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Describe how the incorporation of a radioactive 
substance delivers a dose to a  person

Explain how the effective dose delivered by a 
radionuclide intake can be  estimated; in particular
describe:

– what is a compartmental model
– how it is possible to compute the dose to a 

tissue/organ

Compute the effective dose received by a person when the 
intake is known

Objectives

Source: Pixabay - royalty-free images
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Source: https://fr.123rf.com/

First question: 
What potential hazards are associated with the use of ionising radiation

Radiation protection
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 sealed sources    unsealed sources

sources whose construction does not allow 
to prevent the dispersion of radioactive 
material (ex : liquids, powders).

sources whose construction prevents 
the dispersion of radioactive material 
under normal working conditions.

Glossary : sealed vs unsealed sources

Source: SUVA
https://www.suva.ch/fr-ch/prevention/par-danger/materiaux-rayonnements-et-situations-a-risque/rayonnement-et-
radioactivite/rayonnement-ionisant/controle-de-letancheite-des-sources-de-rayonnements-scellees

Source: AI generated from a photo taken by IRA



Exposure pathways

External exposure

Internal exposure



External exposition

Source: Scientific instruments - https://www.imagesco.com/geiger/radioactive-sources-int.html

Source : https://clemedicine.com/1-modalites-radiologiques/

Source : https://www.itnonline.com/content/pet-fludeoxyglucose-
f18-injection-gains-fda-clearance

Internal exposition 
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External exposition Internal exposition 

Source: Scientific instruments - https://www.imagesco.com/geiger/radioactive-sources-int.html

Source : https://clemedicine.com/1-modalites-radiologiques/

Source : https://www.itnonline.com/content/pet-fludeoxyglucose-
f18-injection-gains-fda-clearance
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Respiratory tract (inhalation)
This is the most common route in the event of a nuclear accident or atmospheric contamination (dust, aerosols, radioactive gases).

Example: inhalation of radioactive iodine, plutonium or radon.

Digestive tract (ingestion)
Through consumption of contaminated water, food.
Through contaminated hands.

Example: ingestion of caesium-137 or strontium-90 present in the food chain after a release.

Skin, wounds and (accidental) injections
Skin: Rarer, but possible if the skin is damaged (wounds, burns).
Some radioelements can pass through intact skin, but generally in very small quantities.
Direct contamination through penetration through an open wound, cut, or accidental injection in a medical/industrial setting.

Internal exposure
Pathways

Source : https://remm.hhs.gov/contamimage_top3.htm
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External exposure
What’s the associated dosimetric quantity?
 This question refers to previous lecture on “Introduction to dosimetry”



Incorporation of a radioactive 
substance leads to internal exposure

What’s the associated dosimetric 
quantity?

Individual monitoring in case of internal irradiation

30%

40%

30%

2 minutes by yourself
5 minutes in a group of 3

Source: Pixabay - royalty-free images 10



 committed effective dose – E50 

Incorporation of a radioactive 
substance leads to internal exposure

30%

40%

30%

Individual monitoring in case of internal irradiation

Source: Pixabay - royalty-free images 11



Effective dose received by the whole body during 
the 50 years that follow an intake.

50 years

t0 : incorporation

𝐻𝐻𝑇𝑇,50 = �
𝑡𝑡0

𝑡𝑡0+50 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝐻̇𝐻𝑇𝑇 𝑡𝑡 𝑑𝑑𝑑𝑑Inhalation Ingestion

Injection Absorption
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Committed effective dose E50

Not a directly measurable quantity  indirect estimation from in vivo and in vitro measurements.



 How is the committed effective 
dose – E50 – calculated?

Individual monitoring in case of internal irradiation

30%

40%

30%

Source: Pixabay - royalty-free images 13



Radiological protection ordinance

E50 = Iinh . einh

E50 = Iing . eing
dose conversion factor

ingested activity

inhaled activity

Determination of the committed effective dose

The conversion factors einh and eing take into account:

− Radionuclide and its radiation type and energy 
− Mode of incorporation (inhalation or ingestion)
− Metabolism of the incorporated radionuclide



Intake, biodistribution, biokinetics 
and excretion pathways

Radioactive decay

− Retention
− Transfer 
− Excretion rates 

Effective half-life

Source: Pixabay - royalty-free images

Physics

Biology
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Measurements

How can we measure the intake activity?

2 minutes by yourself
5 minutes in a group of 3

Source: Pixabay - royalty-free images
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Measurements

In-vivo : direct measurements

In-vitro : indirect measurements
urine and faeces / or nasal smear

alpha-
beta-
low-energy

gamma

Source: Pixabay - royalty-free images
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Organ exposure and 
dose calculation

Individual monitoring in case of internal irradiation

30%

40%

30%

Source: Pixabay - royalty-free images 18



Irradiation of neighbouring organs  / self irradiation

19



target region
rt

S (r ←r )
w T S

S-factor
conversion factor between 𝐴̃𝐴  in a 

compartment (region rs) and the dose 
in a target organ (rT)

Number of nuclear transformations
in source region rS during time τ

source region
rS

𝐴̃𝐴(rs ,τ)
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https://www.gettyimages.ch/detail/illustration/human-anatomy-icons-male-body-lizenfreie-illustration/1174952367

source region
rS

target region
rT

HT←S = A(rS ,τ) Sw(rT←rS )

SA(r ,τ)

S (r ← r )
w T S

per unit of intake I

S

IT←Sh = S (r← r )
w T S

A(r ,τ)

Dose from one source region rs
to one target region rT

Physiology
Biokinetic

Physics  Radiophysics &  
geometry
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T
S

rS
I

S (r ← r )
w T Sh =∑ A(r , τ)

Dose from all source region rs
to one target region rT

https://www.gettyimages.ch/detail/illustration/human-anatomy-icons-male-body-lizenfreie-illustration/1174952367
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T
S

rS
I

S (r ← r )
w T Sh =∑ A(r , τ)

Same goes for each and every 
organ

Dose from all source region rs
to one target region rT

https://www.gettyimages.ch/detail/illustration/human-anatomy-icons-male-body-lizenfreie-illustration/1174952367
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𝑆𝑆𝑤𝑤(𝑟𝑟𝑡𝑡 ← 𝑟𝑟𝑠𝑠) can be computed:

By Monte Carlo simulation transport codes:

− Individual tracking of emitted radiations

− Computed from each source region  rS (within the phantom)

− For a set of mono-energetic

• photons

• electrons

• positrons

• alpha-particles

ICRP-110 voxel phantoms

female ref phantom
163 cm and 60 kg

male ref phantom
176 cm and 73 kg

Step 1
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Before moving to 𝐴̃𝐴 
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𝑒𝑒50 can be computed:

( ) ( )
S

TT
S

w S

,
 

r

A r
I

S r rh ←
τ

=∑


equivalent dose coefficients (h) in the target 
region rT summed over N radionuclides i

ℎM 𝑟𝑟T, 𝜏𝜏 = �
𝑖𝑖=1

𝑁𝑁

�
𝑟𝑟S=1

𝑀𝑀
𝐴̃𝐴i 𝑟𝑟S, 𝜏𝜏

𝐼𝐼
𝑆𝑆wM 𝑟𝑟T ← 𝑟𝑟S

ℎF 𝑟𝑟T, 𝜏𝜏 = �
𝑖𝑖=1

𝑁𝑁

�
𝑟𝑟S=1

𝑀𝑀
𝐴̃𝐴i 𝑟𝑟S, 𝜏𝜏

𝐼𝐼
𝑆𝑆wF 𝑟𝑟T ← 𝑟𝑟S

committed effective dose coefficient (e)
(committed effective dose for 1 Bq intake)

+

2

𝑒𝑒 𝜏𝜏 = �
𝑇𝑇

𝑤𝑤T
ℎTM 𝜏𝜏 + ℎTM 𝜏𝜏

2

Final step
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How is the activity in each organ 
defined according to time?

which leads to 𝐴̃𝐴

Individual monitoring in case of internal irradiation

30%

40%

30%

Back to Step 2

Source: Pixabay - royalty-free images 27



Biokinetic and 
Compartmental models

Individual monitoring in case of internal irradiation

30%

40%

30%

Source: Pixabay - royalty-free images 28



Biokinetic – example with drugs – similar concept for radioactive substances

Individual monitoring in case of internal irradiation

https://www.youtube.com/watch?v=E1a-MIbAGdU
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https://www.vectorstock.com/royalty-free-vector/human-body-systems-vector-909054

Distribution of the radionuclides
within the body

homogenous

HTO, K, Cs

I Be, Mg, Ca, Sr, Ba, Ra
(alkaline earth)

Rn
+ daughters

specific organs

Lungs Thyroid Bones

Uptake and retention of radioactive substances in 
organs = radioactivity being absorbed or accumulating 
in specific tissues or organs

30
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The distribution of a radioactive substance within 
the body is modelled by a group of organs and/or 
tissues (referred as compartments):

− The body is modelled as a group of compartments.

− The exchange of a radioactive substance within the different 
compartments is described by a transfer rate.

Compartmental models

International Commission for Radiological Protection (ICRP) 

Source: Pixabay - royalty-free images
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Exhalation sweat

faeces

External 
contamination

urine

lung skin

InjuryIngestion Inhalation

subcutaneous 
tissueganglia

liver kidneysga
st

ro
-in
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st
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al

 tr
ac

t

organes

Extracellular fluids (blood, lymph)

Principal metabolic pathways for radionuclides in the body

Special models were developed by the ICRP for the respiratory system, the gastro-
intestinal tract, bone retention …

Compartmental models

Source: Pixabay - royalty-free images
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ICRP 100: Human Alimentary Tract Model for Radiological Protection ICRP 130 Human Respiratory Tract Model

Compartmental models
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Compartmental models

1 2
λ12

The compartments are considered as instantaneously homogenous.

Continuous transfer between the compartments.

Transfer proportional to A in the source

λ fractional transfer rate :probability of transfer from one compartment to another per unit of time.
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𝐴𝐴1 𝑡𝑡 = 𝐴𝐴1,0𝑒𝑒−𝜆𝜆12𝑡𝑡

1 2
λ12

Probability of transfer from compartment 
1 to 2

flux proportional to the source content

1
12 1

A
A

t
∂

= −λ
∂

2
12 1

A
A

t
∂

= λ
∂

Nx1 vector 
containing the 
activities in each 
compartment 

NxN matrix containing 
the fractional transfer 
rate coefficients

Generalization to N compartments

𝜕𝜕𝐀𝐀
𝜕𝜕𝜕𝜕

= 𝚲𝚲𝐀𝐀 𝐀𝐀 𝑡𝑡 = 𝐀𝐀0𝑒𝑒𝚲𝚲𝚲𝚲solution

Compartmental models
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By solving the first order differential equations describing 
the models we obtain the retention functions m(t).

They provide the fraction of initially-incorporated activity 
that is present in a given compartment according to time. 25% of the 

activity is still in 
the lungs

Time after intake [days]
Re
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Compartmental models

the overall process gets slightly more complicated as a fraction of the 
activity may be transfer both ways, on different time scales.
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HATM
Human Alimentary 
Tract Model

HRTM
Human Respiratory 
Tract Model

skin + wound

element-specific 
systemic models

ICRP-130

Compartmental models
Generic models – not specific a radionuclide

Dedicated model – specific a given radionuclide
37



HRTM
Human Respiratory 
Tract Model

ICRP-130
38



HRTM
Human Respiratory 
Tract Model

ET1
respiratory tract
excluding ET1

HATM

blood
general

circulation

lymph nodes

element-specific 
systemic models

ICRP-130
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HRTM
Human Respiratory 
Tract Model

ICRP-130

Particle clearance from the HRTM by:

• Particle (radioactive substances) transport

• Absorption into blood

Dedicated model – specific for a given element

Generic models – not specific for an element

ICRP-130
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HRTM
Human Respiratory 
Tract Model

Particle clearance from the HRTM by:

• Particle transport

 transfer rates between compartments

• Absorption into blood

 chemical form defines absorption parameters 

values (F: fast, M: moderate, S: slow)

ICRP-130
41



Parameter F (Fast) M (Moderate) S (Slow)

Absorption Rate Rapid Intermediate Slow

Retention in Lungs Low Moderate High

Biological Half-life in Lungs Minutes to days Days-Months Months to years

Typical Materials Soluble salts (e.g., CsCl) Mixed compounds Insoluble oxides (e.g., PuO₂)

Main Health Concern Quick systemic uptake Both systemic and lung dose Long-term lung dose

Key Concept:
− F, M, S describe how fast inhaled radionuclides move from the lungs to the blood and organs.
− Faster absorption → higher systemic dose, lower lung retention.
− Slower absorption → lower systemic dose, higher lung retention → long-term localized effects.

Intake of Radioactive Substances: ICRP Human Respiratory Tract Model (HRTM), 
the F, M, and S absorption types

42



HRTM
Human Respiratory 
Tract Model

Inhalation of 100 Bq of U-235

43



HATM
Human Alimentary 
Tract Model

ICRP-130

blood
general
circulation

element-specific 
systemic models

blood
general
circulation

44



skin + wound

element-specific 
systemic models

wound is considered on a case-by-case basis (5 compartments):
1. soluble material
2. colloidal and intermediate-state material
3. particles
4. aggregates, and bound state
5. trapped particles and aggregates fragments

lymph nodes

particles

blood
general
circulation

soluble 
material

ICRP-130
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wounds with particle 137Cs

wounds with soluble 137Cs

examples

element-specific 
systemic models

skin + wound

ICRP-130
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Example of iodineelement-specific 
systemic models

ICRP-137
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Example of Nickelelement-specific 
systemic models

ICRP-137
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𝐴̃𝐴(𝑟𝑟𝑠𝑠, 𝜏𝜏) can be computed:

• By mathematically solving 
biokinetic models:

( ) 0
tt e= ΛA A

( ) 0
0

te dt
τ

τ = ∫ ΛA A

• By drawing time activity curves 
starting from measurement data 
(nuclear medicine!) :

t0

𝐴̃𝐴

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 [𝑠𝑠]

activity in source region
𝐴𝐴(𝑟𝑟𝑆𝑆) 𝐵𝐵𝐵𝐵

t1 t2 t3

quantitative SPECT imaging 
performed  at different times
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Internal dosimetry – Switzerland

Individual monitoring in case of internal irradiation

30%

40%

30%

Source: Pixabay - royalty-free images 50



Swiss legislation framework
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𝐸𝐸50 = 𝐼𝐼 � 𝑒𝑒50
𝑀𝑀
𝑚𝑚(𝑡𝑡)

‒ E50  :  committed effective dose (Sv)

‒ I       :  incorporated activity (Bq)

‒ e50   :  dose per unit intake (Sv/Bq)

‒ M(t)          :  measured activity (Bq)

‒ m(t) :  retention function (Bq per intaken Bq) 

𝐸𝐸50 = 𝐼𝐼 � 𝑒𝑒50 =
𝑀𝑀(𝑡𝑡)
𝑚𝑚(𝑡𝑡)

� 𝑒𝑒50

Determination of the effective dose
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No other 
measurement 

required

Screening 
measurement Below given 

threshold?

Incorporation 
measurement

(quantify E50  accredited laboratory)

YES

NO

EN: screening measurement FR: mesure de tri DE: Triagemessung IT: misurazione di sondaggio

Incorporation 
measurement

(in-vivo or in-vitro)

Determination of the effective dose

or

Source: AI generated from a photo taken by IRA Source: AI generated from a photo taken by IRA
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• Measuring procedureMeasurement Characteristics

Screening/triage

 Simple, rapid, cheap, frequent
 Conducted by the worker
 Qualitative measurement: yes/no
 No determination of E50

Incorporation

 Only if screening measurement was 
positive

 Conducted by an approved dosimetry 
service

 Quantitative measurement: M(t)
 Determination of E50

Screening 
measurement

Threshold?
Incorporation 
measurement

E50 = I*e50

No further 
measurement

E50 = 0 mSv

yes

no

Determination of the effective dose



Screening measurement in vivo:
1. Simple
2. Rapid
3. Performed by workers themselves
4. With conventional RP instruments.

Triage monitoring, periodic measurements
(not associated to a known event).

Screening intervals → not over-/under-estimate the 
dose by more than a factor of 3.

Screening threshold→ ideally detect incorporations 
leading to 𝐸𝐸50 > 1 mSv/year.

Source: AI generated from a photo taken by IRA

Determination of the effective dose
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Swiss ordinance on dosimetry

https://www.fedlex.admin.ch/eli/cc/2017/504/fr
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− Screening measurement to be realized at the interval defined by the ordinance on dosimetry

− Interval duration depends on effective half-life of the radionuclide and detection thresholds

− In practice: one supposes that the incorporation took place in the middle of the interval (T/2) between 
two screening measurements

− Over/under estimation of committed effective dose by a factor of max. 3

Swiss ordinance on dosimetry



Activity

screening
measurement

screening
measurement

screening
measurement

incorporation
measurement

Ttri Ttri Ttri/2 Time

Screening 
measurement
threshold
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1. Initially incorporated activity:

2. Committed effective dose:

3. For routine surveillance, where incorporation is assumed to be happened in the 
middle of measuring interval T:

( )
( )

M t
I

m t
=

( )
( ) ( )

 ( )


50

.

inh
inh inh

meas
ODosim

M t eE I e e M t
m t m t

= ⋅ = ⋅ = ⋅

( ) ( )50 2
inheE M t

m T
= ⋅

Determination of the committed effective dose E50



Determination of the committed effective dose E50



γ emitter

ordonnance sur la dosimétrie individuelle

Determination of the committed effective dose E50

Source: AI generated from a photo taken by IRA
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The measurement with the whole-body counter indicate an 
activity of 5 MBq of Cobalt-60.

Estimate the committed effective dose by assuming that the 
intake occurred three months earlier.

Source: AI generated

Incorporation measurement
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E50 = M . {einh/m(t)}

einh/m(t) = 4.3 x 10-7

E50 = 2.15 Sv

The measurement with the whole-body counter indicate 
an activity of 5 MBq of Cobalt-60.

Estimate the committed effective dose by assuming that 
the intake occurred three months earlier.

Is that a high dose?
What effects can you expect?

63



You are responsible for a lab that is labelling Zr-89 for nuclear medicine applications (visualize tumors by 
detecting the radiations emitted from the patient body).
The labelling process involves evaporation, the main risk of incorporation is given by accidental inhalation of 
the radionuclide (volatile).

A worker suspects an incorporation took place 1 week ago.

Currently, no indication is given in the Swiss Dosimetry Ordinance to monitor this radionuclide.

How would you proceed?

- in vivo?
- in vitro?
-    how would you perform the measurement?

64
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You are responsible for a lab that is labelling Zr-89 for nuclear medicine applications (visualize tumors by 
detecting the radiations emitted from the patient body).
The labelling process involves evaporation, the main risk of incorporation is given by accidental inhalation of 
the radionuclide (volatile).

A worker suspects an incorporation took place 1 week ago.

Currently, no indication is given in the Swiss Dosimetry Ordinance to monitor this radionuclide.

How would you proceed?

- in vivo
- Measurement at the level of the lungs  50 kBq are measured today
- Roughly 1% of the activity remains
- Initially intake activity = 5 MBq
- 𝐸𝐸50 = 𝐼𝐼𝑖𝑖𝑖𝑖𝑖 � 𝑒𝑒𝑖𝑖𝑖𝑖𝑖 = 3.75 𝑚𝑚𝑚𝑚𝑚𝑚

Is that a high dose?
What effects can you expect? 66



Describe how the incorporation of a radioactive substance 
delivers a dose to a  person

Explain how the effective dose delivered by a 
radionuclide intake can be  estimated; in particular
describe:

– what is a compartmental model
– how it is possible to compute the dose to a tissue/organ

Compute the effective dose received by a person when the 
intake is known

Objectives

Source: Pixabay - royalty-free images
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