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Overview
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 Concepts of radiation dosimetry
 Roentgen, r / Absorbed dose, D

 Internal dosimetry
 A short history
 Radiation physics, biology and chemistry
 Human physiology and anatomy
 Biokinetic models
 Computational phantoms and Monte Carlo simulations
 Dosimetric model (ICRP and MIRD)

 Uncertainty and sensitivity
 Internal microdosimetry
 Applications and computer codes

 Radiation protection / Radon and thoron / Skin dosimetry
 Radiation epidemiology / Assessment of risk
 Internal monitoring / Regulation
 Radiation biology / Radiation medicine

 Future developments



Concepts of Radiation Dosimetry
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 1895 Wilhelm Röntgen discovered X-rays
 1896 Henri Becquerel discovered radioactivity
 1925 Measurement of X-rays by free-air chamber
 1928 ICRU established a unit “roentgen” for that “quantity” 

which was measured by free-air chamber
 1953 ICRU established “absorbed dose”
 1956 ICRU used the unit “roentgen” for established 

“exposure dose” and later “exposure” (ICRU 1962), now the 
SI unit “C kg-1”

 1538 Paracelsus “Dosis sola facit venenum” – the dose 
makes the poison

 Radiation Dosimetry deals with the measurement of 
absorbed dose / dose rate resulting from the interaction of 
ionizing radiation with matters



Absorbed Dose
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ICRU 85a, 2011

 The absorbed dose, D, is the quotient of d�𝜺𝜺 by dm, where d�𝜺𝜺 is the 
mean energy imparted by ionizing radiation to matter of mass dm, thus

𝑫𝑫 = d�𝜺𝜺
d𝒎𝒎 .

Unit: J kg-1 (special name is gray: Gy)
Note: The absorbed dose, D, is considered a point quantity, but it should be recognized that 
the physical process does not allow dm to approach zero in the mathematical sense.



Internal Dosimetry
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…to measure, calculate, estimate, 
assay, predict and otherwise quantify 
the radiative energy absorbed by the 
ionization and excitation of atoms in 
human tissues as a result of emission 
of energetic radiation by internally 
deposited radionuclides...

Otto G. Raabe, Internal Radiation Dosimetry, 1994 



Internal Dosimetry – A short history
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 1896 Henri Becquerel discovered radioactivity
 1898 Marie Curie separated polonium and radium
 1934 Joliot and Curie discovered artificial radioactivity
 1942 Marinelli calculation of dosage
 1948 Quimby organs as approx. by sphere, used by ICRP 
 1953 Loevinger outlined a technique for internal dosimetry 
 1966 Loevinger and Berman unified an approach to internal 

dosimetry
 1968 Snyder developed math. models of human body and 

Monte Carlo code for internal dosimetry for MIRD and for 
ICRP for workers

 1979 ICRP 30 for workers
 1989 ICRP (53,80,106,128), (56,67,69,71,72), (68,78,119)
 2009 MIRD pamphlet No. 21 with ICRP
 2015 ICRP OIR Part 1,2,3,4,5 for workers
 202x ICRP EIR for members of the public Personal



Interactions of Radiation with Matters
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 Photon interactions
 Photoelectric effect
 Rayleigh scattering
 Compton scattering
 Pair production

Electron interactions
 Elastic collisions
 Inelastic collisions
 Bremsstrahlung emission
 Positron annihilation

Alpha interactions
Proton interactions
Neutron interactions
Heavy ion interactions Evans 1955; Attix 1986; Paretzke, 1987



Radiation Chemistry
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von Sonntag, 1987; 2006; Magee and Chatterjee, 1987



Biological Effects of Radiation 
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Biological effects
• Molecular damages
• Cellular effects 
• Tissue effects
• Organ effects
• Whole body

Hall, 2000; Source: https://www.nrc.gov/



Human Physiological and Anatomical Bases
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Marieb and Hoehn,
Human Anatomy & Physiology, 8th 2010



Incorporation of Radionuclide in Human Body
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1. Inhalation

2. Ingestion

3. Injection

4. Wound

5. Percutaneous 
resorption

6. Instillation

7. Other orifice in the 
body

1. Inhalation

2. Ingestion

5. Wound

4. Skin
3. Injection



Biokinetic Investigations of Stable Isotopes
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Biokinetic Models for Lungs
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ICRP 30 ICRP 66

• From simple mathematical lung model (1979) to human respiratory tract model (1994)



Biokinetic Models for Alimentary Tract
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ICRP 30 ICRP 100

• From gastrointestinal tract model (A, 1979) to human alimentry tract model (B, 2006)



Mathematical Model for Kinetic Description of 
Radionuclides in Body - Systemic
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ICRP 30



Systemic Biokinetic Model for U, Pb and Ra
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Biokinetic Model for Radon Gas 
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• From ICRP 66 (1994) to ICRP OIR Part 3 (2017)

ICRP 137ICRP 66



Biokinetic Model for Radionuclide-
Contaminated Wounds
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NCRP 156
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Systemic
model

Alimentary 
tract model

Respiratory 
tract model

Li/HMGU

Generic Biokinetic Models for Incorporated Radionuclides

Inh.

Ing.

Inj.



Mathematical Formulation – System of First-
Ordor Ordinary Differential Equations
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The ordinary differential equations describe the time-dependent behaviour of the 
materials in each compartment:

The exchange processes are assumed linear processes of first order
► The retention in the compartments can be expressed by biological half lives 
► The solution of the ordinary differential equation system is a linear combination 

of exponential functions:
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Treatment of Decay Products of Radionuclides
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Skin Model – in between external and 
internal exposure
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Computational Phantoms
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• Model of the radiation 
source

• Model of the body
• Physical models of

• radiation interactions
• energy depositions

 

Past Present

Zankl
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Developing Phantoms according to ICRP 
Reference Persons
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Main characteristics specified in 
ICRP Publication 89:

Reference masses for 56 organs, 
organ groups, and tissues

Zankl



Reference Computational Phantoms (ICRP)
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Select segmented voxel models of male and female 
individual whose body height and mass closely 
resemble the ICRP 89 reference values
„Golem“: 176 cm, 69 kg (176 cm, 73 kg)
„Laura“: 167 cm, 59 kg (163 cm, 60 kg)

Modify these segmented voxel models in several 
steps

Golem Laura
Zankl



Computational Voxel Phantoms at HMGU

Zankl



Calculation of AFs using Monte Carlo Radiation 
Transport Codes with Phantoms 
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AF(T ← S) 
absorbed fraction, i.e.
fraction of the energy 
absorbed by target 
organ T in relation to the 
energy emitted by 
source organ S
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Generalized Formalism for Internal Dosimetry
(MIRD/ICRP)
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Bolch et al. 2009

Mean organ absorbed dose

Organ equivalent dose

Effective dose



Computer Codes for Internal Dosimetry

• SAAM II – biokinetic modeling
• MATLAB – biokinetic modeling and dosimetry
• MATHEMATICA – biokinetic modeling and dosimetry
• SEECAL / DCAL – dose coefficients
• IMBA -> TAURUS
• TAURUS – dose coefficients and internal monitoring 
• IDEA System – dose coefficients and internal monitoring
• IDSS – dose coefficients and internal monitoring
• AIDE – dose coefficients and internal monitoring
• MONDAL – dose coefficients
• DOSAGE – dose coefficients 
• PLEIADES – dose coefficients 
• OLINDA/EXM – nuclear medicine dosimetry
• IDAC-Dose – dose for radiopharmaceuticals

• Not complete



Uncertainty and Sensitivity Analysis
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Imaging Models Activity

CT/MR Images Phantoms S values

Organ

doses
… Component nComponent 1

5%

95%

DoseDose

Li et al. 2010; 2014; Spielmann et al. 2015 

SP

SI

SM



Internal Microdosimetry
α- and β- targeted Radiopharmaceuticals in Cells

NAP 2007; Li et al. 2018



Applications of Internal Dosimetry

32│

• Modeling of 238U in human body from ingestion and inhalation

• 238U is a naturally occurring element, can be found in soil and 
rock and in water

• 238U can be found in the air and in the foodstuffs
• We are inhaling 238U everyday (20 mBq/day)
• We are taking 238U everyday by eating and drinking (16 

mBq/day)
• Modeling the content and calculating the dose of 238U
• We are taking 1.3 mg 238U everyday totally
• There is about 10 – 60 mg 238U in our body
• Urinary excretion of 238U per day ~ 20 ng 

Input for biokinetic modeling and dose calculation

Li et al. 2005; 2006; 2009
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Model prediction (diet/air age-dependent) vs. 
exposed & control male (ca. 1000)
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The Case of Mr. Alexander Litvinenko

Leggett and Eckerman, 2001



Organ Absorbed Dose

Li, et al. 2008



The Amount of Po-210 Mr. A. Litvinenko Might 
Have Ingested or Drunk

Li, et al. 2008



Applications of Internal Dosimetry
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• Image-based biokinetic model and dosimetry for new radiopharmaceuticals

Radiopharmaceutical: BAY94-9392 for five patients
Zvereva et al., 2016



BAY94-9392:

Organ Activity Kinetics for Patients 



Organ Doses and Effective Doses for Patients
The doses can be used to estimate the patient health risk

Zvereva et al., 2016



Future Developments
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 Biokinetic data and models including 
radiopharmaceuticals

 Next generation mesh-type computational 
phantoms

 Next generation age-dependent dose 
coefficients (DCs) for members of the public

 Implementation of new biokinetic models and 
DCs in monitoring and in regulation

 Special topic – hot particles
 Patient specific internal dosimetry in medicine
Microdosimetry in molecular radiotherapy
Machine learning & Deep learning applications
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