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Introduction to radioactivity and radiation

Does quantities

Introduction to radiation protection

Dose in Nuclear medicine
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IF you google radioactivity…



Radioactivity
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Radioactivity = 

Spontaneous emission of 
radiation resulting from 
changes in the nuclei

Transition to an energetically 
favourable state 

Discovered by Henry Becquerel 
in 1896

Fission

α

e-

e+



Radioactivity

Center for Medical Physics and Biomedical Engineering

Ivo Rausch

5

Fission

α

e-

e+

Different decays:

 Alpha decay = 
emission of an 4He core

 Beta decay = 
emission of an e- or e+

 Gamma decay = 
emission of a photon

 Fission = 
splitting of a nuclei



Ionizing radiation
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Radiation which is able to cause ionizations in mater:
One common definition > 10 eV (ICRU Report 85)

Can be particle radiation or photon radiation



Types of radiation
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Paper Aluminium Lead

Alpha

Beta

Gamma

Particle radiation:
 electrons / positrons
 α-particles

EM radiation
 Photons

Ionizing radiation (in medicine) can originate from radioactive 
decays or can be produced artificially (e.g. X-ray)



Linear Energy Transfer (LET)
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The LET describes how much energy an ionizing particle 
transfers to the traversed material per unit distance.

α - particles: high LET (therapy) 
 - particles: medium LET (therapy)
 - radiation: low LET (diagnosis)

α
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Physical quantity

• Energy Dose 

Radiation protection quantity

• Equivalent dose 

• Effective dose

Dose is a scalar value -> one value for each point in space

Img: Bundesamt für Strahlenschutz, GER



Energy dose (D)
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Energy dose = deposited energy per unit of mass

Locally absorbed energy per unit mass 

Ein Eout

D is given in units of Gray = Joule per kilogram

Corresponds to a increase 
of T of 0.00024°



Equivalence dose (H) 
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Energy dose multiplied by a radiation specific factor 
accounting for differences in biological effectiveness

incorporates the biological efficiency of the radiation type. It is 
given in units of Sievert.

Q is the “quality factor” and 
dependent on the LET of the 
radiation. In practice Q is 
substituted with wr which is an 
approximation of Q. 

Type of radiation wr

X-ray, gamma, e-,e+ 1

Protons 5

Alpha 20



Effective dose (E)
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A measure of the risk related to the radiation exposure

describes the risk related to radiation exposure for the whole 
body. E is, like H, given in Sievert.

𝑻  
is a factor describing the relative sensitivity to radiation for 

each organ in the human body. Thus, an E of 1 Sv is describes 
the hazard related to irradiation the whole body with 1Gy of 
photon radiation. 



Effective dose (E)
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A simple example:

Just the lung and skin was irradiated each 
with 1 Gy of photons )

This corresponds to the same risk as a 
irradiation of the whole body with 0.13 Sv

Lung Skin



Why radiation protection
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Prevent occurrence of serious radiation-induced 
conditions in exposed persons. These include acute 
and chronic deterministic effects

Reduce stochastic effects in exposed persons to a 
degree that is acceptable in relation to the benefits 
to the individual and society from the activities that 
generate such exposure

After NCRP Report 116, 1993



Deterministic & stochastic effects
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Dose

Damage depends on absorbed dose
Threshold exists

Example: cataract, erythema, 
infertility

Severity is independent of absorbed 
dose Probability of occurrence 
depends on absorbed dose 

Example: radiation induced cancer, 
genetic effects

Courtesy of Barbara Knäusl



Example deterministic Effect
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16-21 Weeks 18-21 Months

Local iradiation during multiple angiography procedures
accumulated to ~ 20 Gy 

6-8 Weeks

www.auntminnie.com

Erythema 
Depigmented 

skin with central 
necrosis 

Deep necrosis 
with atrophic 

borders



Stochastic effects
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Risk assessment based on the atomic bomb survivors of WW2
1 Sv ~ 5% increase in risk of dying from cancer

Douple et al. Disaster Med Public Health Prep. 2011

>1Gy

< 5mGy

~500 mGy



Annual per capita exposure in AUT
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source: www.ages.at

Effective dose [Sv]: 1 Sv ~ 5% increase of cancer risk 

Example: Annual radiation exposure per capita in Austria

Medicine



Calculating Dose
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Energy dose can be calculate if you know:

 Radiation type

 Radiation intensity 

 Material composition

Equivalent dose further requires:

 Biological effectivnes of the radiation

Dose calculation can be done using Monte Carlo simulations



Dose in Nuclear Medicine
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Dose estimation for therapy

 Dose needed to treat the patient

 Dose limits for organs at risk

Dose in diagnostic imaging 

 Risk associated with dose needs to be reasonable

Therapy: Deterministic effects!

Diagnostic: Stochastic effects!



The MIRD formalism
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MIRD = Medical Internal Radiation Dose formalism

Based on:

 There is a source of radiation 

 There is a target of radiation

 The target receives dose from the source

t=target

s=source



The MIRD formalism
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Mathematically this can be expressed as

Dose = 

Number of decays x mean energy arriving at the target from the 
source for one decay

Integral of the activity 
concentration in the source 
organ (dynamic or multiple 
measurments)

Describing the geometry and 
relative location of the target to 
the source and the type of 
radiation 



The MIRD formalism
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AS = cumulated activity for all organs 

St,S values for all source – target combinations

𝑡 𝑠  𝑡, 𝑠 Ht 
= w

 r 𝑡  E = 𝒕  Ht

= 1 
for radiation types in diagnostic  

t=target

s=source

Dose to a organ = sum of dose from all sources



Practical issues
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 Definition of the organ size and weight

 Estimation of the time activity product 

 S values are not patient specific

 Dose is assumed to be uniform in each organ, no 
local effects are taken into account

Dose calculation in radionuclide therapy is not exact



Dose in diagnostic Nuclear Medicine
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Dose calculation can be done with Monte Carlo simulations

 Information on the type of radiation

 Information on the patient anatomy

 Information on the tracer kinetic

!!! Can not be performed in clinical routine !!! 

In diagnostic we know: 

Radio pharmaceutical + injected activity 



Dose in diagnostic Nuclear Medicine
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image: http://www.doseinfo-radar.com/

Dose estimation for diagnostics is 
based on:

• Tracer kinetic is assumed from published 
kinetic data 

• Patient anatomy is estimated from 
simplified models

Conversion factors for radio pharmaceutical



Dose in Computed Tomography
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Dose calculation can be done with MC Simulations

 Information on the radiation field (System)

 Information on the patient anatomy

!!! Can not be performed in clinical routine !!! 

What can be done:

Scanner output can be described by CTDI 

 integrated dose over a slice (includes “tails”)

 Standardized way of quantifying scanner output

Image: Hanno Krieger, Vieweg+Teubner 2009

Image: Hanno Krieger, Vieweg+Teubner 2009



Dose in Computed Tomography
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Dose estimation in practice:

• Factors for standardized CT systems 

• Slice dependent conversion factor from 
Monte Carlo simulations of “standard” patient

An easy approach is a mean conversion factor for a scan region (frequently 
found in literature)

Image: Hanno Krieger, Vieweg+Teubner 2009



Dose in Hybrid Imaging
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Etotal = ENUC + ECT



Dose values in SPECT/CT routine
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Dose from Tracers

Average: 5.7 mSv Average: 1.8 mSv

Dose from CT



Patient exposure in PET/CT
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CT

Brix et al

J Nucl Med 2005
46:608-13

4 German hospitals /w PET/CT installed in 2001-2003
Clinically relevant TLD measurements on anthropomorphic torso phantom 

Effective patient dose for WB-FDG-PET/CT: ~ 25 mSv



Comparing SPECT and PET
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Bailey D et al, EJNMMI, 2007

Patient dose is usually lower in SPECT than PET



Limitations for Effective Dose
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Calculations are not subject specific – just general estimations

JNM 1993



Risk is related to age
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370MBq FDG FDG-PET/CT
G Brix et al. EJNMMI 36, 2009

Huang et al. Radiology 251, 2009



Risk assessment for small doses
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WR Hendee and MK O‘Connor. 
Radiology, 2012

• Impossible to predict cancer incidence/death in 

a population of individuals exposed to doses         

< 100mSv.

• Children are recognized as part. susceptible to 

radiation injury, and care should always be 

exercised to keep dose as low as possible



Risk assessment for small doses
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Douple et al. Disaster Med Public Health Prep. 2011

It is unclear what happens after exposure to small doses



Nuclear Medicine Patients
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Indications for PET/CT
Oncology 86% Cardiology 2%

Neurology 11% Other 1%

Average patient age ~60 a

Most patients have an extremely low probability to live to see a 
radiation induced late term effect (e.g. cancer)



Staff exposure
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Pakbiers et al, EANM Conference records, abstract #471, 2005 

optimized procedure
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Chest dose [mSv] to staff per 1’000 patients and 370 MBq FDG per patient

Careful patient positioning vs. Staff exposure
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 Ionizing radiation can cause severe health damage

 There are different ways to describe “dose”

 Radiation effects need to be separated in deterministic 
and stochastic effects

 Dose calculation are important in therapy approaches

 Dose calculations for diagnostic are a rough estimation of 
the general risk for the population and have no value for 
an individual patient. However, they can be used for 
protocol optimizations
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Interaction with biological tissue
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Direct interactions
Direct damage of the DNA, 
organells…

Indirect interactions
Formation on reactive 
molecules in the water content 
of the cell
Reactive molecules cause 
damage by chemical reactions



Interlude: Quality factor
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Principle of Nuclear Medicine
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18F

Labeled 
biomolecule = 

Tracer

Radioactive 
isotope

Tracer 
administration 

to patient

Emission 
tomography

Tracer distribution 
showing areas of 

enhanced metabolism
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Calculating Dose: Practical Issues 

Center for Medical Physics and Biomedical Engineering

Ivo Rausch

46

Radiation type
 Known from x-ray output or used isotope
Radiation intensity
 Known in x-ray, estimated for internalized 

isotopes
 Changes in media (e.g. Absorbtion of radiation)
Material composition

Biological effectivnes of the radiation

Dose calculation can be done using Monte Carlo simulations



Example: Region of Interest
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Different SUV measures

- MAXIMUM Pixel value

- MEAN value of a ROI

 Hand drawn ROIs

 Fixed size ROIs 
(e.g. “SUV Peak”)

 Threshold based ROIs

 Advanced algorithms…



Nuclear Medicine instrumentation
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Quantitative when combined with proper 
corrections (e.g. attenuation  and scatter)



Calculating Dose: Practical Issues 
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Radiation type
 Known from x-ray output or used isotope
Radiation intensity
 Known in x-ray, estimated for internalized 

isotopes
 Changes in media (e.g. Absorbtion of radiation)
Material composition

Biological effectivnes of the radiation

Dose calculation can be done using Monte Carlo simulations



Hybrid Imaging
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+

=

SPECT CT

CTSPECT

CTSPECT

Example: SPECT/CT

Functional information (SPECT - PET) + anatomical information (CT - MR)



Quantification of metabolic activity
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Clinically relevant is the assessment of metabolic activity. 

 Requires dynamic measurements and kinetic modeling



Standardized Uptake Value
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Tissue uptake after a certain 
uptake period normalized to an 
estimate of available tracer

Normalize to

Body weight

Lean Body mass

SUV: an easy solution to a complicated problem
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Quantitative values from nuclear medicine can substantially vary 

between different scanners and examinations

Quantitative imaging requires standardized procedures

Harmonization between systems is feasible and an a prerequisite 

for comparability of inter system results

If you know what you are doing nuclear medicine data is quantitative

else

it is just images !

Center for Medical Physics and Biomedical Engineering


