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ABSTRACT 

This research investigated the performance of the published Pu-DTPA biokinetic model 

(Konzen and Brey 2015) applied to cases involving an americium uptake influenced by DTPA 

treatment. Transfer rates for the Am-DTPA complex were developed from the IDEAS Case 32 

urine bioassay data in an attempt to model americium metabolism under the influence of DTPA 

treatment. The fit of the urine data was assessed using the logarithmic chi-squared value and 

autocorrelation statistic, with the intake estimated using the maximum likelihood method. The 

Am-DTPA model provided a better fit of the Case 32 urine data than published models. The Am-

DTPA model was next applied to the USTUR Case 0856 urine data and resulted in a poor fit. 

While not a statistically significant result, the Am-DTPA model resulted in an improved bioassay 

prediction, compared to reference models and suggested Pu-DTPA rates, when assessing 

chelation influenced urine bioassay data. 

 

 

DEVELOPMENT AND APPLICATION OF AN AMERICIUM-DTPA BIOKINETIC MODEL 

Thesis Abstract--Idaho State University (2018) 
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1. Introduction 

Biokinetic models mathematically describe the distribution, retention, and clearance of 

internally deposited radioactive materials. These models are relied upon for determining the 

initial intake of radioactive material and the assignment of internal dose to an individual.  When 

transuranic radionuclides are the suspected internal contaminants, medical intervention in the 

form of decorporation therapy is often performed. Decorporation therapy can reduce the 

residence time of material in the body through the enhancement of the body’s excretion rate. 

However, these increased urinary and fecal excretion rates of the contaminant are greater than 

those proposed by the International Commission on Radiological Protection’s (ICRP) 

recommended biokinetic models, thus rendering current models inaccurate under these 

circumstances (Konzen 2014, Davesne et al. 2016). Therefore, a need exists to continue to 

update these models to account for the effects of decorporation therapy. 

 

1.1. DTPA Influence 

The basic objectives of decorporation therapy are two-fold: to prevent the deposition of 

certain types of radioactive materials into systemic tissues, and to increase the rate of excretion 

of those materials from the body (Taylor et al. 2000). Currently, the most common and effective 

chelation agent for transuranic radionuclides is Calcium-Diethylenetriaminepentaacetic Acid 

(Ca-DTPA). Ca-DTPA is an organic ligand that forms water-soluble, chemically stable, ring-

shaped, complexes (chelates) with metals such as plutonium and americium to form a metal-

DTPA complex (Menetrier et al. 2005).  An actinide-DTPA complex is generally much more 

stable than those formed with essential metals. Since they are excreted readily in the urine, the 
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spontaneous elimination of metals such as plutonium and americium is preferentially enhanced 

(Menetrier et al. 2005). The basic idea is to form stable and rapidly excreted complexes of the 

metal, which are then “masked” for the biokinetic processes of the metal itself (Breustedt et al. 

2010). The complex composed of radioactive materials with DTPA enhances urinary excretion 

of the contaminant, preventing accumulation in organs, resulting in a dosimetric benefit but 

this is difficult to quantify from bioassay data using existing models.  

 

1.2. Pu-DTPA Biokinetic Model 

The Pu-DTPA biokinetic model was developed to estimate the initial intake quantity from 

inspection of bioassay samples influenced by chelation and to supplement standard ICRP 

recommended models (Konzen 2014). The Pu-DTPA biokinetic model originated from the 

Coordinated Network for Radiation Dosimetry (CONRAD) project and was revised to include 

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

first order kinetics (Konzen and Brey 2015). These compartments were identified for the model 

by studying the retention of the primary tissues and organs affected by chelation (Konzen and 

Brey 2015). The recycling model is solved using the matrix algebra method proposed by Birchall 

and James (1989). 

 

1.3. Research Objectives 

The purpose of this research is to investigate the performance of the Pu-DTPA biokinetic 

model when applied to an uptake of americium followed by DTPA treatment. The Pu-DTPA 

model will be modified to account for the biochemical and physiological processes of 

americium metabolism and under the influence of DTPA treatment. The model transfer rates 
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will be developed using IDEAS Case 32 urine bioassay data and a validation performed with the 

urine bioassay data from USTUR Case 0846. 

 

1.4. Hypotheses Testing 

The following hypotheses will be tested in this research: 

H1,0: The published Pu-DTPA transfer rates cannot be optimized for americium to adequately 
fit the Case 32 urine bioassay data 

 
H1,A: The published Pu-DTPA transfer rates can be optimized for americium to adequately fit 

the Case 32 urine bioassay data. 

 

The fit of the model to the data will be assessed using the chi-square and autocorrelation test 

statistics with a confidence level of α = 0.05. A model that has a good fit will have a p-value 

greater than the confidence level. A p-value less than the confidence level indicates a poor fit 

and acceptance of the null hypothesis.  

 

H2,0: The Am-DTPA transfer rates cannot be used to predict the published mean intake in 
IDEAS Case 32. 

 
H2,A: The Am-DTPA transfer rates can be used to predict the published mean intake in IDEAS 

Case 32 

 

The null hypotheses will be accepted if the deviation between the predicted intake activity and 

the published mean value is greater than 10%. In the event, the deviation between these values 

is less than 10%, the null hypothesis will be rejected in favor of the alternate hypothesis.  
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H3,0: The Am-DTPA model using optimized Am-DTPA transfer rates cannot adequately fit the 
USTUR Case 0846 urine bioassay data 

 

H3,A: The Am-DTPA model using optimized Am-DTPA transfer rates can represent a good fit 
of the USTUR Case 0846 urine bioassay data 

 

 
The fit of the model to the data will be assessed using the chi-square and autocorrelation test 

statistics with a confidence level of α = 0.05. A model that has a good fit will have a p-value 

greater than the confidence level. A p-value less than the confidence level indicates a poor fit 

and acceptance of the null hypothesis.  
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2. Literature Review 

2.1. Americium  

Americium is a man-made transuranic element of the actinide series. It appears that 

Americium-241 (241Am) is the only isotope of americium used in commercial applications. 241Am 

is most commonly known as a component of ionization smoke detectors but when mixed with 

elemental Beryllium in order to take advantage of the (α,n) reaction, it is also used in well-

logging and density gauging applications. Americium is produced in power reactor operations as 

well as during the detonation of nuclear weapons through neutron absorption of uranium-238 

(238U) or plutonium-239 (239Pu) (DOE 1996, DHHS 2004). Americium-241 has a radiological half-

life of 432.2 years and decays primarily through α-emission with a notable γ-emission (59.5 keV, 

Y=36%) to 237Np and a small probability (4.1E-10%) of spontaneous fission (DOE 1996).  

Americium-241 is a common radionuclide found in transuranic (TRU) waste streams 

generated by DOE facilities (DOE 1996). Given that the specific activity of 241Am is 

approximately 55 times higher than that of 239Pu, it is clear that 241Am is a potent radio-toxin. 

Unlike organic poisons, which the body is frequently able to metabolize, these toxic metals are 

either excreted or immobilized (Gorden et al. 2003). The potential for accidents during 

investigations of the nature of americium, or when working with fuel waste materials 

themselves, makes americium decorporation a valid concern (Gorden et al. 2003).  
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2.2. Americium Biochemistry 

The stable oxidation states of americium are +3 and +4, with the most common and only 

state of importance in biological systems being the trivalent oxidation state (DOE 1996, Gorden 

et al. 2003). Upon entry into the blood stream, Am(III) has a tendency to hydrolyze, forming 

insoluble hydroxides or other hydroxyl species, as well as forming weak complexes with serum 

proteins and other ligands (ICRP 1986, DOE 1996). Durbin (2006) indicates actinide clearance 

from mammalian plasma is determined by its ability to form a stable complex with plasma 

transferrin (Tf). Those that form the most stable Tf-complexes are cleared slowly, whereas 

those that form only weak Tf-complexes are cleared at much faster rates (Durbin 2006). The 

stability of the complex is determined by the ionic radius of the actinide in relation to the size of 

the two binding sites on transferrin. It is anticipated that Am3+ ions will only bind to one of the 

two sites, creating a weaker complex. Whereas, Pu4+ is expected to form a more stable complex 

with transferrin as its ionic radius is similar to that of Fe3+. The weaker complex(es) are formed 

more slowly leading to a larger fraction leaving the plasma by diffusion to interstitial water (soft 

tissues) or an immediate uptake by bone and/or liver or urinary excretion (Durbin 2006).    

Durbin (2006) compiled data sets of intravenously injected Am in five mammals (mouse, rat, 

beagle, monkey, baboon), all of which indicate a fast plasma clearance and tissue uptake of 

Am3+ with only small amounts excreted in urine in the first 24 hours. The impeded filtration 

through the kidneys into urine indicates that uptake of the trivalent actinides in the target 

tissues is rapid and/or that the major fraction of circulating actinide is bound to nonfilterable 

protein (Durbin 2006). Successive experiments suggest only ~30% of systemic americium forms 

a relatively weak bond to the blood protein transferrin (log K1 = 6.3±0.7) with the remainder 
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being bound to albumin, α- and γ-globulins, or to low-molecular mass species (Gorden et al. 

2003, Taylor 1998, ICRP 1986).  

Following entry into the blood stream, americium deposits in two principal organs, liver 

and bone (Taylor 1989). The initial partitioning of an actinide between deposition in bone and 

liver is likely to depend primarily on the relative affinities of the various circulating ligands on to 

the anatomical surfaces of bone or on liver cell membranes, in these situations the actinide 

complexes appear to be in competition with other ligands in the blood (Durbin 2006).  

In bone, the binding and retention of americium is associated with the bone glycoproteins, 

chondroitin sulphate-protein complexes, and bone sialoproteins (Gorden et al. 2003, 

Chipperfield and Taylor 1970, Ansoborlo et al. 2006). The binding of americium in the skeleton, 

deposited on either the bone surface or incorporated into mineral bone by the osteoblasts, 

tends to be enhanced at resorption sites leading to the formation of areas with higher 

concentrations of americium (Durbin 2006, Menetrier et al. 2008). Americium is predominantly 

deposited on bone surfaces where some of the activity is gradually removed from the bone 

surface through bone restructuring processes. During such a recycling process a substantial 

portion of this may be returned to the blood, perhaps after temporary residence in 

macrophages in bone cavities, nevertheless, a portion is buried in bone volume resulting in long 

term retention (Leggett 1992). 

When taken into the liver, americium may be taken up and/or retained in Kupffer cells and 

hepatocytes (Gremy et al. 2016). Kupffer cells are fixed phagocytes that destroy worn-out blood 

cells, bacteria and other foreign matter in the venous blood draining from the gastrointestinal 
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tract (Tortora and Derrickson 2009). Hepatocytes are the major functional cells of the liver, 

composing about 80% of the liver volume they perform a wide array of metabolic, secretory, 

and endocrine functions (Tortora and Derrickson 2009). A number of researchers have 

indicated that americium binds to the ferritin protein, enters the hepatic cells (Kupffer cells and 

hepatocytes), and is distributed among various organelles, with preferential accumulation in 

liver lysosomes (Paquet et al. 1998, Gremy et al. 2016, Taylor 1989, Menetrier et al. 2008, 

Lindenbaum and Rosenthal 1972). The activity is then retained in the intracellular organelles 

until it is excreted through either bile secretion to feces or recycled back into the blood and 

excreted in urine.  

2.3. Metabolic Modeling of Americium 

The following sections will briefly describe the systemic compartmental metabolic 

modeling of americium as recommended by the International Commission on Radiological 

Protection (ICRP). 

 

2.3.1. ICRP 30: Gastrointestinal Tract Model 

The ICRP 30 gastrointestinal model for the ingestion of americium, in the absence of 

human data, relied heavily on animal data. The absorption of all americium compounds from 

the gastrointestinal tract to the blood had been primarily studied in the rat. Based on the rat 

model, it was assumed that ingested americium compounds behaved the same as plutonium 

compounds and were assigned an absorption fraction (f1) of 10-3 (ICRP 1979, ICRP 1988).  This 

value was later changed in ICRP 67 to 5x10-4 as more human and animal data became available. 
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The systemic distribution and retention behavior of americium was also assumed to be like 

plutonium such that of the americium entering the blood, a fraction, 0.45, would be 

translocated to the liver and another fraction, 0.45 would be translocated to the skeleton (ICRP 

1988). The fraction of americium translocated to the gonads was assumed to be 3.5x10-4 for the 

testes and 1.1x10-4 for the ovaries, with the remainder assumed to be excreted (ICRP 1988). It is 

assumed that americium deposited in the gonadal tissue is permanently retained, whereas 

americium deposited in the liver and skeleton has a half-time of 20 years and 50 years, 

respectively (ICRP 1988). Upon deposition in the skeleton, americium mainly deposits upon 

periosteal and endosteal bone surfaces and is then slowly redistributed throughout the volume 

of mineral bone (ICRP 1988). However, for the purposes of dosimetry, americium is assumed to 

be uniformly distributed over bone surfaces at all-time following their deposition in the 

skeleton (ICRP 1988). The ICRP 30 compartmental model is shown in Fig. 2.1. 

 

Fig. 2.1. ICRP 30 mathematical model used to describe the kinetics of radionuclides in the gastrointestinal tract 
(ICRP 1979). 
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2.3.2. ICRP 100: Human Alimentary Tract Model 

ICRP publication 100 provides a human alimentary tract model (HATM) as an adjustment to 

the ICRP 30 GI tract model as well as complement the human respiratory tract model (HRTM) 

presented in ICRP publication 66 (ICRP 2006). The HATM includes compartments for the 

following regions: oral cavity, oesophagus, stomach, small intestine, right colon, left colon, and 

rectosigmoid (sigmoid colon and rectum). The model structure, shown in Fig. 2.2 allows for 

absorption into the blood through the oral mucosa, stomach walls, and intestines; whereas the 

ICRP 30 model assumes absorption to the blood occurs exclusively in the small intestine (ICRP 

2006, ICRP 2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Structure of the human alimentary tract model (HATM). The dashed boxes are included to show 
connections between the HATM and the human respiratory tract model or systemic biokinetic models 
(ICRP 2006). 
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The HATM provides age and gender-specific transit times for all segments of the tract 

depicted in the model and, for the upper segments of the alimentary tract including the oral 

cavity, oesophagus, and stomach. It also provides material specific transit times through these 

sections of the alimentary tract. (ICRP 2006). The HATM could not be used in this research 

effort as americium specific transfer and retention rates have not yet been published.  

 

2.3.3. ICRP 66: Human Respiratory Tract Model 

The ICRP publication 66, Human Respiratory Tract Model (HRTM), is an expansion of the 

lung model published in ICRP 30, designed to calculate doses to specific tissues of the 

respiratory tract with better accounting for the radiosensitivity of these tissues. This was 

motivated by the availability of increased knowledge of the anatomy and physiology of the 

respiratory tract and of the deposition, clearance, and biological effects of inhaled radioactive 

particles (ICRP 1994a). The compartmental model (shown in Fig. 2.3) represents the respiratory 

tract as two regions: the thoracic airways and the extrathoracic airways. The ICRP supporting 

guidance 3 (ICRP 2002) summarizes the HRTM compartments as follows: 

 The extrathoracic (ET) airways are subdivided into ET1, the anterior nasal passage, and 

ET2, which consists of the posterior nasal and oral passages, the pharynx and larynx, 

together with associated lymphatic tissue (LNET).  

 The thoracic regions are bronchial (BB: trachea, generation 0, and bronchi, airway 

generations 1–8), bronchiolar (bb: airway generations 9–15), and alveolar-interstitial (AI: 

the gas exchange region, airway generations 16 and beyond), together with associated 

lymphatic tissue (LNTH). 
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Fig. 2.3. ICRP 66 compartments and clearance pathways (ICRP 1994a).  

 

Deposition refers to the initial processes that determine how much of the material in the 

inspired air remains behind after exhalation (ICRP 2002). The deposition portion of the model 

evaluates fractional deposition of an aerosol in each region, assuming a log-normal particle size 

distribution, for all aerosol sizes of particular interest (0.6 nm – 100 μm) (ICRP 1994a, 1994b). 

These regional deposition fractions have been tabulated in Appendix F of ICRP 66. ICRP 66 

assumes that occupational exposure, 5-μm Activity Median Aerodynamic Diameter (AMAD) 

particles are representative of workplace aerosols (ICRP 1994a, 1994b). The deposition fraction 

in each of the lung model compartments for the occupational worker is presented in Table 1.
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Table 1. Compartmental deposition fractions for 5-μm-AMAD aerosol inhaled by reference worker (ICRP 1994a).  

Region Compartment Compartment Fraction 5-μm Regional Deposition Total Assigned 

ET1 ET1 1.0000 0.34 0.34 
ET2 ET2 0.9995 0.4 0.3998 
ET2    ETseq 0.0005 0.4 0.0002 
BB  BB1 0.663 0.0179 0.0118677 

  BB2 0.33 0.0179 0.005907 

    BBseq 0.007 0.0179 0.0001253 
bb  bb1 0.593 0.011 0.006523 

 bb2 0.4 0.011 0.0044 

 bbseq 0.007 0.011 0.000077 
AI AI1 0.3 0.053 0.0159 

 AI2 0.6 0.053 0.0318 

 AI3 0.1 0.053 0.0053 

 

The fraction of inhaled material deposited in the extrathoracic region (ET1) is assumed to be 

cleared through extrinsic means (i.e., nose-blowing) where deposition in other regions are 

cleared by either particle transport or absorption processes; which are competing processes. 

There are several routes of clearance from the respiratory tract as shown in Fig. 2.4. 

 

Fig. 2.4. Routes of clearance from the respiratory tract (ICRP 1994b). 
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Clearance of inhaled material by particle transport refers to the processes that clear 

material from the respiratory tract to the GI tract or to the lymph nodes and move material from 

one part of the respiratory tract to another (ICRP 1994). Particle transport occurs through 

processes such as macrophage uptake, ciliary action, and the binding to mucus. The absorption 

of particulates into the blood is modeled as a two-stage process: (1) the dissociation of the 

particles into material that can be absorbed into blood (dissolution) and (2) the uptake of 

material dissolved from particles or of material deposited in soluble form, a transformed state 

(ICRP 1994). This process is depicted in Fig. 2.5. 

 

Fig. 2.5. Compartmental model for time-dependent absorption into blood (ICRP 1994a). 

 

The ICRP (1994a) recommends that in the absence of material-specific absorption rates, the 

bound particle state is ignored, that is fb = 0, and default parameters shown in Table 2 are to be 

used in the model. The absorption rates of deposited compounds are expressed as approximate 

half-times corresponding to one of three absorption types: fast (F), moderate (M), slow (S). All 

compounds of americium are considered inhalation type M (ICRP 1994b). Type M assumes that 
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10% is absorbed with a half-time of 10 minutes and 90% with a half-time of 140 d. There is rapid 

absorption of about 10% of the deposit in Bronchial (BB) and Bronchiolar regions (bb); with 

about 5% of the material deposited in the Extrathoracic region (ET2), and about 70% of the 

deposit in the Alveolar-Interstitial (AI) region eventually reaching body fluids (ICRP 1994a, ICRP 

2002).  

Table 2. Default absorption, transformation, and dissolution parameters (d-1) (ICRP 1994a). 
Absorption Type  F (fast) M (moderate) S (slow) 

Initial dissolution rate  sp 100 10 0.1 

Transformation rate spt 0 90 100 

Final dissolution rate  st - 0.005 0.0001 

Fraction to bound state fb 0 0 0 

Uptake rate from bound state sb - - - 

 

The effective compartment clearance rate includes the particle translocation rate, the 

absorption rate into the body fluids and the rate of decay (ICRP 1994a). The effective clearance 

rate constant (λE) for each compartment is calculated using eq. ( 1 ) (ICRP 1994a). 

 

𝜆𝐸 = 𝜆𝑎𝑏 + 𝑆𝑆 + 𝜆𝑅       eq. ( 1 ) 

where,  

 λE  = effective clearance rate constant (d-1) 

 λab  = clearance rate constant from compartment a to compartment b (d-1) 

 SS  = slow absorption into the blood (0.005 d-1 for Type M) 

 λR  = radiological decay constant (d-1) 



16 
 

The effective mean residence time (MRT) can then be determined from the inverse of the 

compartment clearance rate (λE
-1) (ICRP 1994a). The compartmental MRT values for americium 

are shown in Table 3. 

Table 3. Clearance rates and mean residence times for inhaled americium (type M).  
Region Compartment To λab (d-1) λR (d-1) SS (d-1) λE (d-1) MRT (d) 

ET1 ET1 Environment 1 4.4E-06 5.00E-03 1.01E+00 1.00 
ET2 ET2 GI Tract 100 4.4E-06 5.00E-03 1.00E+02 0.01 
ET2 ETseq LNET 0.001 4.4E-06 5.00E-03 6.00E-03 166.54 
BB BB1 ET2 10 4.4E-06 5.00E-03 1.00E+01 0.10 
BB BB2 ET2 0.03 4.4E-06 5.00E-03 3.50E-02 28.57 
BB BBseq LNTH 0.01 4.4E-06 5.00E-03 1.50E-02 66.65 
bb bb1 BB1 2 4.4E-06 5.00E-03 2.01E+00 0.50 
bb bb2 BB1 0.03 4.4E-06 5.00E-03 3.50E-02 28.57 
bb bbseq LNTH 0.01 4.4E-06 5.00E-03 1.50E-02 66.65 
AI AI1 bb1 0.02 4.4E-06 5.00E-03 2.50E-02 39.99 
AI AI2 bb1 0.001 4.4E-06 5.00E-03 6.00E-03 166.54 
AI AI3 bb1 0.001 4.4E-06 5.00E-03 6.00E-03 166.54 
AI AI3 LNTH 0.00002 4.4E-06 5.00E-03 5.02E-03 199.03 
LNET LNET Body Fluids - 4.4E-06 5.00E-03 5.00E-03 199.82 
LNTH LNTH Body Fluids - 4.4E-06 5.00E-03 5.00E-03 199.82 

 

2.3.4. ICRP 67: Americium Systemic Model   

ICRP 67, provides a compartmental model to describe the biokinetics of systemic 

plutonium, americium, and neptunium. The structure of the model was adopted from the work 

of Leggett (Leggett 1992). The systemic compartmental model (shown in Fig. 2.6) describes 

contaminant retention in the liver, skeleton, soft tissues, gonads, kidneys and bladder with the 

blood compartment acting as the central compartment for contaminant distribution, including 

urinary and fecal excretion compartments (ICRP 1993). The model divides the skeletal system 

into cortical and trabecular regions each of which are further sub-divided into bone surfaces, 

bone volume, and bone marrow compartments. Activity entering the skeletal system is initially 

assigned to the bone surfaces compartment then subsequently transferred to bone marrow 

through resorption or to bone volume by bone formation. Eventually this material is transferred 

from bone volume to bone marrow through bone resorption and ultimately removed from the 
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bone marrow compartments in a period of months (ICRP 1993). The massive soft tissue 

compartments represent the muscles, skin, subcutaneous fat and other soft tissues. They are 

modeled as three separate compartments, intermediate turnover (ST1), rapid turnover (ST0), 

and slow turnover (ST2), and represent the tissues ability to retain material. The soft tissue 

compartments ST1 and ST2 are used to represent intermediate-term retention (up to 2 years) 

and tenacious retention (many years) whereas the ST0 compartment is modeled as a soft tissue 

pool that includes extracellular fluids and exchanges material with blood over a period of hours 

or days (ICRP 1993). A single liver compartment (Liver 1) is used to model systemic americium. 

The Liver 1 compartment is viewed as a uniformly mixed pool in which a fraction, the deposited 

activity, is lost to the GI tract, via biliary secretion, and the remainder to the blood. The hepatic 

retention of americium is thought to be taken up and/or retained by the reticuloendothelial (RE) 

cells of the liver. The kidneys are assumed to consist of two compartments, one that transfers 

activity to urine and another that returns activity to blood. The blood compartment is modelled 

as a uniformly mixed pool that recycles activity between the soft tissues, bones surfaces, liver, 

kidney tissues, and gonad compartments and transfers activity to the GI tract and urinary 

bladder contents for excretion.  
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Fig. 2.6. ICRP 67 compartmental model for plutonium, americium, and neptunium (NCRP 2008, ICRP 1993). 

 

Prior to the publication of ICRP 67, the distribution, retention and excretion of americium 

was assumed to be the same as that of plutonium as experimental data for americium was 

sparse. The biokinetics of systemic americium is now reasonably well know from animal studies 

and in vivo measurements, excretion data, and autopsy data on workers accidentally exposed to 

241Am and experimental studies on laboratory animals (NCRP 2008; Durbin 2006; ICRP 1993; 

Leggett 1992). The differences in the metabolic behavior of plutonium and americium are 

reflected in the clearance and retention parameters. For example, in the adult, it appears that 

the liver takes up a greater fraction of circulating americium than plutonium. The rate of loss 

from the liver is higher for americium than plutonium. Americium deposits more uniformly than 

plutonium on bone surfaces. And the rate of clearance from blood to excreta is higher for 
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americium than plutonium (Leggett 1992). Default compartmental transfer rates for systemic 

americium are provided in Table 4. 

Table 4. Transfer rates (d-1) for the americium systemic model (ICRP 1993). 
Compartments Adult (d-1) 

blood to Liver 1 11.6 

blood to cortical surface 3.49 

blood to trabecular surface 3.49 

blood to urinary bladder content 1.63 

blood to kidney (urinary path) 0.446 

blood to other kidney tissue 0.116 

blood to ULI contents 0.303 

blood to testes 0.0082 

blood to ovaries 0.0026 

blood to ST0 10 

blood to ST1 1.67 

blood to ST2 0.466 

ST0 to blood 1.386 

kidneys (urinary path) to bladder 0.099 

other kidney tissue to blood 0.00139 

ST1 to blood 0.0139 

ST2 to blood 0.000019 

trabecular surface to volume 0.000247 

trabecular surface to marrow 0.000493 

cortical surface to volume 0.0000411 

cortical surface to marrow 0.0000821 

trabecular volume to marrow 0.000493 

cortical volume to marrow 0.0000821 

cort/trab bone marrow to blood 0.0076 

Liver 1 to blood 0.00185 

Liver 1 to small intestine 0.000049 

gonads to blood 0.00019 

f1 0.0005 

 

 

2.4. DTPA 

Diethylene-triamine-pentaacetic acid (DTPA) is an aminopolycarboxylic acid approved by 

the U.S. Food and Drug Administration as a decorporation agent for transuranic radionuclides. 

DTPA has a very short biological half-life with 90-99% of intravenously injected DTPA being 

excreted, in unmetabolized form, within 24 hours in humans, canines, and rodents, as shown 

through use of 14C-labeled DTPA (Gremy 2016, Stather 1983). Moreover, Stather (1983) found 
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that more than 99% of intravenously injected 14C-labeled DTPA, was excreted in urine within 24 

hours with less than 0.5% remaining in plasma in human volunteers. However, it was observed 

that about 0.1% of the administered activity was excreted on the third day and about 0.02% 

excreted on the seventh day. It was suggested that the small amount of DTPA was retained in 

the extracellular fluids and could be an explanation for elevated levels of urinary excretion of 

actinides in occupational persons. Initial treatment for internal radioactive contamination is 

usually performed through intravenous injection of pentetate calcium trisodium DTPA (Ca-DTPA) 

with subsequent injections of pentetate zinc trisodium DTPA (Zn-DTPA) days later. The former is 

normally used for initial and single administration, but since it can remove the essential bio-

metals iron, manganese and zinc from the body, the zinc salt is preferred for extended or 

protracted administration (Stradling et al. 2005). The DTPA molecule has eight potential metal 

coordination sites that allow binding to a wide range of metals with high affinity (Huckle et al. 

2015). DTPA has a strong binding affinity for americium under physiological conditions, as shown 

by its stability constant (Log KM) of 22.9 (Volf 1978). 

 

Fig. 2.7. Structure of DTPA (Stricklin 2014). 

 

Several studies have demonstrated the effectiveness of DTPA as a chelating agent for 

mobilizing internalized transuranic radionuclides within humans and lab animals (Volf 1978, 

Durbin 2006, Taylor et al. 2000).  Upon entry into the blood stream, the DTPA actively binds free 
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actinides yielding a stable actinide-DTPA complex. The Actinide-DTPA complex is masked from 

normal metabolic processes and rapidly excreted in urine. Urinary excretion can be enhanced by 

a factor of 100 the day following administration of DTPA and its effects can be observed for 

some days later (Breustedt et al. 2010).  

A common modelling approach of DTPA influenced actinides has been to assume that 

DTPA is only distributed within the extracellular fluids and blood, without the ability to enter 

cells. Conversely, animal studies and human studies (e.g., Gremy et al. 2016, Roedler et al. 1989, 

Breistenstein et al. 1989, James et al. 2007, Fritsch et al. 2007, Carbaugh et al. 2010) indicate 

DTPA may also influence actinides deposited in the liver (Poudel et al. 2017). Intracellular 

decorporation is a possible explanation for the observed late chelation effects of deposited 

actinides. Research conducted by Gremy et al. (2016) suggest that DTPA can be internalized by 

hepatic cells where it is retained and able to decorporate previously deposited actinides or those 

in the process of being internalized. Modelling approaches under the assumption that DTPA can 

influence actinides deposited in the liver have proven to better fit the bioassay data (e.g., 

Konzen 2014, Konzen et al. 2016, Fritsch et al. 2007, James et al. 2007). However, the 

physiological mechanism for DTPA entering the cell is still controversial.  

 

2.5. IDEAS Case 32 

The IDEAS database case number 32 was used in this research. The IDEAS project evolved 

from a European project that was established to give guidance on internal dose assessments 

from monitoring data. The IDEAS guidelines, published in 2006, were developed to harmonize 

internal dose assessments from monitoring data. Following its publication, a working group 
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within the European Network - Coordinated Network for Radiation Dosimetry (CONRAD) and 

EURADOS was established to improve and update the IDEAS Guidelines, and to take account of 

recent developments in the field of internal dosimetry (Castellani et. al., 2013). 

Case 321 involved an acute inhalation event of 241AmO2 by a male worker. The worker was 

tasked with disposing of an industrial source containing 3.7 GBq (100 mCi) of 241Am. The worker 

attempted to dismantle the source and unintentionally destroyed the capsule containing 241Am 

in power form. The worker was immediately sent to a special radiological protection center for 

further evaluation and chelation therapy. The subject received 14-intravenous injections of Ca-

DTPA over a period of 294 days, over-which urine and fecal bioassay data were collected. Intake 

estimations and dose evaluations were performed by 13 laboratories, using suggested ICRP 

models and derived functions to account for the DTPA treatment.  The data and results were 

compiled and presented in IAEA (1999).  

 

2.6. USTUR Case 0846 

The United States Transuranium and Uranium Registries (USTUR), a research program 

dedicated to the studies of internally deposited actinides, is operated by Washington State 

University College of Pharmacy. The USTUR provides dosimetric data, obtained from voluntary 

whole-body donors whom have had an accidental intake of actinide elements, to interested 

research scientists.  

                                                           
1 Case 32 data provided in IDEAS database available online at: http://www.sckcen.be/ideas/; accessed on May 5th, 
2017. 
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USTUR Case 08462 involved an accidental inhalation of 241Am aerosol while preparing foils, 

each containing up to 200 mg (≈ 500 mCi) of americium oxide. This work was conducted inside a 

glovebox where they were then to be compacted (Rosen et al. 1980). The individual performed 

these tasks for a period of 2 to 3 years until α-activity was discovered in his first in vivo urine 

analysis during May of 1967, over-which he was then removed from the work area to prevent 

further exposure (Rosen et al. 1980). It is presumed that the exposure first occurred in the 

beginning of the second year of work, when the compaction of the foils began, but this is not 

known for certain (Rosen et al. 1980). The individual began weekly decorporation therapy with 

Ca-DTPA in September of 1967 and this continued through 1974 with few interruptions (Rosen 

et al. 1980). The case initially estimated a total body burden of 1.8 μCi (66.6 kBq) of 241Am 

(Rosen et. al 1980, Fasiska et al. 1971). This case has been extensively studied (Fasiska et al. 

1971, Slobodien et al. 1973, Horm 1973, Rosen et al. 1980, Brodsky et al. 2004, Breustedt et al. 

2016) and provides a unique insight into the later term removal of americium enhanced by 

decorporation therapy. 

The Case 0846 data and documents used in this research effort were provided by the 

USTUR, which included an excel file containing excretion data compiled by Dr. Bastian Breustedt.   

                                                           
2 USTUR Case 0846 data was requested and obtained from the U.S. Transuranium and Uranium Registries on  
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3. Methodology 

The Pu-DTPA biokinetic model (Konzen 2014, Konzen and Brey 2015) was used as a template 

to develop the Am-DTPA biokinetic model. The compartments used to describe the biokinetics of 

complexed Pu were assumed to also be representative of the biokinetics of the Am-DTPA 

complex. The following sections will describe the mathematical methods used to solve the model. 

 

3.1. Compartment Model Calculations 

Birchall and James (1989) proposed linear algebraic methods to solve compartmental models 

involving recycling. This concept is illustrated in Fig. 3.1 using a simple compartmental model 

where the x1(t) … x4(t) represent initial quantities of material in the respective compartments and 

letters represent the transfer rates among these compartments.  

  

      
𝑑𝑥1

𝑑𝑡
= 𝑑𝑥3 − 𝑎𝑥1   eq. ( 2 ) 

𝑑𝑥2

𝑑𝑡
= 𝑎𝑥1 − 𝑏𝑥2 − 𝑐𝑥2   eq. ( 3 ) 

𝑑𝑥3

𝑑𝑡
= 𝑒𝑥4 + 𝑐𝑥2 − 𝑑𝑥3  eq. ( 4 ) 

𝑑𝑥4

𝑑𝑡
= 𝑏𝑥2 − 𝑒𝑥4   eq. ( 5 ) 

 

Fig. 3.1. Compartmental model example from Birchall and James (1989) and accompanying kinetic equations. 

Birchall and James (1989) suggest the compartmental model can be represented by a rate 

matrix with the initial quantities located on the diagonal elements and the transfer rates located 

on the off-diagonal elements. The compartmental model represented in rate matrix form with 

the source compartments as rows and the destination compartments as columns is shown below.  
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𝑹𝒊𝒋 =

[
 
 
 
 
 
𝑥1(0) 𝑎 0 0

0 𝑥2(0) 𝑐 𝑏

𝑑 0 𝑥3(0) 0

0 0 𝑒 𝑥4(0)]
 
 
 
 
 

 

The rate matrix [R] is created to represent the biokinetic model. Each element (Rij) of the 

matrix contains a numerical value rij,, the translocation rate constant from compartment i to 

compartment j, and each diagonal element Rii contains the initial amount xi(0) in compartment i. 

The kinetic equations used to describe this model are combined and represented by eq. ( 6 ). 

 eq. ( 6 ) 

𝑑𝑥𝑖

𝑑𝑡
= ∑𝑟𝑗𝑖𝑥𝑗 − 𝑥𝑖 ∑𝑟𝑖𝑗

𝑁

𝑗=1
𝑗≠𝑖

𝑁

𝑗=1
𝑗≠𝑖

 

The combined kinetic equation is transformed into an [A] matrix as follows: 

Let: aji = rji (off-diagonal elements are transfer rates and remain unchanged) 

 eq. ( 7 ) 

𝑎𝑖𝑖 = −∑𝑟𝑖𝑗  

𝑁

𝑗=1
𝑗≠𝑖

 

The initial quantities along the diagonal of the A matrix are transformed using eq. ( 7 ) and yield 

the following A matrix. 
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𝐀 = [

−𝑎 0     𝑑    0
   𝑎 −(𝑏 + 𝑐)     0    0
   0 𝑐 −𝑑    𝑒
   0 𝑏     0 −𝑒

] 

Substitution of rji and rij with aij and aii into eq. ( 6 ) yields, 

𝑑𝑥𝑖

𝑑𝑡
= ∑𝑎𝑖𝑗𝑥𝑗 + 𝑎𝑖𝑖𝑥𝑖 = ∑𝑎𝑖𝑗𝑥𝑗 = [𝑨]𝑥

𝑁

𝑗=1

𝑁

𝑗=1
𝑗≠𝑖

 

Therefore, final quantities at any time can be solved using eq. ( 8 ): 

 eq. ( 8 ) 

𝑥(𝑡) = 𝑒[𝑨]𝑡 ∙ 𝑥(0) 

 

And the total transformations is determined by integrating eq. ( 9 ) and multiplying by the 

radioactive decay constant. 

 eq. ( 9 ) 

𝑢(𝑡) = 𝜆𝑅[𝐴]−1[𝑒[𝐴]𝑡 − 𝐼]𝑥(0) 

The R environment3 was used to create functions utilizing these matrix methods to evaluate 

the Am-DTPA model. Konzen (2014, 2015) developed a suite of functions to assist in the solving 

the model. These functions were modified to be representative of americium and are described 

in Appendix 1. 

                                                           
3 R Core Team (2017). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL   htt

ps://www.R-project.org/. 
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3.2. Am-DTPA Model  

The complexation and excretion of americium by DTPA is modeled using the four transitional 

compartments, ST0.d, ST1.d, Blood.d, and Liver.d, proposed for the Pu-DTPA model Konzen and 

Brey (2015). The transitional compartments supplement the ICRP 67 (1993) systemic model as 

shown in Fig. 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2.  The ICRP 67 systemic model for americium coupled with the Am-DTPA biokinetic model. 
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Upon administration of intravenous DTPA, it is assumed DTPA enters the blood 

compartment where it competes with metabolic processes and blood proteins to form a Am-

DTPA complex. The complex is then modeled using the transitional compartments. The Blood.d 

compartment exchanges DTPA and Am-DTPA with the rapid turnover soft tissues (ST0.d) 

compartment to represent the physiological rapid circulation between the blood and the soft 

tissues and excrete the complex via the urinary bladder or the GI tract. This is intended to 

account for the increased urinary excretion of americium within the first 24 hours following 

treatment. The literature indicates that chelation treatment affects urinary excretion data for a 

period of weeks to months with a suggested 2 to 3% of the decorporation occurring after the first 

day (Fritsch et al. 2010, Carbaugh et al. 2010, Poudel et al. 2017, Davesne et al. 2016, LaBone 

1994).  Hence, the Liver.d and ST1.d compartments are intended to model the late effects of 

chelation allowing for DTPA to influence retained americium in the liver and intermediate 

turnover soft tissues. 

 

3.3. Model Optimization 

The Am-DTPA transfer rates were optimized to fit the urine data from IDEAS Case 32. The 

transfer rates recommended for the Pu-DTPA model, shown in Table 3.1, were used as a starting 

point for optimization. The urine excretion data set will be used to develop transfer rates for the 

Am-DTPA model and then applied to USTUR Case 0856 urine data for evaluation. 
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Table 3.1. Recommended transfer rates for the Pu-DTPA biokinetic model (Konzen 2015).   
Compartment 

Pathway 
Transfer Rate     

(d-1) 
Compartment  half-

time 
 Compartment 

Pathway 
Transfer Rate    

(d-1) 
Compartment  half-

time 

ST0 to ST0.d 3.65 273.5 minutes 

  

Blood.d to ULI 4 249.5 minutes 

ST1 to ST1.d 1.925 518.5 minutes Blood.d to Bladder 45.7 21.8 minutes 

Blood to Blood.d 1.378 724.3 minutes Liver to Liver.d 2.2 453.7 minutes 

ST0.d to Blood.d 300 3.3 minutes Liver.d to Blood.d 0.067 10.3 days 

ST1.d to Blood.d 0.12 5.8 days Liver.d to SI 0.067 10.3 days 

Blood.d to ST0.d 145 6.9 minutes         

 

3.3.1. Sensitivity Analysis 

A sensitivity analysis was applied to the Am-DTPA model to identify the model parameters 

that have the largest influence on urinary excretion. This method was suggested by Luciani et al. 

(2001) to determine a biokinetic models transfer rates, and in a certain way physiological 

processes, which could be the cause of significant deviations between measurements and model 

predictions. The sensitivity coefficient (Si) is defined as the ratio of the relative change of the 

excretion rate (u) to the relative change of the respective transfer parameter (λi) and is calculated 

using eq. ( 10 ). 

            eq. ( 10 ) 

𝑆𝑖 =
𝛿𝑢

𝛿𝜆𝑖

𝜆𝑖

𝑢
 

 

As time-dependent transfer rates are used, only numerical approximations to the partial 

derivative can be calculated, using a finite difference method as shown by eq. ( 11 ). Analysis 

conducted by Luciani et al. (2001) confirmed that the increment of 1% (0.01) is small enough to 

represent a valid approximation to the derivative and, at the same time, is large enough to avoid 

numerical rounding problems.      
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    eq. ( 11 ) 

𝑆𝑖 =
Δ𝑢

Δ𝜆𝑖

𝜆𝑖

𝑢
; Δ𝜆𝑖 = 0.01𝜆𝑖 

 

The sens function, developed by Konzen (2014), was used to evaluate the transfer rates 

which had the most influence on urinary excretion at a provided time t. The sens function 

performs the sensitivity analysis over the rate matrix for specified compartments for a defined 

time period and is shown in Appendix 1. All parameters with a sensitivity coefficient (Si) greater 

than the absolute value of 0.1 are considered to have a significant effect on the urinary excretion 

at the time of interest (Luciani et al. 2001). The absolute value of 0.1 was chosen as the level of 

significance such that a 1% perturbation in the transfer parameter (λi) resulting in a 1% change in 

the excretion rate would be considered to have a significant influence (Khursheed and Fell 1997). 

 

3.3.2. Uncertainty in Bioassay Measurements 

The IDEAS scattering factor (SF) is a measure of the uncertainty of an individual monitoring 

value. The IDEAS guidelines (Castellani et al. 2013) divides uncertainty into two categories Type A 

and Type B. Type A describes uncertainties in the counting statistics associated with each 

monitoring value and follows a Poisson distribution. Type B accounts for all other uncertainties 

associated with in-vivo measurements such as detector positioning and calibration. The IDEAS 

guidelines assume that the overall uncertainty of an individual monitoring value can be described 

in terms of a log-normal distribution and the scattering factor (SF) is defined as its geometric 

standard deviation. A compiled uncertainty analyses lead to the assumption that Type B 

uncertainties have the largest influence on the uncertainty of bioassay measurements.  
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The scattering factor for a normalized 24-hour urine samples was given as 1.3 to 1.8, with an 

average of 1.6 (Castellani et al. 2013). The SF for a 24-hour fecal sample ranged between 2 to 4, 

with an average of 3 (Castellani et al 2013). The IDEAS case 32 data also include lung 

measurements, the guidelines recommend a SF of 1.4 for in-vivo measurements of 241Am 59.5-

keV gamma-rays (Castellani et al. 2013). The SF values used in this research effort are the average 

values suggested by Castellani et al. 2013, 1.6, 3.0, and 1.4, respectively.  

 

3.4. Prediction of Intake 

The maximum likelihood method was used to predict the intake experienced by 

IDEAS Case 32 and USTUR Case 0846. The likelihood function is the probability density 

function of observing the measurement data given the intake and model parameter 

values (Castellani et al. 2013). The maximum likelihood estimate (MLE) of intake is 

calculated using eq. ( 12 ). 

    eq. ( 12 ) 

ln(𝐼) =

∑
ln(𝐼𝑖)

[ln(𝑆𝐹𝑖)]2
𝑛
𝑖=1

∑
1

[ln(𝑆𝐹𝑖)]2
𝑛
𝑖=1

 

Where, 

𝐼𝑖 =
𝑀𝑖

𝑚(𝑡𝑖)
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Since the scattering factor is held constant for each type of measurement, the 

maximum likelihood estimate of intake becomes, 

   

 eq. ( 13 ) 

ln(𝐼) =
1

𝑛
∑ln(𝐼𝑖) = ln [(∏𝐼𝑖

𝑛

𝑖=1

)

1
𝑛

]

𝑛

𝑖=1

 

 

𝐼 = √∏𝐼𝑖

𝑛

𝑖=1

𝑛

 

Which is the geometric mean of the point estimate intakes (Ii) (Castellani et al. 2013). 

 

3.5. Statistical Analysis 

 

The Am-DTPA model fit to IDEAS Case 32 bioassay data was assessed using the chi-squared 

and autocorrelation test statistics as suggested in the IDEAS Guidelines.  

3.5.1. Chi-Squared Statistic 

It is assumed that each measurement, Mi, is taken from a lognormal distribution with a 

scattering factor of SFi, and the product Im(ti) is the predicted excretion value and Ri are the 

normalized residuals, as shown in eq. ( 14 ).  
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eq. ( 14 ) 

𝜒0
2 = ∑(

ln(𝑀𝑖) − ln[𝐼𝑚(𝑡𝑖)]

ln(𝑆𝐹𝑖)
)

2

= ∑𝑅𝑖
2 

𝑛

𝑖=1

𝑛

𝑖=1

 

The IDEAS guidelines propose that the fit is inadequate if the p-value < 0.05 or if the fit 

displayed graphically looks unreasonable by eye (Castellani et al. 2013). A graphically 

unreasonable fit is an overestimation or underestimation of a long series of data. The χ2 test uses 

assumed uncertainties (SFi) that if overestimated results in a small χ2 and accepted bad fit or 

underestimated result in a large χ2 and a rejected good fit. This can be resolved by examining the 

serial correlation in the residuals using the autocorrelation coefficient statistic, as the auto-

correlation statistic has the advantage of being relatively insensitive to assumed measurement 

uncertainties (Castellani et al. 2013, Puncher et al. 2007).  

 

3.5.2. Autocorrelation Test Statistic 

The autocorrelation test statistic (ρ) provides an objective means of detecting the bias in the 

residual sequence caused by fitting an inadequate model to bioassay data (Puncher et. al 2013). 

The ρ test is insensitive to the magnitudes of the uncertainties assumed in the bioassay data and 

can identify underestimation or overestimation trends, unlike the χ2 test statistic. The 

autocorrelation statistic is calculated using eq. ( 15 ). 
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            eq. ( 15 ) 

𝜌 =
∑ 𝑅𝑖𝑅𝑖+1

𝑛−1
𝑖=1

∑ 𝑅𝑖
2𝑛

𝑖=1

       (−1 <  ρ <  1) 

  

Where, 

𝑅𝑖 =
ln(𝑀𝑖) − ln (𝐼 𝑚(𝑡𝑖))

ln (𝑆𝐹)
 

  

Where Mi is the ith measurement made at time ti after the intake; I is the estimated intake, 

m(ti) is the modeled bioassay value for time t after the intake; and SF is the geometric standard 

deviation (scattering factor) assumed to represent the uncertainty of the data (Puncher et. al 

2013). The autocorrelation test ranges from -1 to 1 and is based on the upper tail test of a normal 

distribution, evaluated at the critical value of the 95% confidence limit. The critical value is 

determined at μ ± 1.96σ. A ρ less than the critical value indicates an acceptable fit.



 

 
 

 

4. Results 

4.1. IDEAS Case 32 Data 

The IDEAS case 32 data set included in-vivo measurements of the respiratory tract, liver, 

and skeleton as well as urine and fecal excretion data spanning 294 days. The in-vivo 

measurements reported above the provided minimum detectable activity are shown in Table 5 

and the urine and fecal excretion data are shown in Table 6. 

Table 5. In-vivo measurement results for IDEAS case 32. 

Days 
Results 

(Bq)  
Uncertainty 

(Bq)  Measurement Notes 

0 533 53 Resp. tract 1g Ca-DTPA administered 

1 435 44 Resp. tract  

4 376 38 Resp. tract 1g Ca-DTPA administered 

4  26 11 Skeleton  
21 313 31 Resp. tract 1g Ca-DTPA administered 

28 312 31 Resp. tract 1g Ca-DTPA administered 

53 211 21 Resp. tract  
91 130 13 Resp. tract 2g Zn-DTPA administered 

91 9 4 Liver  
91 30 11 Skeleton  

207 47 5 Resp. tract 2g Zn-DTPA administered 

207 36 11 Skeleton  
278 43 4 Resp. tract  
278 46 11 Skeleton   
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Table 6. IDEAS case 32 urine and fecal bioassay data. 

Day 

Urine 
Bioassay 

(Bq) 

Fecal 
Bioassay 

(Bq) Notes Day 

Urine 
Excretion 

(Bq) 

Fecal 
Excretion 

(Bq) Notes 

1 8.65 215 1g Ca-DTPA day before 77 0.548 
  

2 2.92 86.2 
 

78 0.929 0.365 
 

3 2.66 8.01 
 

88 
 

0.27 
 

4 1.68 4.13 1g Ca-DTPA 89 0.275 0.387 
 

5 3.24 3.91 
 

90 0.343 0.039 
 

6 1.28 0.033 1g Ca-DTPA 91 0.51 0.405 2g Zn-DTPA 
7 2.49 0.199 

 
92 2.5 

  

8 2.05 0.469 
 

93 1.17 0.369 
 

9 2.14 1.51 
 

94 1.4 
  

10 1.63 0.169 
 

95 1.87 1.2 
 

11 2.3 0.295 
 

110 1.44 0.224 2g Ca-DTPA day 
before 

12 1.66 0.529 
 

111 1.07 0.289 
 

13 1.43 
  

112 1.38 1.18 
 

14 1.89 0.41 
 

113 1.74 0.433 
 

15 2.75 0.531 1g Ca-DTPA 125 0.65 
  

16 2.65 
  

126 0.64 
  

17 2.02 0.529 
 

141 0.265 
 

2g Zn-DTPA 
18 1.87 0.353 1g Ca-DTPA 142 1.56 0.049 

 

19 2.57 
  

143 0.905 0.33 
 

20 2.65 0.8 
 

169 0.258 
 

2g Ca-DTPA 
21 1.43 0.83 1g Ca-DTPA 170 1.41 0.06 

 

22 2.7 
  

171 0.566 0.321 
 

23 2.09 0.9 
 

172 0.953 0.396 
 

24 2.44 0.233 
 

207 0.084 
 

2g Zn-DTPA 
25 1.98 0.366 1g Ca-DTPA 208 0.733 0.044 

 

26 2.4 0.398 
 

209 0.836 0.0858 
 

27 2.24 
  

210 0.291 0.309 
 

28 2.01 0.566 1g Ca-DTPA 221 0.165 
  

29 3.26 0.219 
 

237 0.081 
  

30 1.41 0.253 
 

238 0.887 
  

31 2.3 0.168 
 

239 0.288 0.042 
 

32 1.49 0.653 
 

240 0.203 
  

51 1.23 0.415 
 

272 0.0415 
 

2g Zn-DTPA 
52 1.43 

  
273 0.733 0.0912 

 

53 1.15 0.746 
 

274 
 

0.131 
 

61 
 

0.136 
 

275 0.29 
  

62 0.562 0.103 
 

276 0.328 
  

63 1.18 
  

277 0.111 0.25 
 

64 0.72 0.113 
 

294 0.0564 
  

76 0.418 0.138 
     

 

4.2. Estimation of Case 32 Intake 

In-vivo lung measurements 

The in-vivo lung measurements were selected to estimate the initial intake since they were 

not expected to be affected by chelation. The measurement data were analyzed using 241Am 
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reference values for absorption types M and S for 5-μm AMAD particles in the coupled ICRP 30, 

66, and 67 models. These data are shown in Fig. 4.1. 

 

 

 

 

 

 

 

Fig. 4.1. Compartmental model fit of 241Am absorption types M and S to Case 32 In-vivo lung measurements. 

Absorption type M resulted in the best fit of the in-vivo lung measurements. The maximum 

likelihood estimate (MLE) of intake was calculated as 6,682 Bq with an IDEAS chi-squared value 

(χ2) of 1.77 and autocorrelation statistic (ρ) of 0.38. The model of absorption type S predicted a 

MLE intake of 3961 Bq (χ2 =24.51, ρ =0.62). The fit of the data is considered inadequate since 

the ρ exceeds the critical value (CV) at the 95% confidence level for this data set, which was 

calculated as 0.34. However, type M is more representative of this data set than type S, the 

assumed absorption type M will be used in this research.  
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Fecal data 

 

Fig. 4.2. Fecal bioassay measurements compared to the compartmental model results scaled by the MLE intake for 
absorption types S and M.  

 

The case fecal data were also modeled to estimate the initial intake; even though fecal 

data were expected to have been influenced by DTPA. These data are shown Fig. 4.2. 

The reference models predicted an intake of 1,325 Bq (χ2 =88.23, ρ =0.57, CV=0.195) for 

absorption type S and 1,975 Bq (χ2 =116.9, ρ =0.67, CV=0.195) for absorption type M. The 

reference models do not exhibit a good fit of the data and cannot adequately predict the 

published intake for Case 32.  

 

Urine data 

The urine data are strongly influenced by chelation and cannot be used to assess an intake. 

However, the case data were assessed using the reference models for both absorption types M 

and S for later comparison. The results are shown in Fig. 4.3.  
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Fig. 4.3  Case 32 urine data compared to compartmental model results scaled by the MLE intake for absorption 
types M and S of Am-241. 

 

The reference coupled ICRP models predicted an intake of 44,608 Bq (χ2 =203.22, ρ =0.29, 

CV=0.17) for type M and 1,775,665 Bq intake (χ2 =266.24, ρ =0.45, CV=0.17) for type S. The 

urine data, modeled as type M, will be used for further analysis and optimization of the Am-

DTPA compartmental model since it has a better fit than type S.  

A summary of the case intake assessment is shown in Table 7. The average intake for case 

32 was published in IAEA-TECDOC-1071 as 4.14 ± 3.12 kBq. The relative standard deviation is 

75% and the spread of intake estimates can be attributed to the varied AMAD values used by 

the 13-different laboratories that assessed this case. The average intake estimated by assessors 

that used a 5-μm AMAD particle was 7.22 ± 1.69 kBq.  The estimated lung burden using 

absorption type M and 5-μm AMAD particle proved to be the best fit of the case lung 

measurements predicting a 6,681 Bq intake. 
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 Table 7. IDEAS Case 32 modeled results summary. 

  
Type MLE Intake (Bq) χ2 ρ Critical Value 

Lung Measurements M 6681 1.8 0.38 0.34 
Lung Measurements S 3961 24.5 0.62 0.34 

Fecal M 1975 116.9 0.67 0.19 
Fecal S 1325 88.2 0.57 0.19 
Urine M 4.46E+04 203.2 0.29 0.17 
Urine S 1.78E+06 266.2 0.45 0.17 

 

 

4.3. Model Optimization with IDEAS Case 32 

The Case 32 urine excretion data were selected to optimize the Am-DTPA compartmental 

model. The Am-DTPA model was initially investigated using the suggested Pu-DTPA transfer 

rates (Konzen 2015), shown in Table 8. These rates were developed and optimized for the Pu-

DTPA complex and are used in this research to establish an initial fit of the Case 32 urine data. 

Table 8. Suggested complex transfer rates used in the Pu-DTPA compartment model (Konzen 2015).  

 

Treatment with Ca-DTPA took place on days 1, 4, 6, 15, 18, 21, 25, 28, 109, and 169. 

Treatment with Zn-DTPA took place on days 91, 141, 207, and 272. This research did not make a 

distinction between Ca- and Zn-DTPA for these treatment days; which were assumed to behave 

as Ca-DTPA kinetics. Treatment days were increased by one to represent the 24-hour 

enhancement on the collection day. The modeled Case 32 urine activity using the Pu-DTPA 

transfer rates is shown in Fig. 4.4. 

Compartment 
Pathway 

Transfer 
Rate 
(d-1) 

Compartment 
half-time 

 
Compartment 

Pathway 

Transfer 
Rate 
(d-1) 

Compartment 
half-time 

ST0 to ST0.d 3.65 273.5 minutes  Blood.d to ULI 4 249.5 minutes 
ST1 to ST1.d 1.925 518.5 minutes  Blood.d to Bladder 45.7 21.8 minutes 
Blood to Blood.d 1.378 724.3 minutes  Liver to Liver.d 2.2 453.7 minutes 
ST0.d to Blood.d 300 3.3 minutes  Liver.d to Blood.d 0.067 10.3 days 
ST1.d to Blood.d 0.12 5.8 days  Liver.d to SI 0.067 10.3 days 
Blood.d to ST0.d 145 6.9 minutes     



41 
 

 

Fig. 4.4.  Modeled urine activity using Pu-DTPA transfer rates with reference model activity (dashed line) shown for 
comparison. 

 

The modeled Case 32 urine using ICRP reference parameters (No-DTPA), shown as the 

dashed line, is also provided for comparison.  The maximum likelihood estimate of intake was 

calculated as 12,946 Bq (χ2 =299.8, ρ=0.71, CV=0.17) using Pu-DTPA suggested transfer rates. 

The model is overestimating the urine activity for day 1 by approximately 105 Bq and by 3.16 

Bq on average for days 2 through 15. The model then fractionally underestimates the urine 

activity on days 29– 90 by an average 0.60 Bq. The autocorrelation statistic showed a temporal 

bias in the model, indicating a poor fit of the urine data. However, the fit of the data is better 

than not accounting for chelation as the spikes in excreted urine activity following chelation 

days can be observed.  
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4.3.1. Sensitivity Analysis 

A sensitivity analysis was applied to the modeled urine data to identify which of the Am-

DTPA compartment pathways has the largest influence on urine excretion over the collection 

period. These data are shown in Table 9. 

Table 9. Sensitivity coefficients for Am-DTPA parameters for urinary excretion of americium. 

Pathway 

Accumulated Urine (Days) 

1 5 10 50 100 150 200 250 300 

Blood Blood.d 0.09 0.30 0.04 0.03 0.03 0.03 0.03 0.03 0.03 
ST1.d Blood.d 0.01 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 

Liver.d GI SI 0.00 -0.16 -0.06 -0.15 -0.15 -0.15 -0.15 -0.16 -0.16 
Liver.d Blood.d 0.03 0.18 0.19 0.16 0.16 0.16 0.16 0.16 0.16 
Blood.d GI ULI -0.07 -0.32 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 
Blood.d Bladder 0.07 0.46 0.07 0.07 0.07 0.07 0.07 0.07 0.07 

Liver Liver.d 0.02 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
ST0 ST0.d 0.17 0.07 0.06 0.05 0.05 0.05 0.05 0.05 0.05 
ST1 ST1.d 0.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.00 

 

The ST0 to ST0.d pathway had the most positive influence on urinary excretion indicating 

that an increase in this pathway transfer rate would lead to a larger predicted urine excretion 

value for day 1. Whereas the Blood.d to the GI ULI pathway had the most negative influence for 

day 1 indicating an increase in the transfer rate would lead to a decreased in the predicted 

urine activity value. The Liver.d to Blood.d pathway has the most positive influence from days 

10 through 300 with competition from the Liver.d to GI SI pathway. The sensitivity parameters 

of these pathways were extended to +0.05 and -0.05 and those transfer rates are displayed 

graphically in Fig. 4.5 and Fig. 4.6. Figure 4.6 shows the most sensitive urinary excretion 

pathways for the first collection days 1, 5, 7, and 10 following treatment days 0, 4, and 6.  
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Fig. 4.5. Sensitivity coefficients for those complex transfer rates that have a significant influence on urinary 

excretion over a period of 300 days. 

 

 
Fig. 4.6. Sensitivity coefficients for those complex transfer rates that have a significant influence on early urinary 

excretion in Case 32 following treatment days 1, 4, and 6. 

The interpretation of this sensitivity analysis is that the most important pathways post Ca-

DTPA treatment are the rapidly clearing soft tissues (ST0.d) and blood (Blood.d) pathways with 
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the liver pathways, Liver.d to Blood.d and Liver.d to GI ULI, dominating the prediction of urinary 

excretion after day 5. 

This appears to imply that day 1 post-treatment, Ca-DTPA can effectively complex 

americium from the blood and rapidly clearing soft tissues and be rapidly excreted via the 

urinary pathway. This statement seems to agree with published data suggesting Ca-DTPA forms 

rapidly excreted complexes in the blood and soft tissues and accounts for the short biological 

half-time of Ca-DTPA. But the significance of these pathways becomes less important in the 

days following Ca-DTPA treatment, with the liver pathways to the blood and blood to upper 

large intestine becoming more influential on urinary excretion. This seems to suggest a soft 

tissue pool where Ca-DTPA can effectively complex americium and be rapidly excreted as well 

as the ability of Ca-DTPA to complex americium in the liver and be released to excretion at a 

slower rate.  

 

4.3.2. Optimized Parameters 

The transfer rates for the Liver.d to Blood.d and Liver.d to GI SI model pathways were 

initially optimized in an ad hoc manner, keeping in mind physiological significance, to find the 

most acceptable fit of the IDEAS Case 32 data. The data described in Table 10 represent the 

most acceptable fit of the data while remaining physiologically significant.  

Table 10. Recommended transfer rates for the Am-DTPA compartmental model. 

Compartment 
Pathway 

Transfer Rate 
(d-1) 

Compartment 
half-time  

Compartment 
Pathway 

Transfer Rate 
(d-1) 

Compartment 
half-time 

ST0 to ST0.d 3 332 min  Blood.d to ULI 4 250 min 
ST1 to ST1.d 1.925 519 min  Blood.d to Bladder 25 40 min 

Blood to Blood.d 1.378 724 min  Liver to Liver.d 0.9 0.8 days 
ST0.d to Blood.d 99 10 min  Liver.d to Blood.d 0.015 46 days 
ST1.d to Blood.d 0.1 7 days  Liver.d to SI 0.014 50 days 
Blood.d to ST0.d 18 56 min     
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The bolded transfer rates were all optimized from the suggested Pu-DTPA transfer rates. 

The data show increased retention of the Am-DTPA complex in the liver and intermediate soft 

tissues (ST1.d). The optimized model indicates the Am-DTPA complex is translocated from the 

Blood.d compartment with 53%, 38%, and 9% directed towards the Bladder, ST0.d, and GI ULI 

compartments, respectively. The model also accounts for the rapid exchange of DTPA between 

the ST0.d and Blood compartments with a half-time of 10 minutes.  

The optimized model results in an IDEAS logarithmic chi-squared value of 102.24, with 

75 degrees of freedom, and a p-value of 0.02. The autocorrelation statistic was calculated as 

0.16, which was within the 95% confidence limit of 0.17. The maximum likelihood estimate of 

intake was calculated as 12,204 Bq. The optimized model compared to the Case 32 urine 

excretion is shown in Fig. 4.7. The MLE.Lung R function was used to perform these calculations 

and is shown in Appendix 1.  
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Fig. 4.7. Case 32 urine excretion compared to optimized model rates (solid line) with the dashed line representing 
the expected excretion for a 12.2 kBq intake without DTPA enhancement. The plus signs along the x-axis 
indicate a chelation day.   

The optimized model data compared with the reference model transfer rates and 

suggested rates for the Am-DTPA complex are described in Table 11.  

Table 11. Comparison of model statistics using Am-241 absorption type M for 5-μm AMAD particles for Case 32 
urine excretion. 

  Reference Rates 
(No DTPA) Pu-DTPA Rates Optimized Rates 

MLE Intake (kBq) 44.6 12.9 12.2 
χ2  203.2 299.8 102.2 
p-value 0 0 0.02 
ρ  0.29 0.71 0.16 
CV95 0.17 0.17 0.17 

 

The autocorrelation results for the optimized transfer rates were within the 95% 

confidence limit, indicating acceptable performance of the urine bioassay prediction. However, 

the chi-squared value of the log-transformed data is just outside of the 95% confidence level. A 
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statistically significant chi-squared value for this data set is 96. The model is overestimating the 

urine excretion activity on day 1 by 77 Bq and underestimating the urine excretion activity on 

days 100 through 300 by an average of 0.2 Bq. The fit of the data must be rejected based on the 

criteria previously set for hypothesis testing, p-value > 0.05. However, the Am-DTPA model with 

the optimized parameters has an acceptable autocorrelation value at the 95% confidence limit, 

which may indicate bias in the assumed error (scattering factor) used to calculate the chi-

squared value for these data. Therefore, the Am-DTPA transfer rates will be provisionally 

accepted to assess the fit of the USTUR Case 0846 urine data.  

Lastly, the in-vivo skeletal measurements were compared to the model predictions as 

shown in Table 12 and Fig. 4.8. The retained activity in the skeleton was calculated using the 

Am.Lung function, which summed the activity in the cortical and trabecular bone surface and 

volume compartments for the respective measurement days. The activity was then scaled by 

the calculated geometric mean intake. The model prediction had a Pearson chi-square value of 

0.69 and p-value of 0.87 with 3 degrees of freedom, indicating a good fit of the skeletal activity.  

 

Fig. 4.8. Case 32 skeletal activity measurements compared to the Am-DTPA prediction of skeletal activity on 
measurement days. 
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Table 12. Case 32 skeleton activity measurements with predicted skeleton activity on measurement days. 

Day Skeleton Measurement (Bq) Model Skeleton Activity (Bq) Model IRF (Bq) Est. Intake (Bq) 

4 26 20.58 0.00660409 3937 

91 30 34.17 0.01096694 2735 

207 36 41.62 0.01335883 2695 

278 46 44.14 0.01416603 3247 

GEOMEAN Intake (Bq) 3116 

4.4. USTUR Case 0846 

The USTUR Case 0846 data set included extensive urine excretion measurements collected 

over a 7-year period. The subject was injected with a total of 322 grams of DTPA over a period 

of 337 weeks. The Ca-DTPA treatment strategies are summarized in Table 13. For the purposes 

of this report, period (a), which includes 460 consecutive daily urine measurements with weekly 

injections of 1-gram Ca-DTPA, will be assessed with the optimized Am-DTPA model.  

Table 13. Ca-DTPA chelation treatment schedule divided into 9 contiguous periods starting in September 1967 (Rosen et al., 
1980). 

Period Duration (wks) Dose (g) Frequency (doses/week) 

a 65 1 1 
b 2 0 -- 
c 14 0.5 2 
d 31 0.5 1 
e 37 1 1 
f 19 0 -- 
g 56 1 1 
h 22 0 -- 
i 134 1 1 

Total 337 322   

  

The USTUR Case 0846 data set also included spot fecal samples during the first 80 weeks, 

and extensive radiochemical measurements made at autopsy. Assessments using these data 

sets are not in the scope of this report as the Am-DTPA model has been optimized for urine 

excretion but can be used for further analyses.



 

 
 

 

4.4.1. Model Assessment 

As previously mentioned, Case 0846 involved an individual that prepared foils, produced in 

a compacting process, which contained up to 500 mCi of 241AmO2 powder per foil. The initial 

exposure is presumed to have occurred in the first or beginning of the second year of work with 

the compaction process, placing the time of the exposure in 1965 or early 1965, although this is 

not certain (Rosen et. al., 1980). The individual performed this work for a period of 2 to 3 years, 

ending in May 1967, at which time he was removed from the work area. The individual began 

chelation therapy with weekly injections of Ca-DTPA in September 1967. This treatment 

regimen was continued for 65 weeks.  

This case was modeled using two intake scenarios due to the uncertainty associated with 

the time of intake. (Scenario 1) assumes an acute intake one day prior to chelation therapy; and 

(Scenario 2) an acute intake of 1.2 MBq 379 days prior to beginning chelation therapy. The 

assumption in scenario 2 was proposed by Breustedt et al. (2012). Both scenarios are assuming 

an intake of 5-μm AMAD particles of Am-241 and evaluated using absorption types M and S.  
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Intake Scenario 1 Results 

 

Fig. 4.9. Case 0846 urine excretion compared to reference model (No-DTPA) and the Am-DTPA model using Am-
241 absorption types M and S

 

 

Fig. 4.10. Case 0846 urine excretion from day 100 to 460 compared to reference model (No-DTPA) and the Am-
DTPA model using Am-241 absorption types M and S. 
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Table 14. Intake scenario 1 Case 0846 urine model statistics. 

  Reference Rates 
(No DTPA) 

Am-DTPA Rates (Type M) 
 

Am-DTPA Rates (Type S) 

MLE Intake (MBq) 3.04 1.23 24.03 

χ2  1429 2133 1560.4 

Degrees of freedom 459 459 459 

p-value <0.05 <0.05 <0.05 

ρ  0.20 0.43 0.22 

CV95 0.07 0.07 0.07 

 

Intake Scenario 2 Results 

 

Fig. 4.11. Case 0846 urine excretion from day 380 to 840 compared to reference model (No-DTPA) and the Am-
DTPA model using Am-241 absorption types M and S. 

Table 15. Intake scenario 2 for Case 0846 urine model statistics. 

  Reference Rates 
(No DTPA) 

Am-DTPA Rates (Type M) 
 

Am-DTPA Rates (Type S) 

MLE Intake (MBq) 1.2 1.2 1.2 

χ2  7446 5419 21763 

Degrees of freedom 459 459 459 

p-value <0.05 <0.05 <0.05 

ρ  0.85 0.77 0.94 

CV95 0.07 0.07 0.07 
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4.4.2. Case 0846 Summary 

Neither intake scenario, modeled with the Am-DTPA model, was able to provide a good fit 

of the Case 0846 urine excretion data.  The Am-DTPA model appears to be greatly 

underestimating the influence of chelation and excretion of Am-241 in this case and has not 

done well with understanding the peak of periodic excretion. However, the model did out 

perform the reference model in its ability to account for the increased excretion of activity post 

DTPA administration. Therefore, the model should be considered for future attempts at 

modeling chelation influenced data. 

 

4.5. Hypothesis Testing 

The following hypotheses were tested in this research: 

H1,0: The published Pu-DTPA transfer rates cannot be optimized for americium to adequately 
fit the Case 32 urine bioassay data 

H1,A: The published Pu-DTPA transfer rates can be optimized for americium to adequately fit 
the Case 32 urine bioassay data. 

 

Test 1: The attempt to optimize the Pu-DTPA transfer rates to fit the Case 32 urine data 

resulted in a poor fit, accepting the null hypothesis.  

The parameters set to evaluate the model were assessed using the chi-square and 

autocorrelation test statistics with a confidence level of α = 0.05. Since these statistical tests 

were not in agreement at the 95% confidence level the model must be rejected. A model that 

has a good fit will have a p-value greater than the confidence level and a ρ value less than the 

respective autocorrelation confidence level.  
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H2,0: The Am-DTPA transfer rates cannot be used to predict the published mean intake in 
IDEAS Case 32. 

H2,A: The Am-DTPA transfer rates can be used to predict the published mean intake in IDEAS 
Case 32 

 

Test 2: The maximum likelihood estimate of intake was calculated as 12.2 kBq. An acceptable 

intake was taken to be within 10% of the published intake of 7.22 ± 1.69 kBq. Therefore, 

the null hypothesis must be accepted.  

 

H3,0: The Am-DTPA model using optimized Am-DTPA transfer rates cannot adequately fit the 
USTUR Case 0846 urine bioassay data 

H3,A: The Am-DTPA model using optimized Am-DTPA transfer rates can represent a good fit 
of the USTUR Case 0846 urine bioassay data 

 

Test 3: The attempt to model the Case 0846 urine data was unsuccessful and greatly 

underestimated the excretion of Am-241. Modeling of Case 0846 urine data resulted in 

a poor fit and acceptance of the null hypothesi



 

 
 

 

5. Summary and Conclusion 

 

5.1. Summary 

The goal of this research was to estimate americium intakes from chelation influenced 

urine bioassay data using the published Pu-DTPA compartmental model coupled with current 

recommended biokinetic models. Transfer rates for the Am-DTPA were developed from a case 

study of IDEAS Case 32 and validation performed with USTUR Case 0846 urine data.  The Am-

DTPA model coupled with the ICRP reference models predicted an intake of 12.2 kBq in Case 

32, while reference models alone estimated an intake of 44.6 kBq. The Am-DTPA model 

provided a better fit of the Case 32 urine data than reference models. Although, the intake 

estimation using the Am-DTPA model was not deemed statistically significant since the chi-

square and autocorrelation value were not in agreement at the 95% confidence level. While not 

a statistically significant result, the Am-DTPA model resulted in an improved bioassay 

prediction, compared to reference models and suggested Pu-DTPA rates, when assessing 

chelation influenced urine bioassay data. 

The validation of the Am-DTPA model using the first 65 weeks of DTPA influenced urine 

bioassay of USTUR Case 0846 proved to be inadequate. The Am-DTPA model provided a slightly 

better fit of the data than reference models using intake scenario 2. However, both models 

provide a poor fit of the data. A few contributing factors may include the great uncertainty 

associated with the time of intake and type of scenario (acute vs. chronic), the assumed particle 

size of 5-μm and absorption type M, the digitization of graphical data, and the length of DTPA 

treatment regimens may have altered the metabolism of americium in the body. Nevertheless, 
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the Am-DTPA model shows promise in its ability to model the rapid excretion of americium 

from the blood and soft tissues immediately following DTPA treatment.  

 

5.2. Future Work 

The Am-DTPA compartmental model shows promise in fitting chelation influenced urine 

data. The structure of the model appears to be physiologically significant in the biokinetic 

modeling of systemic americium and complexation with DTPA. Future research efforts may 

include further investigation of the rates of retention and removal of americium from the 

human liver, by DTPA, to the blood and biliary tract. These pathways appeared to dominate 

long-term excretion and retention of americium. Investigation into an additional pathway for 

urinary excretion, such as a kidney compartment, may assist in understanding the peak of 

periodic urine excretion in USTUR Case 0846. The transfer rates for the Am-DTPA complex may 

also provide a starting point for further optimization in other americium inhalation cases. The 

extension of the Am-DTPA model to injection, ingestion, and wound cases is also 

recommended. 
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Appendix 1: R Functions 

The following R functions were used in this report were developed by Dr. Kevin Konzen for 

use in the Pu-DTPA biokinetic model. The R environment can solve exponential rate matrices by 

loading the expm4 package. The functions used in this research effort were developed by 

Konzen (2014) for the Pu-DTPA model but have been rewritten to describe the biokinetics of 

americium and the americium-DTPA complex. The functions were validated by comparing each 

respective output value to a published value to ensure agreement.  The primary functions for 

this model are decays, Am.lung.MLE, MLE.Lung, and sens. 

Decays  

The decays function calculates the number of decays occurring in a compartment at 

any time provided the rate matrix [R], a decay time (t) and radioactive half-life (h) in 

days. 

decays = function (R,t,h) 

{ 

  X0=diag(as.matrix(R))  

  lam=log(2)/h  

  A=t(R) 

   

  N = dim(R)[1]  

  for (i in 1:N) {  

    A[i, i] = -sum(R[i, -i]) - lam }  

   

  A.exp=expm(A*t) 

  B=A.exp-diag(1,dim(A)[1]) 

  trans=lam*solve(A) %*% B %*% X0  

  X=A.exp %*% X0 

  X[N-1]=X[N-1]+trans[N-1]  

  X[N]=X[N]+trans[N] 

   

  ttl = cbind(X0, X, trans)  

  colnames(ttl) = c("initial", "atoms", "decays")  

  row.names(ttl) = colnames(R)  

  structure(list(summary = ttl), class = "decays") } 

                                                           
4 Vincent Goulet, Christophe Dutang, Martin Maechler, David Firth, Marina Shapira and Michael Stadelmann (2017). expm: Matrix Exponential

, Log, 'etc'. R package version 0.999-2. https://CRAN.R-project.org/package=expm. 
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Decays Validation: Birchall and James I-131 Example  

A validation of this function was performed using the example provided in Appendix C of 

Birchall and James (1989). The example involved calculating the number of β disintegrations in 

the thyroid 5000 days after the injection of 1 Bq of I-131 into the stomach compartment, using 

the ICRP metabolic model for iodine. Konzen (2014) also used this example to validate the 

decays function used in the Pu-DTPA model. Birchall (1989) concluded the number of β decays 

in the thyroid after 5000 days to be 2.675x105. The decays function resulted in 2.659x105 β 

decays. The minor differences can be attributed to rounding errors. 
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Am.Lung.MLE 

This function was developed by Konzen (2014) to be coupled with the MLE.lung function 

but may also be used by itself. This function requires input of a rate matrix (R), the days when 

chelation was administered (d), time of interest (t), absorption type for Am-241 (“M” or “S”), 

and half-life (h). The resulting output is a table of intake retention fractions for the urine, 

faeces, blood, ST0, Lung, and ET compartments for the specified time of interest. 

 

Example: 
> Am.lung.MLE = function (R=R,d=c(1,4,6,15),t=20,type="M",h=432.2) 
 

Function: 
 
Am.lung.MLE= function (R=R,d=chel,t=10,type="M",h=432.2) { 

  #R is specified rate matrix that includes dtpa compartments  

  #d is days that chelation was applied  

  #type is absorption type "S" or "M" for Am 

   

  #ICRP 66 particle type "M" parameters 

  s.p=10; s.pt=90; s.t=0.005;  

  Lamb=0.0005  

   

  #ICRP 66 particle type "S" parameters 

  if(type=="S"){s.p=0.1; s.pt=100; s.t=0.0001; Lamb=0.00001;} 

  

  R[1:13,46]=s.p  

  R[15:27,46]=s.t  

  R[41,46]=Lamb  

  for(i in 1:13){R[i,14+i]=s.pt} 

   

  h.days = h * 365.25 #Am-241 half-life in days 

   

  R.dtpa=R  

  R.wo=R  

  R.wo[28:46,47:50]=0 #removes dtpa influence 

 

  Am.atoms = matrix(c(0, 0, 0, 0, 0, 0,0,0,0,0), nrow = 1, byrow = T)  

  colnames(Am.atoms) = c("Time(d)", "Urine", "Faeces", "Tot.Body", 

                         "Skeleton", "Liver","Blood","ST0","lung","ET") 

  Am.atoms = Am.atoms[-1, ]  

  df=1 

  N=(t/df) 

   

  for (i in 1:N) {  

    R=R.wo 

    for(j in 1:length(d)){  

      if(df<1){  
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        if(floor(i*df+1)==d[j]) R = R.dtpa} 

      else {if(i==d[j]) R=R.dtpa} } 

     

   k = 1*df  

   n = i*df 

     

    last=decays(R,k,h.days)$summary[,2]  

    last1=last  

    last1[52:53]=0  

    if(k>=1)last1=decays(R,k-1,h.days)$summary[,2] 

     

    am.1 = last[53] - last1[53]  

    am.2 = last[52] - last1[52]  

    am.3 = sum(last[1:50])  

    am.4 = sum(last[33:38])  

    am.5 = sum(last[39],last[49])  

    am.6 = last[46]  

    am.7 = last[28]  

    am.8 = sum(last[1:10],last[15:24])  

    am.9 = sum(last[11:14],last[25:27])  

    am.new = matrix(c(n, am.1, am.2, am.3, am.4, 

am.5,am.6,am.7,am.8,am.9), nrow = 1,  

                    byrow = T) 

    Am.atoms = rbind(Am.atoms, am.new) 

     

    #Update R matrix diagonal amounts based on last run  

   for(j in 1:length(last)){R.dtpa[j,j]=last[j];R.wo[j,j]=last[j];} 

  } 

  Am.atoms 

  structure(list(Am.atoms=Am.atoms)) 

} 
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Validation of the Am.lung.MLE function was performed through calculating the IRF 

values for inhalation of Am-241 5-μm AMAD of type M and compared to those values published 

in IAEA Safety Report Series No. 37 (2004). The results are almost identical with minor errors 

that may be attributed to rounding as the IAEA table values are rounded to the tenth digit. 

241Am Inhalation (5-μm AMAD, Type “M”): 
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IAEA Safety Report Series 37 Values: 
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MLE.Lung 

Konzen (2014) states, MLE.Lung function analyzes inhalations with chelation, providing 

an estimated intake quantity accompanied with the standard statistics and plots with the actual 

bioassay sample results and the standard model prediction without chelation. The rate matrix is 

specified with incorporated ICRP 66 and ICRP 67 compartments, and with DTPA compartments 

specified. The chelation days are specified for ‘d’, and the time (t) that is the duration up to the 

specified period in days. This function accommodates particle solubility for ‘type’ and the 

particle’s AMAD ‘size’. The function will perform a comparison with the urine, fecal, blood, liver 

or lung bioassay measurements, which is specified by entering the bioassay type with the ‘Exc’ 

input criteria. The intake may be specified greater than 1 or set to 1 when the intake estimate is 

desired. The ‘weight’ refers to the chi-square goodness of fit indicator with either the ‘model’ 

prediction or ‘actual’ value listed in the denominator of the formula. The scattering factor is 

used for chi-squared statistic and since this function was developed for urine, the scattering 

factor is incorporated in the code as 1.6, and autocorrelation determination. 

Example:  
>MLE.Lung=function(R=Am.Lung,d=c(1,4,6,15,t=294,case=U32_00,type="M",size=

5,Exc="urine",intake=1,title="",weight="model"){ 

 

Function: 
MLE.Lung=function(R=R,d=chel1,t=50,case=U32_00,type="M",size=5,Exc="urine" 

   ,intake=1,title="",weight="model"){ 

   

# R is rate matrix that may or may not include the bound compartments, d 

# is chelation days, t is time of interest 

  # case is excretion matrix of days and bioassay measurements 

  # type is the ICRP 66 absorption type (S,M of F) 

  # fb is the fraction going to the bound compartment in the ICRP 66 lung       

#model 

  # h is radioactive half-life in years 

  # intake may be specified or left as 1 for the function to determine 

  # title is used for the plot title 

  # weight is used in the denominator of for determining the chi-square 

#goodness of fit. Options are "actual" or 
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  # "model", corresponding to either the actual data or the compartment 

#model results. 

   

  N=case[dim(case)[1],1] 

  if(N<t)t=N else N=t 

   

  #truncated case when N>t 

  NN=dim(case)[1] 

  for(i in NN:1){ 

    if(case[i,1]>t)case=case[-i,]} 

   

  #determine whether Pu or Am by R matrix dimension 

  if(Exc=="urine")k=2 

  if(Exc=="fecal")k=3 

  if(Exc=="liver")k=6 

  if(Exc=="blood")k=7 

  if(Exc=="lung")k=9 

   

 X.s=Am.lung.MLE(R=R,d=d,t=t,type=type)$Am.atoms[,1:k]; 

 X.z=Am.lung.MLE(R=R,d=0,t=t,type=type)$Am.atoms[,1:k]; 

   

  X.s=cbind(X.s[,1],X.s[,k]) 

  X.z=cbind(X.z[,1],X.z[,k]) 

   

  X.o=X.s 

   

  #normalize results to case days for regression 

  for(i in N:1){ 

    rem=0 

    for(j in 1:dim(case)[1]){ 

      if(X.s[i,1]==case[j,1])rem=1} 

    if(rem==0)X.s=X.s[-i,]} 

   

  #specify intake to use 

  if(intake<=1){ 

    intake=exp(sum(log(case[,2]/X.s[,2])/dim(case)[1])) 

  } 

   

  X.U=X.s 

  X.U[,2]=intake*X.U[,2] 

  X.o[,2]=intake*X.o[,2] 

   

  #get final regression stats 

  res=case[,2]-X.U[,2] 

  if(weight=="actual") w=1/case[,2] else w=1/X.U[,2] #specify weight 

vector 

  chi=t(res^2)%*%w 

   

  rsq=1-sum(res^2)/sum((case[,2]-ave(case[,2]))^2) 

  X.z[,2]=X.z[,2]*intake 

   

  #Chi.square calculated according to IDEAS Guidelines 

  IDEAS=sum((log(case[,2])-log(X.U[,2]))^2/(log(1.6)^2)) 

   

  #determine autocorrelation statistic  
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  Nu=dim(case)[1];  

  numU=0; 

  sResU=(log(case[,2])-log(X.U[,2]))/log(1.6) 

  denU=IDEAS 

  for(i in 1:(dim(case)[1]-1)){  

    numU=((log(case[i,2])-log(X.U[i,2]))/log(1.6))*((log(case[i+1,2])-

log(X.U[i+1,2]))/log(1.6))+numU 

  } 

  acU=numU/denU 

   

  X=matrix(c(intake,chi,rsq,IDEAS,acU),nrow=1,byrow=T) 

  colnames(X)=c("Intake(Bq)","chi-Sq","rsq.U","IDEAS chisqr","acU") 

 

  X=matrix(c(intake,chi,rsq,IDEAS,acU),nrow=1,byrow=T) 

  colnames(X)=c("Intake(Bq)","chi-Sq","rsq.U","IDEAS chisqr","acU") 

   

  #plot results 

  low=min(X.o[,2]) 

  low1=min(case[,2]) 

  hi=max(X.o[,2]) 

  hi1=max(case[,2]) 

  if(low1<=low)low=low1 

  if(hi1>=hi)hi=hi1 

 

  plot(case,log="xy",ylim=c(low,hi),main=title,xlab = "Days",ylab = "Urine 

Activity (Bq)") 

  lines(X.o,typ="l") 

  lines(X.z,typ="l",lty=3) 

  structure(list(X=X,Xs=X.s)) 

} 
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Sens 

This function performs a sensitivity analysis over all the rate matrix specified 

compartments for the time periods of interest, while also segregating the most influential 

compartments for urine, feces, blood and skeleton. The input requires the rate matrix to be 

specified with the time period of interest (Konzen 2014). 

Example: To find the important compartments for the 100th day for the R.Am rate matrix:  

>sens(R=R.Am, t=100) 

Function: 
sens=function (R=R,t=1) {  

#the rate matrix must have urine in the last row and feces in the second      

#to last row  

#the rate matrix must have Cort.Surf and Trab.Surf as headers for the 

#bone surfaces  

 

  val=matrix(c(0,0,0,0,0,0,0,0,0,0,0,0,0),nrow=1,byrow=T)  

  colnames(val)=c("coef","compartment.1","compartment.2","transfer.rate", 

"row","col","U.sens","F.sens","B.sens","BS.sens","k1", 

"k2","k3")  

  val=val[-1,]  

  h.days=24110*365.25  

  tf=50*365.25  

  t=t  

  N=dim(R)[1]  

  for(i in 1:N){  

    if(colnames(R)[i]=="Cort.Surf" || colnames(R)[i]=="CortBS" || 

colnames(R)[i]=="CortSurf") 

  k1=i  

    if(colnames(R)[i]=="Trab.Surf" || colnames(R)[i]=="TrabBS" || 

colnames(R)[i]=="TrabSurf") 

  k2=i  

    if(colnames(R)[i]=="Blood")  

  k3=i 

  } 

   

p=1  

for(i in 1:N){  

  for(j in 1:N){ 

    if(R[i,j]>0 && i!=j) {  

      u1=decays(R, t, h.days)$summary[N, 2];  

      f1=decays(R,t,h.days)$summary[N-1,2];  

      s1=decays(R,tf,h.days)$summary[k1,3] + 

decays(R,tf,h.days)$summary[k2,3];  

      b1=decays(R,t,h.days)$summary[k3,2];  

      op=R[i,j];  
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      dp=R[i,j]*1.01;  

      R[i,j]=dp;  

      u2=decays(R, t, h.days)$summary[N, 2];  

      f2=decays(R,t,h.days)$summary[N-1,2];  

      s2=decays(R,tf,h.days)$summary[k1,3] + 

decays(R,tf,h.days)$summary[k2,3];  

      b2=decays(R,t,h.days)$summary[k3,2];  

      R[i,j]=op; 

      su=round((u2-u1)/u1/0.01,digits=5);  

      sf=round((f2-f1)/f1/0.01,digits=5);  

      ss=round((s2-s1)/s1/0.01,digits=5);  

      sb=round((b2-b1)/b1/0.01,digits=5); 

      

val=rbind(val,matrix(c(p,row.names(R)[i],colnames(R)[j],R[i,j],i,j,su,sf, 

                             sb,ss,k1,k2,k3), nrow=1,byrow=T)); 

      p=p+1; } 

  } 

}  

val=as.data.frame(val)  

U.val=val[order(abs(as.numeric(as.matrix(val[,7]))),decreasing=TRUE),]  

F.val=val[order(abs(as.numeric(as.matrix(val[,8]))),decreasing=TRUE),]  

B.val=val[order(abs(as.numeric(as.matrix(val[,9]))),decreasing=TRUE),]  

S.val=val[order(abs(as.numeric(as.matrix(val[,10]))),decreasing=TRUE),] 

 

structure(list(val=val,U.val=U.val[1:10,],F.val=F.val[1:10,],B.val=B.val[1

:10,],S.val=S.val[1:10,])) 

 

} 

 


