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ABSTRACT 1 

Chelating agents are administered to treat significant intakes of radioactive elements such 2 

as plutonium, americium, and curium. These drugs may be used as a medical countermeasure after 3 

radiological accidents and terrorist acts. Chelating agents are known to increase the rate of 4 

elimination of actinides from the body. The enhancement of the actinide’s excretion alters its 5 

normal biokinetics, posing a dose assessment challenge. Thus, the standard biokinetic models 6 

cannot be directly applied to the chelation-affected bioassay data in order to assess the radiation 7 

dose. The present study reviews the scientific literature, from the early 1970s until the present, on 8 

the different studies that focused on developing new chelation models and/or modeling of bioassay 9 

data affected by chelation treatment. Although scientific progress has been achieved, there is 10 

currently no consensus chelation model available, even after almost fifty years of research. This 11 

review acknowledges the efforts made by different research groups, highlighting the different 12 

methodology used in some of these studies. Finally, this study puts into perspective where we 13 

were, where we are, and where we are heading to in regards to chelation modeling. 14 
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INTRODUCTION 1 

Chelating agents such as the tri-sodium calcium/zinc salts of diethylenetriaminepentaacetic 2 

acid (CaNa3-DTPA and ZnNa3-DTPA, referred to hereafter as Ca-DTPA and Zn-DTPA) are the 3 

only approved treatments in the United States of America (USA) for individuals with suspected or 4 

known internal contamination with plutonium, americium, and curium (U.S. FDA 2004; Hameln 5 

Pharmaceuticals 2013a, 2013b). Chelating agents are known to form stable complexes (chelates) 6 

with these actinides in systemic circulation, increasing their rate of elimination (i.e., decorporation) 7 

from the body (Hameln Pharmaceuticals 2013a, 2013b).  8 

Incorporation of actinides, such as plutonium, may occur from radiological accidents and 9 

terrorist events (U.S. FDA 2004). Chelation treatment has proven to be an effective medical 10 

countermeasure for humans (NCRP 2008). However, with the enhancement of the excretion rate 11 

of the actinide-DTPA chelate, the actinide’s normal biokinetics (absorption, distribution, retention, 12 

and excretion) are perturbed, posing a dose assessment challenge. Having the normal biokinetics 13 

of the actinide affected by the chelating agent means that the standard biokinetic models cannot be 14 

directly used to simultaneously fit the chelation-affected, and unaffected, urinary excretion data to 15 

assess the dose (NCRP 1980; IAEA 1996; ICRP 2015). To overcome this challenge, the internal 16 

dosimetrists working on the dose assessment have some options to consider. 17 

OVERCOMING A DOSE ASSESSMENT CHALLENGE 18 

A common practice in the USA is to exclude the radionuclide’s bioassay measurement 19 

results (i.e., urinary excretion) that were under the influence of chelation treatment by waiting 20 

approximately 100 days, until the effect of chelation has ceased (Jech et al. 1972; Carbaugh et al. 21 

2009a). In France, however, the standard is to wait approximately 20 days (HAS 2011), a 22 
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recommendation which has been adopted in the IDEAS Guidelines by the European Radiation 1 

Dosimetry Group (EURADOS) (Castellani et al. 2013), and in a recent document published by the 2 

European Commission (European Commission 2018). Long periods of delay may lead to increased 3 

patient anxiety, decreased confidence in the dose assessment due to the fewer data points in use, 4 

and increased pressure for a dose report from managers and regulatory agencies. 5 

Another strategy is to apply an enhancement factor (EF), which is an empirical parameter 6 

(LaBone 1994). The EF, as defined by LaBone (1994), is “the ratio of the urinary excretion of 7 

plutonium on the day of the chelation to the urinary excretion that would be expected on the same 8 

day if there were no chelation”. The EF represents the radionuclide’s excretion enhancement due 9 

to chelation treatment and is applied to the altered data in an attempt to correct it back to a baseline 10 

value (as if no chelation had been administered). However, uncertainties are added to the data 11 

when part of the data are replaced with new, corrected values. In addition, the published EF values 12 

vary significantly, as seen in Table 1. 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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Table 1. Published EF values for Ca-DTPA in humans, including information on the intake 1 

route and actinide. 2 

Reference EF Intake Route Actinide 
Norwood (1960) 45 – 120 Inhalation Plutonium 
Plotnikova et al. (1962) 4 – 98 Inhalation Plutonium 
Norwood (1963) 50 – 100 Wound Plutonium 
Jeanmaire et al. (1964) 100 Wound Plutonium 
Anderson et al. (1970) 42 – 90 Inhalation Plutonium 
Jech et al. (1972) 60 – 100 Wound Plutonium 
Jolly et al. (1972) 35 Wound Plutonium 
Parker (1973) 30 – 80 Wound Plutonium 
Schofield and Lynn (1973) 20 – 130 Inhalation Plutonium 
Schofield et al. (1974) 40 Wound Plutonium 
Hall et al. (1978) 78 Inhalation Plutonium 
Hall et al. (1978) 78 Wound Plutonium 
Ohlenschläger et al. (1978) 19 – 67 Inhalation Plutonium 
LaBone (1994) 4.5 Wound Curium 
LaBone (1994) 50 – 77 Inhalation Plutonium 
LaBone (1994) 45 – 50 Wound Plutonium 
LaBone (2002) 18.5 Inhalation Plutonium 
Bailey et al. (2003) 2 – 20 Wound Plutonium 
Piechowski et al. (2003) 25 – 100 Wound Plutonium 
Schadilov et al. (2005) 55 – 67 Inhalation Plutonium 
James et al. (2007) 50 Inhalation Plutonium 
Grappin et al. (2007) 41 Wound Plutonium 
Carbaugh et al. (2009b) 10 – 100 Inhalation Plutonium 
Bertelli et al. (2010) 50 Wound Plutonium 
HAS (2011) 1 – 100 Any route Plutonium 
HAS (2011) 1 – 100 Any route Americium 
Blinov et al. (2013) 25 – 99 Inhalation Plutonium 
Stricklin et al. (2014a) 71 Inhalation Plutonium 
Sokolova et al. (2015) 60 Inhalation Plutonium 
Konzen and Brey (2015) 1.21 – 74 Wound Plutonium 
Konzen and Brey (2015) 1.94 – 68.5 Inhalation Plutonium 
Davesne et al. (2016) 18.7 – 63 Wound Plutonium 
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Davesne et al. (2016) 24.9 – 28.8 Wound Americium 
Poudel et al. (2017) 13 – 21 Wound Plutonium 
Sugarman et al. (2018) 40 – 60 Wound Plutonium 
Breustedt et al (2019) 0.7 – 32.7 Inhalation Americium 
Dumit et al. (2019a)  7 – 26 Inhalation and wound Plutonium 

 1 

 2 

 3 

 4 

 5 
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 8 
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Other studies attempted a different strategy to circumvent the dose assessment challenge 1 

after chelation therapy. New chelation models were proposed in an attempt to model the entire 2 

bioassay dataset, including the data affected by chelation treatment. Several empirical descriptions 3 

and ad hoc models and approaches have been developed and used over the years (Jech et al. 1972; 4 

Schofield et al. 1974; Hall et al. 1978; LaBone 1994, 2002; Piechowski et al. 2003; Bailey et al. 5 

2003; Fritsch et al. 2007, 2009, 2010, 2011; James et al. 2007; Sérandour and Fritsch 2008; 6 

Breustedt et al. 2009, 2010, 2019; Schadilov 2010; Stricklin et al. 2014a, 2014b; Konzen and Brey 7 

2015; Konzen et al. 2016; Poudel et al. 2017; Bertelli et al. 2018; Dumit et al. 2019b, 2019c). 8 

These models can be roughly divided into three categories (empirical, mechanistic, and 9 

compartmental), as seen in Table 2.  10 

The interested reader is referred to the original publications for a detailed description of 11 

the above cited chelation models and approaches. 12 

 13 

Table 2. Categorization of the available chelation models and studies in the literature. 14 

Category Reference 

Empirical Jech et al. (1972); Schofield et al. (1974); Hall et al. (1978); LaBone 

(1994); Piechowski et al. (2003); Poudel et al. (2017) 

Mechanistic LaBone (2002); Fritsch et al. (2011); Bertelli et al. (2018) 

Compartmental Bailey et al. (2003); Fritsch et al. (2007, 2009, 2010); James et al. (2007); 
Sérandour and Fritsch (2008); Breustedt et al. (2009, 2010, 2019); 
Schadilov (2010); Stricklin et al. (2014a, 2014b); Konzen and Brey 
(2015); Konzen et al. (2016); Dumit et al. (2019b, 2019c) 

 15 
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Table 3 shows how these models have evolved, from originator to progeny model, 1 

including the chelation studies that followed. Some of the listed models are highlighted in the next 2 

section. 3 

 4 

Table 3. Description of originator models showing their evolution and/or the chelation 5 

studies that followed. 6 

Originator model Progeny model(s) or Subsequent study(ies) 

Reference Category  Reference Category  

Jech et al. (1972) Empirical LaBone (2002) Mechanistic 

Schofield et al. (1974) Empirical Piechowski et al. (2003) Empirical 

Hall et al. (1978) Empirical 

LaBone (1994) Empirical 
LaBone (2002) Mechanistic 
Bailey et al. (2003) Compartmental 
Poudel et al. (2017) Empirical 
Bertelli et al. (2018) Mechanistic 

LaBone (1994) Empirical LaBone (2002) Mechanistic 

Fritsch et al. (2007) Compartmental Sérandour and Fritsch (2008) Compartmental 
Fritsch et al. (2009) 

Sérandour and Fritsch (2008) Compartmental Fritsch et al. (2009) Compartmental 

Fritsch et al. (2009) Compartmental Fritsch et al. (2010) Compartmental 
Fritsch et al. (2011) Mechanistic 

Breustedt et al. (2009) Compartmental 

Breustedt et al. (2010, 2019) 

Compartmental 
Schadilov (2010) 
Stricklin et al. (2014a, 2014b) 
Konzen and Brey (2015) 
Dumit et al. (2019b, 2019c) 

 7 

 8 

Table 4 summarizes the information on chelation models (and subsequent chelation 9 

studies) available in the scientific literature. 10 
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 Table 4. Chelation models and subsequent studies available in the scientific literature. 1 

Reference Model(s) used, 
Originator model,  
or Model identification 

Order of 
kinetics 

Data Actinide Route of 
intake 

Route of administration  
and Chelating agent  

Chelation sites 
considered 

Jech et al. 
(1972)  

Empirical urinary 
excretion curves from 
Langham (1956) and 
Healy (1957) 

First  Human Plutonium Wound and 
Inhalation  

i.v. DTPA N/A 

Schofield et 
al. (1974) 

Exponential equations to 
DTPA excretion data 

First Human Plutonium Wound i.v. DTPA N/A 

Hall et al. 
(1978) 

Mathematical model 
(Systemic Pu-DTPA 
model) 

First  Human Plutonium Wound and 
Inhalation  

i.v. DTPA N/A 

LaBone 
(1994) 

Hall et al. 1978 First  Human Plutonium, 
Curium 

Wound and 
Inhalation  

i.v. DTPA N/A 

LaBone 
(2002) 

Jech et al. 1972; Hall et 
al. 1978 

First  Human Plutonium Inhalation i.v. DTPA Blood  

Piechowski 
et al. (2003) 

Schofield et al. (1974) First Human Plutonium Wound i.v. DTPA N/A 

Bailey et al. 
(2003) 

Modification of the ICRP 
67 model (1993) 

First  Human Plutonium, 
Americium 

Wound i.v. Ca-DTPA and Zn-DTPA Extracellular 
space; blood 

Fritsch et al. 
(2007) 

Modification of the 
systemic models used 

First  Human Plutonium Wound i.v. Ca-DTPA Blood, interstitial 
fluids, and liver  

James et al. 
(2007) 

Modification of the ICRP 
67 model (1993) 

First  Human Plutonium Inhalation i.v. and oral Ca-EDTA and Ca-
DTPA 

Blood, 
extracellular 
fluids, soft tissues, 
liver and skeleton 

Sérandour 
and Fritsch 
(2008)  

Five-compartment 
decorporation model 

First  Animal (rat) Plutonium, 
Americium 

Inhalation  Insufflation of DTPA dry 
powder (pulmonary 
administration) 

Extracellular 
space and blood 

Fritsch et al. 
(2009) 

Simplified structure of a 
Pu-DTPA model for 
systemic, wound, or 
pulmonary contamination 

First  Animal (rat) Plutonium Systemic, liver 
or pulmonary 
contamination  

Pulmonary insufflation of dry 
Ca-DTPA powders, i.v. solution 
or a suspension of Ca-DTPA 
encapsulated into liposomes 

Extracellular 
environment and 
soft tissues 

Breustedt et 
al. (2009) 

CONRAD model; 
CONRAD approach 

Second  Human Plutonium Wound i.v. DTPA Extracellular 
fluids and blood 

Breustedt et 
al. (2010) 

CONRAD model; 
CONRAD approach 

Second  Human Plutonium Wound i.v. DTPA Extracellular 
fluids and blood 
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Fritsch et al. 
(2010) 

Structure of a single 
model to describe 
actinide decorporation by 
DTPA treatments 

First  Animals 
(rats and 
baboons) 

Americium, 
Plutonium 

Intravenously 
and Inhalation 

Ca-DTPA solutions, 
suspensions of liposomes, and 
dry powders 

Blood, 
extracellular 
fluids, 
intracellularly 

Schadilov 
2010 

Nonlinear model for Pu-
DTPA chelate 

Second  Human Plutonium Wound i.v. Ca-DTPA Blood and 
extracellular fluids 

Fritsch et al. 
(2011) 

MADOR (Management 
of Dose Reduction after 
DTPA therapy) 

First  Human Plutonium, 
Americium, 
Curium 

Inhalation and 
wound 

i.v. DTPA Blood, interstitial 
fluids, liver, and 
at the site of 
contamination 

Stricklin et 
al. (2014a) 

Composite decorporation 
model 

Second  Human and 
animal 

Plutonium Inhalation i.v. Ca-DTPA Blood and 
extracellular fluids 

Stricklin et 
al. (2014b) 

Composite decorporation 
model 

Second  Human and 
animal 

Americium Inhalation i.v. Ca-DTPA Blood and 
extracellular fluids 

Konzen and 
Brey (2015) 

Pu-DTPA biokinetic 
model 

First  Human Plutonium Wound i.v. Ca-DTPA Blood, 
extracellular 
fluids, soft tissues, 
and liver 

Konzen et al. 
(2016) 

Pu-DTPA biokinetic 
model; Modification of 
the ICRP 67 model 
(1993) 

First  Human Plutonium Inhalation i.v. and oral Ca-EDTA and Ca-
DTPA 

Blood, 
extracellular 
fluids, soft tissues, 
and liver 

Poudel et al. 
(2017) 

Hall et al. 1978 First  Human Plutonium Wound i.v. Ca-DTPA and Zn-DTPA N/A 

Bertelli et al. 
(2018) 

Hall et al. 1978; 
LaBone 2002 

First  Human Plutonium Wound i.v. Ca-DTPA N/A 

Breustedt et 
al. (2019) 

CONRAD model; 
CONRAD approach 

Second  Human Americium Inhalation i.v. Ca-DTPA Blood, 
extracellular 
fluids, and liver 

Dumit et al. 
(2019b) 

System of models for 
actinide decorporation 

Second  Human Plutonium Wound i.v. Ca-DTPA Blood, soft 
tissues, liver, and 
parts of the 
skeleton 

Dumit et al. 
(2019c) 

System of models for 
actinide decorporation 

Second  Human Plutonium Inhalation i.v. and oral Ca-EDTA and Ca-
DTPA 

Blood, soft 
tissues, liver, and 
parts of the 
skeleton 

 1 

 2 
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WHERE WE WERE 1 

The biokinetics of DTPA was studied in rats (Foreman 1960; Stevens et al. 1978; Crawley 2 

and Haines 1979), mice (Durbin et al. 1997), dogs (Stevens et al. 1978), and humans (Stevens et 3 

al. 1962; Stather et al. 1983). The human studies were particularly helpful to show that after 24 4 

hours, the cumulative urinary excretion data indicate that more than 99% of the injected amount 5 

of 14C-DTPA is eliminated from the body (Stevens et al. 1962; Stather et al. 1983). Stather et al. 6 

(1983) then proposed a model for DTPA biokinetics based on the results of their study. 7 

 The biokinetics of the actinide (mostly plutonium) complexed with the chelating agent 8 

(e.g.: actinide-DTPA chelate) was studied in humans and the proposed empirical models are 9 

described below.  10 

Empirical models 11 

 Empirical models seek to fit the enhancement of the actinide’s excretion, caused by 12 

chelation treatment, by using simple functions without reference to how these effects are achieved 13 

or where the additional material come from. Empirical models rely on mathematical functions to 14 

describe the system under study when information (such as the structural connectivity and 15 

functional mechanisms of the system) is complex or unknown (Thakur 1991).  16 

Empirical models are created based on observation and experiment, and may provide 17 

overall information on dose reduction and committed dose. However, no information on the 18 

actinide’s redistribution after chelation therapy administration or about the dose reduction in target 19 

organs are given (Breustedt et al. 2012). The first empirical attempts to model chelation-affected 20 

data were published in the 1970’s (Jech et al. 1972; Schofield et al. 1974; Hall et al. 1978).  21 

• Jech et al. (1972) studied the human urinary excretion of plutonium for wound and inhalation 22 

cases treated with DTPA. The authors used the Langham (1956) model (which is a power 23 
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function expression to estimate human urinary excretion after injection exposure), and the 1 

Healey (1957) model (which is an expression to estimate human urinary excretion after 2 

inhalation exposure). The authors observed a constant increase of 60-100 fold in the urinary 3 

excretion rates on the day of treatment and throughout the DTPA administration period. These 4 

rates were shown to stabilize to the rate predicted by the Langham model, but may remain 5 

elevated for periods up to 100 days after the treatment. Thus, the authors stated that it was not 6 

possible to interpret the urinary excretion data affected by chelation for the inhalation cases. 7 

However, for one of the wound cases, results on the days of chelation treatment and between 8 

treatment days were observed to follow the Langham slope.  9 

 10 

• Schofield et al. (1974) published a study on the assessment and management of a plutonium 11 

contaminated wound case treated with chelation therapy. The authors evaluated both chelation-12 

affected and non-affected plutonium urinary excretion data using distinct mathematical 13 

functions. Evaluation of americium urinary excretion was also conducted, although fewer data 14 

were available for analysis. For the urinary excretion modeling, exponential equations were 15 

derived, with a mean exponent value of -0.138 for plutonium, and -0.156 for americium, 16 

corresponding to half-lives of 5 and 4.4 days, respectively. The authors emphasized the 17 

difficulties of plutonium dosimetry when chelation is administered to the patient, and stated 18 

their work to be a tentative. Piechowski et al. (2003) applied the Pu-DTPA mono-exponential 19 

curve, developed by Schofield et al. (1974), to interpret another wound case exposed to 20 

plutonium and treated with chelation therapy. 21 

 22 
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• Hall et al. (1978) laid the foundation for other studies. The authors proposed a mathematical 1 

model for estimation of the amount of plutonium in the human body from urine data affected 2 

by chelation treatment. An empirical urinary excretion model was derived from two wound 3 

cases and six inhalation cases treated with DTPA. The urinary excretion function published by 4 

Langham (1956), the lung model published by Healy (1957), and Durbin’s (1972) expression 5 

(which describes the excretion of plutonium that reaches the circulatory system) were used to 6 

estimate the urinary excretion rates unaffected by chelation treatment. The authors proposed 7 

the systemic Pu-DTPA model with the premise that the amount of plutonium available for 8 

chelation is proportional to the amount of plutonium in the urine. The Pu-DTPA excretion 9 

model was derived as a single-treatment model, where an empirical equation describes the 10 

enhancement of the actinide’s excretion rate and the long-term behavior observed after the 11 

chelation effect has passed; and as a multiple-treatments model, where the combined effects of 12 

multiple chelations is expressed as the sum of effects of individual chelations. The model 13 

predicted the rate of plutonium urinary excretion in the presence of a chelate.  14 

In 1994, LaBone reviewed Hall’s method for evaluating urinary excretion data affected by 15 

chelation therapy (LaBone 1994). The publications of LaBone (1994, 2002), Bailey et al. 16 

(2003), Poudel et al. 2017, and Bertelli et al. 2018, were based on Hall’s model. 17 

 18 

WHERE WE ARE 19 

 The DTPA model proposed by Stather et al. (1983) laid the foundation for several studies 20 

on chelation modeling. As an example, Breustedt et al. (2009) adapted and harmonized the Stather 21 

et al. (1983) model structure to connect it to a systemic model (Leggett et al. 2005). As seen in 22 
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Table 3, the work of Breustedt et al. (2009) has been used in different chelation studies and 1 

originated several progeny models, which will be further discussed in this section.  2 

Below are described the available mechanistic and compartmental models for actinide 3 

decorporation modeling. 4 

Mechanistic models 5 

Regarding mechanistic models, there are few studies published in the scientific literature 6 

(LaBone 2002; Fritsch et al. 2011; Bertelli et al. 2018). Mechanistic models are a subset of 7 

compartmental models determined by physical processes that may provide overall information on 8 

the radiation intake, the dose reduction and committed dose. A mechanistic model should have as 9 

many features of the system under study as observations or data will allow, thus, knowledge of the 10 

system in terms of structural connectivity and functional mechanisms are needed (Thakur 1991). 11 

Similar to the empirical models, information on plutonium redistribution after chelation therapy 12 

administration may not be described. The first mechanistic model was published in the early 13 

2000’s by LaBone (2002). 14 

• LaBone (2002) compared methods used to evaluate intakes of transuranics influenced by 15 

chelation therapy and coded a mechanistic model. The author developed a methodology, which 16 

includes stopping the model to remove plutonium from the compartments where the Pu-DTPA 17 

chelate is formed, to evaluate urine data affected by chelation. Although the mechanistic model 18 

may not be suitable for calculating the effective intake, the developed methodology is a simple 19 

and direct approach to modeling chelation. 20 

 21 

• Fritsch et al. (2011) developed MADOR (Management of Dose Reduction after DTPA 22 

therapy), which is a tool to calculate the decrease of effective doses in humans after treatment 23 
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with chelation therapy. Two chelation processes were taken into account: early chelation and 1 

delayed chelation. The simulation tool was shown to assess dose reduction based on the 2 

treatment schedule. The authors stated that further experimental studies are needed to validate 3 

some modeling hypotheses as well as the range of parameter values. 4 

 5 

• Bertelli et al. (2018) proposed a mechanistic approach to chelation modeling. The approach 6 

can be applied in management of chelation therapies based on dose reduction during the course 7 

of treatment administration. A well-documented chelation case (human exposure to plutonium 8 

via wound) was used and the proposed simulation tool was capable of assessing the radiation 9 

dose. The developed mechanistic approach is not applicable to inhalation cases yet, although 10 

ongoing work is being conducted to expand its applicability. 11 

 12 

Compartmental models 13 

Regarding compartmental models, there are several studies published in the scientific 14 

literature. Compartmental models are composed by compartments that are mathematically treated 15 

as a defined space (physical, functional, or physiological) to represent, for instance, the human 16 

body. Compartmental models may be complex because they attempt to describe the system under 17 

study, including its structural connectivity and functional mechanisms, in a realistic manner. The 18 

first applications of compartmental analysis to the chelation issues became available in the early 19 

2000’s, by Bailey et al. (2003), who published a case study on plutonium and americium 20 

decorporation after Ca- and Zn-DTPA therapy. Some authors have accounted for the chelating 21 

agent effect by modifying existing standard systemic models, such as the International 22 

Commission on Radiological Protection (ICRP) Publication 67 plutonium systemic model (ICRP 23 
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1993). Standard models may be modified by optimizing selected transfer rate coefficients between 1 

the compartments of the model or by adding new compartments in an attempt to describe the 2 

biokinetics of the plutonium-DTPA complexes. Some examples of compartmental models are 3 

highlighted below. 4 

• Bailey et al. (2003) modified the ICRP 67 plutonium systemic model (ICRP 1993) to consider 5 

the enhanced urinary excretion following administration of the chelating agents. The authors 6 

added new compartments to describe the kinetics of the chelating agent itself and the Pu-DTPA 7 

chelate. The authors based the model parameters on Hall’s publication (1978) and adjusted 8 

them to the bioassay data interactively. Briefly, a model of chelation therapy and a feature to 9 

account for the surgical intervention was added to the ICRP 67 plutonium systemic model 10 

(ICRP 1993). The authors stated that the departure from first-order processes warrants 11 

consideration in future efforts. 12 

 13 

• Fritsch et al. (2007) modelled the bioassay data from a well-documented plutonium wound 14 

case treated with repeated chelation injections. Different models were applied to the dataset, 15 

including the ICRP 66 dissolution model (ICRP 1994), the ICRP 67 plutonium systemic model 16 

(ICRP 1993), the Luciani and Polig plutonium systemic model (Luciani and Polig 2000), and 17 

the Leggett et al. plutonium systemic model (2005). To describe the formation of Pu-DTPA 18 

chelate and the biological behavior of this complex, virtual DTPA compartments were 19 

considered which transfer plutonium directly to urine from body fluids (blood and ST0) and 20 

from the wound. A fraction of the plutonium retained in the liver was assumed to be 21 

decorporated. The authors pointed out that fits of simulations to bioassay data can sometimes 22 
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be obtained with unrealistic assumptions, and that the hypotheses have to be verified by 1 

experimental studies. 2 

 3 

• James et al. (2007) also modified the ICRP 67 plutonium systemic model. The effectiveness 4 

of Ca-DTPA treatment after an inhalation exposure to plutonium was demonstrated. The ICRP 5 

Publication 66 Human Respiratory Tract model (HRTM) (ICRP 1994), the ICRP 67 plutonium 6 

systemic model (ICRP 1993), and the ICRP 30 Gastro Intestinal (GI) Tract model (ICRP 1979) 7 

were linked and applied to the data. The authors used a rate matrix algorithm to solve the 8 

complete biokinetic system. Hypothetical pathways as potentially affected by the chelation 9 

treatment were considered, including the blood, extracellular fluids, soft tissues, liver, and the 10 

skeleton. To represent the direct effects of the chelating agents, the ICRP-recommended 11 

transfer rates for each pathway were multiplied by an agent-specific trial factor. Thus, 12 

chelation-enhanced transfer rates in the ICRP 67 plutonium systemic model were derived to 13 

represent the behavior of plutonium during chelation treatment. The authors stated that their 14 

study was a work in progress. Unfortunately, Dr. James passed away prior to the completion 15 

of this work. 16 

 17 

• Sérandour and Fritsch (2008) studied the pulmonary retention of actinides after dissolution of 18 

PuO2 aerosols in rats, and proposed a new model for the interpretation of human bioassay data 19 

obtained after internal contamination and DTPA treatments. Chelation therapy was 20 

administered as a local treatment by insufflation of DTPA dry powder. The early dissolved 21 

actinides were shown to be promptly associated with different biological ligands located in 22 

extracellular compartments, including cell surfaces, which are accessible to DTPA. In the 23 
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published model, the internalized actinides can move back into the extracellular compartments 1 

and be transferred to the blood. The authors stated that the amount of plutonium and americium 2 

decorporated from the lung by DTPA is similar to that recovered in the urine. Further 3 

experiments were stated to be in progress to warrant these modeling hypotheses. 4 

 5 

• Fritsch et al. (2009) proposed a new model with a simplified structure to describe urinary 6 

excretion of plutonium after systemic, liver, or pulmonary contamination of rats associated 7 

with Ca-DTPA treatments. Chelation therapy was administered as either pulmonary 8 

insufflation of dry Ca-DTPA powders, as i.v. solution, or as a suspension of Ca-DTPA 9 

encapsulated into liposomes. The authors observed that a fast urinary excretion of Pu-DTPA 10 

corresponds to extracellular decorporation that occurs beyond a threshold of the free DTPA 11 

concentration in circulating fluids, while a slow excretion corresponds mostly to intracellular 12 

decorporation and depends on the amount of intracellular DTPA. The kinetics of fast and slow 13 

urinary excretion were characterized, as well as intracellular retention of DTPA and Pu-DTPA 14 

complexes. The model takes into account the exchange of plutonium between different ligands 15 

(DTPA, transferrin, and others). 16 

 17 

• Breustedt et al (2009) published a study that laid the foundation for several publications (Table 18 

3). The authors proposed the Coordinated Network on Radiation Dosimetry (CONRAD) 19 

approach for biokinetic modeling of chelation therapy. Three linked systems are incorporated: 20 

compartments representing DTPA biokinetics (system x), the actinide biokinetics (system y); 21 

and the Pu-DTPA complexes formed in vivo (system z). The systems x and z share the same 22 
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model structure and transfer rates (CONRAD model structure). The DTPA compartments have 1 

no activity content, thus, the unit of mole was used in all compartments.  2 

The CONRAD model structure for system x (DTPA) and system z (Pu-DTPA) was based on 3 

ICRP (1987) and Stather et al. (1983) publications and harmonized to be linked to system y - 4 

the actinide model (Leggett et al. 2005). An intake model for wound (NCRP 2006) was also 5 

linked to system y. The chelation process, which transfers (moles of) plutonium between 6 

systems y (free actinide) and z (Pu-DTPA), was modelled using second-order kinetics and was 7 

assumed to take place in “Blood” and “ST0” compartments. The direct implementation of the 8 

in vivo chelation reaction is represented by a rate constant (KR). The differential equations of 9 

the three systems (xi, yi, and zi) are depicted below (Lopez et al. 2008) 10 
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where i and j are the compartment numbers, n is the number of compartments in the 14 

system, kij is the rate constant describing the biokinetic transfer from compartment i to 15 

compartment j, KR is the rate constant for the chelation process and f(xi,yi) is a function 16 

describing the chelation process (Breustedt et. al. 2009). The authors stated that the proposed 17 

approach has some interesting features, such as the feasibility of simultaneously modeling the 18 

biokinetics of the actinide, the DTPA, and the actinide-DTPA complex (with chelation being 19 

a dynamic process depending both on the amounts of the actinide and DTPA in body fluids 20 

and/or tissues); however, the model  is not realistic yet, given that it underestimated the 21 
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bioassay data affected by chelation (Breustedt et. al. 2009). The works of Breustedt et al. (2010, 1 

2019); Schadilov (2010); Stricklin et al. (2014a, 2014b); Konzen and Brey (2015), and Dumit 2 

et al. (2019b, 2019c) were based on the work of Breustedt et al. (2009). 3 

 4 

• Breustedt et al. (2010) investigated theoretical scenarios and real cases by using the developed 5 

CONRAD approach and the CONRAD model structure (Breustedt et al. 2009). The authors 6 

pointed out that the model underestimates the duration of the effect of the DTPA treatment 7 

when the chelation is assumed to take place in “Blood” and “ST0” compartments only. In 8 

particular, the enhancement of urinary excretion observed with repeated treatments could not 9 

be described; a pool of plutonium available for chelation is probably being ignored by the 10 

model. Despite the limitations, the CONRAD approach is a useful strategy for chelation 11 

modeling studies.  12 

 13 

• Fritsch et al. (2010) proposed a structure of a single model to describe plutonium and 14 

americium decorporation by DTPA treatments. The model was based on the structure that 15 

Fritsch et al. (2009) previously reported for plutonium. The actinide model considers low and 16 

high molecular weight complexes in plasma and extracellular fluids. Results of animal 17 

experiments (rats and baboons) were reported to characterize chelation by different galenic 18 

forms of Ca-DTPA (solutions, suspensions of liposomes, and dry powders). The authors 19 

observed internalization of DTPA in cells of soft tissues, and a significant actinide 20 

decorporation by bile excretion. The DTPA model assumes a similar behavior for the chelating 21 

agent complexed or not with the actinide. 22 

 23 
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• Schadilov (2010) studied plutonium biokinetics following a wound injury and considering the 1 

effect of DTPA therapy. The author used the CONRAD approach (Breustedt et al. 2009) and 2 

developed a nonlinear model describing the behavior of the Pu-DTPA chelate – the model was 3 

published in his Ph.D. Dissertation (written in Russian). The author optimized the transfer 4 

coefficient rates of the Pu-DTPA model published by Breustedt et al. (2009). The optimized 5 

model was linked to the free DTPA model (Stather et al. 1983), the Leggett et al. plutonium 6 

systemic model (Leggett et al. 2005), and an ad hoc wound model. He showed that the 7 

biokinetics of free DTPA (Stather et al. 1983) is distinct from that of the Pu-DTPA chelate. 8 

The optimized model improved the description of the bioassay data. 9 

 10 

• Stricklin et al. (2014a, 2014b) proposed both plutonium and americium chelation models. The 11 

authors also used the CONRAD approach (Breustedt et al. 2009) and proposed a DTPA model 12 

structure composed of nine compartments, including interstitium, lymph, bone, blood, liver, 13 

GI tract contents, urinary bladder, feces, and urine. The authors evaluated the efficacy of 14 

various treatment regimens. The authors adapted existing models for inhalation exposure, 15 

uptake/respiratory clearance, and the biokinetic distribution for plutonium and americium. A 16 

radiation dosimetry model was also developed for calculating doses. The models simulate the 17 

in vivo distribution and excretion of the actinide over time and the impact of chelation 18 

treatment. The authors suggested that the model should be consolidated into a single set of 19 

codes and integrated into user-friendly software. 20 

 21 

• Konzen and Brey (2015) developed a Pu-DTPA biokinetic model. The model originated from 22 

the CONRAD model structure (Breustedt et al. 2009), and was revised to include four 23 



22 
 

transitional state compartments that describe the retention of the Pu-DTPA complex using first-1 

order kinetics. The authors used several biokinetic models available in the literature (NCRP 2 

2006; ICRP 1993, 1994).  The transitional compartments supplemented the ICRP 67 plutonium 3 

systemic model (1993) for extracellular fluids (ST0t), intermediate soft tissues (ST1t), blood 4 

(Bloodt), and liver compartment (Liver1t). The Pu-DTPA biokinetic model was optimized with 5 

emphasis on urine excretion and secondary emphasis on fecal excretion. The authors concluded 6 

that the Pu-DTPA biokinetic model can be used to determine when chelation treatment would 7 

be beneficial and for performing early dose estimation for wounds and inhalations.  8 

 9 

• Konzen et al. (2016) further studied the developed plutonium-DTPA model (Konzen and Brey 10 

2015) and applied it to a different case study (human data). The authors examined the Pu-11 

DTPA model coupled with the ICRP 67 plutonium systemic model (ICRP 1993) and repeated 12 

the analysis with a proposed plutonium systemic model. A rate matrix was constructed and 13 

solved as described by Birchall and James (1989) by integrating the Pu-DTPA model with the 14 

plutonium systemic model – that were also linked with the ICRP 66 HRTM (1994) and the 15 

ICRP 30 GI Tract model (1979). Although the liver quantity was underestimated when the Pu-16 

DTPA model was coupled with the ICRP 67 model, this was substantially improved when the 17 

proposed systemic model was used instead. The application of the Pu-DTPA model was useful 18 

at predicting urine and fecal bioassay and final tissue quantities. 19 

 20 

• Breustedt et al. (2019) studied americium biokinetics after intensive chelation therapy. The 21 

CONRAD approach for chelation modeling was also used (Breustedt et al. 2009). It was found 22 

that the CONRAD model structure, which only considered chelation in blood and extracellular 23 
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fluids, underestimated the urinary excretion of americium during chelation treatment. Thus, 1 

the model structure was extended to include chelation in the liver. Both urinary excretion and 2 

whole-body retention could be described when it was assumed that 25% of chelation occurred 3 

in the liver, 75% occurred in the blood and ST0 compartment. The proposed parameter values 4 

are recommended as starting values for the assessment of americium decorporation cases. The 5 

authors demonstrated the feasibility of modeling americium decorporation therapy using the 6 

CONRAD approach. 7 

 8 

• Dumit et al. (2019b) proposed an improved system of models for plutonium decorporation 9 

therapy, also using the CONRAD approach (Breustedt et al. 2009). Initial transfer coefficients 10 

were derived from Lopez et al. (2008) and Schadilov (2010). Chelation was assumed to occur 11 

in the blood, soft tissues, liver, and parts of the skeleton. Urine bioassay and chelation treatment 12 

data from an occupationally-exposed individual (wound contamination) were used for model 13 

development. The system described, simultaneously, the chelation-affected and un-affected 14 

urinary excretion data and predicted post-mortem plutonium retention in the skeleton, the liver, 15 

and the wound site. One of the limitations of the work is that the proposed transfer coefficients 16 

may have large uncertainties. The proposed system of models was applied to a different 17 

chelation case (occupational exposure via inhalation) after some parameterization – which was 18 

described elsewhere (Dumit et al. 2019c). 19 

 20 

 21 

 22 

 23 
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DISCUSSION 1 

 The contributions made by different research groups who worked on better understanding 2 

chelation therapy must also be acknowledged. These animal and human studies have supported, 3 

directly and indirectly, the development of new chelation models and approaches.  4 

Animal studies have played an important role in this field, providing relevant information 5 

that could be applied to humans. Some examples are the studies that have shown that chelation 6 

therapy reduce deposition of plutonium and americium in the skeleton of different animal species 7 

including mice, rats, and baboons (Schubert et al. 1961; Cohen et al. 1974; Volf et al. 1999; Grémy 8 

et al. 2018). Furthermore, chelation of plutonium and americium in the liver was also observed in 9 

animal studies (Schubert et al. 1961; Cohen et al. 1974; Grube et al. 1978; Bhattacharyya et al. 10 

1978; Grémy et al. 2016, 2018).  11 

Human studies involving plutonium and americium decorporation have also provided 12 

important information on the effects of chelation, especially recently with the publications of 13 

Bertelli et al. 2010, Carbaugh 2013, Davesne et al. 2016, Poudel et al. 2017, Avtandilashvili et al. 14 

2018, Sugarman et al. 2018, and Dumit et al. 2019a. Regardless of the limitations of both animal 15 

and human research, these studies have added relevant knowledge to the scientific literature, 16 

providing support for the chelation modeling studies. 17 

A look from the past into the present 18 

Although progress has been made, questions on the physiological and biological representation 19 

of the available chelation models remain to be investigated. The Health Physics scientific 20 

community is working to address outstanding questions on these models and approaches. 21 

Examples of these questions are: 22 
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• Where does chelation take place in the human body and which compartments from the 1 

systemic model are accessible to the chelating agent? 2 

• Do the DTPA and the actinide-DTPA systems share the same biokinetics? 3 

• As the chelation and data collection process proceeds in time, what is the estimated dose 4 

and its uncertainty?  5 

• What is the earliest time that a dose and its uncertainty can be reported?  6 

• When might the chelation therapy be terminated? 7 

• What is the implication of actinide-protein binding on the availability of these actinides for 8 

the chelating agent? 9 

• How to model the transfer of material between the extracellular and the intracellular fluids, 10 

including material bound to the cells? 11 

Moreover, Kastl et al. (2014) points out that certain human incorporation cases available in the 12 

literature may present a large number of uncertainties that make it difficult to determine the 13 

unknown chelation rate constants and to describe the data. Historical cases, for instance, may have 14 

missing information on their records. Sometimes, the time and duration of the intakes are unknown 15 

(Breustedt et al. 2019), and the available historical human data usually relies on urinary excretion 16 

only and on treatment regimens that are not in line with current practice. Kastl et al. (2014) suggest 17 

that the use of experimental data from controlled animal studies would make it possible to have a 18 

precise knowledge of all experimental conditions and to better understand the principles of the 19 

involved mechanisms. 20 

Hence, different research groups are heading towards addressing these questions by using data 21 

from controlled animal studies, which provides a reasonable path forward. In fact, one of the 22 

available animal models (Miller et al. 2019) is further advanced, with the inclusion of 23 
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pharmacokinetic front-end model, as compared to the available human models (ICRP 1993). 1 

Animal models may provide relevant information transposable to humans. Experimental evidence 2 

is needed, especially in regards to actinide-protein binding, the chemical reactions involved, and 3 

the differences in the animal versus human biokinetics. 4 

In light of the evolution of models, some observations can be made: 5 

•  The empirical models lead to the mechanistic and compartmental models; 6 

• Several changes were made to the chelation models – from temporarily changing the 7 

transfer rates to adding compartments (to account for the effect of chelation therapy); 8 

• New compartments of the systemic model were proposed as chelation sites (blood, soft 9 

tissues, liver, and skeleton); 10 

• Intracellular chelation has been observed; 11 

• The DTPA and the actinide-DTPA systems need to be harmonized with the actinide 12 

systemic model; 13 

• Advanced approach uses second-order kinetics (compartments for DTPA, the actinide, and 14 

the actinide-DTPA systems); 15 

• Most advanced approach uses physiologically-based pharmacokinetic front-end models. 16 

A look from the present into the future 17 

Several empirical, mechanistic, and compartmental ad hoc models and approaches have been 18 

developed in an attempt to overcome the dose assessment challenge during chelation treatment. 19 

Different research groups, especially in the USA, France, and Germany, continue to conduct 20 

research on plutonium and americium decorporation. These ongoing studies use both animal and 21 

human data. Currently, there is no consensus on a standard chelation model. The importance of 22 

having a consensus chelation model is primarily for assessing the radiation dose during the 23 



27 
 

treatment period and the weeks that follow the last chelation administration. It can also be useful 1 

to assist the radiation protection staff and medical team in knowing when the chelation efficacy 2 

decreases and as a tool for treatment optimization. 3 

Recently, the development of a physiologically based approach for modeling plutonium and 4 

americium decorporation therapy has been initiated in the scientific community. Different studies, 5 

using animal data, have started accomplishing this task by first proposing new systemic models 6 

for plutonium (Kastl et al. 2014), and americium (Miller et al. 2019). Follow-up research based on 7 

these studies were stated to be in progress, with focus on the chelation model itself, which will be 8 

linked to the new proposed systemic models. Although animal datasets may also present 9 

uncertainties, they do provide detailed information on the contamination intake, the chelation 10 

treatment protocol, bioassay collection protocol, and the deposition of actinides in tissues and 11 

organs. 12 

In addition, Miller et al. (2019) are developing a software application, IDode, which is based 13 

on previous software, RATDOSE (Miller et al. 2012), for Bayesian optimization of biokinetic 14 

models for chelation-affected and unaffected data. IDode is capable of handling second-order 15 

kinetics, allows the construction of a pharmacokinetic front-end for biokinetic models, and can 16 

calculate parameter uncertainty using Markov Chain Monte Carlo (MCMC), which are relevant 17 

for chelation studies. 18 

Several questions remain unanswered, as already discussed. A critical point, which remains to 19 

be elucidated further, is on the binding of plutonium and americium with transport proteins, such 20 

as transferrin and albumin, and their transport across cellular boundaries (between extracellular 21 

fluids and cells), or their attachment to the cell surface. Moreover, another aspect to consider when 22 

modeling chelation is the chemical reactions that may occur, such as ligands competing for 23 
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plutonium and americium intracellularly, especially in the liver. However, the literature is scarce 1 

on these topics. 2 

The hope for the future is to continue the efforts on better understanding the mechanisms of 3 

chelation and move forward implementing model improvements, on a step-by-step basis. The 4 

skills acquired for modeling DTPA can be transposed for modeling new chelating agents, such as 5 

the multidentate hydroxypyridinonate ligand [14C]-3,4,3-LI(1,2-HOPO), which is a potent actinide 6 

decorporation agent (Choi et al. 2015). The ultimate goal is to develop a standard chelation model, 7 

which may play an important role in the unfortunate event of a nuclear accident, terrorist attack, 8 

or mass casualty incident. 9 

CONCLUSIONS 10 

Even after decades of using chelation treatment in accidental exposures, no standard chelation 11 

model is available. However, the Health Physics scientific community has progressed substantially 12 

since the earliest chelation studies, in the 1970’s, which used empirical models. Nowadays, the 13 

Health Physics field is progressing towards more physiologically-based models, including 14 

pharmacokinetic front-end transfer rates, and the inclusion of the chemical reaction kinetics. 15 

A new model that simultaneously describes plutonium and americium biokinetics during 16 

chelation therapy, and the weeks that follow, is needed. Several research questions still need to be 17 

answered. Research groups working on chelation modeling and better understanding the effects of 18 

chelation are encouraged to keep conducting their studies, proposing collaborative research, 19 

presenting their findings at scientific meetings, and adding knowledge to the scientific literature. 20 

 21 

 22 
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