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1. Introduction 
 

Radiotherapy is the backbone modality in oncologic treatment along with surgery and 

chemotherapy [1-3]. Ionizing radiation is delivered externally or internally to sterilize tumor 

cells. The main goal is to maximize tumor-absorbed dose, that is the energy absorbed per 

unit mass of tumor, while sparing normal tissue. However, external beam radiotherapy 

causes collateral damage because of the inevitable irradiation of normal tissue in the field of 

radiation emitted from outside of the body [3]. Therefore, interest is directed toward 

targeting tumors at cellular levels. 

 Radiopharmaceutical therapy (RPT) is a targeted therapeutic approach that aims to 

selectively deliver radiation to tumor-associated targets while reducing damage to 

surrounding normal tissues [4]. Radiopharmaceuticals, that is radiolabeled vectors, such as 

radiolabeled monoclonal antibodies, peptides or small molecules, are administered 

systemically or locoregionally. Different types of radiation are used in RPT, mainly beta 

particles or highly-potent alpha particles. Due to the intrinsic characteristics of alpha 

particles, several potential advantages of targeted alpha particle therapy (TAT), that is RPT 

with alpha emitters, are presented over RPT with beta emitters. TAT is attracting great 

interest in the treatment of solid tumors and disseminated cancer cells.  

 

1.1. Targeted alpha particle therapy 
 

TAT represents a highly potent treatment approach that combines the cytotoxicity of alpha 

particles with the affinity and specificity of molecular targeting [5-7]. The positively charged 

alpha particles are helium nuclei with two protons and two neutrons. The relatively short 

range of alpha particles (50 - 100 µm) in human tissue in comparison to that of beta particles 

(1 - 5 mm) makes alpha particles a better therapeutic option for small tumor volumes, such 

as small tumor metastases or even single tumor cells. Accordingly, radiation toxicity to 

surrounding normal tissue is lower. In addition, the high linear energy transfer (LET), that 

is the energy deposition per unit path length, of alpha particles is 400 times larger (60 - 200 

keV/µm) than that of beta particles (0.2 - 0.5 keV/µm). Therefore, alpha particles produce 

dense ionization tracks while traversing human tissue [8,9].  

Dense ionization by alpha particles leads to hardly reparable DNA double-strand breaks. 

Accordingly, the cytotoxicity of alpha particles is independent of dose fractionation and dose 

rate, which allow DNA repair to occur. Due to the direct ionization by alpha particles, the 

cell killing process is independent of the oxygen effect, that is the presence of oxygen to 

produce reactive oxygen species that cause indirect DNA double-strand breaks. Therefore, 

alpha particles are suitable for treating hypoxic tumors or tumors that have become resistant 

to conventional therapies [8-10].  
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Alpha emitters can be classified into short- and long-lived alpha emitters [11]. Short-lived 

alpha emitters have a short half-life (t1/2) and emit a single alpha particle per decay, such as 
212Bi, 213Bi and 211At as given in Table 1. Relatively long-lived radioactive parents are used 

to generate a cascade of alpha particles by decaying into shorter-lived alpha-emitting 

daughters [11]. The former are known as in vivo alpha particle generators and the most 

commonly used are 225Ac , 223Ra and 212Pb (Table 1) [12].  

 

Table 1: Most frequently used alpha emitters in targeted alpha particle therapy [11]. 

 Element Isotope Half-life Emission per decay 

Short-lived alpha 

emitters 

Bismuth 213Bi 45.6 min 1 α, 2β- 

 212Bi 60.6 min 1 α, 1β- 

Astatine 221At 7.2 h 1 α, 1 EC 

Terbium 149Tb 4.1 h 1 α, 1 β+ 

In vivo alpha particle 

generators 

Thorium 227Th 18.7 day 5 α, 2β- 

Radium 223Ra 11.4 day 4 α, 2β- 

Actinium 225Ac 9.9 day 4 α, 2β- 

Lead 212Pb 10.6 h 1 α, 2β- 

α, β-, EC and β+ are referred to alpha particle, beta particle, electron captured and positron 

particle 

The selection of appropriate alpha-emitter-labeled pharmaceuticals for clinical settings is 

based on the physicochemical and pharmacokinetic properties of the radiopharmaceuticals. 

For example, the physical half-life and the decay chain of the alpha emitter, the energies of 

the emitted alpha particles, photon yields for quantitative imaging, chemical and biological 

stability of the radiopharmaceuticals and radioactive decay products must all be considered 

[13,14]. For in vivo alpha particle generators, along with their limited availability and high 

cost, the stability of the chelating systems and the release of radioactive products are 

obstacles that hamper the broader applications of the generator systems in TAT [11]. 

The driving force behind the use of in vivo alpha particle generators is to overcome the 

limitations of using short-lived alpha emitters and thereby optimize the treatment of tumors 

in TAT [13]. The longer half-lives of the radioactive parents facilitate the use of targeting 

vectors with slow pharmacokinetics (PK), that is the study of the time course of the 

absorption, distribution, metabolism and excretion (ADME) of the radiopharmaceuticals. 

That is advantageous for tumors that require a long accumulation time. In addition, the 

extended half-lives of the radioactive daughters by their longer-lived radioactive parents and 

the multiple emissions of alpha particles allow higher doses to be delivered per unit activity 

administered [11]. For example, conjugated 212Pb, that is 212Pb attached to a pharmaceutical 

by a chelating system, is used as an in vivo alpha particle generator by its alpha-emitting 

daughter 212Bi. For the same administered activity, 212Pb delivers a dose 10 times higher than 

when using 212Bi alone [15]. Also, the extended half-life due to the generator system 

facilitates the preparation of the activity and the distribution to the applying hospitals. 
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However, the transition between multiple radioactive daughters in the decay chains of in 

vivo alpha particle generators should be carefully analyzed. 

After an alpha emission, the radioactive daughter receives high recoil energy due to the 

conservation of momentum, which can be approximated with the following equation [7]: 

𝐸𝑡 =
𝑚𝛼

𝑀𝑟
∙ 𝑄,                                                          (1) 

                   where 𝐸𝑡 is the recoil energy of the radioactive daughter; 𝑚𝛼 is the rest mass of the alpha 

particle, 𝑀𝑟 is the mass of the recoil daughter; and 𝑄 is the decay energy. For example, the 

calculated recoil energy of the 208Tl daughter after alpha emission via 212Bi decay is 117 

keV, based on 𝑄 = 6.1 𝑀𝑒𝑉, 𝑚𝛼 =  4 u and 𝑀𝑇𝑙 = 208 u. The recoil energy of the 

daughter is at least 1000 times larger than the binding energy of any chemical bond, which 

is only a few eV.  

Consequently, the recoil daughter will be released from the chelating system of the targeting 

vector and redistribute in the body based on its physical half-life, site of decay and intrinsic 

affinity to certain organs [16]. For example, the decay chain of 225Ac results in the emission 

of 4 alpha particles. Since 225Ac is an alpha emitter, its first radioactive daughter 221Fr is set 

free from the chelating system. All the subsequent decay products in the decay chain will be 

free [16,17]. Another cause for the release of the radioactive daughter from the chelating 

system is electronic excitations during decay as described in Chapter 1.1.1. 

 

1.1.1. 212Pb-based in vivo alpha particle generators 

  

The generator-produced radionuclide 212Pb is commonly isolated from 228Th sources (Figure 

1), which is a decay daughter of 232Th (t1/2 = 1.4 × 1010 y) and 232U (t1/2 = 68.9 y) [15,18,19]. 

The decay chain of 212Pb starts by emitting a beta particle with an energy of 0.57 MeV and 

ends up at stable 208Pb [20].  

212Bi decays via a branching path emitting an alpha particle (average energy of 7.8 MeV 

[20]) and a beta particle in each decay. Transient equilibrium occurs when the half-life of 

the parent is a few times higher than that of the daughter [21]. This equilibrium state between 

the radioactive parent 212Pb and its daughter 212Bi is reached about 6 hours after starting with 

the parent nuclide alone [22]. 212Bi emits beta particles in 64% of its decay to produce the 

alpha-emitting daughter 212Po, which shortly afterward decays with a half-life of 0.3 µs 

emitting an 8.8 MeV alpha particle. The remaining 36% of 212Bi decay lead to 208Tl via the 

emission of alpha particles. 208Tl decays with a half-life of 3.05 min and emits a 6.1 MeV 

beta particles.  

The most frequently used chelators for complexation with 212Pb are DOTA (1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraaceticacid) and TCMC (1,4,7,10-tetrakis- 

(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) chelators. DOTAM (1,4,7,10-tetrakis 

(acetamido)-1,4,7,lO-cyclododecan) chelators are also used and have similar characteristics 

to TCMC [23-25]. These chelators show thermodynamic stability, that is the final complex 
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of 212Pb-chelator remains intact because the macrocyclic cavity is preorganized for 

complexation. In addition, they show kinetic stability with 212Pb, that is stable in the presence 

of competing cations and ligands [23,25]. 

 

 

Figure 1: The decay scheme of 228Th to 212Pb and stable 208Pb based on [12]. 

 

Mirzadeh et al. showed that about 36% of the 212Bi-DOTA complexes dissociate after beta 

decay of conjugated 212Pb [26]. However, the release of 212Bi from the chelating system is 

not related to the kinetic energy gained by 212Bi radionuclide due to the conservation of 

momentum. The effective recoil energy imparted in 212Bi daughter after beta decay of 

conjugated 212Pb is in the order of 1 eV which is not sufficient to break any metal-chelator 

complexes. Mirzadeh et al. reported that the gamma emissions that follow 88% of the total 
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beta decays of DOTA-conjugated 212Pb are internally converted in about 36% of the time. 

The reorganization of valence electrons induced by the cascade of conversion electrons 

causes the dissociation of that percentage of 212Bi-chelator complexes [26].  

Therefore, the physicochemical properties of the decay chains of newly developed in vivo 

alpha particle generators should be investigated to assess the safety of their use in TAT. In 

particular, in 212Pb-based in vivo alpha particle generators, it is important to quantitatively 

determine the amount of 212Bi set free from a chelating system after preceding 

disintegrations. 

The fate of the free 212Bi is of concern because its half-life (60.6 min) is long enough to allow 

redistribution throughout the body inducing toxicity in non-target tissue. The systemic 

biokinetics of bismuth compounds as therapeutic agents were described in a number of 

preclinical and clinical studies [27-32]. However, the reports of the PK of 212Bi are scarce 

and limited to concentration-time curves because the 60.6 min half-life of 212Bi is 

inconvenient for preparations and dissections [33]. Therefore, most of the studies were 

limited to either bismuth compounds or radioisotopes with long half-lives, such as 205Bi (t1/2 

= 14.5 d) and 206Bi (t1/2 = 6.4 d). Consequently, the investigated time interval does not 

sufficiently cover the early time period after injection, which is relevant for 212Bi.  

The summary of the database in “ICRP Publication 137: Occupational Intakes of 

Radionuclides: Part 3” on the biokinetics of bismuth showed that these are inconsistent and 

vary with the route of administration and the form of bismuth entering blood [27]. For 

example, the administered bismuth in particulate or colloidal forms are found in high 

concentration in the lungs and the reticuloendothelial system. On the other hand, the chelated 

and the ionic forms of administered bismuth accumulate in the kidneys [28]. 

In addition, bismuth as a metal ion binds strongly to thiolate sulfur, therefore, it has high 

affinity towards many intracellular biological thiols, such as metallothionein (MT) 

metaloproteins and glutathione (GSH) ligands [34,35]. Also, bismuth is known to induce the 

synthesis of MT in renal proximal tubules [36]. Therefore, the uptake of 212Bi by tissue cells 

needs to be quantitatively investigated. 

 

1.1.2. Alpha-emitter-based peptide receptor radionuclide therapy for 

neuroendocrine tumors 
 

The somatostatin family of G-protein-coupled receptors (SSTR) consists of different 

subtypes (SSTR1-SSTR5). SSTR are identified and characterized in many cancer types, 

most notably SSTR2 in neuroendocrine tumors (NET) [37]. Peptide receptor radionuclide 

therapy (PRRT), that is RPT using radiolabeled somatostatin analogs (SSTA) as targeting 

radiolabeled peptides, is extensively investigated as an efficacious treatment for metastatic 

inoperable NET [38]. The efficacy of beta-emitter-based PRRT was investigated using 

different beta-emitter-labeled SSTA, such as 177Lu-DOTATATE [39] and 90Y-DOTATOC 

[40]. Despite the reported impressive potential, PRRT using low LET beta particles showed 
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limitations in the treatment of tumors that acquired radiation resistance [41]. Also, because 

of the relatively long range of beta particles, partial responses were reported with associated 

renal and hematological toxicities in beta-based PRRT [42]. 

In contrast, the short-range cytotoxic alpha particles have the potential to eradicate SSTR-

expressing tumor cells while mitigating damage to normal tissue, reduce the nephrotoxicity 

and overcome the radioresistance of NETs to beta emitters in PRRT [41,43]. Kratochwil et 

al. reported a first-in-human experience using 213Bi-DOTATOC in alpha-based PRRT to 

treat patients pretreated with beta emitters [44]. Using the in vivo alpha particle generator 
225Ac-DOTATATE in alpha-emitter-based PRRT (α-PRRT) showed recently encouraging 

short-term results of a clinical trial to treat patients refractory to 177Lu-DOTATATE [45]. 

Phase I dose escalation study of 212Pb-DOTAMTATE is ongoing for 212Pb-based α-PRRT 

[46].  

However, the efficacy and safety of α-PRRT need further investigations. The biodistribution 

of radioactive decay products of in vivo alpha particle generators induces toxicity in non-

target tissues. Quantitative analyses of the activity distribution of the in vivo alpha particle 

generator and its products are required to calculate absorbed doses in target and non-target 

tissues. Subsequently, the efficacy and safety of α-PRRT can be evaluated. 

 

1.1.3. Dosimetry 
 

Dosimetry of ionizing radiation is essential in RPT to assess the efficacy and safety of newly 

developed radiopharmaceuticals and to help understand the effect of different ionizing 

radiation on tumor and normal tissue [47]. Accurate calculations of absorbed doses, that is 

the amount of energy imparted per unit mass, require the knowledge of the activity 

distribution as a function of time at cellular and subcellular levels [48]. Therefore, the PK of 

the administered radiopharmaceuticals are required to estimate the total number of 

radionuclide disintegrations in different tissues [49]. In addition, the physicochemical 

properties of the radiopharmaceuticals and the individual anatomy are essential to calculate 

tissue absorbed doses [50]. 

The dosimetry for RPT with alpha emitters is based on a formalism adapted in the “MIRD 

Monograph: Radiobiology and dosimetry for radiopharmaceutical therapy with Alpha-

Particle Emitters” as follows [8,9]: 

 

𝐷𝛼(𝑟𝑇 , 𝑇𝐷) = �̃�(𝑟𝑇 , 𝑇𝐷) ∙
∑ ∆𝑖

𝛼∙𝜑(𝑟𝑇←𝑟𝑠;𝐸𝑖
𝛼)𝑖

𝑀(𝑟𝑇)
,                                (2) 

𝐷𝑅𝐵𝐸(𝑟𝑇 , 𝑇𝐷) = 𝑅𝐵𝐸𝛼 ∙ 𝐷𝛼(𝑟𝑇 , 𝑇𝐷),                                     (3) 
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where 𝐷𝛼(𝑟𝑇 , 𝑇𝐷) is the absorbed dose to target region, 𝑟𝑇; of mass 𝑀(𝑟𝑇) from alpha 

particles; over the dose integration period, 𝑇𝐷; 𝑟𝑇 and 𝑟𝑠 are the target and the source region 

(or tissue), respectively; �̃�(𝑟𝑇 , 𝑇𝐷) is the time-integrated activity, that is the total number of 

nuclear transitions in 𝑟𝑇;  ∆𝑖
𝛼 is the mean energy emitted per nuclear transition for the 𝑖th 

emission of alpha particle; 𝜑(𝑟𝑇 ← 𝑟𝑠; 𝐸𝑖
𝛼) is the fraction of energy emitted per nuclear 

transition in 𝑟𝑠, that is absorbed in 𝑟𝑇, by the 𝑖th emission of alpha particle emitted with initial 

energy 𝐸𝑖
𝛼; 𝑅𝐵𝐸𝛼 relative biological effectiveness for alpha particles with a recommended 

value of 5 to consider the possible deterministic biological effects associated with an 

estimated alpha particle absorbed dose; 𝐷𝑅𝐵𝐸(𝑟𝑇 , 𝑇𝐷) is the RBE-weighted dose to 𝑟𝑇.The 

values of the absorbed dose in TAT should be expressed in units of Gy and not as effective 

or equivalent doses in Sv even though they can be calculated [8,9].  

Absorbed fractions of alpha particle energies in human tissues are assumed in TAT as 

follows [8]: 

 

𝜑(𝑟𝑇 ← 𝑟𝑠; 𝐸𝑖
𝛼) = {

0, 𝑟𝑇  ≠  𝑟𝑠

1, 𝑟𝑇 =  𝑟𝑠
,                                                  (4) 

 

According to equation (2), the knowledge of the activity distribution based on the PK of in 

vivo alpha particle generators is essential for dosimetry calculations. A number of 

pharmacokinetic studies were based on blood samples [51], urine excretion, portable 

detectors and planar images to measure the effect of redistributed free radioactive decay 

products of in vivo alpha particle generators in the body [52,53]. 

 However, the dosimetry in TAT is more challenging than that in beta-emitter-based RPT 

and that is related to the difficulty of determining the activity distribution of alpha particles. 

The low photon yield for alpha emitters is an obstacle to collecting quantitative images for 

accurate dosimetry. In addition, as the injected therapeutic activity is at least one order of 

magnitude lower than the activity used in diagnosis [45], quantitative imaging of short-lived 

alpha-emitting daughters is limited by low spatial resolution and poor signal-to-noise ratio 

[5]. The use of theranostic pairs consisting of two chemically similar radionuclides (La+3 

ions for Ac+3) or chemically identical radioisotopes (203Pb for 212Pb) represents a great 

advance, albeit more data are required to validate that concept [15,54]. For example, the 

biodistribution of the theranostic pairs may vary due to different ionic radii [55,56], injected 

amounts [57] and half-lives [58]. 

 

1.1.4. Physiologically based pharmacokinetic modeling 
 

A mathematical model is a quantitative version of a generated hypothesis and is presented 

as a set of differential equations that are tested against available data. In Nuclear Medicine, 
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this approach can be used to generate time-activity curves that reflect the PK of the 

radiopharmaceutical similar to quantitative imaging [59].  

A physiologically based pharmacokinetic (PBPK) model is a mathematical description of 

the relevant physiological and physicochemical mechanisms of a radiopharmaceutical in a 

living organism, such as diffusion, specific and non-specific binding, internalization, 

recycling, sorting and excretion. The model simulates the structure of the body under study 

and represent organs and tissues connected by blood flow [50]. Each tissue is divided into 

compartments, each of which is well-mixed and kinetically homogenous.  

The connections between the compartments represent a flux of material, which 

physiologically represents a transport and/or a chemical transformation [60]. The 

specification of the model compartments depends on the available anatomical and 

physiological data and the purpose of the model [61].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Overview of the physiologically based pharmacokinetic modeling process based 

on [59]. 

 

The mathematical equations of the PBPK model maintain mass and blood flow 

conservations as the kinetic processes are mass transfer phenomena [61]. Building of a 

PBPK model is an iterative process that includes construction, parameter loading, 

verification, modification and evaluation of the model prior to its application as described in 

Figure 2 

The PBPK model of multi-compartments is a mechanistic approach used to provide 

simulated concentration-time curves in plasma or an organ of interest [62]. Although, PBPK 
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models are labor intensive and require a detailed understanding of the relevant physiology, 

simulating concentration-time profiles can help in the selection of optimal sampling 

schedules and the optimization of dosing regimens in different study populations, including 

humans [50,63,64]. Subsequently, effective activities for personalized dosimetry can be 

administered, and as a consequence, adverse effects can be minimized. 

Mathematical models for preclinical studies help performing cost-effective and animal-free 

investigations to study the PK of newly developed radiopharmaceuticals [65,66]. Although 

mathematical modeling allows the separate and simultaneous description of the PK of each 

of the decay products of in vivo alpha particle generators, whole-body PBPK models for in 

vivo alpha particle generators have not been developed yet. These full PBPK models can be 

used to address concerns regarding the efficacy and safety of using in vivo alpha particle 

generators in TAT. In addition, this approach helps improve the understanding of the 

underlying physiological mechanisms and enable better design of experiments which 

accelerate the translation from bench to bedside [66]. Therefore, using virtual preclinical 

trials based on mathematical modeling can be a useful tool for optimizing treatment planning 

in TAT in general and α-PRRT in specific. 

 

1.2. Motivation and aims 
 

In vivo alpha particle generators have great potential in the treatment of aggressive tumors 

while sparing the surrounding normal tissue. However, the release of alpha-emitting 

daughters and subsequent redistribution in blood circulation raise concerns about the 

radiation toxicity in non-target tissues. Mathematical modeling can be the method of choice 

to perform cost-effective preclinical investigations of the efficacy and safety of using in vivo 

alpha particle generators in TAT. By facilitating better design of preclinical experiments, 

PBPK modeling assists in the implementation of the 3R principles (reduction, replacement 

and refinement). Consequently, PBPK models support and accelerate the translation of 

preclinical studies to clinical trials. Therefore, the main goals of this thesis are: 

1. Investigating the PK of 212Pb-based in vivo alpha particle generators and the radioactive 

decay products in mice using PBPK modeling.  

To achieve this goal, the following prerequisite works are necessary: 

• Developing a mathematical model for 212Pb-based in vivo alpha particle 

generators to describe the kinetics of 212Pb-based in vivo alpha particle generators 

and its decay products. 

• Developing a whole-body PBPK model for free 212Bi, the alpha-emitting 

daughter of 212Pb, to investigate and mechanistically describe the PK of free 212Bi. 

• Developing a whole-body PBPK model for 212Pb-based in vivo alpha particle 

generators and the radioactive decay products in mice, in which the in vivo alpha 

particle generator model and the 212Bi-PBPK model are integrated. 
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2. Simulating optimal injected amounts that lead to highest tumor-to-kidneys ratios for 

absorbed doses in 212Pb- and 212Bi-based therapy. 
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2. Published articles 
 

2.1. Mathematical Modeling of In Vivo Alpha Generators and Chelator 

Stability 
 

2.1.1. Summary 
 

In vivo alpha particle generators have great potential in TAT [7]. The long-lived radioactive 

parents have better PK for activity distribution and deliver higher doses per unit activity 

administered compared to short-lived single-alpha-particle emitters [11]. However, the 

radioactive decay products set free after alpha emissions or beta decay of conjugated 212Pb 

may redistribute in blood circulation and induce radiation toxicity to non-target tissue [7,26]. 

Therefore, it is necessary to understand the physicochemical properties of the decay chain 

of the in vivo alpha particle generators to facilitate the prediction of the fate of the radioactive 

decay products in tissue. In this article, a mathematical model that describes the 

physicochemical properties and the kinetics of 212Pb-based in vivo alpha particle generators 

and its decay products was developed [67].  

The developed in vivo alpha particle generator model in Figure 2 in Ref. [67] was developed 

using modeling software tool SAAM II [68]. The developed model consists of 5 

compartments, namely conjugated 212Pb, conjugated 212Bi, free 212Bi, free 208Tl, and free 

stable 208Pb compartments.  

The compartments of the in vivo alpha particle generator model are connected by physical 

and chemical transfer rates (Supplementary material of paper 1). A conjugated radionuclide 

in this thesis is defined as a radionuclide attached to a pharmaceutical by a chelating system. 

On the other hand, a free radionuclide is a radionuclide that is not attached to a 

pharmaceutical. 

The dissociation of 212Bi-chelator complex after beta decay of conjugated 212Pb was modeled 

in the in vivo alpha particle generator model based on the beta-decay scheme of conjugated 
212Pb (Figure 3A in Ref. [67]). All the energy levels of 212Bi were presented as a single 

excited-state compartment of conjugated 212Bi (Figure 3B in Ref. [67]).  

About 12% of beta decays of conjugated 212Pb result in ground-state conjugated 212Bi. The 

rest of 212Pb decays results in excited-state conjugated 212Bi. Based on the chelating system 

used, a fraction of 212Bi in the excited state will be released from the chelator due to internal 

conversion as described in chapter 1.1.1 [26]. The remaining fraction goes to ground-state 

conjugated 212Bi by gamma emissions. However, due to the short lifetime of the excited 

states of conjugated 212Bi (10^-12 s - 10^-13 s), the relevant compartment (excited state) was 

only integrated in the structure and the model was reduced as shown in Figure 3 in Ref. [67]. 

The kinetics of conjugated 212Pb and its decay products were simulated by injecting a pure 

amount of conjugated 212Pb into compartment 1 (Figure 2 in Ref. [67]). The emitted alpha 
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particles from the radioactive decay products contribute about 75% of the total released 

energy which mostly comes from conjugated and free 212Po (72%) as shown in Figure 3. 

 Also, the percentages of energies released due to alpha and beta emissions from conjugated 

and free radionuclides were calculated for the reported dissociation fractions of 212Bi-

DOTAM (0.16 [67]) and 212Bi-DOTA (0.30 [69] and 0.36 [26]) complexes. For DOTAM 

chelators, the energies released by free radionuclides are (21%) half of that released (38%) 

when DOTA chelators are used as shown in Figure 4. 

 

 

Figure 3: Energy release rates of alpha or beta emissions of each conjugated and free 

radionuclides. The values of the energy release rates are normalized to the maximum energy 

released at 3.8 h. Republished with permission of Mary Ann Liebert Inc., from Mathematical Modeling 

of In Vivo Alpha Particle Generators and Chelator Stability. Zaid NRR, Kletting P, Beer AJ, Rozgaja 

Stallons TA, Torgue JJ, Glatting G. Cancer Biother Radiopharm. 2021 Jan 21.  Ref. [67]. Permission 

conveyed through Copyright Clearance Center, Inc.  

 

Figure 4: Contributions of alpha and beta emissions to the total released energy for different 

dissociation fractions of 212Bi-chelator complexes. The presented data points are for 

dissociation fractions of 16%, 30% and 36%. Republished with permission of Mary Ann Liebert 



2 Published articles 

14 
 

Inc., from Mathematical Modeling of In Vivo Alpha Particle Generators and Chelator Stability. Zaid NRR, 

Kletting P, Beer AJ, Rozgaja Stallons TA, Torgue JJ, Glatting G. Cancer Biother Radiopharm. 2021 Jan 

21. Ref. [67]. Permission conveyed through Copyright Clearance Center, Inc. 

 

The in vivo alpha particle generator model was used in this article [67] to evaluate the 

stability of 212Bi-DOTAM complexes after beta decay of conjugated 212Pb by simulating a 
212Bi retention study. The in vitro experiment was performed by incubating 8 wells of a 

streptavidin-coated plate with diluted 212Pb-DOTAM-biotin molecules, 100 µl in each well, 

for 6 h at room temperature. The transient equilibrium was assumed between the parent 212Pb 

and its daughter 212Bi (Figure 4B in Ref. [67]). The amounts of 212Pb and 212Bi were 

quantified in all separated supernatant samples and respective wells at the end of the 

incubation period using a wipe test counter. 

Based on the experimental method/design, a mathematical model was developed to represent 

bound radiolabeled biotin molecules and binding sites on streptavidin molecules in a well 

and unbound radiolabeled biotin molecules and free radioactive daughters in a supernatant 

(Figure 5 in Ref. [67]). The association and dissociation rates of biotin-streptavidin 

complexes and the physical decay rates connected the compartments were taken from the 

literature. The initial amount of 212Pb-DOTAM-biotin molecules, the amount of binding sites 

on streptavidin molecules and the dissociation fraction of 212Bi-DOTAM complexes were 

estimated by fitting the mathematical model to the experimental data.  

The mathematical model could successfully describe the experimental data. It was found 

that DOTAM chelators release about (16 ± 5)% of the total produced 212Bi ions after beta 

decay of conjugated 212Pb. 

Based on the results, the in vivo alpha particle generator model can help in the understanding 

of the PK of newly developed 212Pb-based in vivo alpha particle generators by integrating 

the model into a full PBPK model in different species including humans. Also, the model 

can be employed for evaluating different chelating agents for sequestering radioactive metal 

ions, as shown for DOTAM chelators. Such modeling approaches could be very helpful for 

developing an optimal 212Pb-based TAT. 
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2.2. A whole-body physiologically based pharmacokinetic model 

for alpha particle emitting bismuth in rats 
 

2.2.1. Summary 
 

212Pb-based in vivo alpha particle generators have been used as in vivo sources of cytotoxic 

alpha particles through the alpha-emitting daughter 212Bi [15]. However, a fraction of 212Bi-

chelator complexes are dissociated after beta decay of conjugated 212Pb depending on the 

type of the chelator used [26,67]. The fate of free 212Bi is of concern because its half-life 

(60.6 min) is long enough to allow redistribution throughout the body. Due to the high 

biological effectiveness of alpha particles, radiation toxicity can be induced in accumulating 

organs, such as kidneys [70]. Therefore, investigating the PK of free 212Bi is a prerequisite 

for the evaluation of the safety and efficacy of 212Pb-based TAT. In this work [65], a whole-

body PBPK model for free 212Bi in rats was developed to describe the biokinetics of free 
212Bi in rats. 

The developed 212Bi-PBPK model, using modeling software tool SAAM II, includes 

different tissues, namely kidneys, liver, spleen, small intestine (SI), bone marrow (BM), 

muscle, fat and remainder of body as shown in Figure 5. Each tissue is divided into vascular, 

interstitial and cellular spaces. Relevant physiological mechanisms were described such as 

blood flow, diffusion, cellular uptake and excretion. 

First-order kinetics are used to describe 212Bi interactions with red blood cells (RBC) and 

high molecular weight plasma proteins (HMPP) in blood circulation. Inside cells, free 212Bi 

binds with high affinity to intracellular biological thiols, mainly MT and GSH. 

Consequently, MT- and GSH-bound 212Bi are sequestered inside the cells [34,71]. The 

parameters of the 212Bi-PBPK model were estimated by fitting to published biokinetic data 

of free 212Bi in rats after intravenous injection of 0.774 fmol (88.8 kBq) of free 212Bi [33].  

The results showed that bone and BM have the highest cellular uptake rates of free 212Bi of 

(3.85 ± 0.63) and (1.44 ± 0.29) min-1, respectively. That can be related to the role of MT in 

bone growth and hematopoiesis [72-74]. Renal uptake rate of free 212Bi in proximal tubules 

was fixed to 1 min-1 after performing sensitivity analysis. Liver as a detoxifying organ has 

also a high fitted uptake rate of (0.86 ± 0.13) min-1. The fitted uptake rates in SI, skin and 

muscle were (0.27 ± 0.05), (0.04 ± 0.01) and (0.007 ± 0.007) min-1, respectively. 

The estimated first-order association rates of 212Bi with HWPP and RBC were (0.20 ± 0.04) 

min-1 and (0.01 ± 0.002) min-1, with corresponding dissociation rates of (0.11 ± 0.03) min-1 

and (0.017 ± 0.007) min-1, respectively. The fit showed that 212Bi is retained inside the cells, 

which can be explained by the abundance of intracellular MT and GSH, the ability of 212Bi 

to induce the synthesis of these biological thiols and the short observation time of 150 min. 
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Figure 5: Developed PBPK model for free 212Bi in rats. The 212Bi-PBPK model describes 
212Bi uptake by tissue cells and its association and dissociation with HWPPs and RBCs. Free 
212Bi, HWPP- and RBC-bound 212Bi are distributed in the circulation to vascular spaces of 

body organs followed by free 212Bi diffusion and uptake by tissue cells. 212Bi binds with 

biological thiols and is sequestered inside the cells. In each compartment, 212Bi decays with 

a half-life of 60.6 min. The average energy released per decay is 7.8 MeV. BM, bone 

marrow; HWPP, high molecular weight plasma proteins; RB, remainder of body; RBC, red 

blood cells; SI, small intestine. Republished with permission of Mary Ann Liebert Inc., from A Whole-

Body Physiologically Based Pharmacokinetic Model for Alpha Particle Emitting Bismuth in Rats. Zaid 

NRR, Kletting P, Winter G, Beer JA, Glatting G. Cancer Biother Radiopharm 2022;37(1):41-46. Ref. [65]. 

Permission conveyed through Copyright Clearance Center, Inc.. 

 

The determined absorbed dose coefficients (ADC) in tissues due to conjugated and free 212Bi 

depend on the physiology of the tissues, including blood flow rates, and the 212Bi uptake 

rates of the tissues. Accordingly, kidneys and liver had the highest ADC, 0.70 and 0.09 

mGy/kBq, respectively. 

Thus, it was demonstrated in this work that the 212Bi-PBPK model can be an effective tool 

to investigate the biodistribution of free 212Bi in murine models. The investigated PK of free 
212Bi can also describe the PK of the alpha-emitting isotope 213Bi as a free radioactive decay 

product of 225Ac-based in vivo alpha particle generator. Accordingly, the relevant 

pharmacokinetic parameters of free bismuth can be integrated into murine/human PBPK 

models for 212Pb- and/or 225Ac-based in vivo alpha particle generators. Therefore, the 

developed mathematical models can be used to determine the contribution of free 212/213Bi 

to total absorbed doses in non-target tissues.  
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2.3. A Physiologically-based pharmacokinetic model for in vivo 

alpha particle generators targeting neuroendocrine tumors 

in mice 
 

2.3.1. Summary 
 

In vivo alpha particle generators increase the therapeutic potential of using alpha particles in 

the treatment of aggressive neuroendocrine tumors [41]. Investigating the PK of in vivo alpha 

particle generators including the fate of radioactive decay products is challenging though 

necessary in α-PRRT. Mathematical modeling allows the PK of each of the decay products 

of in vivo alpha particle generators to be described separately and simultaneously. In this 

article [66], a whole-body PBPK model was developed to describe the PK of 212Pb-SSTA 

targeting SSTR2 in mice and simulate optimal injected amounts in 212Pb-based α-PRRT. 

The full 212Pb-SSTA-PBPK model for mice was developed and implemented in both 

modeling software tools SAAM II (version 2.3) and Simbiology/MATLAB (MATLAB 

R2020a). The model includes SSTR2- and non-SSTR2-expressing tissues as shown in 

Figure 1 in Ref. [66]. 

All relevant mice-specific and [212Pb]Pb-SSTA-specific parameters are described in the 

model with values taken from the literature. Briefly, the main mice-specific parameters 

considered in the model are blood flow, tissue volumes, relevant volumes of tissue 

compartments (vascular, interstitial, early endosomes and sorting [late endosomes] 

compartments) and SSTR2 expression on cell membranes. Relevant biological mechanisms 

of 212Pb-SSTA (diffusion, SSTR2-specific binding, internalization, recycling, sorting and 

excretion) are included in the model. Specific and non-specific uptake were also described 

in the structure of kidneys model, which is the major elimination pathway in the 212Pb-SSTA-

PBPK model.  

The model takes also into account the physicochemical properties of 212Pb-SSTA, such as 

physical decay rates and the chemical stability of the 212Bi-chelator complexes after beta 

decay of conjugated 212Pb. Biokinetic parameters of free 212Bi was integrated into the 212Pb-

SSTA-PBPK model. The pharmacokinetic parameters in the 212Pb-SSTA-PBPK model were 

estimated using [212Pb]Pb-DOTAMTATE biokinetic data in AR42J-bearing mice after 

intravenous administration of 0.0013 nmol (0.185 MBq) of [212Pb]Pb-DOTAMTATE [51]. 

Standard criteria for the goodness of fit were assessed as described in the literature [75]. 

Sensitivity analyses and a first evaluation of the predictive performance of the 212Pb-SSTA-

PBPK model were performed (Supplementary material of paper 3). 

The ADC were calculated due to bound and unbound radiolabeled SSTA and all radioactive 

decay products of 212Pb-SSTA. Simulations were performed for different combinations of 

injected amounts and activities that lead to 23 Gy in kidneys. Tumor-to-kidneys ratios and 
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total energies released in glomeruli and proximal tubules were calculated for long-lived 

conjugated 212Pb and its decay products and compared to that of short-lived conjugated 212Bi. 

As results, the time-activity curves generated by the developed 212Pb-SSTA-PBPK model 

using SAAM II were the same as those generated by Simbiology for each tissue. The 

estimated SSTR2 in kidneys, liver, spleen, lung, pancreas and tumor were (3.52 ± 0.07), 

(0.17 ± 0.04), (0.73 ± 0.07), (1.77 ± 0.14), (6.18 ± 0.94) and (11.73 ± 2.97) nmol/L, 

respectively. The estimated values of the perfusion in tumor was (0.09 ± 0.03) min-1 and 

SSTA were sorted for degradation at a rate of (0.0076 ± 0.0003) min-1. The release rates of 
212Pb-SSTA from pancreatic and renal cells were estimated to be (0.0011 ± 0.0002) min-1 

and (0.000380 ± 0.000001) min-1, respectively. 

In addition, the 212Pb-SSTA-PBPK model shows that kidneys received the highest ADC of 

134 Gy/MBq among non-target tissues. In contrast to humans, pancreas can be the second 

organ at risk after kidneys in α-PRRT because of its high ADC of 116 Gy/MBq. The largest 

contribution to the total tissue absorbed dose is related to conjugated alpha emitters. The 

alpha-emitting daughter 212Po contributes more than 50% to total absorbed doses in most 

tissues. For a given value of 23 Gy in kidneys, [212Pb]Pb-DOTAMTATE delivers a higher 

dose to tumor with a lower optimal administered amount (49.8 Gy within 0.03 nmol) 

compared to [212Bi]Bi-DOTAMTATE (36.6 Gy within 0.05 nmol) as presented in Figure 6. 

In addition, for [212Pb]Pb-DOTAMTATE, all absorbed doses in non-target tissues were less 

than kidneys absorbed dose. Accordingly, the 212Pb-SSTA-PBPK model shows the higher 

potential of the in vivo alpha particle generator [212Pb]Pb-DOTAMTATE in α-PRRT in 

comparison to its non-generator equivalent [212Bi]Bi-DOTAMTATE. Also, the energies 

released in the glomeruli and proximal tubules account for 54% and 46%, respectively, of 

the total energy absorbed in kidneys (Figure 7). 

The developed 212Pb-SSTA-PBPK model successfully quantified the PK of 212Pb-SSTA and 

its radioactive decay products that are not easily accessible for direct measurements. The 

absorbed doses due to free radionuclides and conjugated-bound, conjugated-unbound and 

conjugated-internalized radionuclides were calculated for the whole body. The kidney model 

provides a full description of the relevant mechanisms underlying SSTA uptake in kidneys. 

The structure of the kidney model can be integrated in a human PBPK model and contributes 

to future work aiming to reduce the probability of long-term renal toxicity in PRRT for NET. 

Also, optimal injected amounts and activities can be determined using simulations to better 

design preclinical experiments in α-PRRT. Furthermore, the 212Pb-SSTA-PBPK model 

shows that α-PRRT based on 212Pb-SSTA results in a higher tumor-to-kidneys ratio than α-

PRRT based on 212Bi-SSTA for a given kidneys absorbed dose. 
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Figure 6: Therapeutic potencies of 212Pb-SSTA (upper panel) and its radioactive product 
212Bi-SSTA (lower panel). For 23 Gy in kidneys, the absorbed doses in different tissues were 

calculated for different injected amounts using the 212Pb-SSTA-PBPK model [66].                  
CC BY 4.0 ( https://creativecommons.org/licenses/by/4.0/) 

 

Figure 7: Energies released in the glomeruli and proximal tubules leading to 23 Gy in 

kidneys corresponding to the administered amounts in 212Pb- or 212Bi-based PPRT. The green 

and red circles indicate the energies released at the optimal amounts of 212Pb-SSTA and 
212Bi-SSTA, respectively [66]. CC BY 4.0 ( https://creativecommons.org/licenses/by/4.0/) 
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3. Discussion 
 

Mathematical modeling was used as a tool to address concerns regarding the absorbed doses 

from in vivo alpha particle generators and radioactive decay products in non-target tissues. 

Because of the low photon yield and administered therapeutic activities in TAT, the PK of in 

vivo alpha particle generators and radioactive decay products are difficult to measure. 

Consequently, the activity distributions will not be determined with sufficient accuracy for 

dosimetry. In this thesis, for the first time, a whole-body PBPK model was developed for 

[212Pb]Pb-SSTA targeting NET in mice. The 212Pb-SSTA-PBPK model enables the separate 

and simultaneous description of the PK of the conjugated parental radionuclide 212Pb and its 

decay products, namely conjugated and free 212Bi, 208Tl and stable 208Pb. Also, the contributions 

of free radionuclides and bound-conjugated, unbound-conjugated and internalized-conjugated 

radionuclides to the total absorbed doses were calculated in each tissue. The model allows 

simulating optimal injected amounts that lead to highest tumor-to-kidneys ratios for absorbed 

doses.  

Understanding the physicochemical properties of the decay chain of 212Pb-based in vivo alpha 

particle generator is a prerequisite for describing the whole-body PK. Accordingly, the in vivo 

alpha particle generator model was developed to describe the kinetics of conjugated 212Pb and 

its radioactive decay products by including physical and chemical transfer rates. Also, the in 

vivo alpha particle generator model was used to quantify the amount of 212Bi dissociated from 

the DOTAM chelators after beta decay of conjugated 212Pb by simulating an in vitro retention 

study. In the 212Pb-SSTA-PBPK model, the in vivo alpha particle generator model is the 

building block of the whole model.  

In addition, the fate of free 212Bi as a decay product of 212Pb-based in vivo alpha particle 

generators should be investigated. Free 212Bi has sufficiently long half-life to reach the 

bloodstream and distribute to normal tissue. Therefore, and due to the lack of published 

biokinetic data on 212Bi in the literature, a whole-body PBPK model was developed for free 
212Bi in rats. Relevant pharmacokinetic parameters of the 212Bi-PBPK model were estimated. 

Subsequently, the 212Bi-PBPK model was integrated into the full 212Pb-SSTA-PBPK model.  

The main findings in this thesis are: 

• Conjugated and free 212Po contribute the most to the total energy released according to the 

described kinetics of conjugated 212Pb by the in vivo alpha particle generator model. Also, 
212Po contributes more than 50% to the total calculated absorbed doses in tissues as shown in 

the dosimetry calculations using the 212Pb-SSTA-PBPK model.   

• The dissociated fraction of 212Bi-DOTAM complexes after beta decay of conjugated 212Pb is 

0.16 ± 0.05, which is less than the reported fraction for DOTA chelators (0.36).  

• Kidneys are the main accumulating organs for free 212Bi according to the results of the 

developed 212Bi-PBPK model. Therefore, kidneys must be considered as the dose-limiting 

organs in TAT. 
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• The retention of 212Bi inside tissue cells is an indication for the importance of using in vivo 

alpha particle generators with fast PK and high internalization rates to reduce the toxicity to 

non-target tissue in TAT. 

• α-PRRT based on 212Pb-SSTA results in a higher tumor-to-kidneys ratio than α-PRRT based 

on 212Bi-SSTA for a given absorbed dose in the kidneys. 

• The energy released in the radiation-sensitive renal functional units, the glomeruli, 

contributes more (54%) to the total energy released in kidneys than that in the renal proximal 

tubules (46%). 

 

In vivo alpha particle generator model 

In contrast to other in vivo alpha particle generators, whose decay chains start with alpha 

emissions [11], a part of alpha-emitting daughter 212Bi is released from a chelating system after 

beta decay of conjugated 212Pb [26,67]. By incorporating the physicochemical properties into the 

structure of the in vivo alpha particle generator model, the dissociated fraction of 212Bi-DOTAM 

complexes can be determined for the first time by simulating an in vitro retention study [67]. The 

result of the simulation indicates that the amount of produced free 212Bi depends on the type of 

the chelator used. In this work [67], the amount of dissociated 212Bi from the chelating systems 

after beta decay of DOTAM-conjugated 212Pb is (16 ± 5)%. On the other hand, Mirzadeh et al. 

reported that it is 36% as a result of beta decay of DOTA-conjugated 212Pb [26]. Because the 

total energy released by free radioactive products of DOTAM-conjugated 212Pb (21%) is half of 

that released in DOTA-conjugated 212Pb (38%), DOTAM chelators are more suitable for use in 
212Pb-based TAT. In particular, DOTAM chelators are advantageous for slow PK and/or non-

internalizing pharmaceuticals. 

The in vivo alpha particle generator model could successfully describe the kinetics of the decay 

chain of conjugated 212Pb. The transient equilibrium of 212Pb and 212Bi depicted in the time-

activity curves (Appendix A.1) agrees with the report by Westrøm et al. [22]. In addition, when 

the biological effectiveness of alpha particles is taken into account, the contribution of alpha 

particles to the total energy released is 93.7%, which is similar to the reported value (93.4%) 

obtained by Yong et al. [76]. 

 

212Bi-PBPK model 

The developed whole-body 212Bi-PBPK model describes the early PK occurring within the first 

two half-lives of free 212Bi in non-tumor-bearing rats. Thus, the 212Bi-PBPK model overcomes 

the limitation of the inconvenient half-life (t1/2 = 60 min) of free 212Bi for preparations and 

dissections to obtain serum PK.  

Within the investigated time frame, the first-order association rate of free 212Bi with HWPP (0.20 

± 0.04 min-1) is higher than that with RBC (0.010 ± 0.002 min-1). These results are consistent 

with the findings of Sun et al. and Li et al. that bismuth ions bind with high affinity to transferrin 

and albumin in plasma [77,78]. In addition, Rao and Feldman pointed out that at low bismuth 
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concentration, a smaller fraction of bismuth ions is available for uptake by rat erythrocytes than 

at high concentration [79].   

The order of the estimated uptake rates of free 212Bi by body tissues is consistent with the reported 

rank of bismuth concentrations in the tissues of rats [28]. Notably, the amount of tissue uptake 

of bismuth ions is related to the role of the biological thiols MT and GSH, and their abundance 

in tissues. For example, the estimated uptake rate of free 212Bi by the epithelial cells of the 

proximal tubules is high. That can be explained by the function of kidneys as the main excretion 

organ and the induced synthesis of biological thiols in proximal tubules by bismuth ions, as 

reported in [80]. Therefore, it is expected that the released 212Bi in the bloodstream will contribute 

to the nephrotoxicity in TAT. 

The estimated pharmacokinetic parameters of free 212Bi can also describe the PK of the 213Bi 

isotope with the shorter half-life of t1/2 = 45.6 min. 213Bi is a free alpha-emitting-decay product 

of the 225Ac-labeled in vivo alpha particle generators. Therefore, relevant pharmacokinetic 

parameters of bismuth ions can be integrated into PBPK models for 212Pb- and 225Ac-based in 

vivo alpha particle generators to describe the fate of free 212/213Bi after preceding disintegrations. 

Therefore, activity distributions can be predicted to calculate absorbed doses. Consequently, the 

safety of using in vivo alpha particle generators in TAT can be assessed.  

Notably, the sequestration of bismuth ions inside tissue cells as described by the 212Bi-PBPK 

model agrees with the documented prolonged cell retention of free 212Bi by Yao et al. [81]. 

Accordingly, it is expected that using radiopharmaceuticals of fast PK and high internalization 

rates increases the efficacy of using in vivo alpha particle generators in TAT as the released 

bismuth will be trapped inside cells.  

 

212Pb-SSTA-PBPK model 

The complexity of the developed 212Pb-SSTA-PBPK model [66] arises from combining different 

mathematical models, a PBPK model for conjugated 212Pb, a PBPK model for free 212Bi [65], 

and the in vivo alpha particle generator model [67]. Consequently, the 212Pb-SSTA-PBPK model 

can be used for both 212Pb- and 212Bi-based TAT, by “injecting” the therapeutic amounts into the 

compartments of conjugated 212Pb and conjugated 212Bi, respectively. The higher potency of α-

PRRT based on 212Pb-SSTA than that based on 212Bi-SSTA at a fixed absorbed dose of 23 Gy in 

kidneys is consistent with the advantages of using in vivo alpha particle generators mentioned in 

Chapter 1.1.1. Also, in contrast to 212Bi-SSTA, all the normalized absorbed doses in tissues due 

to 212Pb-SSTA were lower than the absorbed dose in kidneys (Figure 5 in Ref. [66]). Notably, 

the same calculations can be performed for any fixed absorbed dose to the kidneys; in this thesis 

23 Gy is used as an example. In addition, the model can be used to perform dosimetry 

calculations at the sub-organ level, as shown by the calculated total energies released in glomeruli 

and proximal tubules. As the specific uptake in the kidney model is in the glomeruli, the released 

energy in the glomeruli is higher than that in the proximal tubules at the optimal injected amounts 

before saturation. 
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According to the calculated ADC in Table 2 in Ref. [66], the pancreas can be the second organ 

at risk after kidneys in α-PRRT, which is in line with the findings of Norenberg et al. and Kimura 

et al. [82,83].  In addition, the calculated contributions of each radioactive decay products in 

Table 2 in Ref. [66] show that the 212Pb-SSTA-PBPK model enables to address the concerns 

regarding the fate of the redistributed conjugated and free radioactive daughters of 212Pb-SSTA 

in the whole body. The alpha emitters, conjugated 212Po followed by conjugated 212Bi have the 

largest contributions to the total absorbed doses. Because 212Po is assumed to decay at the site of 

its production (t1/2 = 0.3 µs) [67], and because free 212Bi is sequestered inside cells [65], the 

radiation damage to non-SSTR2-expressing tissues is expected to be low (Table 2 in Ref. [66]). 

The calculated absorbed doses in these tissue are mainly due to activity distribution in the 

extravascular spaces. 

Despite differences in the locations and levels of SSTR2 expression between species [82], the 

estimated SSTR2 densities in kidneys (3.52 ± 0.07 nmol/L) and in tumor (11.7 ± 3.0 nmol/L) in 

AR42J-tumor bearing mice were in the reported ranges of renal (2.3–7.1 nmol/L) and tumor (7–

16 nmol/L) SSTR2 densities in humans [50]. The relatively high SSTR2 density 

in the pancreas, which is not observed in humans, may be related to the additional expression 

of SSTR2A in murine pancreatic acinar cells [82]. In addition, the difference in the 

microanatomical structure of the spleen in mice and humans may contribute to the difference 

in the estimated SSTR2 densities in mice (0.73 ± 0.07 nmol/L) and the reported range 

in humans (3.9–8.7 nmol/L) [50]. In contrast to mice, the red pulp in the human spleen has 

sheathed capillaries, composed of macrophages and B lymphocytes which are reported to 

express SSTR2 mRNA [84,85]. These differences in SSTR2 expression levels should 

be taken into account when translating PBPK models from mice to humans. 

The degradation products of 212Pb-SSTA were assumed to be retained inside cells, except in 

kidneys and pancreas, as shown by preliminary fits in the time interval studied. It has been 

reported that some residualizing radiolabels or radiolabeled catabolites cannot cross the 

lysosomal membrane and therefore remain trapped [86,87]. Although the experimental data do 

not provide enough information to determine the release rate, setting the release rate to zero does 

not affect the results of the simulations because the time scale of the release is large compared to 

the half-life of 212Pb (10.64 h).  

The filtration route for renal elimination of radiolabeled SSTA [88] was demonstrated in the 

structure of the novel developed kidney model in 212Pb-SSTA-PBPK model. The modeled 

specific uptake in the glomeruli is based on the findings of Bates et al. and others that the location 

of SSTR2 expression in mice kidneys were found in the epithelial cells (podocytes) of the 

glomerulus capillaries and collecting ducts [82,89-91]. However, the localization of SSTR2 in 

the collecting ducts was not considered in the kidney model as the reabsorption of the 

radiolabeled peptides beyond the convoluted proximal tubules is either small or absent [92]. 

Although post-glomerular peritubular elimination is reported for small proteins, this route was 

not considered in the kidneys model. SSTA are not appreciably extracted through post-

glomerular peritubular elimination route as compared to the filtration pathway. The former is 

specific for small proteins, which have hormone-specific receptors located in the basolateral 

tubular cells [88,92]. Non-specific uptake in the proximal tubules is also modeled in the kidney 
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model, based on the reported charge-related binding of SSTA to megalin and/or cubilin receptors 

[93]. A fraction of the filtered radiolabeled SSTA is reabsorbed from the ultrafiltrate in the 

proximal tubule based on its net charge, electrostatic forces and the charge distribution in the 

metal-chelator complex. Although Behr et al. reported that some of the degradation products in 

renal tubules are transferred back into the bloodstream, this is not included in the model because 

of the limited number of data points and the relative short half-lives of 212Pb and all its daughters 

[94,95]. 

 

Limitations 

Due to the time lag between the time of preparation of the activity for injection and the actual 

time for injection, the actual injected amount of the therapeutic activity includes conjugated and 

non-conjugated 212Pb and their radioactive decay products. In this thesis, the injected amount in 

the 212Pb-SSTA-PBPK model was assumed to include only 212Pb-SSTA and unlabeled SSTA. 

This assumption was based on the reported high kinetic and thermodynamic stability of 212Pb-

DOTAM complexes and the relatively short half-lives of the radioactive decay products.  

Moreover, in contrast to free 212Bi, the uptake of free 208Tl by tissue cells from the interstitial 

compartment was not included in the 212Pb-SSTA-PBPK model because of its short half-life (t1/2 

= 3 min) and the lack of relevant biokinetic data of free 208Tl in the literature.  

In the glomeruli and proximal tubules, the energies released were calculated instead of absorbed 

doses. Although the latter are more relevant for therapy, unfortunately, the corresponding 

volumes for mice, could not be found in the literature. Nevertheless, the energies released 

indicate to the radiation damage in these kidneys sub-organs, because the short-range alpha 

particles were assumed to decay at the site of their production. 

The predictive ability of the 212Bi-PBPK model to other preclinical studies could not be evaluated 

because of the lack of the literature of other biokinetic data for short-lived 212Bi. Nevertheless, 

the 212Bi-PBPK model includes the validity and biological plausibility of the input parameters, 

which are presented in detail in a tabular form with references (Supplementary material of paper 

2). Mass and blood flow conservation are maintained in the mathematical structure of the model. 

In addition, the standard criteria for the goodness-of-fit were assessed as described in the 

literature [75]. 

 

Outlook 

The developed in vivo alpha particle generator model can be used to evaluate chelators for the 

sequestration of metal ions due to a preceding disintegration, using the simulation of the 212Bi 

retention study as an example. In addition, the basic idea of the compartmental structure of the 

in vivo alpha particle generator model can be used to develop mathematical models for other free 

or conjugated long-lived alpha emitters such as 223Ra or 225Ac, respectively. The main difference 

is that the first radioactive daughter, for example 221Fr in the decay chain of 225Ac, is represented 

by a single compartment. Accordingly, the structure of the developed 212Pb-SSTA-PBPK model 
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can be applied not only to 212Pb-based in vivo alpha particle generators but also to other 

conjugated long-lived alpha emitters.  

The developed 212Pb-SSTA-PBPK model for mice can be employed for broad future 

investigations. The separation between radiopharmaceutical-specific and physiological 

parameters in the 212Pb-SSTA-PBPK model allows the simulation of concentration–time profiles 

for different study populations, including humans, by adapting respective parameters. 

Consequently, the 212Pb-SSTA-PBPK model can help in the simulation of optimal activities 

administered for individualized dosimetry, thereby minimizing risks. 

In addition, optimal values for global pharmacokinetic parameters, such as ligand 

affinities, internalization and sorting rates, can be simulated using the 212Pb-SSTA-PBPK 

model for newly developed in vivo alpha particle generators in α-PRRT. The model can be 

used to study the effect of using different chelators with different dissociation fractions of 
212Bi-chelator complexes after beta decay of conjugated 212Pb. 

Notably, the kidney model describes the relevant mechanisms underlying SSTA uptake in 

kidneys. The structure of this model can be integrated in a human PBPK model and contributes 

to future work aiming to reduce the probability of long-term renal toxicity in PRRT for NET. 

 

 



 

 
 

4. Abstract 
 

Targeted alpha particle therapy (TAT) is an effective approach for the treatment of aggressive 

tumors and micrometastases. The high linear energy transfer and the short range of alpha 

particles cause severe damage to tumor cells, while normal tissue is spared. Compared to short-

lived alpha emitters, the use of in vivo alpha particle generators in TAT enables larger doses to 

be delivered per unit activity administered, improves the pharmacokinetics (PK) of targeting 

vectors and facilitates the preparation and distribution of activity to applying hospitals. 

However, the decay chain of the in vivo alpha particle generator should be carefully analyzed. 

The free alpha-emitting daughters produced by the preceding decays can enter the bloodstream 

and redistribute to tissues, resulting in radiation toxicity to non-target tissues. Therefore, the 

activity distribution should be quantified to evaluate the efficacy and safety of using in vivo 

alpha particle generators in TAT. Mathematical modeling is a tool that can be used to 

investigate the fate of the individual radioactive decay products separately and simultaneously.  

The goal of this thesis is to investigate the PK of the in vivo alpha particle generators 212Pb-

labeled somatostatin analogs (212Pb-SSTA) and their radioactive decay products. For this goal, 

a whole-body physiologically-based pharmacokinetic (PBPK) model for 212Pb-SSTA was 

developed, in which two other developed mathematical models were integrated, the in vivo 

alpha particle generator model and the 212Bi-PBPK model. The complex 212Pb-SSTA-PBPK 

model was used to determine the optimal injected amounts leading to the highest tumor-to-

kidneys ratio. 

First, the building block of the whole-body 212Pb-SSTA-PBPK model, that is the in vivo alpha 

particle generator model, was developed and implemented using modeling software tool 

SAAM II version 2.3 (The Epsilon Group, TEG, USA). The structure of the in vivo alpha 

particle generator model describes the kinetics of conjugated 212Pb and its radioactive decay 

products. The mathematical model consists of five compartments, namely conjugated 212Pb, 

conjugated and free 212Bi, free 208Tl and stable 208Pb compartments connected via physical and 

chemical transfer rates. Conjugated and free 212Po were not represented by individual 

compartments (half-life = 0.3 µs), but integrated into the calculations. The in vivo alpha particle 

generator model was used to determine the fraction of dissociated 212Bi-DOTAM complexes 

after beta decay of conjugated 212Pb by simulating a 212Bi retention study. The contribution of 

each conjugated and free radionuclides to the total energies released from DOTAM- and 

DOTA-conjugated 212Pb were calculated.  

Second, a 212Bi-PBPK model for rats was developed and implemented using SAAM II. The 

model includes relevant physiological mechanisms, such as blood flow, diffusion, and urinary 

excretion with parameter values from the literature. First-order kinetics are assumed to describe 
212Bi interactions with red blood cells (RBC), high molecular weight plasma protein (HWPP) 

and intracellular biological thiols. A number of parameters of the 212Bi-PBPK model were 

determined using free 212Bi biokinetic data in rats after injecting 0.07 fmol of 212Bi (88.8 kBq) 

in blood plasma. Subsequently, absorbed dose coefficients (ADC) in the tissues were 

calculated. 
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Finally, the 212Pb-SSTA-PBPK model for mice was developed and implemented using SAAM 

II and Simbiology/MATLAB (MATLAB R2020a, The MathWorks, Inc., USA). The 212Pb-

SSTA-PBPK model includes all relevant physiological mechanisms such as blood flow, 

diffusion, specific and non-specific binding, internalization, recycling and excretion. A number 

of model parameters were estimated by fitting to biokinetic data of 212Pb-DOTAMTATE after 

injecting 142 kBq/nmol of 212Pb-SSTA in AR42J-bearing mice. The ADC in tissues were 

calculated for bound and unbound radiolabeled SSTA and all free radioactive decay products 

of 212Pb-SSTA. Simulations were performed for different injected amounts and activities that 

deposit 23 Gy in kidneys. Tumor-to-kidneys ratios and total energies absorbed in glomeruli and 

proximal tubules were calculated for long-lived conjugated 212Pb and its decay products and 

compared to that of short-lived conjugated 212Bi.  

The simulations using the in vivo alpha particle generator model showed that alpha emissions 

account for 75% of the total released energy, mainly from 212Po (72%). The simulation of the 
212Bi retention study results in (16 ± 5)% of the 212Bi-DOTAM complexes dissociated after beta 

decay of conjugated 212Pb. The fractions of energies released by free radionuclides were 21% 

and 38% for DOTAM and DOTA chelators, respectively.  

Using the 212Bi-PBPK model, the estimated values of the uptake rates of free 212Bi by liver, 

bone, small intestine, bone marrow, skin and muscle were (0.86 ± 0.13), (3.85 ± 0.63), (0.27 ± 

0.05), (1.44 ± 0.29), (0.04 ± 0.01) and (0.007 ± 0.007) min-1. The corresponding ADCs were 

0.09, 0.03, 0.03, 0.07, 0.01 and 0.003 mGy/kBq, respectively. Kidneys have the highest ADC 

of 0.70 mGy/kBq. 

The developed 212Pb-SSTA-PBPK model showed also that kidneys received the highest ADC 

of 134 Gy/MBq among non-target tissues. The alpha-emitting daughter 212Po contributes more 

than 50% to total absorbed doses in most tissues. At the injected amounts of 212Pb-SSTA and 
212Bi-SSTA leading to 23 Gy in kidneys, the optimal tumor-to-kidneys ratio is 36% higher with 
212Pb-SSTA than with 212Bi-SSTA. Also, the energies absorbed in the glomeruli and proximal 

tubules account for 54% and 46%, respectively, of the total energy absorbed in kidneys. 

In conclusion, the developed whole-body 212Pb-SSTA-PBPK model for mice enables cost-

effective determination of not easily accessible PK of 212Pb-SSTA and its radioactive decay 

products. In addition, the developed 212Pb-SSTA-PBPK model allows the evaluation of using 
212Pb-based in vivo alpha particle generators in TAT. Consequently, the translation of using 
212Pb-based in vivo alpha particle generators from bench to bedside can be accelerated by 

enabling better design of experiments and by improving the understanding of the underlying 

mechanisms.
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Inc., from Mathematical Modeling of In Vivo Alpha Particle Generators and Chelator Stability. 

Zaid NRR, Kletting P, Beer AJ, Rozgaja Stallons TA, Torgue JJ, Glatting G. Cancer Biother 

Radiopharm. 2021 Jan 21. Permission conveyed through Copyright Clearance Center, Inc. 
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