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Internal dosimetry of radiopharmaceuticals in diagnostic nuclear medicine is 
based on biokinetic and anatomical models. The biokinetic model describes the 
uptake and retention of the radionuclide through the human body and where 
the nuclide decays. The anatomical models are mathematical models and are 
used to estimate the energy absorbed in the body from each decay. This means 
that the regions defining the biokinetic models also have to be defined in the 
mathematical anatomic models. A new biokinetic model is created and older 
models are modified to fit the new adult anatomic models presented by the 
ICRP and ICRU. New tools are developed to facilitate the use of the new voxel 
based anatomic models to perform revised adsorbed dose and effective dose 
estimations. This book is the doctoral thesis of Martin Andersson and discusses 
the implementation of new voxel based mathematical models into diagnostic 
nuclear medicine. When not working with internal dosimetry Martin likes long 
walks by the beach and fine dining.
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Summary 

Radiation absorbed dose estimations for patients undergoing diagnostic examinations in 
nuclear medicine are performed via calculations, based on models of the human body and 
on the radiopharmaceutical behaviour in the body. An adult mathematical model was 
created and the corresponding so called specific absorbed fractions (SAF) values were 
published by Snyder et al. (1974) which later were updated in Medical Internal Radiation 
Dose (MIRD) pamphlet 5 revised and pamphlet 11 (Snyder et al., 1974; 1978). 
Mathematical models for a whole family of phantoms were created by Cristy and Eckerman 
(1987). To estimate the radiation risk to a population examined with a specific 
radiopharmaceutical, the effective dose is often calculated using the tissue weighting factors 
from ICRP Publication 60. This thesis focuses on revising absorbed dose calculations by 
using updated SAF values, which are based on mathematical models described by CT or 
MR images generated on real patients. These have later been modified to represent the 
reference person given in ICRP Publication 89. Together with the adoption of the new 
mathematical models, the updated definition of effective dose (ICRP, 2007) has been 
implemented. 

In Paper I an internal dosimetry computer program called “Internal Dose Assessed by 
Computer” (IDAC2.0) is presented and in Paper IV this software is used to calculate 
revised organ doses and the effective doses for five clinically important PET 
radiopharmaceuticals. Paper II presents a graphical user interface computer program 
created to facilitate arbitrary Monte Carlo simulations directly on the mathematical models 
for specific situations where predefined SAF values have to be applied, e.g. effective dose 
estimations from local skin contaminations. The specific absorbed fractions and the 
mathematical models are defined for predetermined structures which may be more or less 
realistic assumptions. In Paper III, new SAF values have been generated for the urinary 
bladder wall at different bladder volumes, allowing absorbed dose calculations for a 
dynamic urinary bladder, where the SAF value is dependent on the degree of urinary 
bladder filling. 

In order to calculate the absorbed dose, a biokinetic model is needed. A biokinetic model 
describes the transfer and distribution of the modelled radiopharmaceutical in different 
organs and tissues. Paper VI proposes a new biokinetic model for the element indium in 
ionic form and the absorbed doses and the effective dose are calculated for indium-111 and 
indium-113m ions.  

In nuclear medicine, procedures can be optimised on different parameters like diagnostic 
information, organ absorbed doses, or effective dose. Paper V is a review on dose 
management for conventional nuclear medicine imaging and PET, where the importance 
of several relevant parameters is discussed. The goal of the review paper is to highlight the 
need for establishing image quality criteria in nuclear medicine to the same extent as is done 
in X-ray imaging. This will facilitate observer performance studies which are needed in the 
search for optimal imaging conditions. The main contribution towards optimisation has 
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up to now been the recommendation to adjust the administered activity by the patients 
weight. The dose management in nuclear medicine imaging requires more attention and 
there is a need for better use of new technology for individual patient dose management 
and for education and training. 

In conclusion, the work behind this thesis has aimed to develop and adopt more detailed 
and complex anatomical and biokinetic models to enable more realistic absorbed dose 
calculations for examinations with radiopharmaceuticals. 
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Populärvetenskaplig sammanfattning 

Diagnostiska undersökningar inom nuklearmedicin används för att påvisa sjukdoms-
tillstånd genom att studera fysiologiska, metabola och kemiska processer i kroppen. 
Metoden går ut på att koppla ett radioaktivt ämne till en bärarsubstans vilken styr var 
upptaget kommer att ske. En vanlig metod för att avbilda tumörer är exempelvis att 
använda socker som bärarsubstans av ett radioaktivt ämne. Det märkta sockret söker sig 
bland annat till tumören, som har en större energiförbrukning än resten av kroppen. På så 
sätt kan tumören avbildas genom att detektera sönderfallet av det radioaktiva ämnet. 

Fördelen med att använda sig av strålningsdiagnostik är att den medger mätning utanför 
kroppen och är en relativt enkel undersökning. En nackdel är att strålningen som används 
är joniserande och har en biologisk påverkan på kroppen. Inom diagnostisk nuklearmedicin 
administreras små mängder av ett spårämne, av strålslag som ger relativt liten biologisk 
påverkan, vilket medför att det inte blir några akuta strålskador. Intresset fokuseras istället 
på den eventuellt förhöjda risken att lång tid efter undersökningen få en strålningsinducerad 
cancer. Den ökade strålningsinducerade cancerrisken är liten i förhållande till den normala 
cancerförekomsten i en population och därför baseras beräkningarna till en 
referenspopulation som främst bygger på erfarenheter från atombombsöverlevande från 
Nagasaki och Hiroshima. 

För att kunna utföra riskuppskattningar baseras beräkningarna på två modeller; en biologisk 
samt en matematisk. Den biologiska modellen försöker uppskatta hur det radioaktiva 
läkemedlet fördelar sig i kroppen och därmed var i kroppen sönderfallen sker. När alla 
sönderfall som sker i kroppen har blivit lokaliserade med hjälp av en generell 
populationsmodell appliceras dessa sönderfall på en matematisk modell. Den matematiska 
modellen uppskattar var och hur stor energideponeringen är från varje sönderfall. Genom 
att göra dessa två uppskattningar kan en absorberad dos beräknas för olika strålkänsliga 
organ och sedan användas som en indikator för att uppskatta en biologisk effekt. 

I denna avhandling har en ny biologisk modell skapats för grundämnet indium i jonform 
(In3+), vilken beskriver indiums fördelning i kroppen mer realistiskt än tidigare modeller. 
De andra arbetena handlar om att förbättra den matematiska modellen för 
stråldosberäkningarna. Tidigare har det matematiska fantomet varit baserat på linjära och 
kvadratiska ekvationer, likt godistillverkaren Bassetts® maskot Bertie. Det fantomet har nu 
ersatts med mer detaljerade modeller baserade på CT- och MR-bilder från verkliga 
personer.  

Samtidigt med införandet av mer realistiska matematiska modeller har också en uppdaterad 
version av riskkoefficienterna för olika strålkänsliga organ använts. Man utgår fortfarande 
från de överlevande i Hiroshima och Nagasaki, men risken baseras nu på risken att insjukna 
i cancer istället för på risken att dö i cancer. 

Målet med avhandlingen är att skapa mer detaljerade modeller för hur de radioaktiva 
ämnena omsätts i kroppen, hur de bestrålar olika organ och vilken risk detta kan innebär. 
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Chapter 1 
Introduction and aim 

Diagnostic nuclear medicine, more recently also named functional molecular imaging, deals 
with medical procedures performed to help diagnose a variety of diseases. The procedures 
are based on the use of small (or tracer) amounts of radioactive material, where a 
radionuclide is attached to a ligand with specific affinity to a physiological, metabolic, or 
receptor-specific process. Unlike other imaging systems, which show anatomy and structure 
in detail, nuclear medicine can provide information on parameters like e.g. tissue blood 
flow, metabolism, and expression of cell receptors in normal and abnormal cells. The use 
of a radioactive tracer is extremely sensitive and tracer concentrations down to 10−12 mol/L 
can be measured. The method is also non-invasive and quite easy to use. However, to be 
able to detect a photon from a radioactive decay in the patient, a relatively high photon 
energy is required, which may create a biological effect within the body. The small risk to 
later in life develop a radiation-induced cancer from a diagnostic radiopharmaceutical is 
currently estimated based on the quantity effective dose (ܧ). The effective dose is one of 
several parameters used to justify the clinical exposure with ionising radiation to diagnose 
pathologies in patients. The effective dose from a radiopharmaceutical depends on where 
the ionisation occurs and the total number of disintegrations and where they take place 
within the human body. To determine the total number of disintegrations a biokinetic 
model is created, where the radioactive substance is followed from injection until only an 
insignificant amount of the tracer remains in the body.  

The purpose of a biokinetic model is to estimate the spatial and temporal distribution 
accounting for the decays associated with an examination using radiopharmaceuticals. A 
biokinetic model is created by determining which parts of the body that have an increased 
uptake of the radiopharmaceutical. The next step is to quantify these uptakes by means of 
available imaging devices, single detectors, or measurements of samples (like blood, urine, 
and faeces) during a time period after administration of the radiopharmaceutical. These 
data are then the base for information about time variation of activity in various organs. If 
enough data is gathered a complete system describing the transport of the tracer can be 
created. This method to account for transfer between organs is called compartmental 
modelling and is constructed mathematically by defining transfer rates of the radionuclide 
within different parts of the body. There are several parameters that determine the total 
number of disintegrations in the total body or the specific organs: the administered activity, 
the physical half-life of the radionuclide, the residence time of the substance, and its 
excretion rate via different pathways. If a biokinetic model can be constructed, there is a 
possibility to estimate the absorbed dose contribution from each disintegration. There are 
biokinetic models which are created from older studies using now outdated imaging devices 
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or like in the case of ionic indium only based on animal data. These biokinetic models 
should be subject for revision. 

To be able to estimate the location of the tracer and how much energy is deposited inside 
the patient, the International Commission on Radiological Protection (ICRP) jointly with 
the International Commission on Radiation Units and Measurements (ICRU) have created 
models of reference persons resembling an adult male of 73 kg and a female of 60 kg. 
Mathematical models describing the energy deposition from a disintegration are also 
referred to as phantoms in this thesis. ICRP has created biokinetic models for a large 
number of radiopharmaceuticals (ICRP, 1979; 1987; 1998; 2008; 2015) and performed 
dose estimations. As of yet, the dose estimations from ICRP have been based on stylised 
mathematical models, which use linear and quadratic equation models of organ and tissue 
shapes. The mathematical models were first introduced in the Medical Internal Radiation 
Dose (MIRD) pamphlet 11 (Snyder et al., 1975) improved, and completed with models 
representing other ages by Cristy and Eckerman (1987). Furhermore, dose calculations are 
generally performed using a fixed urinary bladder with a constant volume, independent on 
physiological or biological parameters. These simplifications may not result in a fully 
realistic representation of the body.  

During the last decades, the ICRP has published several improvements of more detailed 
biokinetic and anatomical models. These improvements need to be implemented into the 
dose estimations of radiopharmaceuticals to be able to perform more realistic dose 
estimations. ICRP updated the basic anatomical and physiological data for the reference 
person in 2002 (ICRP, 1975; 2002) and therefore new mathematical models had to be 
created. Reference phantoms for adults based on CT and MR images from a real adult male 
and female, rather than mathematical models, were published in 2009 (ICRP, 2009). These 
phantoms resembled the predefined anatomical values regarding height and weight and the 
organs and tissues were adjusted according to the specifications given in the publication of 
anatomical reference values (ICRP, 2002). In 2007, ICRP published a new set of tissue 
weighting factors for calculation of the radiation protection unit effective dose, and several 
new organs and tissues were assigned weighting factors (ICRP, 1990; 2008). In the new 
reference phantoms, all the organs and tissues needed for the revised effective dose 
calculations were included and the phantoms were also created to be able to adopt a new 
human alimentary tract (HAT) model, describing the transfer of materials within this 
region (ICRP, 2006). 

The overall aim of this thesis is to implement the ICRP/ICRU adult voxel phantoms for 
diagnostic nuclear medicine, enabling improved radiation dose estimations for diagnostic 
procedures with radiopharmaceuticals. 
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The specific aims of the thesis were to: 

 create a new internal dosimetry computer program, which could perform absorbed 
dose calculations on the new voxel phantoms and estimate the effective dose based 
on the tissue weighting factors in ICRP Publication 103. 

 modify existing biokinetic models for a number of radiopharmaceuticals, so that 
the models can be used by the recently created computer program. 

 create a new biokinetic model for indium ions (In3+) and perform dose calculations. 

 estimate the absorbed dose to the urinary bladder wall for various degree of filling 
rate and volume of the bladder. 

 enable a method to make Monte Carlo simulations with voxel phantoms, more 
user friendly. 
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Chapter 2 
Biokinetic modelling  

The main objective of biokinetic modelling in nuclear medicine is to create a model, which 
describes the distribution of the decays of the radionuclide. Such a model does not 
necessarily need to be physiologically and metabolically realistic. The model can be 
constructed in different ways, but all models are based on actual measured radionuclide 
data preferentially from healthy human volunteers. Patient data are generally measured 
from blood or urine samples, or may be quantified with SPECT/CT or PET/CT images. 
The radiopharmaceuticals can be administered via different routes depending on the 
examination, e.g. intravenously, orally, or via inhalation. Depending on the route of 
administration and the chemical properties of the radiopharmaceutical, the uptake in and 
excretion from various organs and tissues will differ. Therefore, it is important to measure 
the organ/tissue radionuclide content at different time points after administration. The 
uptake phase is often shorter than the retention phase and it is therefore important to make 
frequent measurements directly after the administration. To estimate the retention in 
various organs and tissues, measurements should continue until only an insignificant 
amount of the radionuclide remains in the body, which means that the physical decay of 
the tracer also has to be taken into account. 

Figure 1.  
Decay corrected relative retention of 111In3+ in blood plasma as a function of time after injection. The circles represent time points in the 
Simonsen et al. (2009) study. The red and blue lines represent fits to the measured data using two mathematical functions as presented in 
Paper VI. 
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In Figure 1, decay corrected average plasma concentration of ionic indium from 15 healthy 
subjects are shown (Simonsen et al., 2009). For intravenous administration, the indium 
concentration starts at 100 % and decreases as indium begins to distribute in the human 
body. To estimate the total number of disintegrations or the concentration at a specific 
time, a biokinetic model can be constructed. There are mainly three different methods to 
estimate the cumulated activity: numerical integration, least squares criterion, and 
compartmental modelling (Koeppe, 1996; Stabin, 2008). All are briefly described below. 

All organs and tissues or other relevant structures which have an increased activity 
concentration in relation to the normal background uptake should be included as 
individual parts in the creation of the biokinetic model. 

Figure 2.  
Retention of 111In in the kidneys and red blood cells retention as functions of time after injection. The red markers represent 
the fraction (in %) of 111In in kidneys and red blood cells in rats (○) and dogs (⁎, □) after intravenous administration of 111InCl3 
(McIntyre et al., 1974; Jönsson, 1991). The blue line represent the biokinetic model for ionic indium proposed in Paper VI. 

The aim of the ICRP biokinetic modelling (ICRP, 1987; 1998; 2008; 2015) is to create 
representative models for healthy individuals. The experimental biokinetic data, are on the 
other hand often based on patients. However, even for a dedicated tracer the uptake in the 
targeted organ is just a small fraction of the injected activity (e.g. 2-5 % for dedicated brain 
tracers) (ICRP, 2015). Thus, as only minor alterations of the uptake in other organs are 
expected, the overall biokinetic data is likely relevant also for healthy individuals. In some 
cases, there are not sufficient human data to create a biokinetic model and in these cases 
animal data could be used instead. However, a biokinetic model based too heavily on 
animal measurements is less likely to predict a realistic human model. If animal data is 
needed it is better to use data from mammals of the same size as humans, such as dogs and 
monkeys as opposed to rats and mice. Examples of an uptake and retention phase in the 
kidneys and red blood cells are shown in Figure 2 where data from dogs and rats are 
presented at different time points after injection of 111InCl (McIntyre et al., 1974; Jönsson, 
1991). 
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Estimation of the total number of disintegrations 

The cumulated activity, or total number of disintegrations, is estimated by integration of 
the activity as function of time in various organs or tissues. Examples of results of the most 
common estimation methods are presented in Figure 1. The trapezoid method is a type of 
numerical integration using the measured data directly. Using least squares estimation or 
compartmental modelling, a function is fit to the data which may then be integrated. A 
sum of exponential functions is often optimised by least square criteria and transfer 
coefficients in a compartmental model are often developed using a maximum likelihood 
method e.g. SAAM II (Barrett et al., 1998). Both the trapezoid method and the method 
based on the sum of exponential functions are calculated for each organ and tissue 
independently, whereas compartmental modelling accounts for transfer of activity between 
relevant organs and tissues. 

Numerical integration  
The easiest method to calculate the total number of disintegrations ܣሚ is to use the 
trapezoidal method: 

ሚܣ ൌ
∑ ൫௙ሺ௧೔ሻା௙ሺ௧೔శభሻ൯೔

ଶ
 ௜,௜ାଵ    (2.1)ݐ∆

where ݂ሺݐ௜ሻ is the activity in the organ or tissue ݅ and ∆ݐ௜,௜ାଵ is the time difference between 
the two measurements ݅, ݅ ൅ 1. The trapezoid method will only be accurate with a constant 
linear retention. For a convex distribution it will underestimate the cumulated activity and 
opposite for a concave distribution. Furthermore, this method does not take remaining 
activity after the last measurements into account, which may cause a large underestimation 
of the total number of disintegrations if the radionuclide, or its radionuclide contaminants, 
has a long physical half-life. 

Least squares criterion 
The least squares criterion is based on minimising the sum of the squared distance from the 
estimated line to the measured points. The most common way is to assume that a sum of 
first order exponentials can be used to predict the model. In the example in Figure 1 a 
biexponential equation is used to estimate the area under the curve (AUC) and including a 
component for the physical decay reflects the total number of disintegrations. The 
biexponential equation is given by: 

஺ሺ௧ሻ

஺ሺ଴ሻ
ൌ ఒಳ೔೚ಲ௧ି݁ܣ ൅  ఒಳ೔೚ಳ௧   (2.2)ି݁ܤ

where ܣሺݐሻ is the time dependent activity at time ߣ ,ݐ஻௜௢஺ and  ߣ஻௜௢஻ are the retention 
constants and A and B are constants with the criteria that A + B =1. Unlike numerical 
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integration using the trapezoid method, integration of the biexponential function is not 
limited to the last measured point. The ߣ஻௜௢஺ and ߣ஻௜௢஻ constants may be connected to 
biological properties such as a fast and a slow, know or unknown process. Using the sum 
of first order exponentials to fit data points often results in a fit which is well optimised. 
There is no limit on how many terms to include in the sum of exponentials but the number 
included should reflect the accuracy of the data the summation is based on. Usually for 
modelling of radiopharmaceuticals transfer, there are no meaning more than two or three 
terms of exponentials. 

Compartmental modelling 

Compartmental modelling is a mathematical representation of the body or an area of the 
body created to study physiological or pharmacological kinetic characteristics. The transfer 
rate constants describe the probability of a tracer to be transferred from one compartment 
to another per unit time. Compartmental modelling combine all measured data points into 
one system. As an example, the amount of indium in plasma and red blood cells (Figure 1) 
or plasma retention and kidney uptake (Figure 2) may thus be connected. The concept of 
compartmental modelling is to create a system in which all tracers are placed in 
interconnected compartments. The probabilities of transfer between compartments are 
concentration and time independent (Goris, 2011). All compartments in a model belong 
to a pool, which often represents an organ or a tissue. In Figure 6 the liver pool is 
constructed out of two compartments. The compartments are connected with first order 
kinetics, meaning that transfer rates are constant and that the tracer flow only depends on 
the trace amount in a compartment (Giussani and Uusijärvi, 2011). This means that 
compartmental modelling does not account for saturation, as present for e.g. thyroid uptake 
of iodide, or that the tracer would affect the biological process. 

Descriptive modelling 

Descriptive modelling is a form of the modelling based on least squares criteria, and is the 
modelling type most frequently used by the ICRP for radiopharmaceuticals. The organs are 
often assumed to have an instantaneous uptake and the model only describes the excretion 
from that organ to the urine and faeces. It assumes immediate fractional uptake ܨ௦ in pool 
ܵ and a sum of exponentials describes excretion and uptake according to: 

஺ೄሺ௧ሻ

஺బ
ൌ ௦ܨ ∑ ௝ܽ ∑ ൝ܽ௜

்೔
்೔ି்ೕ

൥݁
ቆ
ష ౢ౤ሺమሻ
೅೔,೐೑೑

ቇ௧
െ ݁

ቆ
షౢ౤ሺమሻ
೅ೕ,೐೑೑

ቇ௧
൩ൡ௡

௜ୀଵ
௡ା௠
௝ୀ௡ାଵ  (2.3) 

where ܣௌሺݐሻ ⁄଴ܣ  is the fraction of injected activity at time ݐ in pool ܵ, ܽ is the fraction of 
  .ܶ ݅ with the corresponding biological half-time	௦ uptake ݆ or eliminationܨ
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For most descriptive models presented in ICRP Publication 53, 80, 106, and 128, a special 
case of equation 2.3 is assumed, where an immediate uptake in the pool ܵ is assumed: 

஺ೄሺ௧ሻ

஺బ
ൌ ௦ܨ ∑ ܽ௜݁

ቆ
ష ౢ౤ሺమሻ
೅೔,೐೑೑

ቇ௧
௡
௜ୀଵ     (2.4) 

Figure 3 shows a descriptive biokinetic model for ionic indium published in ICRP 
Publication 53 based on equation 2.4. The ICRP model of indium is created on animal 
studies of mice (Castronovo et al., 1971; 1973), which assumed an initial uptake of 30 % 
in the red (active) bone marrow, 7 % in the kidneys, 20 % in the liver, 1 % in the spleen, 
and the remaining activity was given to a pool resembling a general background uptake 
often called “remainder” or “other soft tissue”. The initial model assumed no excretion of 
indium, but in ICRP Publication 53 an excretion component was included based on data 
from mice. This excretion was not connected to any specific biological process. 

Figure 3.  
A descriptive biokinetic model for indium ions presented in ICRP Publication 53 (ICRP, 1987). 

The most common method used in ICRP Publication 128 is to connect the excretion from 
the compartments to a real biological process, where the substance is transferred via the 
kidneys to the urinary bladder before leaving the body, or is passed though the 
gastrointestinal tract. The measurements of the activity in urine are often performed in 
biokinetic studies to be able to model a realistic urinary excretion. Measurement of activity 
in samples of faeces are also preferable, but faeces collection is often considered unpractical. 
The ICRP have defined standardised biokinetic models to help create more realistic 
compartmental models if there is a lack of data. But all models should strive to be based on 
real measurements if it is possible and to use ICRP standardised models when needed. 

ICRP standardised models  
When developing a compartment model, all radioactive substances need to be located 
within the body. Gathering data to construct a complete compartment model is not always 
possible and therefore ICRP has developed several standardised models (ICRP, 1980; 2006) 
to facilitate the development of realistic biokinetic models based on activity in samples of 

Kidneys 

Total body 

Spleen Liver 

Red marrow 



28 

various kinds, like blood, urine, or exhaled air. The ICRP has two different blood models: 
one for radiopharmaceuticals which have a very short physical half-life (seconds to minutes) 
and follow the cardiac output (Leggett and Williams, 1995) and one model for substances 
that remain mainly in the blood and are assumed to be distributed according to the relative 
blood volume of the different organs (ICRP, 2002). There are also standardised models to 
describe the excretion of substances from the liver to the gastrointestinal tract via the 
gallbladder, and for bone seeking radionuclides deposited on the surface or in the volume 
of the trabecular and cortical bone. The two most commonly used standardised models in 
diagnostic nuclear medicine are the kidney-bladder model and the gastrointestinal tract 
model (ICRP, 2015). The kidney-bladder model is an age-dependent model assuming that 
the fraction of excreted activity in the urinary bladder has been eliminated via the kidneys 
and then voided with an age-dependent fixed interval. The ICRP gastrointestinal tract 
model (Figure 4) is defined for the Reference Man given in ICRP Publication 23 and gives 
transfer rates (ICRP, 1979) to be applied on various radiopharmaceuticals which are either 
administered orally or transferred into the model from other organs.  

Figure 4.  
To the left is the former standardised GI-tract model (ICRP, 1980) and to the right is the IDAC2.0 (Paper I) version of the 
HATM given in ICRP Publication 100. 
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When ICRP revised the reference person in ICRP Publication 89, the colon was defined in 
three sections (Left colon, Right colon and Recto-sigmoid colon) instead of the earlier two 
(Upper large intestine (ULI) and Lower large intestine (LLI)). The new human alimentary 
tract model presented in ICRP Publication 100 also included mouth and oesophagus 
together with alternatives due to different types of orally administrated diets and a sex and 
age dependency. In Paper I, the revised HAT model has been incorporated into the internal 
dosimetry program IDAC2.0 as shown in Figure 4. When revising the biokinetic model 
for radiopharmaceuticals published by the ICRP the HAT model should replace the former 
GI-tract model (ICRP, 1979). 

The effective dose revision of radiopharmaceutical dosimetry has not yet been performed 
by the ICRP but others have performed these revisions for the most commonly used 
radiopharmaceuticals in diagnostic nuclear medicine (Zankl et al., 2012; Hadid et al., 2013; 
Andersson et al., 2014; 2015). In Paper V, five commonly used PET radiopharmaceuticals 
18F-fluoride, 18F-fluoroethyltyrosine (18F-FET), 18F-deoxyfluorothymidine (18F-FLT),  
18F-fluorocholine, and 11C-raclopride are revised from ICRP Publication 128 to be valid 
for the updated reference person and compared to the most frequently used PET substance 
18F-fluorodeoxyglucose (18F-FDG) (Andersson, 2016). For 11C-raclopride and 18F-FET the 
cumulated activity in the HAT model was incorporated by mass weighting the different 
colon structures as: 

,௖௢௟௢௡	ோ௜௚௛௧ݎሚ൫ܣ ஽ܶ൯ ൌ 0.71 ∗ ,௎௅ூݎሚሺܣ ஽ܶሻ	   (2.5) 

,௖௢௟௢௡	௅௘௙௧ݎሚ൫ܣ ஽ܶ൯ ൌ 0.29 ∗ ,௎௅ூݎሚሺܣ ஽ܶሻ ൅ 0.56 ∗ ,௅௅ூݎሚሺܣ ஽ܶሻ (2.6) 

,௖௢௟௢௡	ோ௘௖௧௢௦௜௚௠௢௜ௗݎሚ൫ܣ ஽ܶ൯ ൌ 0.44 ∗ ,௅௅ூݎሚሺܣ ஽ܶሻ		  (2.7) 

where ܣሚሺݎ௎௅ூ, ஽ܶሻ and ܣሚሺݎ௅௅ூ, ஽ܶሻ represent the cumulated activity in the source 
 organs in the previous model, and ܣሚ൫ݎோ௜௚௛௧	௖௢௟௢௡, ஽ܶ൯, ܣሚ൫ݎ௅௘௙௧	௖௢௟௢௡, ஽ܶ൯, and 
,௖௢௟௢௡	ோ௘௖௧௢௦௜௚௠௢௜ௗݎሚ൫ܣ ஽ܶ൯ are the segmented regions of the new colon tract. The new 
biokinetic data for the five revised radiopharmaceuticals is presented in Table 1. 
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Table 1.  

Total number of disintegrations per unit of administered activity ܣሚ ⁄଴ܣ  for 11C-raclopride, 18F-choline, 18F-FET, 18F-FLT, and 
18F-fluoride. 

෩࡭  ⁄૙࡭ ሾࢎሿ 

Source organ ሺ࢘ࡿሻ 11C-raclopride 18F-choline 18F-FET  18F-FLT 18F-fluoride 18F-FDG 

Blood  0.27     

Bone surface     1.4  

Brain 0.11     0.21 

Colon contents 0.0028  0.00028    

Gallbladder contents 0.0062      

Heart wall 0.0037     0.11 

Kidneys 0.023 0.14 0.023 0.053   

Liver 0.081 0.42 0.093 0.34  0.13 

Lungs 0.0073  0.047   0.079 

Other organs and 
tissues  

0.27 1.6 2.1 1.7 0.33 1.7 

Red bone marrow 0.0098  0.047 0.25   

Small intestine contents 0.023  0.0018    

Small intestine wall 0.019      

Spleen  0.022   0.015  

Urinary bladder 
contents 

0.026 0.10 0.26 0.15 0.030 0.26 

 

In general, there is no consistency on how to estimate the activity in the urine content in 
the urinary bladder. The ICRP has two different methods: one for occupationally exposed 
persons where the urinary bladder is assumed to have a first order kinetics with a mean 
residence time of 2 hours, and one for patients examined with radiopharmaceuticals where 
the bladder has an age dependent voiding interval and is completely emptied at each void. 
In biokinetic studies many different voiding intervals are presented in the literature, but the 
most common are voiding intervals of 2 or 4 hours (Koole et al., 2009; O’Keefe et al., 2009; 
Lin et al., 2010; Joshi et al., 2014). Figure 5 shows a biokinetic model where the activity is 
excreted from the blood plasma through the kidneys before entering the urinary bladder 
and then leaving the body. Independent of the voiding from the urinary bladder, the 
urinary bladder contents are for dose calculation almost always considered as having a fixed 
volume with the mass of 50 g for the adult male and 40 g for adult female (ICRP, 2002). 
Cloutier et al. (1973) was first to present a more realistic model with a dynamic urinary 
bladder which was emptied when it reached 300 mL. In the biokinetic model by Thomas 
et al. (1992; 1999), the contents are instead estimated out of several real physical and 
biological parameters. The interest in including a dynamic urinary model into 
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compartmental modelling has been low, probably because the data needed to describe the 
dynamic urinary bladder contents are patient specific and compartmental modelling for 
diagnostic examinations are performed on a general population. 

Figure 5.  

A biokinetic model for indium ions where the substance is excreted through the urinary bladder contents (Paper VI). 

Systemic compartmental modelling 

In order to develop a compartment model for a systemic substance more comprehensive 
work is required. The systemic model describes the distribution of a radionuclide after it 
reaches the systemic circulation and its excretion from the human body, instead of assuming 
an instant organ uptake of the administered activity as is done in the descriptive model 
described above. The biokinetics of iodide is one of the few radiopharmaceuticals that is 
described as a systemic model by the ICRP (ICRP, 1986; 2015). ICRP also produces 
biokinetic models for occupational intake where the biokinetic models of the radioactive 
elements often are based on systemic models (ICRP, 2015b). The radionuclides used in 
diagnostic nuclear medicine have usually a much shorter physical half-life compared to 
those that are of concern for occupational exposure with the consequence that the total 
number of total disintegrations in the pools are different. For radionuclides with long 
physical half-life the prediction of the circulating radionuclides will be more accurate using 
compartmental modelling than descriptive. 

In Paper VI, a systemic biokinetic model for ionic indium was proposed, which is presented 
in Figure 6. Compared to the descriptive biokinetic model for ionic indium shown in 
Figure 3, a systemic model is more complex. It is also a compromise between biological 
realism and practical considerations such as the quantity and quality of the underlying data. 
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Figure 6.  
The proposed biokinetic model for systemic indium presented in Paper VI. 

The biokinetic model proposed in Paper VI (Figure 6) is based on human blood retention 
and excretion data (Goodwin et al., 1971; Simonsen et al., 2009), but the model for bone 
marrow, liver, kidneys, and red blood cells are based on various animal studies (Smith et 
al., 1960; Hosain et al., 1969; Castronovo et al., 1971; 1973; Finsterer et al., 1973; Lilien 
et al., 1973; Beamish et al., 1974; McIntyre et al., 1974; Glaubitt et al., 1975; Jeffcoat et 
al., 1978; Sayle et al., 1982; Jönsson, 1991; Yamauchi et al., 1992; Nakai et al., 2000). The 
biokinetic model for ionic indium is only valid for molecules which bind to transferrin, 
such as ionic indium (In3+), indium arsenide (InAs), and indium chloride (InCl3). The 
model is optimised mainly using the human data. The plasma retention curve is presented 
as a blue line in Figure 1 and the data from Simonsen et al. (2009) is represented by the 
dashed red line. The biological half-time of the transferrin retention was modelled to 10.5 
hours, which is in good agreement with 10 hours given by Goodwin et al. (1971). The 
indium bound to transferrin is transferred of 20 % to bone marrow, 16 % to liver, and the 
remaining 64 % to two different “other soft tissue” compartments. The blue line in Figure 
2 is the proposed indium distribution in the kidneys and the red blood cells. All transfer 
rates between compartments are given in Table 2. The systemic biokinetic model was 
generated with a modified version of the compartmental program in Paper I, which uses 
the iterative 4th order Runge-Kutta-Merson method and is shown in Figure 7. When 
performing a numerical iterative integration, the integration has to account both for the 
fast and the slow transfer rates in the model. This means that immediately after the 
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injection, a short integration time step is preferable to account for the fast transfer. After a 
while the distribution will be dependent on the slow transfer rates and in this case it will be 
better to change to a longer integration step, to reduce computational time (Leggett et al., 
1993). 

Table 2.  

Parameter values for the systemic model for indium 

From To Transfer coefficient (d-1) 

Plasma Transferrin 83 

Plasma RBC 0.415 

RBC Plasma 0.0554 

Transferrin Bone marrow 1 0.316 

Transferrin Liver 1 0.253 

Transferrin ST1 0.427 

Transferrin ST2 0.586 

Bone marrow 1 Transferrin 1.10 

Bone marrow 1 Bone marrow 2 0.475 

Bone marrow 2 Bone marrow 1 0.00831 

Liver 1 Transferrin 0.475 

Liver 1 Small intestine contents 0.110 

Liver 1 Liver 2 0.554 

Liver 2 Liver 1 0.00831 

Small intestine contents Colon 6.0 

ST1 Plasma 2.37 

ST2 Plasma 0.00475 

Plasma Kidneys 1 1.66 

Kidneys 1 Plasma 0.0166 

Kidneys 1 Urinary bladder contents 0.0268 

Urinary bladder contents Urine 6.86 

 

All biokinetic curves shown in Figure 1 and 2 are decay corrected and valid for all indium 
isotopes. For indium there are two radioisotopes which are of clinical importance: 111In and 
113mIn. To calculate the total number of disintegrations in each pool consisting of one or 
more compartments, the nuclide-specific physical decay constant, െߣ௣௛௬௦, is added to the 
iterative integration. The total number of disintegrations in compartment “Liver” is 8.17 h 
with 1 MBq 111In injected based on the transfer rates given in Table 2. The distribution of 
111In in “Liver 2” (number 3 in Figure 7) and the cumulated activities are shown in Figure 
7. Cumulated activities are often given per intake of Bq or MBq and therefore the total 
number of disintegration has the same unit as the integration unit (Leggett and Giussani, 
2015; ICRP, 2015). 



34 

 

Figure 7.  
To the left, the biokinetic model with transfer coefficients for 111In. To the right, the cumulated activities for all separate 
compartments and the time dependent curve for “Liver 2” (Nr 3) (Paper I). 

The model determines the spatial and temporal distribution of the decays within the created 
system. Biokinetic models may also be used to determine the energy deposition for all 
decays in order to estimate possible biological effects. In compartmental modelling, the 
defined pools may be arbitrary, but in order to estimate a risk they have to correspond to 
the organs or tissues, referred to as source regions, which defines the ICRP Reference Person 
from reference values given in ICRP Publication 23 or 89 (ICRP, 1975; 2002). Therefore, 
a pool will hereafter be called a source region, ݎ௦. 
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Chapter 3 
Internal dose calculations 

Internal dosimetry calculations are motivated by the assumption that the absorbed dose in 
an organ is a good predictor for biological effect at least at certain dose levels and dose rates 
(Noßke et al., 2012). 

The absorbed dose ܦ is defined in a point as (ICRU, 2011): 

ܦ ൌ ௗఌത

ௗ௠
     (3.1) 

where ݀ߝ ̅is the mean energy imparted to matter of mass ݀݉ by ionising radiation. The SI 
unit is J kg-1 and is most often referred to as gray (Gy). In theory, the mean energy imparted 
is deposited over an infinitesimal volume, but in practise the mean energy imparted is 
calculated over a finite volume. This volume is called the target region (or tissue),	்ݎ , (Bolch 
et al., 2009) resulting in a calculation of the mean absorbed dose, ܦഥ. The most common 
method to calculate absorbed dose from an internally deposited radionuclide is to use the 
framework provided by the MIRD Committee of the Society of Nuclear Medicine in USA. 
The scheme was originally published in 1968 (Loevinger and Berman, 1968) with a latest 
revision of the MIRD formalism given in MIRD pamphlet 21 (Bolch et al., 2009). The 
MIRD pamphlet 21 states that the mean absorbed dose for a time-independent system is 
calculated as:  

ݎሺ்ܦ , ஽ܶሻ ൌ ∑ ,௦ݎሚሺܣ ஽ܶሻܵሺ்ݎ ⟵ ௦ሻ௥ೞݎ    (3.2) 

where ܣሚሺݎ௦, ஽ܶሻ is the time-integrated activity, i.e. the total number of disintegrations, in 
source region ݎ௦ from the time of administration to the time ஽ܶ. ܵሺ்ݎ ⟵  ௦ሻ is the meanݎ
absorbed dose in target ்ݎ  per nuclear transformations in source region ݎ௦ and defined as: 

ܵሺ்ݎ ⟵ ௦ሻݎ ൌ ∑ ݎሺ்ߔ௜߂ ← ,௦ݎ ௜ሻ௜ܧ    (3.3) 

where ߔሺ்ݎ ← ,௦ݎ  ௦ to the target regionݎ ௜ሻ is the absorbed fraction from the source regionܧ
ݎ்  divided by the mass in kilograms of the target region ்ݎ  of the ݅th component in the 
decay scheme and ߂௜ ൌ ௜ܧ ௜ܻ is the energy yield where ௜ܻ is the yield and ܧ௜ is the mean 
energy of the ith nuclear transition of the radionuclide in joule. There are many different 
databases which tabulate nuclide-specific energies and the corresponding yields but the 
calculations presented here are all based on the nuclear decay data presented in ICRP 
Publication 107 (ICRP, 2008b). The MIRD formalism is a general formalism which can 
be used for both diagnostic and therapeutic nuclear medicine and be applied on whole 
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organs, tissue subregions, voxelised structures, and individual cellular compartments. The 
limiting factor is that there has to be a known absorbed fraction between the source and 
target regions for a requested radiation type and its corresponding energy. The use in 
therapeutic nuclear medicine often needs more detailed and individual information about 
anatomy and absorbed fractions than applications in diagnostic nuclear medicine. 

Anatomical models 

There are many different phantoms which can be used to simulate absorbed fractions 
between source and target regions (Xu and Eckerman, 2009). These mathematical models 
can be divided into three different generations: stylised, voxelised, and non-uniform 
rational B-spline phantoms. In each new generation, structures and features are increasingly 
realistic and detailed for use in Monte Carlo simulations to generate more accurate absorbed 
fractions. Monte Carlo simulations are performed on the mathematical models and the 
absorbed doses are hence calculated for target regions defined by the phantoms. 

Stylised 

The first generation phantoms are stylised mathematical models described by linear and 
quadratic equations. The most commonly used phantom in diagnostic nuclear medicine 
for estimation of absorbed doses to various organs and tissues is the adult phantom by 
Snyder et al. (1974). This was later improved and completed with phantom for other ages 
by Cristy and Eckerman (1987). These phantoms have been used in the ICRP publications 
and in biokinetic dosimetry programs (Johansson 1985; Stabin et al., 2005; Andersson et 
al., 2012). The mathematical models are very schematic. For the family phantoms by Cristy 
and Eckerman, the source regions (phantom structures) are defined based on the Reference 
Man defined in ICRP Publication 23 (ICRP, 1975), which is described as a Caucasian 
Western European or North American person. The ICRP stresses that the Reference Man 
does not represent a random sample of any specified population (ICRP, 1975). 

Voxel 

The second generation phantoms are the voxel based mathematical models derived from 
high-resolution computed tomography images or magnetic resonance imaging of real 
humans. The human images have been voxelised and all voxels have been segmented and 
given an object identifier number (OID), where every OID represent a source region. There 
have been many voxelised phantoms created for different purposes, but they are all derived 
from the images of one individual person (Xu and Eckerman, 2009). 
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Non-uniform rational B-spline 

The third generation phantoms are the non-uniform rational B-spline phantoms which are 
based on mathematical models that use a set of control points to define surfaces. This gives 
the possibility to modify or introduce anatomical differences in size or describe other 
characteristics as, for example, a mathematical model generated to simulate respiratory 
motion (Segars et al., 2010). 

ICRP/ICRU adult reference phantoms 

The adult male and adult female ICRP/International Commission on Radiation Units and 
Measurements (ICRU) computational voxel phantoms were approved by ICRP in 2007 
and adopted by ICRU in 2008 as reference phantoms for dosimetric calculations (ICRP, 
2009). These mathematical models were constructed by adjusting the voxel phantoms of 
Golem (Zankl et al., 2001) and Laura (Zankl et al., 2005) to the organ masses given in the 
ICRP Publication 89 (ICRP, 2002) and are shown in Figure 8. The phantoms are 
published in ICRP Publication 110, and also available in digital format as a big text file 
with 143 different OIDs. From this digital phantom file, the voxel phantoms have been 
incorporated into the IDACSTAR computer program (Paper III). The male reference 
phantom is composed of 1.95 million voxels where each voxel has an axial size of 2.137 x 
2.137 mm2 and a height of 8.0 mm. The female reference phantom is composed of 3.89 
million voxels where each voxel has an axial size of 1.775 x 1.775 mm2 and a height of 4.84 
mm, meaning that the female phantom has a higher spatial resolution (better defined 
structures than the male phantom). Unlike the previous mathematically described models, 
specific-absorbed fraction (SAF) values for electrons may now also be simulated using 
Monte Carlo methods and have been published by Zankl et al. (2012). The SAF values 
presented in the study of Zankl et al. (2012) have been incorporated into the internal 
dosimetry program IDAC2.0 (Paper I). SAF values are published for 63 source regions and 
67 target region and for 25 monoenergetic photons and electrons ranging from 10 keV to 
10 MeV.  
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Figure 8.  
The ICRP/ICRU adult male (left) and female (right) reference voxel phantoms. For the right pair, all object identifier 
numbers (OID) are shown and for the left only a few selected OIDs are shown. 

Specific absorbed fraction values 

Monte Carlo simulated specific absorbed fraction values represent the fraction of energy 
transferred from a source region to a target region divided by the mass of the target region. 
Normally a uniform activity concentration within the source region is assumed for the 
simulations. Absorbed dose is the mean energy deposition registered within the whole target 
region divided by its mass. The radiation emitted as consequence of a nuclear 
transformation is radionuclide dependent, and in ICRP Publication 107 radiation from 
1252 radionuclides are listed (ICRP, 2008b). SAF values may be presented in tables for 
monoenergetic photons and electrons. From these tables the SAF values for the radiation 
components emitted from a specific radionuclide can be derived through interpolation. In 
Paper III, SAF values from the radionuclides in urine bladder contents source region to the 
urinary bladder wall target region were simulated for different urine contents volumes 
(Figure 9). 
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Figure 9.  
Monoenergetic SAF values at different energies for different volumes of the urinary bladder contents as a source region to 
the urinary bladder wall (Paper III). 

Absorbed dose calculations 

The mean absorbed dose as defined in equation 3.2 is calculated by summing the dose 
contribution from all source regions to a specific target region. The total number of 
transformations in the source regions with energy and yield for each radiation component 
together, multiplied with the corresponding SAF values are gives the absorbed dose to the 
target region. The calculation is often straightforward, but may be extensive in cases of 
many separate nuclear transitions with disintegrations in several source regions connected 
to many target regions. Therefore, the absorbed dose calculations will be facilitated if they 
are automated in a computer program. Figure 10 shows the user interface of the absorbed 
dose calculation program presented in Paper I. In this program the user can select a 
radionuclide defined in the ICRP Publication 107 and insert the cumulated activities for 
the estimated source regions. The computer program then calculates the absorbed dose to 
the target regions defined by Zankl et al. (2012) which were simulated using the 
ICRP/ICRU reference phantoms. 
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Figure 10.  
The internal dose computer program developed in Paper I, where the absorbed and effective doses are calculated out of 
predefined SAF values (Zankl et al. 2012). The program is here presented for 18F-FDG. 

Using this program, absorbed doses were calculated for both adult males and females for 
the proposed model of systemic indium in Paper VI. The calculated absorbed doses per 
intravenously administered activity are presented in Table 3 for 111In and 113mIn. The 
effective dose is also calculated for both isotopes and are also compared with the results of 
earlier biokinetic models published by ICRP. 
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Table 3.  

Absorbed doses (mGy/MBq) and the effective dose (mSv/MBq) per administered activity for the proposed indium model in 
Paper VI compared with the calculated effective dose from the biokinetic indium models presented in the ICRP Publication 
53 and 72 as calculated by the computer program developed in Paper I. 

 111In 113mIn 

Organs Adult Male 

[mGy/MBq] 

Adult Female 

[mGy/MBq] 

Adult Male 

[mGy/MBq] 

Adult Female 

[mGy/MBq] 

Adrenals 3.80E-01 4.81E-01 1.49E-02 1.70E-02 

Brain 9.93E-02 1.15E-01 2.92E-03 3.26E-03 

Breasts 1.27E-01 1.60E-01 5.30E-03 6.79E-03 

Endosteal Bone Surface 1.42E-01 1.74E-01 3.78E-03 4.27E-03 

Extrathoracic region 1.09E-01 1.44E-01 6.92E-03 7.97E-03 

Gallbladder 4.54E-01 5.33E-01 1.36E-02 1.64E-02 

Gastrointestinal tract:     

    Colon 2.25E-01 2.35E-01 1.48E-02 1.49E-02 

    Small intestine 2.27E-01 2.72E-01 1.48E-02 1.64E-02 

    Stomach 2.76E-01 3.16E-01 1.54E-02 1.68E-02 

Gonads 1.06E-01 2.04E-01 3.48E-03 6.37E-03 

Heart 2.92E-01 3.39E-01 1.09E-02 1.33E-02 

Kidneys 5.58E-01 6.34E-01 3.02E-02 3.39E-02 

Liver 6.39E-01 7.57E-01 2.02E-02 2.46E-02 

Lungs 2.82E-01 3.31E-01 2.32E-02 2.83E-02 

Lymph nodes 3.46E-01 5.91E-01 1.13E-02 1.62E-02 

Muscle 1.15E-01 1.43E-01 2.58E-03 3.21E-03 

Oesophagus 2.90E-01 3.34E-01 1.69E-02 1.92E-02 

Oral mucosa 1.02E-01 1.27E-01 2.25E-03 3.02E-03 

Pancreas 3.55E-01 3.79E-01 1.54E-02 1.70E-02 

Prostate/Uterus 1.64E-01 2.06E-01 7.81E-03 9.88E-03 

Red (active) bone marrow 2.17E-01 2.60E-01 6.38E-03 6.88E-03 

Salivary glands 1.10E-01 1.43E-01 7.42E-03 8.83E-03 

Skin 7.85E-02 9.53E-02 2.72E-03 3.52E-03 

Spleen 2.91E-01 3.35E-01 2.51E-02 2.80E-02 

Thymus 2.03E-01 2.49E-01 1.07E-02 1.30E-02 

Thyroid 1.63E-01 1.91E-01 8.84E-03 1.03E-02 

Urinary Bladder 1.44E-01 1.58E-01 2.60E-03 3.53E-03 

 

Effective dose 2.53E-01 mSv/MBq 1.27E-02 mSv/MBq 

Effective dose (ICRP 72) 2.60E-01 mSv/MBq 6.29E-03 mSv/MBq 

Effective dose (ICRP 53) 1.80E-01 mSv/MBq 6.23E-03 mSv/MBq 

  



42 

Creating customised absorbed dose values 
The SAF values from Zankl et al. (2012) were simulated for source and target regions of 
relevant organ and tissues. Paper II presents a method created to facilitate the calculation 
of customised SAF values from arbitrary source regions. The method was implemented in 
the computer program IDACSTAR and is presented in Figure 11. IDACSTAR was created 
to give a graphical user interface for the ICRP/ICRU adult reference voxel phantoms which 
enables a customised insertion of one of the three predefined radionuclides 99mTc, 18F or 
131I into the graphical representation of the voxel phantoms. 

 

Figure 11.  
A method to enable absorbed dose calculations for relevant target regions and effective dose estimations from an arbitrary 
source region (Paper II). 

After the activity distribution in the phantoms is defined, the program generates input files 
to the Monte Carlo simulation program MCNP and also starts the simulation of the 
nuclear decay and energy deposition within the created geometry. When the simulation is 
finished in MCNP, IDACSTAR catches the result file and calculates the absorbed dose to 
the target regions which are defined in the ICRP Publication 103 and considered to be 
radiosensitive, i.e. inducing biological effects later in life. IDACSTAR also enables 
estimation of skin contaminations, however the spatial resolution of the mathematical 
model is too low to be able to perform accurate skin dose estimations. The reason is that 
the radiosensitive part of the skin is an epidermal depth between 50 and 100 μm (ICRP, 
2010; Covens et al., 2013) and the 10 μm simulation volume thickness for the 
radiosensitive part of the skin (Covens et al., 2013) are very small compared to the voxel 
depth of 2.137 mm and 1.775 mm of the male and female reference phantoms, respectively. 
The voxels size is a problem for all small or complex structures. For the alimentary and 
respiratory tract systems meshed versions of these source regions have been created (Kim et 
al., 2017). 
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Fixed urinary bladder volume 

The urinary bladder wall is considered to be a radiosensitive organ for inducing cancer later 
in life. The absorbed dose to the urinary bladder wall depends on which voiding interval is 
used. The most conservative assumption is to assume no voiding at all, meaning that all 
activity which is transferred to the urinary bladder also decays in the urinary bladder. The 
absorbed doses to the urinary bladder wall were compared between different voiding 
intervals in Paper V (Figure 12). The absorbed doses are presented for a 18F-fluoride 
examination calculated assuming various urine voiding intervals ranging from 1 to 6 hours. 
There is a wide variety in absorbed dose depending on voiding interval, and therefore, a 
consensus on a suitable voiding time when performing general dose estimations to a 
population would be preferable. If examinations are optimised after population-based 
absorbed dose calculations, the assumption of voiding interval could have a real impact on 
the image quality and hence have a possible effect on diagnostic outcome. Therefore, 
examinations should be optimised on other criteria. 

 

Figure 12.  
The absorbed dose to the urinary bladder wall from a 300 MBq administration of 18F-fluoride calculated with different 
constant voiding intervals based on the data given in ICRP Publication 128 (2015) (Paper V). 

Dynamic urinary bladder volume 

In Paper III, absorbed dose calculations are performed based on the SAF values presented 
in Figure 9 using the method to estimate the volume of a dynamic urinary bladder described 
by Thomas et al. (1992; 1999). The estimations were performed using the data presented 
in Table 1 in Paper III. For a 99mTc-mercaptoacetyltriglycine (MAG3) examination the 
absorbed dose to the urinary bladder wall was calculated to 0.09 mGy/MBq for males and 
0.10 mGy/MBq for females. The use of volume dependent SAF values instead of fixed SAF 
values will result in higher absorbed dose. The assumption behind calculating absorbed 
doses to the urinary bladder wall where the SAF values changes with the urine content in 
the bladder are to simulate spherical bladder contents and bladder wall. The contents size 
depends only on the urine volume and the outer wall has a fixed mass. For volumes larger 
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than the fixed urinary bladder the SAF values will be lower and for smaller volumes the 
SAF values will be higher because of self-absorption within the contents itself for a uniform 
distributed activity. For the parameters given in Table 1 in Paper III the volume of the 
urinary bladder will mostly be smaller than the fixed geometry. The results of 11 different 
biokinetic models were compared in Paper III and are shown in Figure 13 together with 
the time dependent urinary bladder volume, the activity in the urinary bladder and the 
interpolated dynamic SAF values for 99mTc-MAG3 for the male phantom.  

Figure 13.  
Absorbed dose to the urinary bladder wall for 11 cases to the left and to the right is the urinary bladder volume, the activity 
in the contents and the dynamic SAF from 0 to 20 hours after an 99mTc-MAG3 examination. The red line is the hypothetic 
activity in the bladder without any voiding (Paper III). 

Sources of uncertainty in internal dosimetry  

All data and results include uncertainties. The relevance of these uncertainties is dependent 
on the application of the dosimetric data. When using 177Lu peptides for radionuclide 
therapy, the kidneys are the limiting organs at risk. Kidney dose estimates based on patient-
specific calculations have a reported uncertainty of 6 % (1 SD) (Gustafsson et al., 2015). 
In diagnostics, however, the calculations are based on biokinetic population models, so the 
question is how well they represent a specific individual. Roedler (1980) showed that using 
reference phantoms and population-based biokinetic models will estimate the real patient 
dose within a factor of 3, and within a lower factor for radionuclides with short half-life e.g. 
99mTc. The general proposed uncertainty is a factor of 2 or greater (Svegborn, 1999; 
Zanzonico, 2000; Norrgren et al., 2003; Stabin, 2008b). Other relevant questions are how 
well the biokinetic models and the mathematical anatomical models represent the general 
populations. The mathematical anatomical models are defined for a western Caucasian 
population. The tissue weighting factors given in ICRP Publication 103 for radiation-
induced biological effects are defined for all populations, ages, and sexes. Thus, applying 
these factors on individuals or subgroups is incorrect and therefore this uncertainty is 
irrelevant. The uncertainties in the tissue weighting factors are not within the scope of this 
work.  
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The uncertainties of biokinetic modelling of indium for an age and sex independent 
population are unknown. The data points used to generate the indium model in Paper VI 
are obtained from published papers and they were often presented as mean values without 
any uncertainty estimation. The model is based on data gathered from small animals, e.g. 
rats and mice, dogs, as well as for humans. The biokinetic model was constructed by fitting 
the model to the mean plasma retention curve for 15 healthy subjects. The initial indium 
transfers between various organs and tissues will mostly be blood dependent and the 
uncertainty in the presented absorbed doses will probably be within the factor of 3 or less 
(Roedler, 1980) for the clinically used 111In- and 113mIn-ions. For long-lived indium isotopes 
there are still not enough data available to construct a biokinetic model. After about 100 
days the erythrocytes dies and indium is recycled. The uncertainties in the long-term fitting 
to the model are difficult to estimate. For other elements there have been various versions 
of the biokinetic model to account for population-based uncertainties (Pawel et al., 2007), 
but there is still not enough data to perform this on indium.  

Biological effects 

It is well known that ionising radiation has a biological effect on the human body. There 
are two types of harmful effects: deterministic (tissue) effects and stochastic effects (ICRP, 
2007). 

Deterministic effects 

A deterministic effect is often of an acute nature and caused by high doses. The 
deterministic effects are characterised by a threshold dose after which the effect increases in 
severity as the dose is further increased. Situations when the dose threshold for deterministic 
effects in relevant organs could be exceeded should under almost all circumstances be 
subject for protection actions (ICRP, 2007). This thesis is concerned with stochastic effects 
and the results should not be applied to estimate any deterministic effects.  

Stochastic effects  

Stochastic effects are caused by both high and low doses, and are effects observed as a 
statistically detectable increase in the incidence of cancer or heritable disease occurring a 
long time after exposure. To estimate the biological effect from a disintegration there are 
two correction factors, the radiation weighting factor,	ݓோ, and the tissue weighting 
factor,	்ݓ, applied on the mean absorbed dose. The radiation weighting factors are defined 
largely to reflect the relative biological effectiveness for stochastic effects of different types 
of radiation. In diagnostic nuclear medicine ݓோ ൌ 1 is used for all radiation types. The 
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tissue weighting factor is defined to reflect the relative contribution from the organ and 
tissue to the total detriment for stochastic effects, which is the total harm to health 
experienced by an exposed group and its descendants. The tissue weighting factors 
published in ICRP Publication 103 given in Table 4 are sex- and age- averaged values and 
it is stressed that the application of these factors are restricted to the effective dose definition 
and not used for the assessment of individual risk. 

Table 4.  

Tissue weighting factors ்ݓ for 13 different organs (ICRP, 2007). 

Organ  ࢝ࢀ Organ ࢝ࢀ Organ ࢝ࢀ 

Breast 0.12 Gonads 0.08 Bone surface 0.01 

Colon  0.12 Bladder 0.04 Brain 0.01 

Lung  0.12 Oesophagus 0.04 Salivary glands 0.01 

Stomach  0.12 Liver 0.04 Skin 0.01 

Remaining tissues* 0.12 Thyroid 0.04   

*Remaining tissues: Adrenals, extrathoracic (ET) region, gallbladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, 
pancreas, prostate (♀), small intestine, spleen, thymus, and uterus/cervix (♂). 

Effective dose calculations  

The effective dose is a radiation protection quantity defined by the ICRP to estimate the 
total harm to health experienced by an exposed group and its descendants caused by 
stochastic effects. The quantity was first introduced in the ICRP Publication 26 and a year 
later the term ‘effective dose equivalent’ and the symbol ‘ܪ௘ ’ were assigned for this new 
concept. Up to now ICRP has revised the weighting factors twice and also changed the 
name of the quantity to effective dose (ܧ) (ICRP, 1977; 1978; 1991; 2007). The unit is 
sievert (ܵݒ). There is an ongoing discussion related to the need to describe the advantages 
and limitations of effective dose in more detail (Harrison et al., 2016) 

Effective dose is calculated from the equivalent dose. The equivalent dose is the absorbed 
dose multiplied with the radiation weighting factors ݓோ. For beta and gamma radiation the 
 ோ is equal to 1. The effective dose is then calculated as the sum of the organs tissueݓ
weighting factors multiplied by the arithmetic mean of the sex-specific equivalent dose of 
for each of the corresponding organs: 

ܧ ൌ ∑ ்்ݓ	 ∑
	ೢೃವೃ൫ೝ೅,೅ವ൯೘ೌ೗೐శೢೃವೃ൫ೝ೅,೅ವ൯೑೐೘ೌ೗೐

మோ   (3.4) 

where ்ݓ is the tissue weighting factor for tissue ܶ and ∑ ݎோሺ்ܦோݓ , ஽ܶሻ௦௘௫ோ  is the sex-
specific equivalent dose for target region ்ݎ .  

In Paper IV, the effective dose was estimated for 18F-fluoride, 18F-FET, 18F-FLT, 18F-
choline, and 11C-raclopride, and the results are presented in Table 5. 
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Table 5.  

The effective dose from 18F-FDG*, 18F-fluoride, 18F-FET, 18F-FLT, 18F-choline, and 11C-raclopride and the difference in % 
compared to the effective dose presented in ICRP Publication 128 (Paper IV). 

Radiopharmaceutical  This Study [mSv/MBq] Difference [%] 

18F-FDG 1.7E-02* -11 

18F-Fluoride 8.9E-03 -48 

18F-FET 1.5E-02 -6 

18F-FLT 1.4E-02 -7 

18F-choline 2.0E-02 0 

11C-raclopride 4.3E-03 -14 

*Andersson et al., (2015) 

Paper V is a review paper on dose management and presents other previously (Andersson 
et al., 2014; 2015) revised effective dose calculations for twelve clinically relevant 
radiopharmaceuticals, all shown in Figure 14. 

 

Figure 14.  
The effective dose per MBq for twelve clinically relevant and frequently used radiopharmaceuticals (Paper V). 

  

18F-FDG, 68Ga-DOTA and 99mTc-substances
68Ga-DOTA* 
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18F-FDG 

99mTc pertechnetate 

99mTc-labelled MAA 

99mTc-labelled DMSA 

99mTc-labelled MIBI, resting 

99mTc-labelled MIBI, exercise 

99mTc tetrofosmin, resting  

99mTc tetrofosmin, exercise 

99mTc-labelled MAG3 

 99mTc-labelled phosphates

0.0 0.005 0.010 0.015 0.020 0.025 

Effective dose coefficient (E/A0) mSv/MBq 

*68Ga-DOTA is the arithmetic mean value for    68Ga-DOTATATE, 68Ga-DOTATOC and 68Ga-DOTANOC
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The effective dose is estimated to a Reference Person and is generated from absorbed dose 
calculations to the Reference Male and Reference Female. In Paper II, where customised 
dose calculations were performed on the Reference Individuals, simulations also included 
sex-specific organs e.g. ovaries. By definition, effective dose estimation may not be 
performed if absorbed doses are known for only one of the two Reference Individuals which 
defines the Reference Person. Therefore, a new quantity was defined in Paper IV and 
named “component dose”. There could be a use for the component dose quantity even if 
it is formally an incorrect use of the tissue weighting factors. The reason of introducing this 
new quantity is to avoid undermining the effective dose quantity by using it for estimations 
it is neither intended nor defined for. 
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Chapter 4 
Summary of papers 

Paper I: Internal radiation dosimetry computer program, IDAC 2.0, for estimation of patient 
doses from radiopharmaceuticals 

Paper I describes an updated version of the internal dosimetry computer program called 
“Internal dose assessment by computer” (IDAC), which was created to facilitate effective 
dose and absorbed dose calculations for organs and tissues for use in diagnostic nuclear 
medicine. The new version, IDAC2.0, incorporates the ICRP/ICRU adult reference voxel 
phantoms and decay data from ICRP Publication 107. Performing dose calculations on the 
SAF values based on the voxel phantoms allows biokinetic modelling of the ICRP human 
alimentary tract model and effective dose calculations based on the updated tissue weighting 
factors given in ICRP Publication 103. The introduction of the HAT model in the program 
allows modelling of the transport of orally administered radiopharmaceuticals, which 
previously were modelled to start in the stomach. The effective dose was calculated for 34 
orally administered radiopharmaceuticals. 

Paper II: IDACSTAR: a MCNP application to perform realistic dose estimations from 
internal or external contamination of radiopharmaceuticals 

In Paper II, a Monte Carlo based stand-alone program was created called IDACSTAR. 
The main purpose of the program is to create Monte Carlo simulation input files for 
MCNP to facilitate absorbed dose and effective dose estimations from customisable SAF 
values and arbitrary source regions. The program also allows easy estimation of effective 
dose from skin contaminations. IDACSTAR is a graphical user interface where the user 
defines the activity in the voxel phantoms. For three predefined radionuclides, 18F, 99mTc 
and 131I, the program performs automatic simulations of absorbed doses to organs and 
tissues and calculates the effective dose. The program has been applied on a hypothetical 
skin contamination case with 99mTc, and on a real clinical extravasation case of a patient 
examined with 18F-FDG. 

Paper III: Improved estimates of the radiation absorbed dose to the urinary bladder wall 
In Paper III, sex-specific monoenergetic photon and electron dynamic SAF values are 
simulated ranging for the source region urinary bladder contents to the target regions 
bladder wall and contents with simulated urinary bladder contents ranging from 10 mL up 
to 800 mL. The resulting SAF values are based on a spherical bladder model and the 
anatomical and physiological data is based on the ICRP Publication 89. The generated SAF 
values are used to calculate the absorbed dose to the urinary bladder wall for two 
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radiopharmaceuticals: 18F-FDG and 99mTc DTPA. The results show that using SAF values 
for a dynamic urinary volume, rather than fixed, will lead to a higher absorbed dose to the 
urinary bladder wall due to the smaller dynamic bladder volume compared to the fixed 
model. The smaller volume causes less attenuation in the bladder contents itself and thus 
higher SAF values and a higher absorbed dose to the urinary bladder wall. 

Paper IV: Organ doses and effective dose for five PET radiopharmaceuticals 
In Paper IV, the absorbed doses and effective doses are calculated for five 
radiopharmaceuticals intended for PET-examinations, using the computer program 
IDAC2.0 presented in Paper I. Diagnostic PET-examinations are dominated by the use of 
18F-FDG, but there are other relevant radiopharmaceuticals commercially available or 
under development. For five of these radiopharmaceuticals, 18F-fluoride,  
18F-fluoroethyltyrosine (18F-FET), 18F-deoxyfluorothymidine (18F-FLT), 18F-fluorocholine 
(18F-choline), and 11C-raclopride, the effective dose is calculated to estimate the potential 
risk of stochastic effects for a representative population. The biokinetic models were 
obtained from ICRP Publication 128 and tissue weighting factors were taken from ICRP 
Publication 103. The estimated effective dose in mSv MBq-1 was 0.015 for 18F-FET, 0.015 
for 18F-FLT, 0.020 for 18F-choline, 0.0090 for 18F-fluoride, and 0.0044 for 11C-raclopride. 
For specific organ absorbed doses there are in some cases substantial differences to earlier 
estimation, but the effective dose was significantly different only for 18F-fluoride, for which 
a dose reduction of 48 % was calculated using the IDAC2.0. 

Paper V: Dose management in conventional nuclear medicine imaging and PET 
Paper V is a review of the basic concepts of dose management in PET and conventional 
nuclear medicine imaging. The amount of activity administered in a nuclear medicine 
investigation determines the image quality and to a certain degree the diagnostic accuracy, 
but there are only a few studies trying to find an optimum activity. The paper states that 
nuclear medicine is far behind on image acceptable quality criteria and visual grading 
analysis compared to e.g. diagnostic radiology. The establishment of diagnostic reference 
levels is used as a method towards more optimal investigations in nuclear medicine. The 
main contribution of Paper V is the recommendation to adjust the administered activity 
by the patient’s weight. One of the keys to a successful dose management is continuous 
education and training of all staff categories involved in patient examinations.  

Paper VI: A biokinetic model and absorbed doses for systemic indium 
In Paper VI, a proposed systemic model of indium is presented. The model is based on 
both human and animal data, published between 1960 and 2016, for ionic indium, indium 
chloride, and indium arsenic which all has a strong binding to transferrin. The model 
consists of five different pools defined by 10 specific compartments and 21 specified transfer 
rates. The indium bound to transferrin is assumed to have a biological half-time of 10.5 
hours. Absorbed doses and effective doses are calculated for 111In and 113mIn. Revised 
effective dose calculations are also performed on the two previous indium models presented 
by the ICRP. Although the presented model still lacks sufficient reliable human data to 
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completely describe the distribution of indium in humans, it is likely a more correct 
biokinetic model in comparison to the published ICRP indium models which are both 
based on animal data only. 
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Chapter 5 
Discussion and future outlook 

The aim of this thesis was to improve radiation dose estimations for nuclear medicine 
examinations of patients. The improvement has been achieved by implementation of the 
new ICRP anatomical and voxelised mathematical models for adults, awaiting the models 
for paediatric patients. Concerning the necessary and equally important biokinetic models 
there is still much to do (Mattsson, 2015). Biokinetic modelling needs repeated quantitative 
measurements on patients/volunteers using the most advanced imaging equipment.  The 
current trend is unfortunately the opposite, as exemplified by the dosimetry for amyloid 
binding radiopharmaceuticals (Scheinin, et al., 2007; O'Keefe et al., 2009; Koole et al., 
2009; Lin et al., 2010; Pontecorvo et al., 2014). For these radiopharmaceuticals the 
biokinetic models are based on fewer subjects and time points than what has been common 
practice for earlier developed substances. The explanation might be that biokinetic studies 
are time consuming and requires several additional measurements on already heavily 
booked clinical imaging equipment. Today’s economy-driven health care leaves less and 
less room for this kind of clinical research. Important future projects would be to collect 
biokinetic information from a sufficient number of subjects for a specific 
radiopharmaceutical so that sex- and age-specific biokinetic model can be developed. It is 
highly desirable to get enough data to be able to construct biokinetic compartment models 
which describe the radionuclide transfer between various organs and circulating blood. In 
the specific absorbed fractions for the ICRP reference phantoms (ICRP, 2016) there is a 
specific source region defined for the circulating blood, hopefully allowing more biokinetic 
models to include a blood compartment in the future.  

The small risk to later in life develop a radiation-induced cancer from a diagnostic 
radiopharmaceutical is currently estimated using the quantity effective dose. The radiation 
weighting factors used to estimate the effective dose is set to 1 for photons and electrons 
from radionuclides in diagnostic nuclear medicine. However, for very low energy electrons 
like those from Auger electron emitters (like 51Cr, 67Ga, 99mTc, 111In, and others) and bound 
to DNA, ICRP acknowledges that a larger radiation weighting factor may be appropriate, 
even if no specific value is recommended. Humm et al. (1994) recognised that DNA-
incorporated radionuclides emitting Auger electrons have a similar effect as α-particles and 
recommends a radiation weighting factor of 20 for stochastic effects and 10 for 
deterministic effects. These factors are hence given for subcellular distributions, which if 
taken into account e.g. by compartmental modelling of the intracellular radionuclide 
distribution, may have an impact on the effective dose. The subcellular distribution and 
microdosimetry could be of high importance for risk estimations. 
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There is also a need to improve the estimation of stochastic effects for various population 
groups. One reason for this is the sex, age, and population unspecific nature of the effective 
dose protection unit (ICRP, 2007). It is questionable how well the data of the Life Span 
Study applies to the exposure situations in diagnostic nuclear medicine. The current risk 
estimates assume a linear no-threshold dose/risk model and a dose and dose rate 
effectiveness factor. Epidemiological studies based on dose data generated today and during 
the next decades are needed to improve risk estimations for stochastic effects. 

An interesting future possibility is complete and automated segmentation of organs and 
structures in the CT- or MR-images from each individual patient. This will facilitate 
individual absorbed dose estimations and might, combined with a dose tracking system, 
generate sufficient epidemiological data for more accurate predictions of stochastic effects. 
In addition, specific subgroups based on physiological parameters may be identified, and 
form the basis for more specific biokinetic models. On the other hand, future development 
of tracers based on radionuclides with short physical half-lives, i.e. from seconds or up to a 
few minutes, would make individual differences minimal and general biokinetic models 
would likely be sufficient.  

In the coming years the ICRP will also publish ten paediatric mathematical anatomical 
models together with mathematical models of an adult pregnant female and her developing 
embryo/foetus at different stages during her pregnancy. The implementation of these 
mathematical models into nuclear medicine will be much less time consuming using the 
framework presented in this thesis. 
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Chapter 6 
Conclusions 

The work underlying this thesis has led to the following conclusions: 

 Absorbed dose calculations for a specific radiopharmaceutical in diagnostic nuclear 
medicine can be automated for more detailed mathematically voxelised reference 
models. 

 Revision of descriptive models to systemic biokinetic models will provide more 
realistic biokinetic models.  

 Effective dose estimations dedicated for diagnostic nuclear medicine based on the 
definitions in ICRP Publication 103 can be performed with the new anatomical 
mathematical models and the modified biokinetic models using the software 
developed in this thesis. 

 Voxelised mathematical models creates possibilities to develop new methods to 
calculate the absorbed dose and facilitates dose estimation in subregions such as 
part of the skin, kidneys, or brain. 

 A dynamic urinary bladder model provides more degrees of freedom and likely 
results in more realistic absorbed dose estimation than the reference mathematical 
models, which assume a fixed volume of the urinary bladder. 
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Internal dosimetry of radiopharmaceuticals in diagnostic nuclear medicine is 
based on biokinetic and anatomical models. The biokinetic model describes the 
uptake and retention of the radionuclide through the human body and where 
the nuclide decays. The anatomical models are mathematical models and are 
used to estimate the energy absorbed in the body from each decay. This means 
that the regions defining the biokinetic models also have to be defined in the 
mathematical anatomic models. A new biokinetic model is created and older 
models are modified to fit the new adult anatomic models presented by the 
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