected in these regions are 

the result of positron annihilations rather than scatter. Further, Hallen et al. provide a thoughtful 

critique of the NEMA NU 4-2008 methodology, including the use of filtered backprojection (FBP) which 

can lead to artifacts in the reconstructed images (Hallen et al., 2020). While FBP is a standard image 

reconstruction algorithm that is implemented on many scanners, imaging studies often employ iterative 

reconstruction methods to obtain improved image quality. A phantom imaging procedure to compare 

these iterative algorithms on the same scanner would provide relevant information about image 

resolution and other relevant parameters obtained in imaging studies with different radionuclides.  

Beyond phantom imaging, the work presented in Chapter 5 expands on the use of cyclotron produced 

44Sc for radiotracer labelling and preclinical imaging. Radiolabelled peptides have demonstrated great 

utility in novel applications for theranostics (Baum et al., 2012; Chatalic et al., 2015). Expanding the 

radionuclides available for these studies is advantageous; for example, the longer half-life of 44Sc (3.97 

h) as compared to 68Ga (68 min) allows for more complex radiolabelling procedures, and imaging at later 

timepoints post-injection. However, it is important to quantify changes in tracer properties and 

pharmacokinetics when they are bound to different radionuclides. For example biodistribution 

experiments with bombesin agonists decorated with 177Lu and 90Y demonstrated significant differences, 

while biodistribution was more comparable for the same tracer bound to 68Ga and 44Sc (Koumarianou et 
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al., 2012, 2009). As such, this study builds on previous work to compare the properties of a novel 

metabolically stabilized bombesin analog when radiolabelled with either 68Ga or 44Sc. It was confirmed 

that the proton irradiation of metallic calcium targets and extraction via UTEVA resin is a simple 

production scheme that is adequate for providing high yields of 44Sc with sufficient radiochemical purity 

for preclinical research studies. The metabolically stabilized bombesin analog for targeting GRPR was 

radiolabelled in high yields and radiochemical purity with either 44Sc or 68Ga, the latter obtained from a 

radionuclide generator. In vitro studies demonstrated that the bound radiometal has no effect on 

lipophilicity of the resulting radiopeptide, while differences in the binding affinity with the GRPR were 

observed. In vivo imaging studies were performed in MCF7 and PC3 xenografts in mouse models, which 

are derived from breast cancer and prostate cancer cell lines, respectively. In the well studied PC3 cells, 

high tumor uptake and retention was observed, which was greater for the radiometal-labelled BBN2 

derivatives as compared to 18F-lablled BBN2 derivatives previously reported (Richter et al., 2013). The 

previous finding from Koumarianou were confirmed as similar uptake between the 68Ga- and 44Sc-

labelled bombesin derivates was demonstrated (Koumarianou et al., 2012). While no measurable effect 

of radiometal on biodistribution was found in our studies, the similarities of the radiometal labelled 

tracers in this thesis demonstrate that radioscandium could be an interesting surrogate for therapies 

which currently employ 68Ga as a diagnostic nuclide for PET imaging studies. Future development of 

therapies incorporating 47Sc radiolabelled compounds would benefit from 44Sc imaging studies to predict 

absorbed doses and monitor patient response to therapy.  

Many areas for future research with radioscandium isotopes remain. In their recent summary of 

advancements in the production, chemistry and imaging of radioscandium isotopes, Mikolajczak et al. 

emphasize the need for standardized procedures for evaluating the quality of the radionuclide precursor 

used for radiolabelling (Mikolajczak et al., 2021). The authors use the example from the European 

Pharmacopoeia monographs for 177Lu, 90Y, and 68Ga to outline some potential quality specifications 

which could be proposed for radioscandium precursors. It is currently difficult to develop exact 

specifications due to the varied production routes currently being explored. However, the establishment 

of specific quality control procedures could help facilitate the transition for use of radioscandium into 

human studies.  

While the research presented in this thesis is focused on the production and imaging of 44Sc, 43Sc may 

ultimately be more a more desirable isotope for clinical translation because of both the absence of the 

high-energy co-emitted 1157 keV photon and the lower positron end-point energy. Together, these will 



 
 

127 
 

likely prove advantageous for patient dosimetry, radiation safety and image resolution (Domnanich et 

al., 2017a). However, the high-energy prompt γ enables 44Sc to have a unique role in emerging imaging 

applications for non-pure positron emitters, including γ-PET and multi-tracer PET (also known as dual-

isotope PET (DIPET))(Conti and Eriksson, 2016; Kadrmas and Hoffman, 2013; Thirolf et al., 2015).  

γ-PET is a group of techniques that looks to improve PET imaging performance with β+γ emitter by using 

the additional information gained from the additional prompt gamma in the reconstruction procedure. 

For example, Grignon et al. proposed a technique to improve spatial resolution of PET by using a β+γ 

emitter, and demonstrated that a spatial resolution of 2.3 mm could be obtained by combining a micro-

PET scanner with LSO crystals, which detect the annihilation photons, with a liquid xenon Compton 

telescope to detect the addition prompt gamma and it’s emission angle (Grignon et al., 2007) . Lang et 

al. also studied the potential of the γ-PET technique using a Compton cone (Lang et al., 2014); this was 

done with simulations in Geant4 to look at the potential of this reconstruction strategy, which 

demonstrated the potential for submillimeter resolution. Beyond advantages in resolution, Thirolf et al. 

suggest that this technique can greatly reduce acquisition time by increasing sensitivity and lead to 

quasi-real time imaging (Thirolf et al., 2015). Furthermore, Yoshida et al. developed a prototype for γ-

PET imaging, and demonstrated a resolution of 5mm for a scan with 44Sc with a PET detector ring 

diameter of 21.4 cm (Yoshida et al., 2020). With these promising results, 44Sc could be an ideal 

radionuclide to perform these imaging studies and further validate this technique.  

On the other hand, multi-tracer imaging has been proposed as a method to simultaneously acquire two 

sets of data corresponding to co-injected tracers simultaneously imaging different processes. In their 

review summarizing developments of multi-tracer imaging in PET, Kadrmas and Hoffman outline several 

physiologic imaging targets and accompanying tracers: glucose metabolism ([11C]glucose, [18F]FDG), 

cellular proliferation ([11C]thymidine, [18F]fluorothymidine), blood flow and perfusion ([13N]ammonia, 

[82Rb]rubidium chloride) and hypoxia ([18F]fluoromisonidazole) (Kadrmas and Hoffman, 2013). 

Information gained from studies of different physiologic processes can provide additional information 

helpful in diagnosis; for example, it was found by Halter et al. that in the staging of bronchial 

carcinomas, imaging glucose metabolism with [18F]FDG provided a higher sensitivity (95 %) but lower 

specificity (71 %) than imaging cellular proliferation with [18F]FLT (86 % sensitive, 100 % specific) (Halter 

et al., 2004). As such, [18F]FLT could help identify false-positive results on [18F]FDG which often result 

from inflammation by providing complementary information about cellular proliferation.  
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In SPECT, multi-tracer imaging can be accomplished by radiolabelling tracers with radionuclides that 

emit photons at different energies; the counts originating from each tracer can be distinguished by 

employing different energy windows. For multi-tracer PET, energy discrimination would not be sufficient 

to differentiate tracers as all annihilation photons detected for the creation of the PET image have an 

energy of 511 keV. Initially, techniques for multi-tracer imaging relying on different radioactive half-lives 

of tracers were used, as well as multi-tracer compartment modelling and staggered injection techniques 

(Kadrmas and Hoffman, 2013). First proposed in 2011 by Andreyev et al., a novel technique paired 

radionuclides that decay by β+ decay and emit high-energy prompt γ-rays with pure positron emitters; 

the spatial extent of the  β+ γ emitter is deduced from the distribution of detected 511 keV photon pairs 

that are coincident with prompt gammas, which is scaled and subtracted from a larger dataset of all 

coincident annihilation photons to recover the spatial distribution of the pure positron emitter 

(Andreyev and Celler, 2011). This was first studied in GATE simulations and preclinical phantoms by 

pairing the pure positron emitter 18F with 22Na (1275 keV, 100 %) and 60Cu (1332 keV, 88 %), but 44Sc was 

identified as a potential radionuclide for use in multi-tracer imaging studies due to it’s high positron 

branching ratio (94 %)  and high abundance prompt gammas (1157 keV, 99 %) (Andreyev et al., 2012; 

Miyaoka et al., 2011). This was further expanded on by Fukuchi et al, who used a similar subtraction 

technique to perform preclinical imaging of mice with 18F-FDG and 44mSc to demonstrate the use of this 

technique in vivo (Fukuchi et al., 2021). The greater availability of 44Sc in coordination with basic scanner 

modifications could facilitate further research to incorporate the results and demonstrate the utility of 

the multi-tracer imaging paradigm.   

Prompt gamma can facilitate γ-PET imaging and multi-tracer PET, but they also cause spurious 

coincidences contributing to noise in the reconstructed image  (Conti and Eriksson, 2016; Martin et al., 

1995). Many studies have investigated prompt gamma corrections (PGC) to account for spurious 

coincidences, however most of these concentrate on specific radionuclides, such as 124I (602 keV – 

62.9%, 1691 keV – 11.2 %), 82Rb (777 keV – 15.1%), 76Br (559 keV – 74.0 %, 657 keV – 15.9 %), and 86Y 

(1077 keV – 82.5 %, 627 keV – 32.6 %). Many studies have explored quantification of these prompt 

gammas for specific radionuclides, as well as the removal of these using various strategies such as fitting 

the radial tail of sinograms, scaling the random coincidence estimate, convoluting the activity 

distribution with an attenuation-dependent kernel, and Monte Carlo simulations (Anizan et al., 2012; 

Beattie et al., 2003; Braad et al., 2015; Buchholz et al., 2003; Esteves et al., 2010; Hong et al., 2015; 

Laforest et al., 2002; Laforest and Liu, 2009; Lubberink et al., 2002; Lubberink and Herzog, 2011; Pentlow 

et al., 1996; Preylowski et al., 2013). Specific techniques for PGC based on sinogram tail fitting have been 
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patented and assigned to PET scanner manufacturers such as Siemens Medical Solutions USA Inc 

(Hayden, JR. et al., 2008). While these approaches have been diverse, further study is warranted for 44Sc 

as both the energy of the prompt gamma as well as the relative abundance compared to the positron 

branching ratio are different than the radionuclides that have been analyzed. In their study of 44Sc in a 

commercial PET scanner, Lima et al. determined that the available scatter correction and prompt-

gamma correction were insufficient for obtaining recovery coefficients within the recommended range 

(Lima et al., 2020).  A recent study by Rosar et al. investigating the impact of prompt gammas for 

quantification of 44Sc PET demonstrated that activity recovery was underestimated in PET systems by up 

to 27 % (Rosar et al., 2021). The authors suggest that quantitative accuracy could be recovered using a 

constant correction factor which must be determined individually for each PET scanner and 

reconstruction setting. Future research is warranted to determine the accuracy of this approach for 

varying imaging geometries and comparisons should be made with other PGCs.  

A large body of evidence has being accumulated with the conclusion of the IAEA CRPs which has 

demonstrated the benefits and challenges for the development of radioscandium isotopes for use in 

diagnostic and therapeutic medicine (IAEA, 2021a, 2021b). While further in vivo imaging and dosimetry 

studies are required to build on this evidence, radioscandium isotopes already play an important role in 

exploring and establishing the theranostic paradigm, which holds great promise to improve future 

treatment options for the benefit of our patients.  
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Appendix A  

 

 

Radionuclide Production Calculations: A GUI to Determine 

Irradiation Conditions 

A.1 Introduction 

There are a wide variety of potential radionuclides being explored, each with diverse strategies for 

production; comparing these production methods requires many time intensive calculations to survey 

the various irradiation parameters. There is therefore a need to facilitate production calculations to 

determine the most efficient method of producing these radionuclides. Theoretical yield calculations 

can often be complicated by the use of multi-isotopic targets and the diverse possible reaction channels. 

The yield of the radionuclide of interest must be calculated as well as that of contaminants which could, 

in turn, affect radionuclidic purity and patient dosimetry. 

In this work, a graphical user interface (GUI) has been developed to facilitate this calculation process. 

The GUI includes the ability for comparing reaction cross-sections, determining target thicknesses, and 

calculating thick target yields. This is a general purpose GUI which can facilitate calculations for the 

production of various radionuclides from a variety of charged particle beams (e.g. proton, deuteron, 

alpha particles) given the appropriate input data. It is divided into 3 tabs, “Cross Sections”, “Targets”, 

and “Yield”.  On one hand, these tabs work independently to visualize the inputs. On the other, the 

parameters of these tabs are coupled together to calculate radionuclide yields and radioactivities. The 

functionality of these tabs is described in further detail below, and, as an example, the production of 

scandium-44 from proton irradiation of natural calcium is used in this conference proceeding to 

exemplify the GUI. Scandium-44 is a positron emitter of interest for PET imaging with a 3.96h half-life 

and 94% positron branching ratio. 

A.2 The “cross sections” tab 

The cross-section tab allows the user to import tabulated cross-section data as displayed in Figure 0.1. 

At present it is able to import a folder of TENDL files, and parse the data to determine target nuclide, 
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reaction channel, product nuclide, isomeric state (ground or metastable), reaction Q-value and 

threshold energy, as well as the energy dependent cross-sections.  

In this example, the TENDL-2014 library files served as the input for the theoretical excitation functions. 

The TENDL files have the advantage of being easy to automatically parse and represent an excitation 

function which spans a large energy range for an extensive array of reaction pathways. The GUI can also 

import experimental cross-sections as input for comparisons; however, this process is not as robust due 

to the varying quality of the data and, in general, non-uniform/fixed energy steps between samples. At 

this time, any imported non-TENDL data must be corrected and formatted manually.  

The imported reaction channels are summarized in a table and the user can individually select which 

cross-sections to plot and compare. Additionally, the cross-sections can be plotted in groups based on a 

target nuclide, reaction channel, production nuclide, threshold energy, and/or by type. 

 

Figure 0.1 The cross-section tab allows the user to selectively import cross-sections and includes a table which summarizes all 

imported reaction channels which can be used to plot and compare various cross-sections. 
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In the example of the proton irradiation of natural calcium, the reaction channels of interest in the 

production of scandium are the (p,xn) reactions. In Figure 0.2, the relevant (p,xn) excitation functions 

from TENDL-2014 are plotted. The main production channel of interest in producing scandium-44 is 

44Ca(p,n)44Sc; however, there are many other radioisotopes that may be co-produced during irradiation. 

These contaminants will affect the radioisotopic purity of the resulting product. 

 

Figure 0.2: Comparison of relevant (p,xn) reaction channels on naturally occurring isotopes of calcium from TENDL-2014. 

A.3 The “targets” tab 
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The target tab demonstrated in Figure 0.3allows the user to create new targets as well as import and 

save existing targets. The user must specify a target density and its isotopic composition as well as the 

stopping power output file calculated in SRIM (Ziegler et al., 2010). The stopping power must be 

specified for each charged particle of interest in the target material.  

The user can plot the stopping power for a given incident particle as a function of energy, as well as the 

target thickness (assuming full density) required to degrade the incident beam energy to the outgoing 

energy of interest. By defining the isotopic compositions of the targets, the user can later repeat yield 

calculations for various enriched target materials and compare the advantages of enriched materials 

and/or compositions, and decide if the increase in yields and/or possible change in radionuclidic purity 

offset the cost. 

 

Figure 0.3: The target tab allows the user to import, add, modify, and save targets. It displays the target properties, including 

isotopic composition, density and molar mass. The stopping power of incident charged particles can be plotted along with the 

thickness of the target which will degrade an incident charged particle beam to the selected outgoing energy. 
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Returning to the example of the proton irradiation of natural calcium, the stopping power of protons in 

natural calcium is shown in Figure 0.4. The thickness required, assuming full density, to degrade an 

incident proton energy to the 44Ca(p,n)44Sc reaction threshold of 4.5 MeV is plotted concurrently. From 

this, one sees that natural calcium targets require thickness of 2.3 and 3.5 mm, respectively, to degrade 

incident proton energies of 16 and 20 MeV down to 4.5 MeV. 

 

Figure 0.4: Stopping power and thickness, assuming full density, of an incident proton beam degraded to 4.5 MeV in a natural 

A.4 The “yield” tab 

For a given target, the GUI will calculate the saturated yields of the radionuclides in the library for all 

imported cross-sections with threshold energies below the maximum beam energy specified. The 

saturated yield can then be plotted directly, or used to calculate the activity of all radionuclides using 

the generalized Bateman equation. The activity of each radionuclide can be plotted and the user can 

vary irradiation time, time after end of beam, and incident and outgoing beam energy. The 

corresponding radioactivities are plotted as a function of beam energy (incident beam energy vs. 

outgoing beam energy at a given time) or time (for a given incident & outgoing beam energy). The 

radioactivities can be displayed in absolute or relative units (i.e. MBq/μA or %), and are also presented 

in tabular format, as seen in Figure 0.5. 
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Figure 0.5: The yield tab includes a summary of the parameters used to calculate the saturated yields, including selected target 

and range of incident particle energies. The saturated yield can be used to calculate and plot activities as a function of time or 

beam energy, and these can be displayed for any radionuclide. The activity of the radionuclides is also compared in tabular 

format as a function of time. 

Importantly, knowing the radioactivity fraction of nuclides as a function of beam energy is interesting 

because it is an indicator of optimal incident beam energy and target thickness. In continuing with 

scandium-44 production as an example, by looking at Figure 0.6a, we can see that increasing the 

incident proton energy will lead to an increase in yield; however, as demonstrated in Figure 0.6b this will 

correspondingly lead to a decrease in radionuclidic purity. Therefore, by limiting the incident proton 

energy to 16 MeV for a 1hr irradiation, 94% of the resulting activity at 30 minutes after end of beam can 

be expected to be scandium-44. Thus, the calculations from the GUI based on the TENDL cross-sections 

suggest it is possible to produce scandium-44 of reasonably high purity from natural calcium targets 

with the appropriate irradiation conditions. This is in alignment with the observations by Severin et al, 

who found that the radionuclidic purity of scandium-44 is greater than 95% for irradiations up to 7 hours 

at 16 MeV (Severin et al., 2012). 
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Figure 0.6: (a) Activity of scandim-44g per μA of beam current for a 1-hour irradiation, as observed 30 min after end of beam in 

MBq. (b) Radioactivity fraction of scandium-44 at 30min after a 1-hour irradiation as a function of incident and exiting proton 

energy. The activity fraction is greatest for incident beam energies lower than 16 MeV as at higher energies, competing reaction 

channels begin to dominate. 

A.5 Conclusions 

This GUI simplifies the process of exploring different production methods. By importing all available 

reaction channels from the TENDL, the GUI can determine the corresponding radionuclides that will be 

produced and provides an estimate of their yields for various target compositions and irradiation 

conditions. If available, corresponding experimental cross-sections can be imported for comparisons. 

The GUI allows the users to easily determine the irradiation parameters and target compositions that 

are adequate for their purposes within the limitations of the input parameters. To date, downloading 

version 1.00 of the GUI includes all TENDL-2014 files necessary for proton-based production of 44Sc, 

99mTc, and 89Zr, along with SRIM outputs to 100 MeV. While the user can incorporate the files needed for 

other applications, packaging of other isotopes is currently in progress and is expected to be released 

with future versions. In the future, gamma and particle emissions data will be included in order to 

facilitate radiation handling and shielding calculations as well as patient dosimetry. 
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