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Fifty-five years after discovery of x-rays by Wilhelm Conrad Rontgen in 1895, International Commission on Radiological
Protection (ICRP) established a committee on permission internal exposure. Natural and man-made radionuclides can enter
human body, cause damage effect and lead to health risk; on the other hand, radionuclides can cure cancers and other non-
cancer diseases by irradiating the malignant cells and tissues. The radiation doses delivered to the tissues and organs are
inevitable to assess risk or to judge the benefit of application of radiation on humans. In this article, basic methodology for
dose assessment of internally deposited radionuclides is reviewed. After brief introduction of interactions and effects of
radiation, the biokinetic models developed by ICRP for incorporation of radionuclides in humans are described. Then, the
dosimetric formula generalized by ICRP and Committee on Medical Internal Radiation Dose (MIRD) is presented. Treatment
of decay products and uncertainty analysis in internal dosimetry are especially addressed. Moreover, applications of internal
dosimetry in radiation protection, internal exposure monitoring, radon inhalation dosimetry and nuclear medicine are
presented with several calculation examples. At last, the future perspective of internal dosimetry is discussed. In an appendix
basic internal dosimetric quantities are provided.
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I INTRODUCTION

Internal radiation dosimetry or internal dosimetry? is
a complementary research area of external dosimetry in
radiation Dosimetry.? Humans and other living beings are
living in an environment which is exposed to radiation.
Radiation can naturally occur and be produced man-made or
by radiation machine. Radionuclides can enter human bodies
through various routes, e.g. inhalation, ingestion, injection and
through intact skins. This paper concerns only incorporated
radionuclides, this means that radionuclides are taken into the
human body intentionally or accidentally and irradiate inside
the body. Internal dosimetry is a scientific methodology used
to measure, calculate, estimate, assay, predict and quantify the
radiation energy absorbed by the ionization and excitation of
atoms in human tissues as a result of the emission of energetic
radiation by internally deposited radionuclides.? The purpose
of internal dosimetry may mainly cover the workplace control
of exposure, medical intervention and the compliance with
standards and regulation.?

According to the exposed population and scenarios, it is
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convention to classify the internal dosimetry to three main
areas: occupational exposure, public exposure and medical
exposure. For occupational exposure, the main route of intake
is by inhalation, some by ingestion and absorbed by skin
through cuts or wounds. For members of the public, the main
route of intake is by ingestion in food and drinking water, to
some extent by inhalation, however, in accident, for example
in Chernobyl and Fukushima nuclear accidents, inhalation
may become the main route of intake. In medical application
of radionuclides, the main route of intake is by intravenous
administration, with a very small part, by oral intake. After
entering into the human body, radionuclides can deposit in
lungs, alimentary tract and transfer into blood and translocate
to other organs and tissues, and some are excreted outside
of the body through kidneys and intestine. These dynamic
behaviours of radionuclides inside human body are described
by biokinetic models.>®

For dose assessment, firstly the biokinetic models are
needed to model the distribution of radioactivity accumulated
in different organs. In the modelling chemical forms of
radionuclides are important and should be considered, for
example, the chemical toxicity of uranium dominates at
enrichments below about 7 to 20%.” It should be noted that
the importance of the chemical form in internal dosimetry
is owing to the influence on the absorption fraction to blood
of radionuclides. Chemical toxicity is beyond the issue of
the dose estimation. Then the mean absorbed dose received
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by a target organ or tissue from radionuclides deposited in
a source organ or region, the so-called S coefficients, are
needed to calculate the organ doses. The specific absorbed
fractions (SAFs) are commonly calculated based on the
absorbed fractions (AFs), which are simulated by performing
Monte Carlo radiation transport programs with computational
human digital phantoms. The S coefficients are evaluated by
combining the SAFs and the nuclear decay data. Because
the quality of different types of radiation (a, f and y) of
radionuclides makes largely different biological effects and
damages to humans in various levels, for example, making
DNA breakages, inducing cancers and leading to cell death,
the mean absorbed dose in a tissue or organ is weighted by the
radiation weighting factors to a new quantity, equivalent dose.

To give a single indicative dose for the whole body,
effective dose® was proposed by taking into account the
radiation sensitivity or susceptibility of different organ or
tissue regions. And the effective dose can be calculated by
the addition of the organ equivalent doses multiplied by the
appropriate tissue weighing factors, which may be evaluated
from the human radiation epidemiological data. These
dose quantities, e.g. equivalent dose and effective dose are
designed for prospective dose assessment for planning and
optimization in radiological protection and the absorbed dose
should be used for a quantitative assessment of the health
risks to environmental radiation exposure. The risk should
be considered even in medicine for diagnostic and cancer
treatment, for health risk and regulatory decision and radiation

risk control. A diagram of general computational method for
internal dose assessment is depicted in Fig. 1.

It has been found in the early 1940’s that the molecular and
genetic damages from radiation are initial events for the later
biological effects.” The need of quantifying radiation dose
in the molecular and cellular levels leads to the research area
of internal microdosimetry'® and internal nanodosimetry, for
example the application of nanodosimetry for Auger emitters '"
and gold nanoparticles in radiotherapy.'”

In the entire internal dose assessment as well in monitoring,
the parameters used in physics, human anatomy and
physiology, the computational methods, like biokinetic
modelling and Monte Carlo simulations are subject to a large
uncertainty. Some of uncertainties, which may be attributable
to measurement techniques and subjective behaviours, can
be reduced; some are aroused from the natural variability of
humans and can be quantified but are generally difficult to be
reduced. Therefore uncertainty analysis in internal dosimetry
is gradually attracting attention for the need of reliability in
risk estimation.

In summary, in this paper, the basic physical, chemical and
biological effects of radiation are briefly introduced. The state-
of-the-art methodologies for estimating internal radiation
doses are mainly reviewed. Some applications and calculation
examples of internal dosimetry in radiation protection, internal
monitoring and in medicine are presented. Readers may find
a starting point of internal dosimetry in the present review,
follow the leitmotiv and participate in this continuously
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Fig. 1 General computational diagram of internal dose assessment.



74 Wei Bo L1

developing research field.
I PHYSICAL AND BIOLOGICAL FOUNDATIONS

Physical dose is an indicator to quantify the response
relation of radiation and biological effect. The interactions
of radiation with biological material in different levels can
help to understand the causation and mechanism of radiation
biological damages.

1. Interaction of radiation with living tissues

In internal dosimetry, a, f and y radiations are more
relevant than neutrons, protons and heavy ions. a-particle is
charged heavy particle and is not very penetrating. Therefore
o-particle is important in cellular level in lungs and other
organs especially through inhalation. In biological material,
energy transfer of a-particle occurs preliminarily through
excitations and ionizations and is described by stopping power
which is defined average energy loss per unit distance along
its path. However, the lost energy by a-particle transfers to
the secondary radiation, like electrons and photons which
penetrate to distance from the particle tracks. To measure
the energy that is laid down close to the particle tracks, the
quantity linear energy transfer (LET or L) is introduced by
excluding the energy carried away by photons and energetic
electrons. L can be quantified with a limit Z,, where energy
above A will not be accounted, or without limit L , in this
case, it equals to stopping power.'?

Energy of electron is mainly transferred to matter through
interaction of electric field of moving electrons with that
of electron bound in the medium. The interactions lead to
electronic ionizations and ionizations and the slow down
electron with residual energy lower than 10eV will lose
energy by direct excitation of rotational, translational or
vibrational modes of molecular affected. Elastic, excitation
and ionization cross sections for electrons were calculated
for liquid water and DNA molecular moiety to mimic the
interactions of electrons in biological tissues.'* !>

Photons interact with molecule in three main processes:
photoelectric effect, Compton scattering and electron-positron
pair production event. The fourth process, elastic photon
interaction, also Rayleigh scattering is important at low energy
below 100 keV, and this event changes the direction of photon
and the energy deposition of location of the next inelastic
event.!® ' The cross sections for the processes in liquid
water and other materials are well calculated and available to
quantify the energy deposition in the biological materials.'®

Based on the cross sections of radiation transport in
biological material, the energy deposition and the physical
dose such as absorbed dose,”® D, in materials can be
quantified. Mean absorbed dose'” in a tissue or organ, D,
was defined as a physical dose in human body. Because the
different radiation types have different qualities on organs
and tissues, the absorbed dose was weighted by radiation
weighting factor to obtain the equivalent dose,'” H_ in a
tissue or organ. However, different tissues or organs in human
body react to radiation differently, which was known as
susceptibility. The effective dose,'”” E which is a weighted

equivalent dose by tissue weighting factor w, for target tissue
T, is defined to represent the whole body dose for radiological
protection. These three essential quantities can be found in the
appendix.

2. Radiation chemical and biological effects

After completion of the physical interaction of radiation in
liquid water, different new chemical species are produced and
will diffuse in water and interact each other and with DNA and
lead to the indirect damage in contract to the direct radiation
effect induced by physical energy deposition. Preliminary,
the sub-excitation electrons, e_; ionized water molecules,
H,O"; excitation states: K‘Bl and §‘Al; Rydberg states; diffuse
bands and dissociative excitations are produced. It has been
conjectured that ionized water molecules react immediately
following the scheme on the time scale 10 s:

H,0" + H,0 — H;0' + OH

The excited water molecules are assumed either to relax,
auto-ionize or dissociate in different possible ways and
produce other chemical species: "'OH, H,O", H’, H,, €,
OH™ and H,0,. These radicals diffuse in water in diffusive
Brownian motion.* 2V Tt is assumed that ‘OH radicals
interact with nucleotides, sugar-phosphate moieties and base,
contributing to DNA lesion complexity; however, the hydroxyl
radicals can be scavenged in the cytoplasm. Other than damage
to DNA, radiation can destroy cell membrane and leads to cell
deaths.”” Mitochondrion in cytoplasm is also regarded as a
target for cell death of radiation.”

The somatic effects are generally classified to two group
(1) deterministic effects (harmful tissue reactions) due in large
part to the killing or malfunction of cells following high doses;
and (2) stochastic effects, i.e., cancer and heritable effects
involving either cancer development in exposed individuals
owing to mutation of somatic cells or heritable disease in their
offspring owing to mutation of reproductive (germ) cells.' 2

Deterministic effects can generally be characterized by
a threshold of radiation dose. At this threshold dose, the
radiation damage (serious malfunction or death) of a critical
population of cells in a given tissue can be sustained before
injury is expressed in a clinically relevant form. Above the
threshold dose the severity of the injury, including impairment
of the capacity for tissue recovery, increases with dose.

For stochastic effects, it is in debate, if there is a dose
threshold, say less than 100 mSv, to induce a cancer. Risk
model is used to quantify the health risk of low-dose radiation.
Several concepts, like relative biological effectiveness
(RBE),” radiation weighting factor (w,) and dose and dose
rate effectiveness factor (DDREF)?® are used to link the
molecular effects to tissue and somatic effects. The linear-
non-threshold (LNT) model has been recommended in the
radiation protection practice, however, more researchers and
organizations recently convicted to this model with arguments
that the model is inconsistent with radiation biological and
experimental data.’’?” The debate needs the molecular
radiation biological investigations like, DNA damages,
chromosome aberrations, cellular deaths or transformation,
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and extension to somatic effects.

Taking into account all the processes of radiation
interactions in human body, radiation risk can be estimated
by different models, such as (a) direct estimates of risk from
a large population, (b) mathematical models, (c) biologically
based risk models and (d) empirically based risk models with
anticipated uncertainties.**?

III BIOKINETIC MODELS

Radionuclides can accidentally and intentionally enter
human body through various incorporation routes, e.g.
inhalation, ingestion, injection, transdermal resorption,
wound, instillation and other orifice of the body, especially
with intentional application of radioactive medicaments in
nuclear medical diagnostics and therapy.**3% The uptake
of radionuclides in the blood through respiratory tract or
alimentary tract can further be continuously transferred and
distributed, like the radionuclides directly injected into blood,
to other organs and tissues. Incorporated radionuclides can
be eliminated or excreted through kidneys by urine, through
alimentary tract by faeces, through exhalation and through
skin by sweat, excretion in nails and hair. The intake and
uptake and transfer and distribution, elimination and excretion
are generally described as biokinetics of incorporated
radionuclides in human body and are illustrated in Fig. 2.

The concept of biokinetics was derived from Greek words
bio (life) and kinetics (transport).® In the earlier publications
of ICRP,***” the concept of metabolism is used which is more
about the chemical and physical changes of the substances.®
The biokinetic model was used by ICRP from its publication
56° and can be described in a form of compartmental
model.” Basically the biokinetic model can be mathematically
described in a system of coupled differential equations with

first-order or higher-order.*!

To quantitatively calculate the internal doses, the biokinetic
information of incorporated radionuclides must be determined
first. Directly quantifying the distribution and retention of
radionuclides in human body is experimentally unpractical
and challenging. However, these data are basis for setup of
biokinetic model and calculating the cumulated radioactivity
in human body for dose estimation. The biokinetic data were
retrieved from laboratory animal experiments, sometimes from
severe sick patients, accidental human data or in less extent
from studies with healthy subjects.?*?

Generally, a center compartment representing blood was
connected to each organ and tissue. Gastrointestinal tract
model, now alimentary tract model and lung model, now
respiratory tract model were separately developed to describe
the intake of radionuclides through ingestion and inhalation.
The systemic biokinetic models, the alimentary models and
the respiratory model can be coupled and connected through
human physiological metabolism of materials in human body,
like absorption of small intestine and clearance and absorption
in lungs.

1. Systemic biokinetic models

The transfer and retention of radionuclides through blood
to internal organs and tissues are described as systemic
biokinetic models. For each element, a systemic biokinetic
model is developed based on the human data available from
environmental, accidental or medical exposure, and to a
greater extent from experimental animals. The principle of
building a systemic biokinetic model is to set a compartment
representing an organ or tissue region, sometimes to use
several compartments for one organ or tissue region, if the
activity in the sub-region is available, the connection of the
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Fig. 2 Generic biokinetics of incorporated radionuclides in human body predicted by a compartmental mode

1% This picture is

adopted from Fig. 3.1 of ICRP Publication 130 under the permission granted by ICRP on 27 January 2018.
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organ or tissue to blood is human physiological based,*” a
compartment called “other” is setup to represent the activity
which is not distributed to a certain organ or tissue, and this
compartment comprises all the organs not explicitly present in
the biokinetic model.

In the early times and as well in nuclear medicine, a
multiple-term of exponential function was used to fit the
measured activity in organs without knowing the physiological
knowledge.*® 3 From its publication 563%, ICRP applied
physiological based biokinetic models to determine the
retention and excretion of incorporated radionuclides.® # 45
The systemic biokinetic model usually includes a central
compartment representing for blood and/or plasma. In this
compartment, depending on the nuclide a sub-compartment
representing red blood cell or just a sub-compartment
representing the process that nuclide was bound to some
protein in the blood, was introduced.

The soft tissues, in one compartment or sometimes in
three sub-compartments, rapid turnover (STO), intermediate
turnover (ST1) and slow turnover (ST2), are connected to the
blood compartment. For many nuclides, certain explicit organs
are presented in the systemic model, for example, brain, heart
wall, pancreases and spleen and lung tissues are connected
directly to blood, the remainder organs or tissues which are
not present in the model are assumed to be a part of other
soft tissues (STO, ST1 and ST2). A skeleton compartment
is connected to blood for the bone seeking nuclides. In
the skeleton compartment, often six sub-compartments,
cortical and trabecular surface, cortical and trabecular deep
and shallow volumes are assumed; for some elements, e.g.
thorium, cortical and trabecular marrow are added and the
cortical and trabecular deep and shallow volumes are reduced
to only volumes. For many nuclides, compartments liver 1 and
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liver 2 are used to model the materials which are transferred
through the whole liver to the gastrointestinal tract, now the
alimentary tract, and are further excreted outside the body by
faeces. At this excretion route, radionuclides can be transferred
directly from blood to alimentary wall and excreted to faeces.

Mechanism of urine formation and excretion and its
compartmental model is generally a part of the systemic
biokinetic model. The urinary excretion model comprises
of a compartment of other kidneys tissue for exchange of
nuclide to blood, a urinary path for pathway of nuclide to
urinary bladder. For example, in Fig. 3 the mechanism of
urine formation is transformed to a compartmental model for
urinary excretion of strontium.*® For some nuclides, certain
explicit compartments are presented in the systemic model for
excretion: for example in biokinetic model of Cs,*” the skin as
an excretion path to sweat; hair as a compartment in systemic
biokinetic model of Pb for excretion path. Hair and nails can
be added to the ICRP biokinetic uranium model to describe
the measured data with a sharing excretion pathway through
hair in addition to the urinary excretion.*®

The MIRD Committee developed independently a
dynamic kidney model to drive the urinary excretion of the
radiopharmaceuticals for patients undergoing diagnostics and
therapy in nuclear medicine.*”

2. Human alimentary tract model

The new human alimentary tract model (HATM)” (Fig.
4B) was developed based on the gastrointestinal tract (GIT)
model®” (Fig. 4A) which was established in 1979. The GIT
model was developed on the basis of data reviewed by EvesV
in 1966, it was used to calculate the dose for workers from
both ingestion and inhalation of radionuclides. The GIT model
took into account of transit of ingested materials through four

Blood
T] /2:0.013 d
Filtration
Reabsorption|
v
0.03 0.085 0.1
A 4 y
Urinary bladder 0.9 Urinary path
contents : T1,=0.5d
T,=0.083 d |Secretion
Excretion
v
Urine

Fig. 3 Urinary excretion compartmental model, used for fitting the measured human data of strontium.*® The picture of the left
panel is adopted from Fig. 26-8 of GuyTon and HALL* under the permission granted by Elsevier Ltd. on 20 July 2018.
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Fig. 4 Gastrointestinal tract (GIT) model®” (A) and human alimentary tract model (HATM)>? (B) developed by ICRP. The
dashed boxes in B show the compartments outside of the alimentary tract and they are connected to the HATM and GIT model.
The picture (A) is adopted from Fig. 6.1 of ICRP Publication 30 Part 1 and the picture (B) is from Fig. 3.6 of ICRP Publication

130 under the permission granted by ICRP on 27 January 2018.

regions of the alimentary tract: stomach, small intestine, upper
large intestine and lower large intestinal. The transfer rate of 4,
can be estimated from the so called f, value, which is defined
as the absorption fraction of radionuclide to blood:
j'B f; j’SI
5 =f; and T—F =15
ASI+)"B /i l_fl ?
This GIT compartmental model did not include feedback

and can be analytically solved as Eq.(1) by a system of
differential equation: 3732

it i q,(0)e
00 = [0 i) 27— ] M)

where

In_,a=a,xa,., x...a,ifn>mand

i=m

I, =1lifn<m.

i=m

A considerable data has become available on the transit
of materials through the different regions of the gut since
the development of the GIT model. These data provide
the differences between solid and liquid phases, age and
gender-related differences; Furthermore, the ICRP 1990
recommendation revised radiation risks, especially for specific
risk estimates for cancer of the oesophagus, stomach and
colon. Therefore, a new alimentary model is needed to include
oesophagus, stomach and colon as specified target tissues.’”

The new HATM was developed and compartments in mouth
region, oral cavity contents, teeth, oral mucosa and oesophagus
in two compartments were added before the materials transfer
to stomach which was split to two compartments: contents and
wall. The upper and lower large intestines were extended to
right, left and rectosigmoid part each with contents and wall
compartments (Fig. 4B). Radionuclides can be transferred
to circulation system in mouth and radionuclides as contents
will more realistically be transferred through intestinal and
colon walls to circulation system and radionuclides can be
transferred back to alimentary tract. However, it became more
complicated to solve the complete compartmental models
and the new defined alimentary tract transfer factor f, should
be the sum of fraction from stomach, small intestine, right
and left colon and rectosigmoid: f, = X f with f; for absorbed
fraction in all of the regions of the alimentary tract: stomach
(ST), small intestine (SI), right colon (RC), left colon (LC)
and sigmoid (S) (see Fig. 4B). Because of the lack of data, in
practice, it is assumed that materials are absorbed mainly in
SI region: f, = f,. However, if transfer data in the alimentary
regions are available, they should be used in the biokinetic
modelling. Transfer coefficients (per day) for the movement
of alimentary tract content between regions are indicated in
Table 1.

3. Human respiratory tract model
In its Publication 2, ICRP recommended a very simple
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Table 1 Transfer coefficients (per day) for the movement of alimentary tract between regions.”
Region Age 3 moths Age 1 year  Age5-15years  Adult male Adult female
Mouth
Solids 5,760 5,760 5,760 5,760
Liquids 43,200 43,200 43,200 43,200 43,200
Total diet 43,200 7,200 7,200 7,200 7,200
Oesophagus (fast)

Solids 10,800 10,800 10,800 10,800
Liquids 21,600 17,280 17,280 17,280 17,280
Total diet 21,600 12,343 12,343 12,343 12,343
Oesophagus (slow)

Solids 1,920 1,920 1,920 1,920
Liquids 2,880 2,880 2,880 2,880 2,880
Total diet 2,880 2,160 2,160 2,160 2,160
Mouth

Solids 19.2 19.2 19.2 13.71
Caloric liquids 19.2 32 32 32 24
Non-caloric liquids 144 48 48 48 48
Total diet 19.2 20.57 20.57 20.57 15.16
Small intestine 6 6 6 6 6
Right colon 3 2.4 2.182 2 1.5
Left colon 3 2.4 2.182 2 1.5
Rectosigmoid 2 2 2 2 1.5

(This table was reproduced after the Table 6.6 of ICRP Publication 100)

model to descript the inhaled particles in human respiratory
tract: 50% of an inhaled aerosol would be deposited in the
upper respiratory tract, 25% would be exhaled, and 25%
would be retained in the lungs.*? In 1966, a Task Group on
Lung Dynamics (TGLD) published a revised lung model,> it
was used in dose calculation for occupational workers in ICRP
Publication 30 series.”” 3¢9 In this model, the respiratory
system is divided into three regions; the nasal passage (N-
P), the trachea and bronchial tree (T-B) and the pulmonary
parenchyma (P). The depositions in different regions were
described by three fractional deposition parameters: D, D,
and D,. The aerodynamic property of aerosol distribution with
activity median aerodynamic diameter (AMAD) of aerosol

materials were classified as D, W and Y. Fig. 5 showed the
compartmental lung model and the related parameters.

In 1994, ICRP revised the ICRP 30 lung model and
published a new human respiratory tract model (HRTM).®)
This model improved the respiratory model in many
aspects. This model is a compartmental model based on the
morphometric and anatomic characteristics of the human
lung (Fig. 6A) and considered human respiratory tract as four
anatomic regions: the extrathoracic region (ET), the bronchial
region (BB), the bronchiolar region (bb) and the alveolar-
interstitial region (AI). The model provides a set of age- and
sex-dependent physiological parameters. This model included
a deposition model, a clearance model and an absorption

was used. For the clearance of particles from the lungs, the model.
Class
w Y
Compart- T T T n
Region ment day F day F day F 3
N-P a 001 05 001 0. 001 001 0
(Dpe = 0.30) b 001 05 040 09 040 099 F
T-B < 001 095 0.01 0.5 0.01 0.1 b
(Dy.a= 0.08) d 02 005 02 0.5 02 09 2'
e 05 08 50 0.15 500 0.05
P f na. na. 1.0 04 1.0 04
(D, = 0.25) g na na S0 04 500 04 )
h 05 02 50 0.05 500 0.15 '
L i 05 10 50 10 1000 09 -
i na. na na. na. © 01 Lymph
nodes

Fig. 5 A mathematical model used to describe clearance from respiratory system in ICRP Publication 30.” This picture is
adopted from Fig. 5.2 of ICRP Publication 30 Part 1 under the permission granted by ICRP on 27 January 2018.
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Fig. 6 Respiratory tract regions (A) in HRTM and compartmental model (B) representing particle transport from each respiratory
tract regions.®” The picture (A) is adopted from Fig. 3.2 and the picture (B) is from Fig. A.1 of ICRP Publication 130 under the

permission granted by ICRP on 27 January 2018.

In the deposition model, three main mechanisms of airborne
particles in the respiratory tract were considered to determine
the activities: gravitational sedimentation, inertial impaction
and Brownian motion or diffusion.” Analytical formulas
are given for determination of regional deposition fraction

in airways. The clearance model is a compartmental model
(Fig. 6B) based on anatomic regions with transfer rates among
compartments; the radionuclides accumulated in different
regions will be transferred to blood by an absorption model
(Fig. 7). In the biokinetic modelling, model (b) is practically
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Fig. 7 Two alternative compartmental models for time-dependent absorption into blood reported by ICRP Publication 130.53
In model (a) a fraction of the deposit is initially assigned to the compartment labelled ‘rapid dissolution’, and the rest of the
deposit is initially assigned to the compartment labelled ‘slow dissolution’. In model (b), all the deposit is initially assigned to
the compartment labelled ‘particles in initial state’, and material in the compartment labelled ‘particles in transformed state’
is subject to particle transport at the same rate as material in the compartment labelled ‘particles in initial state’. It may be
noted that any time-dependent dissolution behaviour that can be represented using the model shown in model (a) can also be

represented by the model shown in model (b) with a suitable choice of parameter values. These two pictures are adopted from
Fig. 3.5 of ICRP Publication 130 under the permission granted by ICRP on 27 January 2018.

implanted in the compartmental model. For all elements,
default values of parameters in ICRP Publication 66 were
revised and are recommended, according to whether the
absorption is considered to be fast (Type F), moderate (Type
M), or slow (Type S). For gases or vapours, instantaneous
uptake into blood may be recommended [Type V (very fast)].*®
Where information was available, specific parameter values,
which were derived from experimental data, are summarised
in the inhalation sections of each element in the new ICRP
publication series-Occupational Intakes of Radionuclides
(OIR).*”- ® Furthermore, it is necessary to mention that the
structure of HRTM developed in ICRP Publication 66°" has
been modified in ICRP OIR Part 1% in view of experience and
new information, for example, three compartments of alveolar
interstitial (AIl, AI2, AI3) were merged to one compartment
alveolar (ALV).

For gases and vapours a model is provided, three classes of
gases uptake pattern; insoluble and non-reaction gases SR-0,
soluble or reaction gases and vapours (SR-1) and soluble and
reaction gases and vapours (SR-2) were recommended, so that
the deposition of radon gas and other gases can be calculated.
Based on this model for gases and vapours, LEGGETT et al.®¥
proposed a new model for radon and other noble gases. In
the OIR series, the general defaults for gases and vapours
are 100% total deposition in the respiratory tract (regional
deposition: 20% ET2, 10% BB, 20% bb, and 50% Al) with
Type F absorption. This classification is somewhat different
from that recommended in Publication 66°.

4. Wound models

To assess the dosimetry of radionuclides that enter the
human body through wound, ICRP and NCRP jointly
developed a biokinetic model for determining the retention and
excretion of internally deposited radionuclides through wound.

Actually the wound model is very similar to the systemic
biokinetic models, however, the connection of wound model
with and to other biokinetic models is somehow very specific
due to the chemical characters of radionuclides or the wound
property. The NCRP wound model (Fig. 8) consists of seven
compartments. Five of these compartments (fragment, soluble,
colloid & intermediate state (CIS), particles, aggregates &
bound state (PABS), and transport particles & aggregates
(TPA)) comprise the wound site and two (blood and lymph
nodes) receive materials leaving the wound sites and enter the
blood. The five-compartment wound site is considered to be
relatively tissue insensitive and, therefore, independent of the
anatomic location of the wound.®

Depending on the different injure scenarios and radionuclide
chemical states, different accidental inject route is applied,
as indicated in Fig. 8. For example, for fragment forms
of radionuclides, the model of injection to fragmentation
compartment is used and the other injection routes will not
be used. However, if the contaminating material consists
of a mixture of forms, then all the relevant portions of the
model will need to be used. Readers can find an example®®
of applying this wound model which is coupled to uranium
systemic biokinetic model for assessing internal radiation
doses after contamination of depleted uranium.

5. Model for skins

Some radionuclides, tritium oxide as liquid or vapour
and iodine as vapour or in solution can be absorbed by the
intact skin. The tritiated organic compounds can be directly
absorbed and is instantaneously distributed within whole
body water like that after inhalation or ingestion. In addition
to calculate the dose to the area of skin, the dose to other
inner organs and tissues needs to be considered. ICRP
Publication 60 has recommended that for skin contamination
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Fig. 8 Wound model developed by NCRP and ICRP.* This picture is adopted from Fig. 3.7 of ICRP Publication 130 under the

permission granted by ICRP on 27 January 2018.

doses should be calculated to sensitive cells, assuming to
be at a depth of 70 um. In some cases, the inhalation dose
coefficient of airborne HTO vapour can be used for intact skin
contamination. There is no specific model developed by ICRP
for skin contamination. TRAUB et al.” developed a computer
code VARSKIN for the calculation of tissue dose at various
depths as the result of skin contamination. The contamination
was assumed to be a point or an infinitely thin disk source
located directly on the skin. Now the computer code has been
updated by US NRC to Version 5.® Five different predefined
source configurations are available in VARSKIN 5 to allow
simulations of point, disk, cylinder, sphere, and slab sources.
It included an enhanced photon dosimetry model, as well
as models to account for air gap and cover materials for
photon dosimetry and predicts beta dosimetry in shallow skin
targets.®®

Recently, the uptake of radon through skin was evaluated
by Sakopa et al.®” They added to the latest biokinetic model
for noble gases an uptake path via the skin using the skin
permeability coefficient as parameter.

6. Generic biokinetic models for incorporated
radionuclides

To assess the distribution and excretion of incorporated
radionuclides by injection, systemic biokinetic model is used.
The systemic model is coupled to the HATM to set up a
biokinetic model for describing the behaviour of radionuclides
in human body after ingestion. For the inhalation route, the
combined systemic and alimentary tract models are combined
to the HRTM through the clearance from lung to the blood
and partly to oesophagus and further to blood in stomach
wall and small intestinal or colon walls. Fig. 9 shows a
generic biokinetic model for incorporated radionuclide with

the GIT model and systemic biokinetic model of uranium.
Fig. 10 shows a generic biokinetic compartmental model
for depleted uranium after inhalation which combines the
systemic biokinetic model of uranium, the HRTM and the
HATM.® Replacing the systemic biokinetic model of uranium
with models of any other elements, one can build up a generic
biokinetic model to predict the behaviour of radionuclides in
human body. A bound state in the HRTM for some element, e.g.
plutonium should be considered.

If we assume that, in the beginning, numbers of atoms of
radionuclide in decay chain with member n (n=1, 2, ...N,
with n = 1 as parent radionuclide) was inhaled in compartment,
i, which is connected to other compartment, ;. The biokinetic
behaviour of the atoms of nuclide # in compartment / at time
f, g, , () can be descripted by a system of first-order lincar
differential equations in Eq.(2):

dq. (¢ L
qldnt( ) = Ii,n(t) + JZ] C]/,n(t) ki,/',n

J#i

J n_1
=400 2K 20) + 24D o ®)
J#I

where: L , () is the input flow rate to compartment i of nuclide
of decay member 7 from the environment. £, in is the transfer

rate from compartment j to i for nuclide member »; 2, 1s the
physical decay constant of radionuclide n. J is the number of
compartments which are connected to compartment i. g, , (¢) is
the atoms of nuclide » that ingrowths in compartment i at time
¢ from nuclide member m in decay chain; f,  is the branching
fraction of the chain member m that decéys to member n.
The decay data of radionuclides can be retrieved from ICRP
Publication 1077 and the accompanying CD.

It is noted that in the biokinetic modelling, those are the
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atoms that are transferred between compartments and follow
the law of conservation of mass. The complete system of
first order linear differential equation shown in Eq.(2) can be
solved by initial conditions by numerical methods. The results,
number of atoms in compartments at different time, N(f), can
be converted to radioactivity at time ¢, A(¢) by the relationship
A(f) = AN(D).

IV. DOSIMETRIC MODELS

A naive concept for estimating absorbed dose in human
body could be preliminarily formulated as the quotient of the
decay energy deposited of the incorporated radionuclides in
the body and the mass of the body. However, the incorporated
radionuclide transfers to different organ and tissues through
blood circulation system and can be excreted through kidney
in urine and alimentary tract in faeces and consequently
eliminated out of the human body. Radiation can penetrate
organs to outside the body, so that not all decay energies
deposit inside body. Furthermore, radionuclides distribute
heterogeneously in various organ and tissues and deliver
different energies and organs exhibit different degree of
radiosensitivity. Therefore, the concept of estimating internal
dose should be developed by taking into account firstly
the dynamic behaviour, e.g. retention and excretion, of the
incorporated radionuclides in the body, i.e. aforementioned
biokinetics.

The radionuclides deposited in different region will irradiate
the organs and tissues around and themselves especially for
alpha and beta emitters and this cross fire radiation fraction
from source regions to target regions is defined as S values,
now called S coefficients.®” The determination of these S
coefficients needs the spatial relation of anatomic organs
and tissues, the human digital phantoms, and the radiation
transport simulation with human phantoms applying Monte
Carlo techniques. The organ absorbed dose can be then
estimated by multiplying the activity in the source organ and
the S coefficients from the source organ to the target organs
under interest.

In the following, the human computational phantoms and
the generalized formula recommended by ICRP and MIRD
Committee are introduced. Furthermore the treatment of decay
products in dose calculations and commonly used software in
internal dosimetry are introduced.

1. Computational phantoms and Monte Carlo
simulation

Mathematical phantoms were developed at Oak Ridge
National Laboratory for MIRD Committee of the Society of
Nuclear Medicine.”” During the last three decades, a new
type of anatomic phantom, so-called voxel phantoms were
developed by various groups. Voxel phantoms are anatomic
models of human body based on computed tomography,
magnetic resonance or other medical images obtained from
high-resolution scans of a single individual and provide a more
realistic representation of human anatomy. These phantoms
consist of a large number of volume elements (voxels). ICRP
developed adult reference computational phantoms’ in voxel

Fig. 11 Images of the adult male (left) and adult female
(right) computational phantoms presented in ICRP
Publication 110.”» This picture is adopted from Fig. 3.1 of
ICRP Publication 133 under the permission granted by ICRP
on 27 January 2018.

format adapted voxel phantoms developed at Helmholtz
Zentrum Miinchen, formerly GSF-National Research Center
for Environment and Health to the organ mass and volume of
ICRP reference person.’

Figure 11 shows images of the adult male (left) and adult
female (right) computational voxel phantoms. The following
organs can be identified by different surface colours: breast,
bones, colon, eyes, lungs, liver, pancreas, small intestine,
stomach, teeth, thyroid, and urinary bladder. Muscle and
adipose tissue are semi-transparent.””

Calculations of the absorbed fractions (AFs) (see Appendix)
for mono-energetic photons and electrons for the new
reference computational phantoms were performed for the
whole set of source regions listed in ICRP Publication 110.”?
For photons, energies from 10 keV to 10 MeV were considered
and for electrons, energies between 15 keV and 10 MeV. For
each energy, 5 million particle histories were followed through
the body using the Monte Carlo transport code EGSnrc.™ The
specific absorbed fractions (SAFs) (Appendix) can further be
calculated by dividing AFs by the mass in the target organ.

For photons it accounts for Rayleigh and bound Compton
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scattering, pair production and photoelectric emission from K,
L and M shells with subsequent emission of fluorescence or
Auger/Coster-Kronig electrons. The cross sections agree with
those of the XCOM/NIST database.'®

Multiple electron scattering is performed with the electron
collision stopping powers as recommended by ICRU™ and
the creation of bremsstrahlung is included. In particular, for
electrons, the following calculations were performed: (1) AFs
for both self-irradiation and cross-fire for solid soft-tissue
organs. For cross-fire the anatomical position of a source or
target region is more important than its size and shape; (2)
AFs for cross-fire from solid soft-tissue organs to targets in the
skeleton, in the HRTM, and in the HATM; (3) AFs for cross-
fire from source regions in the skeleton (volume sources), in
the HRTM, and in the HATM to solid soft-tissue organs; and
(4) AFs for cross-fire between HRTM and HATM regions. It
should be noted that the electron AFs of ICRP Publications
66°) and 100° were used for those cases for which their
values were neither 0 nor 1, i.e., those that were evaluated
by other means than the simplifying assumptions of ICRP
Publication 30.>” For a complete calculation of AFs and SAFs
values for other radiation types, e.g. recoil protons, alpha
particles and neutrons and skeletal tissues, ICRP Publication
on SAFs for reference adults can be referred.”®

2. Generalized schema for internal dosimetry

ICRP developed a dosimetric schema focused on the
occupational internal dosimetry for workers?” 6% 777 and
members of the public.3 #4780 The MIRD Committee
focused only on medical internal radiation dose for
patients.®’®» However, ICRP developed as well dose
coefficients for patients in diagnostic nuclear medicine.3*7
In 2009, ICRP and MIRD generalized a standardized
nomenclature for dosimetric models.® Tt is assumed that
during a certain age period, the changes in anatomy for one
age group will be neglected; in practical calculation, the time-
independent formulation is used, and the dose-commitment
period is standardized to 50 y for adults or a variable time to
age 70 y for those exposed as infants, children, or adolescents.
The mean absorbed dose coefficient was defined as Eq.(3):

d(ry, Tp) = X2y @ (rp, T) S (rre—ry) 3)

EX P o B) i alue s called
M(VT) , 1S value 1S calle

where S (rp—rg) = 2
SE (specific energy) in the previous dose calculation system
(SEECAL),

¢ 1y E)

where © (r; «rg, E)= M(r,)
T

, the specific absorbed
fraction (SAF).

It is noted here that ¢ is age-dependent, so that @ and S are
age-dependent as well. To calculate the mean absorbed dose
from childhood, the values at different age period will be
quantified and summed up, so for equivalent dose and effective
dose.

Equivalent dose coefficient can be calculated as Eq.(4):

B (g, Tp) = 220G (0 Tp) S, (= ) “

Rz R ¢ (ry <_rS’ER,i)
M(r) '

where S, (r; < rg) = Z Wy Z

This value is called SEE (specific effective energy) in the
previous dose calculation system. 8
h (r,, T,) : Equivalent dose coefficient of organs r, over the
dose-integration period 7.
a(rg, T,): Time integrated activity coefficient;
S, (r, < ry): Radiation-weighted S;
w,: Radiation weighting factor;
E, ; Energy of radiation i of type R per nuclear transformation;
Y, ; Yield of radiation i of type R per nuclear transformation;
¢ (rp—rg, E, ): Absorbed fraction: fraction of energy E,
of radiation type R emitted within the source organ r that
absorbed in the target organ r;
M (r,): Mass of the target tissue .

Effective dose coefficient for adults is shown in Eq.(5):

o T 03]

h(7) and hl(zr) are male and female equivalent dose; w,
is tissue weighting factor. Reference phantoms for children
of various ages will be developed for use in the calculation
of dose coefficients for members of the public.!”” At present,
effective dose coefficient for infants, children, or adolescents
can be calculated as: e(r) =X, w h(7r), where h,(7)
equivalent dose in organ 7 for infants, children, or adolescents.

®)

3. Treatment of decay products

Decay products behave independently as they are produced
in the human body, for example, the biokinetic model of
uranium and the biokinetic model of thorium as a progeny
of uranium are different. Therefore, biokinetic models, the
transfer rates and especially the model structures of different
radionuclides are assumed to be independent in the biokinetic
modelling. For a proper interconnection of biokinetic models
with varying biokinetic model structures, two approaches have
been proposed in ICRP Publication 71.7

In the first approach, biokinetics of a radionuclide in a
chain is calculated by using its own biokinetic description.
Thereafter, the non-existing compartments representing source
regions receive a portion of nuclear transformations which are
partitioned by mass fraction from the so-called “Other” tissue.
This “Other” tissue represents all systemic tissues, which are
not explicitly specified in a biokinetic model.

In the second approach, prior to biokinetic modelling, the
biokinetic model of a radionuclide in a chain is expanded for
the non-existing compartments and transfer rates so that all the
biokinetic models of radionuclides in the chain comprise the
same number of compartments and the same kinetic transfer
pathways. The transfer rates of loss from these compartments
are the same as the corresponding ‘Other’ compartments
but the transfer rates to them are weighted by mass fractions
of those of the corresponding ‘Other’ compartments. The
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transfer rates to the ‘Other’ compartments should be reduced
accordingly.

The treatment of decay products to dose are applied to
systemic biokinetic models. Due to the lack of knowledge
of the solubility and absorption of the daughter nuclides
in human alimentary tract, without further information, it
is assumed that the soluble phases of the decay products
produced inside the human alimentary tract follow the same
behaviours as their parent nuclides. This consideration may
introduce a small uncertainty on ingestion dose coefficients.
In the human respiratory tract, decay products are bound to
aerosols and behave like the parent nuclides.

As an example, internal dose assessment of 2Th by
applying the new obtained biokinetic parameters used the
first approach of independent biokinetic modelling.’® In
another work on dose assessment of ***U by using the f, factor
obtained from experimental human biokinetic investigation,’
the second approach was applied. The difference of the dose
coefficients by applying the two different approaches is less
than 5% when the masses of the unspecified source regions
are small to the mass of “Other”.”” In the ICRP OIR series,
the second approach is recommended to apply for treatment of
decay products in biokinetic modelling.

4. Software for internal dosimetry

Internal radiation doses to tissues or organs can be
calculated by following above introduced methods and
procedures provided the intake activity, the intake pathway
and radionuclides are known. However, the procedures can
be programmed in a computer code and it speeds up the
calculations, if the structures and parameters of biokinetic
models and computational phantoms are default of the
reference person. In some cases, structures and parameters of
models may be requested to fit the new measured biokinetic
data, or an individual phantom is needed for a personalized
set of S coefficients, then a new dedicated computer program
may be developed or available computer programs might be
modified. In the following, several common used computer
programs for biokinetic modelling and internal dose
calculations are introduced.

SAAM 1II°? is user friendly commercial software for
compartmental modelling in general. It was initially developed
in NIH for pharmacokinetic investigation and was later
licenced to Washington University for further development
and now is maintained by company. It was widely used in
nuclear medicine for imaging based kinetic modelling and
in biokinetic modelling in internal Dosimetry. SAAM 11
can be used in two modules: numerical and compartmental
modules. It can be easily learned to setup models and fit
models to measured data and estimate model parameters. If
the accumulated activities in source organs are calculated by
using this program, one can multiply the S or S coefficients
(formerly SE or SEE values) calculated by another computer
program SEECAL®) and obtain the dose coefficients for
interested radionuclides. The computer program SEECAL was
developed at Oak Ridge National Lab (ORNL) and widely
used for generating SEE values (now S coefficients) for many

radionuclides based on the mathematical phantoms developed
at ORNL as well.

DCAL® is free software for internal dosimetry calculation.
It was as well developed at ORNL and used for generating
dose coefficients according to the ICRP methodology. One
can put parameters in the program to get dose coefficients in
the main routes, such as inhalation, ingestion and injection. In
DCAL, the biokinetic models and computational phantoms,
exclusively ICRP reference models and phantoms, are
predefined and cannot be changed. However, one can output
a set of S coefficients for dose calculation by applying own
developed or modified biokinetic models.

IMBA®¥ is commercial software for professional internal
dosimetry and monitoring program. It is developed at PHE,
UK. IMBA is widely used for internal monitoring programme
to estimate intake and personal dose based on monitoring data.
However, solely adult ICRP biokinetic models and phantoms
were implemented in the program. The program is dedicated
for application in workplace and for occupational workers.
One can change some parameters, like the f, in HATM and
aerosol size, clearance and absorption parameters in HRTM to
obtain corresponding doses.

OLINDA/EXM® is commercial software for internal dose
assessment in nuclear medicine. It was designed according to
the MIRD methodology. It was received approval from the
FDA and was distributed after 510(k) premarket notification. It
is widely used by nuclear medicine department to practically
estimate organ doses of patients or to provide dose report for
new radiopharmaceuticals. Users can apply this program to
fit the image-based dynamic activities and time-integrated
activities in organs and select appropriate phantoms to
calculate organ absorbed doses. User can also put available
time-integrated activities in source organs to get the absorbed
dose for patients.

Some other internal dose programs have been developed by
organisations and individuals for specific use, among them:
DOSAGE (D. NoPke, BfS code, private communication)
and PLEIADES?®® for generation of ICRP dose coefficients;
IDSS,”” AIDE,”® MONDAL® and IDEA system,!® which
implemented ICRP internal dose methodology and biokinetic
models and reference S coefficients, for incorporation
monitoring and internal dose assessment; IDAC!''Y for
estimation of patient doses from radiopharmaceuticals.

V  UNCERTAINTY IN INTERNAL DOSIMETRY

Internal doses were estimated by using biokinetic models
and computational human phantoms, which were built upon
the basis of human physiology and anatomy. The model
parameters are evaluated mostly on the basis of experimental
data obtained from laboratory animals and humans. Because
of the physiological variability of humans, the variations
due to the extrapolation of animal data to humans, and the
measurement techniques, the parameters showed a wide
variation and uncertainty. The S coefficients calculated by
using reference and individual computational phantoms,
showed variability.

Therefore assessment of dose and health risk suffers a
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Fig. 12 Concept of uncertainty and sensitivity analysis in internal dosimetry.

large uncertainty and it needs a quantification of uncertainty.
Furthermore, provided uncertainties can be identified, one can
identify the most influential parameters in dose calculation
procedures by applying sensitivity analysis method to guide
further research effort in model calibration and even to reduce
the dose uncertainty. Generally we apply the law of uncertainty
propagation and Bayesian approach in the uncertainty and
sensitivity analysis. Figure 12 shows a general concept of
uncertainty and sensitivity analysis in internal dosimetry

1. Uncertainty and sensitivity analysis

Uncertainties in data and models are origin for uncertainty
analysis and sensitivity analysis. Uncertainty analysis is the
computation of the total uncertainty induced in the output
by quantified uncertainty in the inputs and models, and the
attributes of the relative importance of the input uncertainties
in terms of their contributions, whereas sensitivity analysis
is the computation of the effect of changes in input values
or assumptions, including boundaries and model functional
form, on the outputs.'”® Generally the following steps were
performed in the uncertainty analysis.

(1) Uncertainty of input: The sources of uncertainty of
model parameters were carefully analysed and evaluated.
Model structure is one uncertain factor. The ranges and
distributions of model parameters were based on experimental
measurement.

(2) Sampling: Sampling techniques are needed to generate
samples of the model input parameters (variables). Generally,
the random sampling technique, such as Monte Carlo
simulation, or the stratified, such as the Latin hypercube
sampling (LHS),' or quasi-random sequence sampling,'®
for example sampling based on Sobol sequence ' are applied.

Especially in sensitivity analysis, LHS and Sobol sequence
sampling technique can improve the efficiency of Monte Carlo
simulations by picking the input samples better and samples
the entire domain more systematically.

(3) Modelling: To predict the kinetics and retentions of
radionuclides or radiopharmaceuticals in humans, biokinetic
modelling is required. One needs developing a computer
program for biokinetic modelling and internal dose calculation.
Hundreds to thousands of computer simulations should be
performed with the sampled input parameters.

(4) Uncertainty of output: Model predictions for different
organs and tissues at different time periods resulted in huge
amounts of data. For a better presentation of this data, the
percentile was used for data reduction and to interpret the
uncertainty of the results. For each organ and tissue at a
different time point, modelled data are presented as 2.5th, 50th
and 97.5th percentiles for comprising the 95% confidence
interval of the results.

Global sensitivity analysis (GSA) has recently been
often used in contrast to local sensitivity analysis. GSA can
further be classified into two main methods: sampling based
regression methods and variance based methods. Bayesian
sensitivity analysis can be classified into regression methods
and can also be separately defined.

To identify the most influential parameter in a model,
the concepts of the standardized rank regression coefficient
(SRRC) and the partial rank correlation coefficient
(PRCC)! were used. The SRRC can be computed by
constructing regression models, which approximate the
rank transformations of the sampled model input and output
variables. The PRCC measures the rank correlation between
one defined output variable with an input variable, under the
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condition that the indirect influence on this defined output
variable due to other further input variables is somehow
eliminated.

Variance based method is increasingly, due to its generally
model-free applicable, used in global sensitivity analysis."””
The formula for absorbed dose calculation can be written as
a function Y= f(X,, X, ..., X)), where Y is the absorbed dose
and X, the parameters which represent the compartmental
model and SAF values. For the ith parameter, the sensitivity
indices S, and S, which measure for the first-order effect and
the total effects can be written respectively as:

VLB, (VX))
S = W (6)

and

E, [Vy (Y1X)]

Sp= (Y) (7

where V(YY) is the unconditional variance of Y; in [E v (Y1X)]
is the expected reduction in variance of Y if X, is fixed; £,
(Y|X) is the mean of Y taken over all parameters but X; £ . [V,
(Y]X )] is the expected variance that is left if all parameters
but X’ is fixed; V,, (Y|X ) is the variance of Y taken over X

The sensitivity indices S, and S, for each ith parameter can
be calculated by Eq.(6) and Eq.(7). If the biokinetic parameters
are classified to b1 to bn, and the cross-fire SAF values are
classified to pl to pn, then the sensitivity indices S,, Spi and
St Sty for each parameter b, and p, can be calculated with the
best available practical estimator:!?- 1%
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where 4 and B are independently generated sample
matrices, each consists of N samples of all the parameters;
A is a sample matrix formed by all columns of A except ith
column, which is taken from B. Here the column index i is
defined as for columns which represents the biokinetic model
parameter (bi) or the cross-fire SAF value (pi). This global
variance based sensitivity analysis method was applied to
the uncertainty budget from biokinetic model parameters and
voxel phantoms to internal dose of patients received from
radiopharmaceuticals.'®

2. Bayesian model uncertainty analysis

Reference or standard biokinetic models are developed and
reported by ICRP based on up-to-date human and animal data.
In some cases, for example, individual monitoring or specific
patient dose assessment, new personalized biokinetic data are

obtained, models other than ICRP reference models are build
up for specific applications. In this context, the structures of
the biokinetic modes, in addition to uncertainty of parameters,
can contribute to the uncertainty of dose assessment and
monitoring. Methods developed in the framework of
Bayesian statistics can be used by taking into account the
uncertainties from different model structures and parameters
simultaneously,'” furthermore, provided several models are
equally fit the measured data, Bayesian model selection'')
and Bayesian model averaging''? can be applied to select an
optimal model or jointly adopt different model structures and
parameters for practical use, respectively.

Bayesian model selection can be performed in the following
steps: (1) Formulation of biokinetic models in a system of
differential equations, Eq.(11); (2) Availability of measured
data, for example, in blood and urine or organ contents,
Eq.(12); (3) Evaluation of the prior distributions, Eq.(13); (4)
Building the likelihood function and calculating the marginal
density, Eq.(14); (5) Calculation of the posterior probability by
applying the Bayes theorem, Eq.(15); (6) Calculation of Bayes
factor, Eq.(16) and selecting a model.

A (tyde =Y xby ) - D xtyE (@) (11)
where: X, is the set of indices of all transfer rates flowing

into compartment y; x ; the set of indices of all transfer rates
flowing out of compartment S k indicates different models.

(AT inl i i, n
Di:(yhylaybz’“-ayb I,yul’yuzs“'ayu l) (12)

Where: D, is the data set and »? and n! the number of
measurement in blood y, and in urine y, for subject i.

The multivariate prior distribution p (x,|k) of model & was
taken to be the product of the univariate prior distributions
p (x; k) for each parameter x;:

p (X [k) =11, p (x; |k) (13)

The marginal density p (D, k) (also called data evidence) can
be obtained by integrating the product of likelihood function
and the prior distribution over the according parameter space
X, and it is the basis for the model selection process.

P D)= fuu L (xis kID) p (x [k) dy (14)

where: L, (x,, k|D,) is the likelihood function.
The posterior probability for choosing model k or k' against
data can be calculated by Eq.(15):

p(D,|k) p (k)
p(D)

Bayes factor can be calculated by Eq.(16), most importantly,
a Bayes factor B, >3 substantially favors model &, while
B; ,.> 100 decisively favors model £.

p D, k)
p(D,Ji) (16)

p(D, |k p (k)

pkD,) = PRID)== 5 (1)

i
B =

The above mentioned method was successfully applied
to select a best model from the HMGU and ICRP biokinetic
models of strontium (Fig. 13) based on the measured human
data.!™®
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Fig. 13 ICRP (A) and HMGU (B) zirconium biokinetic compartmental models."? Transfer compartment — blood; C Bone S —

Cortical bone surfaces; T Bone S — trabecular bone surfaces.

Based on results of Bayesian model selection, Bayesian
model averaging can be performed as Eq.(17) by taking
into account different models, M, and their parameters, 6,
considered:

p(x|D)=X k., p(x|M,, D) p (M,|D) (17)
where:
DM M
(M, 1D) p(DIM)p M)

o p(DIM)p M)
p(D|M,)= _/:wkp (D10, M) p (6,1M,) d6,

VI APPLICATIONS

1. Radiation protection

In radiation protection, the internal dose coefficients of
incorporated radionuclides are needed to assess the health
risk of the workers and members of the public. These
dose coefficients were calculated according to the newly
revised biokinetic models and the voxel phantoms and were
implemented by national and international Basic Safety
Standards (BSS) "% and EU Directive 2013/59/EURATOM.!
In the following, the calculation of age-dependent inhalation
dose coefficients for 2*U for members of the public is shown.

First, the inhalation physiological parameters and age-
dependent biokinetic models (Fig. 9) for the six defined age
groups (infant, 1-y, 5-y children, 10-y young child and 15-y
and adults) were used to calculate the inhalation input and the

time integrated activity (4), up to age 70 years and 50 years
for children and adult, respectively.

To calculate the 4, one should be able to solve the age-
dependent biokinetic models. There are several ways to
solve the first-order differential equations by using available
software, SAAM II or MATLAB etc., or using available codes
or write own program to solve the problem. In the biokinetic
modelling, the age-dependent parameters were linear
interpolated. The decay products were treated by the methods
recommended by the ICRP.*» Three daughters of the *U
are needed to be calculated because the contributions of the
other daughters to organ doses can be neglected. To check till
which decay products the biokinetic models are needed, one
can refer to ICRP Publication 30 series or using the software
WinChain."® After solving the complex differential equations,
the retention curves in each organ can be integrated up to age
70 years or over 50 years.

For reference person, ICRP provides reference voxel
computational phantoms™ and the SEE values (now S
coefficients) are usually provided in document, for example in
ICRP Publication 30 series*” with mathematical phantoms and
ICRP Publication 1337 based voxel phantoms, or provided by
application software, SEECAL.® In the future, the SEECAL
may be updated with the reference voxel phantoms and
users can use it for calculating the S coefficients of different
radionuclides. For individual dose assessment, one should
select a phantom from available phantom library whose
anatomic data is close to the person under investigation. In this
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example, the age-dependent S coefficients were calculated by
SEECAL with the mathematical phantoms.

Applying the dosimetric formula, one can obtain the
inhalation equivalent dose coefficients first and by multiplying
the tissue weighting factors w,; the effective dose can be
calculated. These estimated dose coefficients can be used
to make decisions if some measures should be taken for
protection of people from radiation.® 1"

2. Internal exposure monitoring

In order to protect workers, in Europe workplace monitoring
is required for controlling the limit on the effective dose for
occupational exposure:''” 20 mSv in any single year or up
to 50 mSv in special circumstances or for certain exposure
situations specified in national legislation. In contamination
accident, internal monitoring program is used to assess
possible intake and internal doses for risk or biological effects
assessment. For a dose assessment of internal monitoring,
the whole body retention or organ retention, in some cases,
the daily urinary or faecal excretion is needed. Applying
the biokinetic models to measured data and the appropriate
monitoring programs are well descripted and documented
in ICRP Publication 78. Here we present a real **Ra
contamination case'® by using partial body monitoring and
related biokinetic model to assess the internal organ dose and
the risk to a specific person (denoted as Mr. J).

Mr. J was working as a radar soldier in Germany for many
years and was diagnosed colon cancer in 2003 and dead
in May 2007. His relative complained that the cancer was
attributed by **Ra contamination during his working time
from 1977 to the end of 1985. He was monitored at HMGU
by partial body counters on the skull in March 2007. To
assert the mortality risk of contamination of **Ra during his
occupational activity, the possible incorporation of *Ra and
the colon dose assessment are requested by the Unfallkasse
des Bundes (federal accident insurance) in Germany.

The age-dependent biokinetic model of radium was
implemented for the early times before Mr. J participated
in work and the routes of incorporation were combined
by ingestion and inhalations. The consumption of **Ra by
ingestion from food and drinking water and inhalation out
of working time is assumed to be the average value in the
Germany. The inhalation and ingestion rate during the working
time of Mr. J was retrospectively calculated by using the age-
dependent model fitting to measured activity in skull bone.
The colon dose and effective dose to Mr. J by inhalation and
ingestion can then be estimated, respectively. The mortality
risk can be assessed by using the risk table of 2*Ra, so that the
regulator can decide if a refund should be reimbursed to the
Mr. J.

Figure 14 shows the biokinetic models for ingestion and
inhalation of Ra, they are coupling of the systemic model of
Ra and GIT model and HRTM. The intake of Ra by Mr. J out
of working time is estimated and listed in Table 2. The fitted
retention curves in bone by ingestion and inhalation are shown
in Fig. 15. The equivalent dose in bone and effective doses are
presented in Table 3.

Based skull bone measurement, applying biokinetic
modelling and internal dosimetry, it is retrospectively
estimated that Mr. J. possibly received an equivalent dose
to colon, up to 6.2 mSv and an effective dose, up to 0.25 Sy,
which are much higher than the natural exposure, say, 0.3 mS
for colon and 1.3 mSyv as effective dose.

Biokinetic and dosimetric models were used to retrospectively
estimate the possible intake of radionuclide ?'°Po for the ex-
Russian spy Alexander Litvinenko."”

3. Radon and its progeny

Radon and its progeny are responsible for more than 50% of
annual effective doses to members of the public worldwide.”
We show here an example'?) how the inhalation doses to
different groups of members of the public are calculated
according to the ICRP biokinetic and dosimetric models.!??

(1) Physiological parameters and depositions

The deposition fractions of radon progeny attached to
aerosol particles in the human respiratory tract depend on
aerosol particle sizes and physiological parameters like age,
sex and life style. To cover the particle sizes of radon progeny
in indoor air, deposition fractions of four aerosol sizes in
activity median aerodynamic diameters (AMAD) and activity
median thermodynamic diameter (AMTD): 50 nm, 230 nm
and 2,500 nm for attached aerosols and 1 nm representing
the unattached progeny were calculated by a logarithmic
interpolation of the published deposition fraction values in the
ICRP Publication 66 by using a six-term exponential function.
The typical indoor time budget distribution of different
activities for the human being is supposed as 71% and 29%
for sleeping and light exercise respectively for three month
infant and 55%, 15%, and 30% for sleeping, sitting, and light
exercise, respectively for all other age groups.

(2) Biokinetic models

A general compartmental model (Fig. 16) was constructed
by coupling the systemic models of the radon progeny,
HRTM® and GIT model®” to model the biokinetics of
inhaled radionuclides in human lungs and retention in
other organs and tissues. The systemic models for different
progeny are independent; the structures and parameters
of biokinetic models for different progeny are therefore
different. In biokinetic modelling, age-dependent transfer
rates and the treatment of decay products of radon progeny
are implemented. For treatment of decay progeny generated
in the human body, the first approach suggested by ICRP in
Publication 717 (see section IV.3) was applied.

The complete dynamic transfer process of the inhaled radon
progeny in the lungs and between the organs can be described
by a system of first-order linear differential equations and
can be solved by using software SAAM 11°? (The Epsilon
Group VA, USA). The time-integrated activity, 4 from any
radon progeny in each organ was calculated by integrating the
radioactivity in the organ up to the age of 70 years for children
and over the 50 years commitment period for adults following
the intake.

(3) Equivalent dose and effective dose

Equivalent doses were calculated with time-integrated
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Fig. 14 Age-dependent biokinetic models of Ra for ingestion (upper) and inhalation (lower) based on the systemic biokinetic
model of Ra and GIT model and HRTM.
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Table 2 Estimated intake of Ra by Mr. J during his life, t, t, are the beginning and end time of work employment,
t, and t,, are diagnostic time and time of death, respectively.

Mr. J

t() () () by

Time (d) 90 365 1,825

3,650

5,475 8,891 11,843 18,128 19,586

Ingestion (Bq d™)
Inhalation (Bq d™)

33x107 55x10° 7.1x107 85x102 9.6x107 1.1x10"  20.0
6.8x10° 1.2x10° 2.0x10° 3.5x10° 45x10° 50x10° 383

1.1x10" 1.1x10"
50x10° 5.0x10°

1000 T T T T T

-
o
o

Ra-226 retention (Bq)
)

Bone
® measured data

01 1 1 1 1 1
10 20 30 40 50

Time after occupational inhalation and natural ingestion (year)

Fig. 15 Model prediction of retention of **Ra after a
protracted inhalation until the monitoring time based on the
measured activity in bone for a possible contamination case
of 2Ra.

activity and the radiation-weighted S, coefficients. Effective
dose, E, for 15 year olds and adults, are calculated by
averaging the effective doses of female and male according to
Eq.(5). For other age groups, effective doses were calculated
following ICRP 1990 Recommendations ¥ without taking into
account the difference between females and males.

(4) Dose conversion factor

The effective dose of inhaled short-lived radon progeny is
expressed normally in dose conversion factor and is calculated
by suggestion in ICRP Publication 130 in Eq.(18) as
effective dose per unit potential alpha energy exposure in unit
of Sv per J h m> or in unit of Sv per WLM (1 WLM = 3.54 x
102 J h m?>. One WLM equals about 6.37 x 10° Bq h m* of
equilibrium equivalent concentration (EEC) of ?2Rn):

4 4
E(Sv per WLM)= 2, O, C, ,Btf,E,, (18)
i=1 j=1

The index i corresponds to inhaled radon progeny; i =1,
2, 3 and 4, for *®Po, '“Pb, 2"“Bi and 2“Po respectively.
Index j corresponds to the aerosol mode of the activity size
distribution; j =1, 2, 3 and 4 for the unattached, nucleation,
accumulation and coarse modes respectively. The symbol C/L
is the activity concentration of the decay product i and activity
size distribution j corresponding to a radon progeny mixture
of 1 WL, B is the average breathing rate for each age group,
t is taken as the exposure period of 170 h, fp ’ is fraction of
the potential alpha energy concentration (PAEC) associated
with mode j and E, ; is the effective dose coefficient for decay
product / with an activity size distribution for mode ;.

Similar calculation procedure for thoron progeny can
be referred to Bi et al.'* The study on comparison of skin
dose and inhalation is recently studied by Sakopa et al.®”
The calculated dose conversion factors for radon and thoron
progeny are practically used to assess the annual dose
contributions for dwellings with earthen architecture in
Germany.'”® For example in one house, it is shown the annual
dose of 1 to 2 mSv from radon progeny in the upper floor and
3 to 6 mSv in the ground floor and additional 1 to 2 mSv from
thoron progeny with slightly smaller values in the adjacent
rooms without thoron-exhaling building material. In another
house about 1 to 5 mSv from radon progeny and 1 to 2 mSv
from thoron progeny were calculated for the living room
under usual living conditions and 12 and 9 mSy, respectively,
for the guestroom under the condition of low ventilation.
These annual doses provide essential dose information for risk
assessment for the people who are living there.

4. Nuclear medicine imaging and radiotherapy

We introduced here one example of using biokinetic
modelling and dosimetric method on dose assessment of
patients to 'F-FDG in diagnostic nuclear medicine.'”
BF-FDG is a mostly used radiopharmaceutical in nuclear
medicine for detecting cancers. A compartmental model % for
BF-FDG was developed by MIRD Committee based on five
adult human volunteers. The model (Fig. 17) was in principle
set up with each of the measured organs represented by a
single compartment in exchange with the plasma, plus (in
the case of the myocardium, lungs and liver) and adjustable
fraction of the plasma and erythrocyte compartments. The
parameters for FDG in brain kinetics'?” were incorporated
into this model. Model parameters were estimated by
implementing the compartmental model and the measured data
in a previous version of software SAAM II. Table 4 showed
estimated model parameters. The dynamic blood kinetics
is important for building up biokinetic models of many
radiopharmaceuticals. There are several methods to determine
the blood concentration, e.g. images, blood sampling, in vivo
measurement.'?® If the blood data is lack, the reference tissues
compartmental model can be applied.'? 139

In calculating the organ doses, a dynamic kidney model*”
was used. The advantage of this dynamic model is that the
voiding time can be taken into account and the dose to bladder
wall can be more precisely estimated. The organ absorbed
dose was calculated by using the software OLINDA/EXM.*
In clinical practice, activities in organs were estimated from
images at different times, the dynamic image-based organ
activities can be fitted by exponential functions without
applying compartmental modelling and the time-integrated
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Table 3 Estimated organ doses and effective dose for Mr. J based on natural intake
of °Ra, and dose limit estimated based on the potential additional occupational
intake of **Ra in Table 2 (20.0 Bq per day by ingestion and 38.3 Bq per day by

inhalation).
Natural *’Ra Additional **°Ra during work
Organ Ingestion Inhalation Ingestion Inhalation
Respiratory Tract (SvBq) (SvBq) (SvBq ) (SvBq)
ET Airways 1.1x10™ 56x10° 23x10° 1.5
Lungs 1.1x10™ 2.6x%107 23x107 1.9
Bladder Wall 1.1x10* 22x10° 23x%10° 32x10°
Breast 1.1x10"* 22x10° 23x10° 32x10°
Brain 12x10" 22x10°" 24x10° 3.2x10°
Skin 1.1x10™" 22x10° 23x107 32 %107
Testes 12x10" 23x10° 23x10° 32x107°
Bone Surfaces 7.3 %107 14x10° 7.0x 10" 9.4x10"
Liver 6.0x10" 1.1x10” 1.1x10° 14x10°
GI Tract
Oesophagus 1.1x10" 22x107° 23x107 32x10°
Stomach Wall 1.2x10™ 22x10° 24x107° 32x10°
Small Intestine 12x10" 22x10° 25%x10° 3.3x10°
ULI Wall 1.7x10"* 3.0x10° 3.8x10° 45x%x10°
LLI Wall 3.9x10" 59x10°" 8.8 x10° 8.7x10°
Colon 2.7 %107 43 %107 58x10° 62x10°
Spleen 2.1x10" 3.8x10° 3.1x10° 42x10°
Muscle 1.1x10" 22x10° 23x10° 32x10°
Adrenals 12x10"* 22x10°" 24x10° 3.3x10°
Kidneys 24x10" 44 %107 3.5%x10° 46 %107
Ovaries 1.2x10" 22x10° 2.4x10° 32x107°
Pancreas 1.1x10"* 22x10° 23x10° 32x10°
Red Marrow 3.8x10° 7.0x 107 5.1x107 6.9x10°
Thyroid 1.1x10™ 22x10° 23x10° 32x10°
Thymus 1.1x10" 22x10° 23x10° 32x10°
Uterus 1.1x10"* 22x10° 23x10° 32x10°
Effective dose 1.3x10° 33x10° 1.6x10° 2.5%x10"
Other soft tissues
‘ ST1 | | sTo | | ST2 | ET, _
4 ETse LN
SkeITton Liver E‘T:
Nonexch Exch | Cortical Plasma Liver2 || [Stomach]
cortical |« cortical surface [~
volume volume [P
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Fig. 16 Biokinetic compartmental model for inhalation of radon progeny.'?
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Fig. 17 A compartmental model for "8F-FDG used for dose estimation by MIRD Committee.'?® (The figure was reproduced after
the Figure 1 in reference.) ¢

Table 4 Parameters estimated by fitting the compartmental model to the PET images and urinary excretion (n = 10).

Combined data from glucose and fasting sessions (min™")

Parameter Mean SD* Geometric mean
Whole-body parameters

Plasma to erythrocytes 4.80 2.92 4.07
Erythrocytes to plasma 8.07 2.85 7.35
Plasma to fast “other” 0.371 0.127 0.348
Fast “other” to plasma 0.102 0.034 0.097
Fast “other” to slow “other” 0.0167 0.0073 0.015
Plasma to urine 0.0088 0.0022 0.0085
Myocardial parameters

Plasma to myocardium 0.0053 0.0044 0.003
Fraction of blood volume “seen”** 0.069 0.011 0.068
Lung parameters

Plasma to Lung 0.0017 0.0006 0.0016
Fraction of blood volume in lung 0.15 0.036 0.148
Liver parameters

Plasma to fast liver 0.068 0.069 0.038
Fast liver to plasma 0.219 0.108 0.186
Fast liver to liver “sink” 0.018 0.023 0.006
Fraction of blood volume in liver 0.243 0.172 0.202

*SD - Standard deviation.

** About 2% of blood volume is estimated for coronary artery content. Balance represents the
“very rapid” myocardial exchange pool.

Table shows fraction of donor compartment transferred to recipient compartment each minute.
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activities can be further calculated by area under the curve.
This function is available in software OLINDA/EXM. The
calculated absorbed doses to patients are important dose
information for further risk estimation of secondary cancer or
control of dose limits for patients for further treatment.

VII SUMMARY AND FURTURE OF INTERNAL
DOSIMTRY

This review attempts to give a short and concise orientation
on the methodology and techniques used in the internal
dosimetry and several essential applications. The concept of
internal dosimetry developed by ICRP was highlighted here
and the development of MIRD Committee on patient doses
to radiopharmaceuticals was taken as complementary to that
of ICRP. The basic physical interactions between radiation
and matters, especially for liquid water and DNA moieties
were briefly introduced, the chemical and biological effects
of radiation on humans and the consequential health risk are
briefly explored. Then the biokinetic models of incorporated
radionuclide for diverse routes were descripted. The dosimetric
models developed by ICRP system and the computational
phantoms and Monte Carlo simulation technique were shortly
introduced. The treatment of decay products and uncertainty
analysis in internal dose calculations were highlighted as
well. At last, applications of internal dosimetry and several
calculations were given as examples. In addition, the elemental
dosimetric quantities used in internal dosimetry and biokinetic
models in ICRP publications were given in the appendix.

Although the ICRP and MIRD Committee reach a
consensus on the nomenclature on the dosimetric quantities,
ICRP is continually focusing on radiation protection of
internal exposures for occupational workers and member of
the public including medical exposure; MIRD is focusing only
on radiation doses to patients in diagnostic and therapeutic
nuclear medicine. In the near future, after finalizing the OIR
series on the biokinetic models and dose coefficients of the
occupational intake of radionuclides, the age-dependent
computational phantoms for member of the public will
be carried out and the new publication series on the next
generation of age-dependent biokinetic models and dose
coefficients for members of the public may take for some
years.

The development of mesh-type reference computational
phantoms for adults and children will be the next task in
improvement of computational phantoms; so that the age-
dependent reference computational voxel phantoms might be
transferred to mesh-type phantoms.

Implementation of the next-generation biokinetic models
and dose coefficients in exposure monitoring and in the
national and international regulation and authorities could
generate cooperative projects in the national and international
levels.

In the framework of MIRD Committee, biokinetic
models and dose coefficients for new radiopharmaceuticals
will be constantly reported and the focus on paediatric
dose optimisation will be strengthened.’” As new
radiopharmaceuticals with f- and a-emitters are approved in

the clinical practise, the need of internal dose assessment to
patients in the cellular level may stimulate the application of
internal microdosimetry*? in targeted radionuclide therapy
and this development might motivate biokinetic modelling in
microscopic levels.
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APPENDIX

The basic dosimetric quantities commonly used in internal
dosimetry are listed in the following for a convenient
reference. The definitions are mostly retrieved from ICRU
reports and ICRP Publications.

Absorbed dose, D

The absorbed dose, D (J kg™'), is the quotient of de by dm,
where de is the mean energy impacted by ionization to matter
of mass dm, thus

de
dm”

The special name for the unit of absorbed dose is gray (Gy).
Absorbed dose is a dosimetry quantity and can be derived from
radiometric quantity such as energy impacted. The energy
impacted, ¢ (J), by ionizing radiation to matter in a volume

&= Rin - Rout + ZQ’

where: R, and R_ are the mean radiant energy of all charged
and uncharged ionizing particles that enter and leave the
volume, respectively; £Q is the sum of all changes of the
rest mass energy of nuclei and elementary particles in any
interaction which occur in the volume.

Mean absorbed dose, D,
The mean absorbed dose, D, in a specific tissue or organ, 7, is
given by

DT=minde

where m_ is the mass of the tissue or organ, and D is the
absorbed dose in the mass element dm. The mean absorbed
dose, D, in a specified tissue or organ, equals the ratio of the
energy imparted, £, to the tissue or organ, and m,, the mass
of the tissue or organ. The mean absorbed dose in a specified
organ is sometimes termed the organ dose.

Equivalent dose, H
The equivalent dose to a tissue or organ is defined as:

Hr=Zpwg Dy 1

where: w,, is the radiation weighting factor for radiation type R,
and D, , is the organ absorbed dose from radiation type R in
a tissue or organ r,. As w, is dimensionless, the SI unit for the
equivalent dose is the same as for absorbed dose, J kg!, and its
special name is sievert (Sv). Equivalent dose is a quantity used
for limitation purpose.

Committed equivalent dose, H, (?)

The equivalent dose to an organ or tissue region is calculated
using a 50-year and an up to age 70-year commitment period
for Reference Adult and children, respectively. It is taken as
the time integral of the equivalent dose rate in a target organ or
tissue T of Reference Adult Male or Reference Adult Female.
These, in turn, are predicted by reference biokinetic and
dosimetric models following the intake of radioactive material
into the body. The integration period is thus 50 years following
the intake:

Hy(0)= "H (r,, 1) dt.

For both sexes, the equivalent dose rate, ILI(rP f), in target
region 7, at time t after an acute intake is expressed as:

Hr )= 23 A(rpy 1) S, (ry—r)

where 4 (r,, £) is the activity of the radionuclide in source
region r, at time ¢ after intake, in Bq, as predicted by the
reference biokinetic models; and S (r,«r) is the radiation-
weighted S coefficient [i.e. the equivalent dose to target region
r, per nuclear transformation in source region r, in Sv (Bq s)'].
The SI unit for committed equivalent dose is the same as for
absorbed dose, joule per kilogramme (J kg™), and its special
name is sievert (Sv).
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Effective dose, E
Effective dose is calculated as:

E= ZWT ZWR Dyr or E= ZWT H;
T R T

where H is he equivalent dose in a tissue or organ, 7, and w,
is the tissue weighting factor for target tissue 7, with X w, = 1.
The sum is performed over all organs and tissues of the human
body considered to be sensitive to the induction of stochastic
effects. The SI unit for effective dose is the same as for
absorbed dose, joule per kilogramme (J kg™), and its special
name is sievert (Sv).

Committed effective dose, E(7)

It is the sum of the products of the committed organs or
tissue equivalent doses and the appropriate weighting factors
(w,), where the ¢ is the integration time in years following
the intake. The commitment period is taken to be 50 years
for adults and to age 70 years for children. The SI unit for
committed effective dose is the same as for absorbed dose,
joule per kilogramme (J kg™'), and its special name is sievert
(Sv).

S coefficient, S (r <)

The equivalent dose to target region r, per nuclear
transformation of a given radionuclide in source region r,
Sv (Bqs)!, for Reference Adult Male and Reference Adult
Female,

S, (rperg) = ;WR Z Ep; YR,i O (rpe—rg, Ey ;)

where E, , is the energy of the i radiation of type R emitted
in nuclear transformations of the radionuclide (J); Y, is the
yield of the /" radiation of type R per nuclear transformation
[(Bqs)']; w, is the radiation weighting factor for radiation
type R (see Table 2.1 in ICRP Publication 133); and @ (r,«r,
E, ) is the specific absorbed fraction, defined as the fraction
of energy E, , of radiation type R emitted within the source
region that is absorbed per mass in the target region r, (kg™).
In adults, no changes in anatomical parameters are considered
with time (age). Thus S is invariant in time and its numerical
value represents either the equivalent dose rate in the target

tissue (Svs) per activity (Bq) in the source region or the
equivalent dose (Sv) per nuclear transformation (Bq s).

Specific absorbed fraction (SAF), ® (r,—r, E, )
Fraction of radiation R of energy E, , emitted within the source
region r that is absorbed per mass in the target region 7.

Absorbed fraction, ¢ (r,—rg, E x. ]

Fraction of energy £, ; of the i" radiation of type R emitted
within the source region r that is absorbed in the target region
r,. These target regions may be tissues (e.g. liver) or may be
cell layers within organs (e.g. stem cells of the stomach wall).

Dose coefficient, /,(50) and e (50)

For adults, a dose coeffcient is defined as either the committed
equivalent dose in tissue 7 per activity intake, /,(50), or the
committed effective dose per activity intake, e (50), where 50
is the dose-commitment period in years over which the dose is
calculated. The term ‘dose per intake coeffcient’ is sometimes
used for dose coeffcient.
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